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ABSTRACT: Direct technological transformation from nuclear waste disposal into the seabed, naval mine 

countermeasure, and seabed strength characterization using free fall penetrometers to anchoring solutions for mooring 

floating facilities have led to develop dynamically installed anchors. They all are essentially deployed based on the 

same physics hinging on dynamic free fall through the water column, strike the sea/river floor at an impact velocity, 

and penetrate into the soil deposit until the momentum is depleted. This paper reports the development of the novel 

dynamically installed fish anchor. The concept and shape were taken from nature. An extensive large deformation 

finite element analyses has led to establish an optimum fish anchor shape in terms of tip embedment depth during 

installation and capacity under operational loadings. Thus far, the performance of the fish anchor has been tested 

through (a) centrifuge model tests in calcareous silt and silty sand, and (b) field tests in the Swan River in clay, silty 

clay, silt and sandy silt. The achieved tip embedment depths were of 0.74 to 2.6 times the length of the anchor, with 

the deeper embedment depths being for fine grained soils. The anchor was found to dive under operational monotonic 

and cyclic loadings at mooring angles  47 to the horizontal at the mudline, leading to the peak capacity of 1.5~15.6 

times the anchor’s submerged weight in water for mooring angles 90 to 0. The range of mobilized capacity varied 
with soil type. 
 
Keywords: capacity, centrifuge modelling, diving, embedment depth, field tests, fish anchor.  

 
 

1 INTRODUCTION  

1.1 Dynamically installed anchors and their 

potential applications  
Dynamically installed anchors are the most recent 

generation of anchoring solution. They are installed in 
the seabed through free-fall dropping in the water 
column i.e. the anchor is set at a drop height hd above the 
seabed and released to fall freely and strike the seabed. 
This necessitates no external energy source and hence 
the installation method can be applied in any water depth. 
Conventional anchoring solutions, such as piles and 
suction caissons, require an external energy source for 
installation (such as driving for piles or pumping out 
water for suction caissons), and are therefore more 
expensive and with costs that increase sharply with 
increasing water depth. Using dynamically installed 
anchors, potential saving may be $14 million per spread 
on fabrication cost alone (O’Loughlin et al., 2015), and 
the total cost saving can be 30~70% (Medeiros, 2002). 

The world’s escalating demands for energy, 
combined with the continued depletion of oil and gas 

reserves in shallow waters, has resulted in offshore 
developments moving beyond the immediate continental 
shelf into deeper waters (Randolph et al., 2011). In the 
Gulf of Mexico, West Africa, offshore Brazil and more 
recently off Australia, developments have proceeded 
into water depths in excess of 1000 m. For oil and gas 
extraction from deep waters, floating platforms are 
necessary to be supported by mooring lines tethered to 
the seabed via an anchoring system (see Figure 1a).  

Harnessing ocean renewables has been one of the 
recent global central concentrations to combat against 
global warming or for reducing carbon footprint. Wind 
turbines are used for harvesting wind energy, wave 
energy converters for wave energy, and floating solar 
panels for solar energy. Floating wind turbines, solar 
panels and wave energy converters can potentially be 
supported by dynamically installed anchors (Figure 1b). 

8~13 million tons of our everyday used plastics enter 
the oceans through rivers annually; causing death and 
entanglement of hundreds of thousands seabirds, whales, 
turtles and water mammals each year (e.g. Jambeck et al., 
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2015). For collecting plastics from rivers and oceans, 
innovative net/skirt systems are being considered, which 
can be supported by dynamically installed anchors 
(Figure 1c). 

 

 
Fig. 1. Anchoring system for oil and gas drilling platform, wind 
turbine and plastic collection net 
 

In addition, dynamically installed anchor can also be 
used to moor aquaculture cage or any other floating 
facilities regardless of water depth and seabed soil type 
(even in stratified strong over weak deposits: Kim et al., 
2019) so long vertical free fall drop can be ensured 
during dynamic installation.       

1.2 Physics of dynamic installation  

If a body free falls through a vacuumed space without 
any resistance, the dropping velocity v keeps increasing 
with the travel distance h according to Newton’s velocity 
equation 

 v = √v02 + 2gh    (1) 
 
where vo is the velocity at the onset of drop and g is 

the Earth’s gravitational acceleration. When an anchor 
free falls through the water column, two resistive forces, 
buoyancy and drag, act against the motion, and retard the 
velocity to a stabilized/threshold one – called terminal 
velocity (vt). The buoyancy (FB) and drag (FD) force can 
be calculated as 

 FB = ρwgVw      (2) 
 FD = 12 ρwCDAtv2 for high Reynolds number (3) 

 
where w is the submerged density of the water, At is 

the frontal projected area of the anchor, CD is the drag 
coefficient, and Vw is the volume of the water displaced 
by the anchor. 

Consequently, when a dynamically installed anchor 
is free fall dropped, the velocity at which the anchor 
strikes the seafloor (called impact velocity, vi) initially 

increases with drop height hd, but not after reaching the 
terminal velocity, vt. This is considered for setting hd for 
achieving targeted vi. It is also critical to ensure anchor 
‘verticality’ during the free fall drop otherwise (i) the 
anchor will not be installed at the targeted location, 
and/or (ii) achieved tip embedment depth de,t (and hence 
capacity) of the tilted anchor will not the adequate. 
Following Equation 3, reducing drag coefficient has 
been an important consideration for developing an 
anchor shape. 

 

 
Fig. 2. Typical profile showing anchor drop in water column and 
penetration into the soil deposit  
 

The anchor will strike the seabed with a kinetic 
energy of 0.5mvi

2. After impacting the seabed, at 
shallow penetration, the anchor velocity increases i.e. the 
anchor accelerates although it advances through the soil 
(see Figure 2). The net increase in velocity (and hence 
acceleration in the soil) reduces as the impact velocity 
increases. Inertial drag and soil shear resistance then 
gradually outweigh the submerged weight (mg; where 
m is the mass of the anchor submerged in soil) of the 
anchor, and the anchor decelerates. The depth of 
deceleration reduces with increasing impact velocity 
because of corresponding increase in drag and shear 
resistance. The anchor penetration into the soil deposit 
continues until the momentum is depleted – the anchor 
comes to the rest with tip embedment depth, de,t. Anchor 
shape is critical for reducing particularly shear resistance 
and hence achieving deeper embedment depth. For a 
given anchor shape, de,t increases with the anchor mass.            

1.3 Development of dynamically installed anchor  
The journey of using objects dynamically embedded 

in seabed sediments was launched in 1960s primarily for 
nuclear waste disposal purposes (Richardson, 2008). 
This, along with the earth penetrating weapon program, 
led to emerge the idea of estimating strength of the 
seabed by instrumenting projectiles and recording their 


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deceleration during penetration (Colp et al., 1975). It was 
thought that free fall penetrometers (FFPs) may be a 
cost-effective option for characterising the top few 
meters of the seabed. Various FFP designs, 
instrumentations, and analysis techniques have emerged. 
Gradually accelerometer, tip and sleeve load cells, pore 
pressure transducer, and inclinometer have been 
incorporated; and data transferring umbilical has been 
replaced by a high-speed data acquisition system (Dayal 
and Allen, 1973; Colp et al., 1975; Brooke Ocean 
Technology, 2007).  

The dynamic seabed penetrometer concept was 
directly translated to anchoring solutions in the 1990s, 
addressing the offshore oil and gas industry identified 
need for a cost-effective and water depth insensitive 
anchoring solution for mooring floating facilities.  

Thus far broadly two anchor shapes have been 
developed and used commercially: torpedo and OMNI-
Max. The torpedo anchors are essentially a cone 
penetrometer with and without 2 to 4 fins symmetrically 
arranged around the upper peripheral surface of the cone 
(Figure 3a; Brandão et al., 2006). The anchors are 
typically 12~17 m long (LA) and 0.8~1.2 m in shaft 
diameter (DA), with a dry weight of Wd = 230~1150 kN. 
They are released from a height of hd = 50~100 m above 
the seabed, achieving impact velocities (vi) up to 35 m/s. 
Torpedo anchors have been used for anchoring deep 
water flowlines and floating facilities at the Campos 
Basin, offshore Brazil in water depths up to 1400 m (e.g. 
Brandão et al., 2006). The seabed consisted of clayey 
soils, and the achieved anchor tip embedment depths de,t 
were in the range 1.5~2.4LA. 

 
Fig. 3. Schematic geometries of dynamically installed anchors: 
(a) Torpedo; (b) OMNI-Max; (c) Fish  
 

The OMNI-Max anchors are 9.15 m long (LA) and 
390 kN in weight (Wd) and feature three large fins with 
intermittent discontinuity (Figure 3b; Zimmerman et al., 
2009). The anchors have been installed for temporary 
moorings in the Gulf of Mexico, achieving tip 
embedment of de,t = 1.17~2.2LA in soft clayey seabed. 
The padeye is located at the top of the torpedo anchor 
and at around the 2/3 height of the OMNI-Max anchor. 

The padeye location and geometry of the OMNI-Max 
anchor was chosen deliberately to cause the anchor to 
dive as the load is increased, leading to increasing 
embedment and a rising capacity (Zimmeman et al., 
2009; Shelton et al., 2011).  

What is diving vs pulling out and why it is important? 
When the chain-anchor is loaded, the chain cuts through 
the seabed, and the anchor aligns with the loading 
direction – this stage is called keying. Upon further 
loading (after keying), the chain-anchor either moves up 
towards the seabed surface, which is called as pulling out 
of the seabed; or penetrates further into the seabed, 
which is denoted as diving (Figure 4). The undrained 
shear strength of fine-grained seabed and stress level of 
granular sediments generally increase with depth (Figure 
4). For pulling out, the anchor reaches its maximum 
capacity after keying and then sharply losses capacity or 
fails, as it moves up and the soil strength decreases. In 
contrast, for diving, after keying the chain-anchor 
penetrates deeper into the seabed and hence the capacity 
increases as the soil strength increases. The increasing 
capacity is critical for reliable mooring. 
 

  
Fig. 4. Anchor diving vs pulled out 

2 DEVELOPMENT OF FISH ANCHOR: 

NUMERICAL MODELLING  

2.1 Development of fish anchor  

A novel fish anchor (see Figure 3c) was developed, 
adopting a geometry taken from nature (Hossain et al., 
2017; patent number: 10-2017-0018688). An extensive 
series of analyses were carried out through three-
dimensional (3D) large deformation finite element 
(LDFE) analyses to establish the geometry. The fish 
anchor features elliptical cross-sections of smoothly 
varying size for the anchor shaft, and with the widest part 
in the anchor middle (A-A plane; see Figure 3c) with a 
constant major and minor axis ratio of 2.36. During free-
fall through the water column, the elliptically shaped 
shaft reduces hydrodynamic drag resistance, with the 
drag coefficient being 0.04 (Young et al., 2010) 
compared to 0.22~0.42 for a cylindrical shaft of torpedo 
anchors (Richardson, 2008). During penetration in the 
seabed sediments, the bottom half of the fish anchor 
provides a low-angle bearing surface hence facilitating 
penetration; the upper half loses contact with the 
adjacent soil, reducing frictional resistance. To stabilize 
the trajectory during free-fall in water, balancing the 
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mass, four small fins are attached to the middle and tail 
of the shaft. To increase the potential for diving upon 
pullout, the shaft is shaped to be thicker near the head to 
lower the resistance centroid. The padeye is fitted 
perpendicularly to the wider part of the shaft (y-z plane; 
see Figure 3c) to mobilize the maximum resistance area 
under operational loading. 

The proposed fish anchor is 11 m in length (LA), 1.85 
m in equivalent shaft diameter (DA), 2.08 m in projected 
area equivalent diameter (DP), with a dry weight of Wd 
= 786 kN, submerged weight in water of Ws = 644.5 kN, 
submerged weight in soil of Wss = 599.7 kN.   

2.2 Assessment of performance through numerical 

modelling  

The performance of the fish anchor was tested 
numerically through LDFE analyses in single layer clay, 
varying undrained shear strength su and impact velocity 
vi (Kim et al., 2017, 2018). The analyses were carried out 
using the Coupled Eulerian-Lagrangian (CEL) approach 
in the commercial finite element package 
ABAQUS/Explicit (Version 6.12, Dassault Systèmes, 
2012). 

The simulation of dynamic installation and quasi-
static monotonic loading of the anchor was fully 
integrated, accounting for the adjacent soil disturbed by 
the installation process in the loading stage. The dynamic 
installation and monotonic loading of the anchor in fine 

grained soils are completed under undrained conditions. 
The soil was therefore modelled as an elasto-perfectly 
plastic material obeying a Tresca yield criterion, but 
extending to capture strain softening and strain rate 
dependency of the undrained shear strength using the 
Einav-Randolph models (Einav and Randolph, 2005). 
Strain rate dependency was treated differently for 
dynamic installation, involving very high strain rate, and 
for quasi-static monotonic loading.  
Installation: Figure 5 depicts typical instantaneous 

(resultant) velocity vectors during penetration of the fish 

anchor (su = 2.4 + 1.1z kPa). It shows the soil failure 

mechanisms at 4 different times after impacting the soil 

surface: (a) immediately after impacting the seafloor (t = 

0.15 s; Figure 5a); (b) at t = 0.5 s (Figure 5b), significant 

soil movement occurred adjacent to the anchor head part 

(e.g. anchor head, body fins and padeye); (c) at t = 1.0 s 

(Figure 5c), the soil incremental displacement also 

occurred at the tail fins due to the backfilled soil; (d) 

finally at t = 1.5 s (Figure 5d), the velocities in the soil 

decreased towards zero as the anchor reached its final 

embedment depth i.e. came to the rest. Anchor 

acceleration followed by deceleration, as discussed with 

Figure 2, can be seen on the penetration profile. The 

depth of this acceleration stage (stage 1) depends largely 

on the anchor submerged weight and impact velocity. 
The anchor tip embedment depth, de,t, was found to 

increase with increasing vi and reduce with increasing su. 

 
Fig. 5. Instantaneous velocity vectors with anchor embedment (after Kim et al., 2018) 

 

η
η





It was found that the anchor dove for η



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The different undrained shear strength profiles and 
corresponding embedment depths also affected the 
cavity formation above the installed anchor, as shown in 
Figure 6. Although the hole above the embedded anchor 
was not fully replenished, (a) for clay with su = 2.4 + 1.1z 
kPa and de,t = 23.77 m (Figures 6a and d), the anchor 
became essentially fully covered by the backfilled soil; 
and (b) for clay with su = 5 + 2z kPa, de,t = 19.26 m and 
su =10 + 3z kPa, de,t = 15.7 m (Figures 6b, c and d), the 
soil partly flowed back between the tail and the body fins, 
but the cavity remained fully open (with distorted walls). 

 

 
Fig. 6. Effect of soil strength on cavity condition above installed 
anchor: (a) su = 2.4 + 1.1z kPa; (b) su = 5 + 2z kPa; (c) su = 10 + 
3z kPa; (d) Plan view (after Kim et al., 2018) 
 

 
Fig. 7. Typical fish anchor diving trajectories and corresponding 
failure mechanisms: (a) Before loading; (b) Keying; (c) Transition 
of diving; (d) Diving (after Kim et al., 2018) 
Monotonic loading: The diving efficiency of the 

installed anchor was assessed varying the padeye offset 
ratio (η) and mooring angle at the mudline. As shown in 
Figure 4, η can be defined as the ratio of ep and en (where 
en denotes the padeye eccentricity and ep represents the 
padeye offset relative to the anchor centroid point). 
Figure 7 shows a typical anchor diving trajectories for  
= 0.4 and corresponding failure mechanisms. It shows 
the loading track of the fish anchor can be divided into 
two main stages: (a) keying (locations (a) to (c)); (b) 
diving (location (d)). In the diving stage, the anchor 
moved deeper with a constant angle (defined as , and 
a significant soil movement occurred around the anchor. 

It was found that the anchor dove for η = 0.35~0.63 
(see Figure 8) and mooring mudline inclinations < 50. 

 

 
Fig. 8. Design chart for anchor travelling angle as a function of 
padeye offset ratio and load inclination at padeye (a: load 
inclination at the padeye)  

 
After achieving confirmation from numerical 

modelling, the performance of the anchor was then 
assessed through centrifuge model tests. Frist series of 
tests were carried out in calcareous silt at the University 
of Western Australia (UWA). Dynamically installed 
anchors have yet to be deployed in calcareous seabed 
sediments, which are prevalent in sub-tropical areas of 
the world, particularly in the oil- and gas-producing 
offshore regions of Australia. The aim was therefore to 
assess the potential of using the fish anchor in those 
regions. Second series of tests were undertaken in sandy 
silt in Korea with the aim being assessing the potential 
of using the anchors in shallow water coarse grained 
seabeds for renewable energy developments. 
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3 ASSESSEMNT OF PERFORMANCE 

THROUGH CENTRIFUGE TESTS IN 

CALCAREOUS SILT: UWA, AUSTRALIA    

A series of centrifuge tests were performed at 133g 
(where g is the Earth’s gravitational acceleration = 9.81 

m/s2) in the beam centrifuge at UWA (Chang et al., 2018, 
2019a, b). A model fish anchor was made from stainless 
steel with a dry weight (Wd) of 0.33 N and a total length 
(LA) of 82.5 mm (see Figure 9). At 133g, this represents 
a prototype anchor of 786 kN in weight and 11 m long. 
A padeye offset ratio of  = 0.63 was selected, which is 
the upper end of the optimum range of 0.35~0.63 
obtained from the LDFE analyses in clay (Figure 9). The 
reasoning behind this choice was that, if  = 0.63 can 
ensure diving, lower values within the range will surely 
do so. The anchor body housed two MEMS (micro 
electro mechanical system) accelerometers. 

  

 
(a) UWA tests  (b) Korea tests 
Fig. 9. Model fish anchors for centrifuge tests  
 

The anchor was installed dynamically, making use of 
a vertical installation guide to counteract the Coriolis 
effects caused by the angular rotation of the centrifuge. 
The anchor was dropped from various drop heights to 
achieve a range of tip embedment depths in the soil. The 
installed anchor was loaded by applying either cyclic or 
monotonic loading using a cord-pulley system. The test 
program explored the effects of different soil 
reconsolidation periods, mooring mudline inclinations 
and cyclic loading parameters. Two samples of lightly 
overconsolidated calcareous silt were prepared using 
material dredged directly from two sites in the North 
West shelf of Australia. The undrained shear strength 
(su) and sensitivity (St) were measured from T-bar 
penetration tests as su = 1 + 1.6z kPa, St = 3.0 for sample 
1 (Chang et al., 2019a) and su = 1 + 2.1z kPa, St = 3.8 ~ 
4.3 for sample 2 (Chang et al., 2019b). 

3.1 Anchor dynamic installation 
A total of 11 dynamic installation tests with drop 

heights varying from 2.12LA to 3.33LA and 12 tests with 

a constant drop height of 3.4LA were conducted in 

sample 1 and sample 2, respectively. As shown in Figure 
10, the impact velocities achieved in the tests range from 

17.2 m/s to 22.5 m/s, and increased quadratically with 

increasing drop height. Following Equation 1, a 

theoretical velocity profile was established using an 

incremental approach as 
 

vj+1= μ√vj
2+2a∆R (4) 

where vj  and  vj+1  are the velocity at the beginning 

and the end of an increment respectively, ∆R  is the 

radius increment, a is the average acceleration over the 

increment whilst increases with radius R due to the 

nonuniform acceleration field in the centrifuge 

according to a = ω2R (ω is the centrifuge angular velocity 

in rad/s) and μ is an adjustment factor accounting for 

losses such as due to friction developed along the 

anchor-guide interface. As shown in Figure 10, the 

velocity profile calculated using Equation 4 with μ = 

0.88 fits the measured values very well. 
The embedment depths are relatively consistent, 

ranging from 1.02LA to 1.43LA, and increase quasi-

linearly with increasing impact velocity (Figure 10). 

Dynamic installation of the fish anchor in calcareous silt 

was simulated using the 3D LDFE approach (Kim et al., 

2018). Four impact velocities of vi = 15, 19, 25 and 30 

m/s resulted tip embedment depths of 1.22LA, 1.34LA, 

1.54LA and 1.7LA, respectively. These agree reasonably 

with the centrifuge test data (Figure 10). 
 

 
Fig. 10. Results from dynamic installation: Relationship among 

drop height, impact velocity and anchor tip embedment depth  

The installation efficiency of various dynamically 

installed anchors in calcareous silt has been compared. 

To allow comparison across a range of soil properties 
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and anchor geometries, a normalized tip embedment 

depth was proposed as γde,t/(Ws/At) ((soil effective unit 

weight × tip embedment depth) / (anchor weight in water 

/ anchor tip projected area)). Figure 11 compares the 

normalized tip embedment depth of fish, torpedo and 

OMNI-Max anchors in calcareous silt. The embedment 

depth of the fish anchor is 0.32~0.45 compared with 

0.11~0.15 for the torpedo anchors and 0.15~0.20 for the 

OMNI-Max anchors. The data for the fish anchor fall in 

a tight band, and can be best fitted according to  
 de,t = (1.12vi+15.8)Ws100γAp,t     (5) 

 

 
Fig. 11. Comparison of normalized tip embedment depth for 

various dynamically installed anchors (after Chang et al., 2019a)  
 

3.2 Anchor diving upon loading 
Following the installation and a (prototype) half year 

set-up period, monotonic or cyclic operational loading 
was applied to the anchor varying load inclination at the 
mudline (θ0) as 0°, 15°, 45° and 90°. The soil sample was 
dissected at the end of the test to measure the anchor 
position and inclination directly. The fish anchor was 
found to dive for θ0 = 0° and 15°. A typical photograph 
of the dissected sample for θ0 = 0° is shown in Figure 
12a. The anchor position after installation (i.e. prior to 
start of loading) has been added in the figure to illustrate 
the anchor movement. The anchor inclination of 12.5 at 
the end of loading was also consistent with diving, as 
was the profile of the sensor cable, which indicated the 

approximate trajectory of the top of the anchor as it 
responded to the loading. The evolution of anchor 
inclination, in (Figure 12b), deduced from the data of 
the MEMS accelerometers, shows the fish anchor 
orientation during the keying and diving processes. 

 

 
(a) 

 
(b) 

Fig. 12. Fish anchor position and inclination: (a) Photograph of 

excavated centrifuge sample at the end of test; (b) Evolution of 

anchor inclination during loading (after Chang et al., 2018, 2019a) 

To highlight the effect of anchor diving on the anchor 

capacity, three resistance (F) profiles are shown in Figure 

13. For mudline loading angle of 0 = 90, the fish 
anchor pulled out i.e. did not dive. The anchor ‘keyed’ 

(i.e. rotated), and the 1st peak capacity was mobilized at 

a normalized drag distance of u/LA = 0.2. The resistance 

then decreased up to u/LA = 0.7 followed by a further 

increase, with the 2nd peak capacity being significantly 

smaller than the 1st peak. For loading with 0 = 0 and 
15, however, the fish anchor dove. After anchor keying, 

the 1st peak capacity was mobilized at a normalized drag 
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distance of u/LA = 0.5 and 0.6 respectively. The 

resistance then reduced before increasing over u/LA = 0.9 

to 1.4. After this, the resistance continued to increase 

(although at a slower rate) due to the influence of diving. 

 
Fig. 13. Effect of load inclination on fish anchor resistance profile  

4 ASSESSEMNT OF PERFORMANCE 

THROUGH CENTRIFUGE TESTS IN SILTY 

SAND: KAIST, KOREA    

Second series of centrifuge tests were performed at 
70g in the beam centrifuge at the Korea Advanced 
Institute of Science and Technology by Kongju National 
University Geotechnical Laboratory team in 
collaboration with UWA (Choo et al., 2022). Three 1:70 
scale model fish anchors were fabricated from stainless 
steel using 3D printing solutions (see Figure 11b). The 
length of the model anchors was 157 mm, projected area 
equivalent diameter 29.71 mm, dry weight 3.43~3.90 N 
(in prototype Wd = 1175~1338 kN), and submerged 
weight is water 3.01~3.38 N (Wd = 1013~1159 kN). Two 
samples of silty sand (fines content: 37%) were 
reconstituted using the materials collected directly from 
a reclaimed site dredged from a nearby seabed at western 
coast of Korea. The relative density of the soil samples 
was evaluated at Dr = 68% through 10 mm diameter 
miniature cone penetration tests at 70g.  

4.1 Anchor dynamic installation  
A total of seven dynamic installation tests were 

conducted varying drop heights between 3.34LA and 

5.23LA. The theoretical velocity profile calculated using 

Equation 4 with μ = 0.87 matched with the measured 

impact velocity acquired from the MEMS profile. The 

achieved impact velocities were in the range of vi = 

17.15~27.42 m/s, and increased quadratically with 

increasing drop height.  
The tip embedment depths were measured manually, 

and are plotted in Figure 14. The embedment depths 

ranged 8.9 to 13.2 m in the prototype scale (de,t = 0.81LA 

to 1.18LA) and, as expected, increased with increasing 

impact velocity. These achieved tip embedment depths 

reasonably resolves a question whether the fish anchor 

will penetrate into strong dilative sandy deposits with 

sufficient tip embedment. 
 

 
Fig. 14. Results of dynamic installation in silty sand: relationship 

between impact velocity and anchor tip embedment depth (after 

Choo et al., 2022) 
 
4.2 Performance under loading 

After dynamic installation, six monotonic loading 
tests were conducted at mudline inclinations of θ0 = 0°, 
10° and 45° - corresponding to taut and catenary 
mooring angles. Figure 15 shows the results in F/Ws – 
u/LA space. The load response increased rapidly from the 
onset of loading while the embedded chain cut through 
the soil and tightened the grip to the padeye of the fish 
anchor. This means the contribution from the chain-soil 
interaction was remarkable in silty sand. The profiles 
sharply attained to the peak followed by reduced 
relatively slowly (defined as failure). The peak 
capacities were calculated at 3 and 7.13Ws for θ0 = 45° 
and 10°, respectively. 0° mudline load inclination 
resulted a capacity of 5Ws while the anchor was partially 
embedded (de,t/LA = 0.81) and somewhat ever increasing 
for fully embedded anchor (de,t/LA = 1.11).  

 

 
Fig. 15. Effect of loading inclination on form of load resistance-

drag distance curve and capacity in silty sand (after Choo et al., 

2022) 
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μ = 0.87 

17.15~27.42 m/s

ranged 8.9 to 13.2 m in the prototype scale (d = 0.81L
to 1.18L

at mudline inclinations of θ
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The fish anchors demonstrated a non-diving behavior 
upon loading despite mobilizing substantial resistances. 
Initially, the load increased with the keying process of 
the fish anchor till the peak resistance and then reduced 
with upward movement of the anchor. This was observed 
by monitoring the ground surface by an in-flight camera 
mounted on top of the strongbox. The other pullout load 
tests show the same motion trajectories. Visual 
observation through post test-dissection also confirmed 
non-diving. It is perhaps due to the relatively higher 
resistance provided by sandy sediment and its 
corresponding formation of high loading inclinations at 
the padeye (calculated at θa = 40°, 45°, and 57° 
respectively). In summary, with the embedment depths 
of de,t = 0.81LA to 1.18LA in silty sand, the anchor did 
not dive although the achieved capacities were 3~7.13Ws 
and potentially even higher. 

With these satisfactory performances assessed 
through centrifuge model tests, the anchor was ready for 
testing in the field.  

5 ASSESSEMNT OF PERFORMANCE 

THROUGH FIELD TESTS IN SOFT CLAY, 

SILTY CLAY, SILT, SANDY SILT: SWAN 

RIVER, PERTH, AUSTRALIA    

Prior to moving to the ocean, the performance of the 
fish anchor has been tested through field tests in the 
Swan River, Perth (Hossain & Kim, 2022; Hossain et al., 
2022; Kim et al., 2022). The riverbed consisted of 
various soil types at different locations and water depths. 
A total of 36 tests were carried out in three campaigns.  

   

 
Fig. 16. Fish anchor set-up for dynamic installation in the Swan 
River (after Hossain & Kim, 2022) 
 

A 1/15th scale (limited by the water depth and 
capacity of the existing field test equipment) model fish 
anchor was 3D printed from steel (density = 7,800 
kg/m3), with the fins and padeye welded onto the main 
body (see Figure 16). The length of the anchor was 733 

mm, and frontal projected area equivalent diameter 0.14 
mm. The anchor body housed a MEMS accelerometer 
and a 2000o/s dual-axis gyroscope. The dry weight of the 
anchor was Wd = 0.304 kN, and submerged weight in 
water was Ws = 0.256 kN. 

Initial tests were conducted from two jetties: (a) 
Burswood jetty; (b) Maylands jetty (Figure 17). The 
water depths were around 1.13 ~ 1.87 m. The riverbed 
consisted of soft clay and silty sand, respectively. The 
other tests were then undertaken from a barge platform 
at three different locations inside the river (Locations 
1~3; Figure 17). The water depths were 2.55~4.73 m. 
The riverbed comprised of soft clay, silty clay and silt. 
 

 
Fig. 17. Fish anchor test locations in the Swan River (after Hossain 
et al., 2022) 

5.1 Anchor dynamic installation  
The anchor was connected with (i) a measuring rope 

(a yellow rope marked with colored cable tiers for each 
0.5 m) attached at the dropping eyebolt, and (ii) a loading 
rope attached at the padeye. The anchor was then 
mounted on a davit and raised to the predetermined 
height above the riverbed before being released using the 
quick release shackle (see Figure 16). The anchor was 
dropped from above the water surface. This was to 
achieve reasonable drop height and hence impact 
velocity and tip embedment depth.  

The impact velocities (vi) were obtained using 
Equations 1~3 and through numerical integration of 
MEMS acceleration data once. The tip embedment 
depths (de,t) in the riverbed were determined based on the: 
(a) buried length of the straightened depth measuring 
line and anchor length; and (b) double integration of 
MEMS acceleration data. The interpreted MEMS data in 
terms of vi and de,t were found to lie within 10% of the 
direct (manual) measurement. 

In general, de,t increased with increasing impact 
velocity, vi. The tip embedment depths were: 0.86~1.76 
m (1.17~2.4LA; vi = 5.89~7.5 m/s; Burswood jetty), 
0.54~0.73 m (0.74~1.0LA; vi = 6.74~7.17 m/s; Maylands 
jetty), 0.9~1.83 m (1.23~2.5LA; vi = 6.97~10.41 m/s; 
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Location 1), 0.85~1.17 m (1.16~1.6LA; vi = 11.42 m/s; 
location 2), and 0.72~0.87 m (0.98~1.19LA; vi = 11.72 
m/s; Location 3). These differences in achieved 
embedment depths are largely because of encountering 
different soil types in the riverbed.  

Figure 18 plots normalized embedment depths 
de,t/(Ws/Ap) as a function of vi. The data from the three 
campaigns were consistent, indicating lower embedment 
in sandy and silty soils. The line for the fish anchor in 
calcareous soils (Figure 11, Equation 5) and the data for 
the fish anchor in silty sand (Figure 14) obtained through 
centrifuge tests are also included for comparison. The 
centrifuge test data in silty sand fall above the proposed 
line for calcareous silt. The field test data in sandy silt lie 
close to the results in calcareous silt. The embedment 
depths in other soils fall well below the proposed line i.e. 
the anchor embedded deeper. 
  

  
Fig. 18. Normalized tip embedment (after Hossain et al., 2022) 

5.2 Anchor diving upon loading  
The anchor was loaded immediately after installation, 

meaning no specific time period was allowed (other than 
the time required to set the pulley and loading system) 
for set-up or dissipation of the excess pore pressure 
generated (if any) during installation. The capacity 
therefore represents somewhat instantaneous loading 
capacity. The loading rope was straightened, and the 
loading angle was set in such a way that the angle at the 
padeye a  the angle at the mudline 0. The loading tests 
were undertaken varying the angle to the horizontal 
between 16 and 90 using a pulley-drum system.  

Typical load-response profiles are shown in Figures 

19 and 20. In general, the profiles show two peaks 

similar to the profiles obtained from centrifuge tests in 

calcareous silt. The first peak and subsequent drop in 

resistance was associated with the keying process of the 

anchor. The second peak appeared after that. The higher 

capacity at the second peak generally indicates diving 

after keying, as confirmed through dissecting the soil 

sample tested in centrifuge (see Figures 12 and 13). The 

peak capacity Fp increased with reducing 0.  

 
Fig. 19. Load resistance profiles from tests at Location 1: clay 
(after Hossain et al., 2022) 
 

 
Fig. 20. Load resistance profiles from tests at Location 3: silt (after 
Hossain et al., 2022) 
 

 
Fig. 21. Effect of load inclination (0) on fish anchor capacity 

(after Hossain et al., 2022) 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 3 6 9 12 15 18 21 24 27 30

N
o

rm
a
li

z
e
d

 t
ip

 e
m

b
e
d

m
e
n

t,
 

d
e
,t
/(

W
s
/A

p
)

Impact velocity, vi (m/s)

Silty clay: Barge test 
location 2

Silt: Barge test 
location 3

Sandy silt: 
Maylands jetty

Soft clay: 
Burswood jetty Clay: Barge test 

location 1

Fish anchor
Fish anchor

0

400

800

1200

1600

2000

2400

0 0.5 1 1.5 2

L
o

a
d

 r
e
s
is

ta
n

c
e
, 
F

 (
N

)

Drag distance, u (m)

L1T3: 0 = 23

L1T6: 

0 = 37
L1T5: 0 = 34

L1T7: 0 = 47

Loading

Keying Diving

Ws = 256 N

L1T1: 0 = 16
Fp

0

500

1000

1500

2000

2500

3000

0 1 2 3 4 5 6

L
o

a
d

 r
e
s
is

a
tn

c
e
, 
F

 (
N

)

Drag distance, u (m)

Ws = 256 N

L3T2: 

0 = 20.5
L3T3: 0 = 37

L3T4: 0 = 90

L3T1: 0 = 18

0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 40 50 60 70 80 90

N
o

rm
a

li
s

e
d

 u
lt

im
a

te
 c

a
p

a
c

it
y,

 F
p
/W

s

Loading angle, 0 () 

 

 ≤ 47
   

 ≤ 45
 

 
 ≤ 37

 
 

 
 

 






≥ 1

≤ 47



90

Physical Modelling in Geotechnics

© 2022 KOREAN GEOTECHNICAL SOCIETY (KGS), Seoul, Korea, ISBN 978-89-952197-7-5



; ; 
; 

; Location 3)



  









 

 
 

 

 

 
 

 

 

 

 
 

   
 

 

For the Burswood jetty tests, the anchor was loaded 

near vertically 0 = 78.1~84.17 due to the lateral space 

limitation. The peak capacities were 764~834 N (= 

3.0~3.3Ws). No loading tests were performed at 

Maylands jetty.  
Barge tests facilitated loading at various angles. For 

Location 1 with clay riverbed and de,t/LA = 1.96~2.5; the 

anchor dove for 0 ≤ 47. The peak capacity ranged from 
2094 N (for 0 = 16) to 380 N (for 0 = 90) (Figure 19). 

For Location 2 with silty clay riverbed and de,t/LA = 

1.16~1.60; the anchor dove for 0 ≤ 45. The peak 
capacity varied between 4000 N (for 0 = 16.4) and 666 
N (for 0 = 90). For Location 3 with silt riverbed de,t/LA 

= 0.95~1.19; the anchor dove for 0 ≤ 37. The peak 
capacity ranged from 2407 N (for 0 = 18) to 430 N (for 
0 = 90) (Figure 20). It can be seen that although in soft 

clay (Location 1) the achieved anchor embedment depths 

were somewhat double, the capacities were lower 

compared to those in stronger silty riverbeds (Locations 

2 and 3).  
The peak capacities (Fp) were picked and normalized 

by the weight of the anchor submerged in water, Ws. The 

values of Fp/Ws are plotted in Figure 21. It should be 

noted that the peak capacities for 0 = 0 were assumed. 
It is seen that, for vertical loading (0 = 90), anchor 
capacity was 1.5~2.6 times the weight. That increased to 

8.2 to 15.6Ws for 0 = ~16, which is compatible with 
the range and trend obtained from centrifuge tests. 

6 CONCLUSIONS  

The dynamically installed fish anchor has been 
proposed 5 years ago. The concept and shape were taken 
from nature. An extensive series of large deformation 
finite element analyses have led to optimize all features 
of the shape including the shaft geometry, number and 
location of fins, and location and offset ratio of the 
padeye. The performance of the anchor has 
systematically assessed through large deformation finite 
element analyses in clay and calcareous silt, centrifuge 
model tests in calcareous silt and silty sand, and finally 
field tests in the Swan River in soft clay, silty clay, silt 
and sandy silt. This paper has presented a summary of 
this development journey. The following key points can 
be highlighted.  

1. Shape development: The elliptical shaft of the 

fish anchor reduces hydrodynamic drag 

resistance during free-fall through the water 

column, allowing for achieving higher impact 

velocity at the seabed for lower drop heights. 

During penetration in the seabed sediments, the 

bottom half of the fish anchor provides a low-

angle bearing surface hence facilitating 

penetration; the upper half loses contact with the 

adjacent soil, reducing frictional resistance. The 

shaft is shaped to be thicker near the head to 

lower the resistance centroid, increasing the 

potential for diving upon loading. The padeye is 

fitted on the widest part of the shaft to mobilise 

the maximum resistance area under operational 

loading. 
2. In calcareous silt, the fish anchor tip embedment 

depths were 1.02~1.43 times the anchor length 

for impact velocity 17.23~22.48 m/s. The 

normalized tip embedment depths of the fish 

anchor were 0.32~0.45 compared to 0.11~0.15 

for the model torpedo anchors and 0.15~0.20 for 

the model OMNI-Max anchors. Under 

operational loadings, the fish anchor dove for 

mooring mudline inclinations < 38, giving peak 
capacity of 3~9 times the anchor’s submerged 

weight in water for mudline mooring inclination 

of 90~0. Regardless of the padeye offset ratio 

and mooring mudline inclinations, the diving 

efficiency of the fish anchor, which dictates the 

potential gain in capacity, was significantly 

higher than that of the OMNI-Max anchor. The 

OMNI-Max anchor dived for mudline load 

inclination 0 and pulled out for load inclination 
≥ 1. In contrast, the torpedo anchor pulled out 

of the seabed for any mudline load inclinations. 

Cyclic loading did not appear to affect the fish 

anchor diving potential. 
3. In silty sand, the anchor embedded 0.81~1.18 

times the length for impact velocity 17.15~27.42 

m/s. The normalized tip embedment depths fell 

just above the line for calcareous silt. Under 

operational monotonic loading, the anchor did 

not dive but provide peak capacity of 3~7.13 

times the anchor’s submerged weight in water for 

mudline mooring angles of 45~0°.  
4. Finally, in the Swan River, the fish anchor 

embedded 0.74~2.5 times the anchor length in 

sandy silt, silt, silty clay and soft clay riverbed. 

The normalized tip embedment depths were 

deeper compared to the line for calcareous silt. 

The anchor dove for mooring angle ≤ 47. The 

peak capacities were 1.5~15.6 times the weight 

for mudline mooring angles of 90~16. 
In summary, the results show that the fish anchor can be 
a potential cost-effective anchoring solution for 
supporting floating facilities for oil and gas 
developments, harvesting renewable energies, collecting 
river/ocean plastics, and aquaculture in shallow to deep 
waters with fine to coarse grained soil types.   

ACKNOWLEDGEMENTS  

The fish anchor tests were conducted with support 
from a Woodside RiverLab Project and the Australian 
Research Council (ARC) through the Future Fellowship 

91

Physical Modelling in Geotechnics

© 2022 KOREAN GEOTECHNICAL SOCIETY (KGS), Seoul, Korea, ISBN 978-89-952197-7-5



 

 

FT190100735. The first author is an ARC Future Fellow 
and is supported by the ARC Project FT190100735. This 
support is gratefully acknowledged. 

REFERENCES  

Brandão, F.E.N., Henriques, C.C.D., Araújo, J.B., Ferreira, O.C.G. 
and Dos Santos Amaral. C. 2006. Albacora Leste field 
development-FPSO P-50 mooring system concept and 
installation. Proc. Offshore Technology Conf., OTC18243. 

Brooke Ocean Technology 2007. Free-fall cone penetrometer. 
Accessed 23 May 2007 from Brooke Offshore Technology at 
http://www.brooke-ocean.com. 

Chang, K., Hossain, M.S., Kim, Y.H., Randolph, M.F. and Wang, 
D. 2018. Novel dynamically installed fish anchor – diving 
upon loading in calcareous silt. Proc. Offshore Technology 

Conf., Houston, OTC28901. 
Chang, K., Hossain, M.S., Wang, D. and Kim, Y.H. 2019a. 

Performance of a novel dynamically installed fish anchor in 
calcareous silt. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 145(6), 04019019. 
Chang, K., Hossain, M.S., Wang, D. and Kim, Y.H. 2019b. Cyclic 

capacity and diving potential of novel fish anchor in 

calcareous silt. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 145(9), 04019054. 
Choo, Y.W., Falcon, S.S., Kim, Y.H. and Hossain, M.S. (2022). 

Performance of a dynamically installed fish anchor in 
cohesionless soil. Ocean Engineering, Under Review. 

Colp, J.L., Caudle, W.N. and Schuster, C.L. 1975. Penetrometer 
system for measuring in situ properties of marine sediment. 
Proc. IEEE Ocean '75: 405-411. 

Dassault Systemes 2012. ABAQUS, Version 6.12 EF 

Documentation. Rhode Island, Karlsson and Sorensen, Inc. 
Dayal, U. and Allen, J.H. 1973. Instrumented impact cone 

penetrometer. Canadian Geotechnical Journal, 10, 397-409. 
Einav, I. and Randolph, M.F. 2005. Combining upper bound and 

strain path methods for evaluating penetration resistance. Int. 

J. Numerical Methods in Engineering, 63(14), 1991-2016. 
Gaudin, C., O’Loughlin, C.D., Hossain, M.S. and Zimmerman, 

E.H. 2013. The performance of dynamically embedded 

anchors in calcareous silt. Proceedings of ASME 2013 32nd 

International Conference on Ocean, Offshore and Arctic 

Engineering, OMAE2013, paper OMAE2013-10115. 
Hossain, M.S., Kim, Y.H. and Gaudin, C. 2014. Experimental 

investigation of installation and pullout of dynamically 

penetrating anchors in clay and silt. Journal of Geotechnical 

and Geoenvironmental Engineering, 140(7), 04014026. 
Hossain, M.S., O’Loughlin, C.D. and Kim, Y.H. 2015. Dynamic 

installation and monotonic pullout of a torpedo anchor in 

calcareous silt. Géotechnique, 65(2), 77-90. 

Hossain, M.S, Kim, Y.H., Shim, J.U. and Ryu, M.C. 2017. Anchor 

for deep seabed. Korea Patent Application No. 10-2017-

0018688. 
Hossain, M.S and Kim, Y.H. 2022. Fish anchor testing in the Swan 

River. Offshore Technology Conference Asia, OTC-31423-MS. 
Hossain, M.S, Mohiuddin, M.A., Dalal, A., Turner, B., Kim, Y.H., 

Choo, Y.W. and Rokonuzzaman, M. 2022. Field performance 

of the fish anchor. Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, under review. 
Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R. et al. (2015). 

Plastic waste inputs from land into the ocean. Science, 347, 

768-771. 
Kim, Y. H. and Hossain, M. S. (2017). Dynamic installation, 

keying and diving of OMNI-Max anchors in clay. 

Géotechnique 67, No. 1, 78-85. 

Kim, Y.H., Hossain, M.S. and Chang, K. 2018. Numerical 

investigation of novel dynamic installed fish anchors in clay 

and calcareous silt. Ocean Engineering, 163, 29-39. 
Kim, Y.H., Hossain, M.S. and Lee, J.K. 2019. Loading 

performance of fish and OMNI-Max anchors in crust-over-

soft clays. Applied Ocean Research, 91, 101904. 
Kim, Y.H., Chow, S., Hossain, M.S., Zhao, J. and Rohan, S. (2022). 

Fish anchor dived – confirmation through field tests in the 

Swan River. Géotechnique Letters, 12(1), 60-67. 
Medeiros, C.J. 2002. Low cost anchor system for flexible risers in 

deep waters. Offshore Technology Conference, OTC14151. 
O’Loughlin, C.D., White, D.J. and Stanier, S.A. 2015. Novel 

anchoring solutions for FLNG – opportunity driven by scale. 

Proc. Offshore Technology Conf., Houston, OTC26032. 
Randolph, M.F., Gaudin, C., Gourvenec, S.M., White, D.J., 

Boylan, N. and Cassidy, M.J. 2011. Recent advances in 

offshore geotechnics for deep water oil and gas 

developments. Ocean Engineering, 38(7), 818-834. 
Richardson, M.D. 2008. Dynamically installed anchors for 

floating offshore structures. PhD Thesis, The University of 

Western Australia, Crawley, Australia. 
Shelton, J.T., Nie, C. and Shuler, D. (2011). Installation 

penetration of gravity installed plate anchors-laboratory study 

results and field history data. Proc. Offshore Technology Conf., 

Houston, OTC22502. 
Wei, Q., Tian, Y., Cassidy, M.J., Gaudin, C. and O’Loughlin, C.D. 

2015. Behaviour of OMNI-Max anchors under chain loading. 

Proceedings of the 3rd International Symposium on Frontiers 

in Offshore Geotechnics (ISFOG), Oslo, Norway, 925-930. 
Young, D.F., Munson, B.R., Okiishi, T.H. and Huebsch, W.W. 

2010. A brief introduction to fluid mechanics. John Wiley and 

Sons. 
Zimmerman, E.H., Smith, M.W. and Shelton, J.T. (2009). 

Efficient gravity installed anchor for deep water mooring. 

Proc. Offshore Technology Conf., Houston, OTC20117. 
 
 

92

Physical Modelling in Geotechnics

© 2022 KOREAN GEOTECHNICAL SOCIETY (KGS), Seoul, Korea, ISBN 978-89-952197-7-5


