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ABSTRACT: Plate anchors have emerged as an appealing technology for anchoring offshore floating facilities, including 
floating wind turbines, due to their high holding capacity relative to their weight. This enables the use of smaller anchors 
(relative to driven or suction-installed piles), resulting in potential cost reductions during production, transport, and 
installation. Loads delivered to the anchor via mooring lines may increase pore water pressure in fine-grained soils. This 
excess pore pressure will dissipate with time, resulting in a local increase in the undrained shear strength of the soil 
surrounding the anchor, increasing anchor capacity. This paper presents experimental data from reduced scale field 
experiments conducted at a soft clay test site that demonstrate these plate anchor capacity increases. The data are consistent 
with observations made in laboratory experiments and provide a basis for adopting less conservative anchor designs.  
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1 INTRODUCTION   
Offshore floating facilities are maintained in position 
by anchors in the seabed. Among the numerous 
anchor types, plate anchors are a compelling choice 
because of their large capacity relative to their 
weight, which may result in material and 
transportation cost savings. Plate anchors can be 
installed by drag-embedment, or using a retrievable 
and reusable follower, such as a suction caisson that 
is used with suction embedded plate anchors 
(SEPLAs, Wilde et al., 2001; see Figure 1). This 
latter approach reduces uncertainty in capacity as the 
as-installed depth is known, leaving only uncertainty 
related to soil strength at that known depth.  

 
 

  
Figure 1. Suction embedded plate anchor (InterMoor 
2018, SEPLA for FPSO mooring system) 

A plate anchor is subjected to a range of 
operational and environmental loads during its design 
life. A SEPLA, for example, will experience anchor 
keying (Gaudin et al., 2006; 2009) from the pre-load 
applied after installation, environmental loading on 
the floating facility will be partially transferred to the 
anchor via the mooring lines, and changes in the 
facility's buoyancy (e.g. due to tidal events or 
offloading) will result in changes in the mean tensile 
load that the anchor senses. These load combinations 
generate excess pore pressure in the soil surrounding 
the plate anchor, which eventually dissipates. The 
opposing effects of pore pressure generation and 
dissipation affect the strength of the soil surrounding 
the plate, resulting in changes in anchor capacity over 
the facility's design life.  

Model testing has demonstrated that soil 
consolidation leads to improvements in plate anchor 
capacity. For instance, Wong et al. (2012) show plate 
anchor capacity increases by a factor of about 1.9 
after consolidation under a sustained load equivalent 
to 75% of the monotonic capacity. More recently, 
Han et al. (2021) reported plate anchor capacity 
improvements of 25% due to consolidation under a 
monotonic load equivalent to roughly half the 
monotonic anchor capacity, whereas Wang et al. 
(2023) reported consolidation-induced plate anchor 
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capacity increases of about 60%. Zhou et al. (2020) 
showed that dissipation of the excess pore pressure 
that developed in response to combinations of cyclic 
and sustained loading led to much more significant 
plate anchor capacity increases, by up to a factor of 
2.5.  

Despite this evidence, current design guidance, 
such as that outlined in DNV-RP-E302 (DNV, 2022), 
API RP 2SK (API, 2005), and ABS (2020), do not 
take into account the effect of soil consolidation on 
anchor capacity changes over time. The guidance 
provided, particularly in DNV-RP-E302, is based on 
data collected from field tests conducted in Onsøy, 
Norway, in the late 1990s (Dahlberg et al., 1999; 
Heyerdahl and Eklund, 2001). However, as these 
field tests were not designed to measure the changes 
in plate anchor capacity revealed by the more recent 
model testing, new testing is required to support 
changes in design practice. This provided the 
motivation to undertake the field tests described in 
this paper. The intention of these tests was to 
replicate tests conducted at model scale in a 
geotechnical centrifuge, but at a scale that is an order 
of magnitude higher, and in a natural soil. 

2 BAYSWATER SITE CONDITIONS  
The anchor field tests were conducted between 
March and June 2022 at the University of Western 
Australia's Bayswater test site, located 10 km 
northeast of Perth (see Figure 2). The 10 m × 6 m site, 
located in a natural reserve west of Tonkin Highway 
and 200 m north of the Swan River, lies within the 
Quaternary-aged Swan River Formation of silty clay, 
clayey silt, sand bands, shells, and organic material. 
During the wetter months when the testing took 
place, groundwater levels were typically 0 to 1 m 
above the ground surface, decreasing towards the 
Swan River. 

 
 

 
Figure 2. Location and surface conditions of the field test 
site 

Cone and T-bar penetrometer tests were 
conducted in two stages. In 2019, five piezocone tests 
(CPT 3–7) were performed near the anchor site 
before its location was finalised (see Figure 3). 
Subsequently, one piezocone (CPTA) and one T-bar 
test (T-bar 1) were conducted within the site (Figure 
3). A 75 mm diameter open tube sample was 
collected near the location of T-bar 1 at a depth of 
between 7 and 7.5 mBGL. Two sub-samples were 
taken for simple shear testing (at a shearing rate of 
0.018 mm/min) to measure the undrained shear 
strength, su, which was used to establish appropriate 
cone (Nkt) and T-bar (Nt-bar) factors for interpreting 
the penetrometer data. 

The penetrometer tests were conducted using a 7-
tonne CPT rig, and employed a 10 cm² piezocone 
(d = 35.7 mm) and a 100 cm² T-bar (d = 40 mm, 
length = 250 mm), both penetrated at 20 mm/s to 
between 9.5 and 10 mBGL. Figure 4 shows profiles 
of tip resistance (qnet, qT-bar), sleeve friction (fs) and 
pore pressure (u2), and includes tip resistance data 
reported in Low et al. (2011) from penetrometer 
testing conducted at another soft clay site about 5 km 
away (and part of the same geological formation). 
The penetrometer data indicate that the stratigraphy 
at the anchor test site consists of an upper crust or fill 
layer (~0.9 to 1.1 m thick), underlain by an 
overconsolidated clay layer extending to 
~5.5 mBGL, and a slightly overconsolidated clay 
layer with occasional sand lenses from ~5.5 mBGL 
to at least 10 mBGL. 

Figure 5 shows undrained shear strength profiles 
from 6 to 8 mBGL, which is the depth range relevant 
to the anchor tests. These profiles, which were 
derived from qnet and qT-bar data using Nkt = 12.2 and 
NT-bar = 12.4, can be idealised as su = 2z + 5 (in units 
of kPa, and where z is the depth below ground level). 

3 FIELD TESTING SET-UP AND 
PROCEDURE   

The field tests utilised anchor designs similar to those 
used in the (centrifuge) model scale experiments 
reported in Wang et al. (2023). The plate anchors 
were circular and included both solid and 
‘permeable’ plates (Fig. 6). The permeable anchor 
contained flow paths that allowed excess pore 
pressure to equalise between each side of the plate (as 
described in Wang et al. 2024). Each anchor had a 
diameter, D = 300 mm and a plate thickness, 
tp = 10 mm, such that the thickness-to-diameter ratio 
was tp/D ≈ 0.03, similar to SEPLAs used in practice 
(e.g., Brown et al., 2010). The anchors featured a 
shank 250 mm in height and 16 mm in thickness. The
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Figure 3. Plan of test site showing location of anchor tests, piezocone and T-bar penetration tests and sampling 
 

Figure 4. Penetrometer test data: (a) qnet and qT-bar; (b) sleeve friction, fs; (c) pore pressure, u2 

 
anchor diameter was 7.5 times larger that used in the 
Wang et al. (2023) centrifuge experiments, and 
provides a balance between scaling up the laboratory 
model testing and ensuring that consolidation effects 
could be measured over a practical timeframe. Each 
anchor was equipped with pore pressure transducers 
(PPTs), an accelerometer (to measure anchor 
orientation), and a strain-gauged shank to measure 
anchor load. 

Data were logged continuously during anchor 
installation and the initial anchor keying, and 
periodically over the course of the tests (71 days) in 
8 second data ‘bursts’ every 60 minutes. Anchor 
displacement was inferred from the actuator 
movement, which was measured using an optical 
encoder located on the actuator motor. 
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Figure 5. Undrained shear strength, su, over the depth of 
interest for the anchor tests, z = 6 to 8 mBGL 
 
 

 
Figure 6. Plate anchors: solid (left), permeable (right), 
permeable anchor plan view (bottom) 

 
The anchors were installed using the same 7-ton 

CPT used for penetrometer testing (shown in Figure 
7). The anchors were positioned in a vertical 
orientation in a mandrel attached to a cone rod and 
pushed to the target depth. After reaching the target 
depth (z = 8 m),  the  cone  rods  and  mandrel  were 
removed, leaving the anchor in the soil in a vertical 

orientation. The free (above ground) end of a 12 mm 
diameter wire rope connected to the anchor padeye 
was then clamped to the base of a load cell (with a 
70 kN measurement range) that was mounted on an 
electrical actuator used to load the anchor. This 
allowed anchor load to be measured both at the 
anchor padeye and the ground surface. As shown in 
Figure 7, this actuator was either installed on the CPT 
rig for the initial anchor keying, or on a custom tripod 
frame (see Figure 8) for periodic loading over the 
course of the anchor testing. 

 

 
Figure 7. Plate anchor installation and keying 

 

 
Figure 8. Plate anchor loading using an electrical 
actuator mounted on a tripod 

 
After reaching the target embedment depth the 

wire rope was connected to the clamp on the actuator 
load cell and the actuator moved upwards at a 
velocity, v = 2 mm/s by a distance of approximately 
450 mm. The corresponding dimensionless velocity, 
vD/cv ~ 6000 (where cv = 3.2 m2/year), well in excess 
of the vD/cv = 10 threshold recommended in House 
et al. (2001) for undrained behaviour. Monitoring of 
the rotation data (from the accelerometer on the 
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anchor) confirmed that the 450 mm distance was 
sufficient for the anchor to fully key.  

With the exception of tests in which loading was 
continued to measure the baseline, monotonic anchor 
capacity, the wire rope was clamped on a ground 
plate (see Figure 9) after keying for a period, 
t = 35 days in an attempt to ‘lock in’ some of the load 
generated during keying. This duration corresponds 
with a dimensionless time, T = tcv/D2 = 3.4, sufficient 
for at least 90% consolidation (Wang et al., 2023). 
After the 35-day consolidation period, the anchor was 
subjected to either monotonic, impulse, or cyclic 
loading using the same electrical actuator from the 
keying phase, mounted on a tripod secured to the 
ground (see Figure 8). After each loading phase the 
wire rope was clamped back in the ground plate.  
 

 
Figure 9. Clamping wire rope to the ground plate during 
consolidation periods 

4 RESULTS AND DISCUSSION  
The loading history for the test considered in this 

paper (Test 11) is shown in Figure 10, and used the 

permeable anchor (Figure 6). After the 35-day 
consolidation period, three packets of 10 loading 
cycles were applied to the anchor at intervals of 
between 7 and 16 days. Each cyclic packet involved 
a cyclic amplitude equal to 32.5% of the monotonic 
undrained anchor capacity, quu (measured in a 
reference test with no consolidation or additional 
loading). The cyclic mean stress was 0.65quu in the 
first packet and increased by 0.5quu in each 
subsequent packet, i.e., 0.975quu in the second packet 
and 1.3quu in the third (and final) packet.  

Figure 11 shows the response measured in Test 11 
together with that measured in a monotonic test 
(Test 2) that did not involve a consolidation period or 
any additional loading. Anchor resistance, q, is 
normalised on Figure 11  by the strain rate adjusted 
undrained shear strength at the current anchor 
depth, s୳∗  (adjusted to account for differences in the 
average strain rate in the penetrometer tests and 
movement of the anchor, with the asterisk denoting 
this adjustment). Anchor displacement, δ, on Figure 
11 is measured relative to the anchor position after 
the initial monotonic loading to key the anchor, and 
is normalised by the anchor diameter. 

Normalised anchor resistance increases during the 
initial monotonic movement and reaches an average 
steady state value of 𝑞௨,௨ 𝑠୳∗⁄  ≈ 10 for both Test 11 
and the reference test, which involved only an initial 
monotonic loading stage with no subsequent 
consolidation periods or additional loading. The 
average strain-softened q୳,୳ s୳∗⁄  = 10 on Figure 11 is 
in comparable to q୳,୳ s୳∗⁄  = 10.5 measured in the 
laboratory experiments reported in Wang et al. 
(2023).  

 

 
Figure 10. Loading history applied in Test 1.
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The most notable observation from Figure 11 is 
the significant increase in capacity after the loading 
sequence imposed in Test 11. Even though the plate 
anchor was subjected to peak cyclic loads that were 
over 60% higher than the (unconsolidated, 
undrained) monotonic capacity, the anchor remained 
stable. After the cyclic loading and consolidation 
periods the final monotonic loading stage produced a 
peak anchor capacity that was 85% higher than the 
strain-softened anchor resistance. This capacity 
increase is due to the amount of excess pore pressure 
that would have been generated by the cycles (as 
reflected in the pore pressure measurements on the 
top face of the anchor – not reported here) which was 
either partially or completely dissipated before the 
anchor was finally loaded.  

 

 
Figure 11. Comparison of monotonic anchor capacity 
measured in tests with and without consolidation 

5 CONCLUSIONS  

Reduced scale field testing reported in this paper 
shows how plate anchor capacity can increase due to 

the consolidation that takes place in response to sus-
tained and cyclic loads.  The results are consistent 
with equivalent centrifuge model tests (Wang et al. 
(2023), and collectively show that plate anchor ca-
pacity can improve over time as a result of opera-
tional events and from environmental loading. This 
improves the reliability of the anchor over its design 
life, presenting opportunities for life extensions or for 
capacity reassessments (e.g. in light of heightened 
metocean conditions). Alternatively, it provides a ba-
sis for incorporating consolidation-induced capacity 
gains into anchor designs, provided that the specific 
events that trigger consolidation are well understood 
and can be reliably accounted for in practice.  
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