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ABSTRACT 

Floating offshore infrastructure requires geotechnical anchorage for station-keeping. Dynamically 

embedded anchors are anchors that free-fall through the water column and embed in the seafloor 

through kinetic energy at impact, enabling efficient installation into soft seabeds. Dynamic 

installation of plate anchors is an alternative to static embedment methods, such as suction-

embedded plate anchors. This paper uses a numerical installation and capacity methodology to 

explore the factors that control dynamically-embedded plate anchor (DEPLA) capacity and to 

compare DEPLA reliability with that of statically-embedded plate anchors for two sets of seafloor 

properties that represent different types of geotechnical uncertainty. Probabilistic Monte Carlo 

simulations are presented for the two representative conditions using the distribution of the tension 

loads for an example catenary-moored system. The results quantify the smaller influence of soil 

strength uncertainty on DEPLAs compared to statically-embedded plates. The smaller influence 

arises due to dynamically-embedded anchors reaching a deeper embedment in softer soil, 

counteracting the lower strength. This leads to increased reliability compared to statically-

embedded equivalent anchors installed to a specified depth. We quantify the reduction in safety 

factor that could be used for dynamically-embedded anchor design to achieve similar levels of 

reliability compared to statically-installed anchors of the same size. 
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1 Introduction 1 

Floating offshore facilities and vessels are kept on station using mooring systems connected to 2 

seabed anchors. Although ‘on-bottom’ gravity anchors have been used (e.g. Erbich & Neubecker, 3 

1999), the majority of anchors are embedded in the seafloor, either by dragging, driving (e.g., 4 

Boylan et al., 2017) or via suction installation (e.g. Andersen et al. 2005). Dynamically-embedded 5 

anchors are a potential alternative to these methods with reduced installation time and costs. 6 

Dynamic installation is conducted by (i) releasing the anchor from a height above the seabed, (ii) 7 

free-fall through the water column and (iii) penetration into the seabed.  8 

Various dynamically-embedded anchors have been developed (Figure 1) that have common 9 

analogies to statically-embedded types. For instance, torpedo piles developed by Petrobras (dos 10 

Santos et al., 2004) can be viewed as the dynamically-embedded equivalent to driven piles or 11 

suction caissons, whereas the Dynamically Embedded Plate Anchor (DEPLA – O’Loughlin et al., 12 

2013a) is equivalent to a suction embedded plate anchor (SEPLA – Wilde et al., 2001). There is 13 

significant potential economic and project scheduling benefits for dynamic embedment because 14 

each anchor can be installed in less time and smaller vessels with less complex equipment can be 15 

utilised (O’Loughlin et al. 2015). However, dynamically-embedded anchors are perceived to have 16 

increased risk and uncertainty in installed depth. In contrast, for statically-installed anchors, 17 

installation depths are specified by design and confirmed on installation. The depth uncertainty 18 

introduced by dynamic installation is the primary concern of this paper.  19 

 20 
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  21 

Figure 1. Two dynamically embedded anchor types: dynamically-embedded torpedo pile (left – 22 

dos Santos et al., 2004); dynamically-embedded plate anchor (right – Blake and O’Loughlin, 23 

2015). 24 

 25 

Figure 2. Dynamic installation of a: (a) plate anchor and (b) pile. 26 
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Two primary anchoring concepts utilising dynamic installation have been explored in research 27 

and implemented on some projects – dynamically-embedded plate anchors (O’Loughlin et al. 28 

2014) and dynamically-embedded piles (e.g. Lieng et al. 1999; dos Santos et al. 2004; Zimmerman 29 

et al. 2009) – as illustrated on Figure 2. A dynamically embedded pile is typically a cylindrical 30 

object with stabilising fins. The entire object remains in the seabed to serve as the anchor. Holding 31 

capacity develops from combinations of self-weight, frictional along the shaft and end bearing, 32 

depending on the load inclination at the padeye attachment point. Torpedo piles have been utilised, 33 

particularly in Brazil, for both temporary and permanent mooring (Henriques et al. 2010), with a 34 

variation used in the Gulf of Mexico for temporary moorings (Zimmerman et al. 2009). Although 35 

the ease and economics of installation are attractive, they have a relatively low efficiency, 36 

expressed as the ratio of capacity to self-weight (O’Loughlin et al. 2017).  37 

The DEPLA is a plate that is dynamically embedded by penetration of a free-falling dart-shaped 38 

object. The central ‘follower’ of the dart is removed, leaving the flukes embedded in the seabed 39 

(Figure 2a). The DEPLA capacity in fine-grained materials, which are undrained during 40 

operational loading, derives from plate flow-around failure. The DEPLA provides a higher 41 

capacity to installed weight ratio than a similar-sized dynamically-embedded pile due to: (i) the 42 

capacity is derived from bearing not friction, and (ii) the follower is removed and reused 43 

(O’Loughlin et al. 2017). Although the components contributing to capacity differ between these 44 

anchors, the force components that act on the anchors during installation and control the 45 

embedment depth are similar.  46 

For both dynamically-embedded anchors, there is uncertainty regarding the installation depth 47 

and capacity. The seabed undrained strength plays an important role in this uncertainty, as it 48 

controls the resistance bringing the anchor to rest and controls the capacity during loading. 49 

However, analyses by O’Loughlin et al. (2017) suggest that uncertainty in seabed strength may 50 

actually result in higher relative reliability for a dynamically-embedded anchor because of a self-51 

correcting characteristic – if the soil is weaker than expected the anchor will embed deeper 52 

counteracting losses in capacity due to the lower strength, and vice versa. This was also illustrated 53 

by O’Loughlin et al. (2016) where DEPLA anchors at two clay sites with strength gradients 54 

differing by a factor of 3 showed significantly different embedment but approximately equal 55 

capacities. 56 
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This paper aims to answer two related questions: (1) do dynamically-embedded anchors have a 57 

self-correcting characteristic with respect to variability in seabed properties; and (2) how does the 58 

reliability of dynamically-embedded anchors compare with more conventional anchors statically 59 

installed to a predetermined depth? To address these questions, we compare the response of a 60 

DEPLA with a statically-embedded plate anchor of the same size in soft clay. Dynamic installation 61 

is simulated using the anchor embedment model described by O’Beirne et al. (2017a). We first 62 

explore the effect of input parameters on anchor performance and how these affect design. Second, 63 

we compare the reliability associated with DEPLAs as a permanent mooring solution compared 64 

with statically-embedded anchors using Monte Carlo analyses. 65 

2 Dynamic installation analysis: the release-to-rest model 66 

The installation model utilised here was originally described by O’Beirne et al. (2017a), where 67 

the governing equation of motion during installation is: 68 

 𝐹௡௘௧ = (𝑚 + 𝑚ᇱ)
𝑑ଶ𝑧

𝑑𝑡ଶ
= 𝑊௦ − 𝐹௕ − 𝐹௚ − 𝐹ௗ (1) 

where 𝑚 is the anchor mass, 𝑚′ is the added mass of water and soil accelerated with the anchor, 𝑧 69 

is the vertical position of the anchor tip relative to the seabed, 𝑡 is time, 𝑊௦ is the submerged weight 70 

of the anchor in water, 𝐹௕ is a buoyancy term associated with the displaced volume of soil, 𝐹௚ is 71 

the seabed geotechnical resistance and 𝐹ௗ represents components of drag resistance acting on the 72 

anchor itself, the trailing mooring line and the follower recovery line. These terms are illustrated 73 

schematically in Figure 3 for a representative DEPLA.  74 
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 75 

(a) 76 

 77 

(b) 78 

Figure 3. DEPLA: (a) contributing components of resistance during the installation process; (b) 79 
DEPLA dimensions. 80 
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The geotechnical resistance on the anchor during penetration (𝐹௚) corresponds to (a) end bearing 82 

resistance acting on the anchor tip and projected area of the fluke bottoms, (b) frictional resistance 83 

along the anchor shaft and fluke faces and (c) reverse end bearing resistance acting behind the 84 

follower and above the flukes:  85 

 𝐹௚ = 𝐵௧௜௣ + 𝐵௙௟௨௞௘ + 𝑆௦௛௔௙௧ + 𝑆௙௟௨௞௘ + 𝑅௙௢௟௟௢௪௘௥ + 𝑅௙௟௨௞௘ (2) 

where 𝐵௧௜௣ and 𝐵௙௟௨௞௘ are the tip and fluke end bearing components, 𝑆௦௛௔௙௧ and 𝑆௙௟௨௞௘ are the side 86 

friction developed along the follower shaft and fluke sides, and 𝑅௙௢௟௟௢௪௘௥ and 𝑅௙௟௨௞௘ are reverse 87 

end bearing components.  88 

The adopted bearing capacity factors are listed in Table 1, as originally proposed by O’Loughlin 89 

et al. (2004). These factors have been shown match well with available centrifuge and field data 90 

(O’Loughlin et al. 2013, O’Beirne et al. 2017a, 2017b) when applied to the intact (rate-enhanced) 91 

undrained strength. The frictional resistance component is equal to the remoulded (rate-enhanced) 92 

undrained strength, implying 𝛼 ≈ 1/𝑆௧, as commonly assumed for penetration of piles and 93 

caissons (e.g. Andersen et al. 2005). During anchor installation, it is assumed that soil closes over 94 

the rear of the anchor follower and flukes, such that no cavity forms and reverse end bearing 95 

resistance develops at the top of the follower and flukes. O’Loughlin et al. (2013) showed that 96 

these components approximately compensate for each other, such that there is minimal net effect 97 

on the calculated embedment depth when either assumption is adopted.  98 

The geometry of the anchor is simplified into a structure composed of a conical tip, a cylindrical 99 

shaft of constant diameter and two perpendicular circular fluke sections. For simplicity, the top 100 

cap where the retrieval line connects to the follower is ignored as it contributes negligible 101 

resistance. The tops of the flukes are assumed to terminate at the top of the follower. The 102 

parameters 𝐿௧௜௣, 𝐿௙, 𝐷௙, 𝐷௣ and 𝑡௣ are the length of the anchor tip, the length and diameter of the 103 

follower and the diameter and thickness of the plate (fluke) – Figure 3b. Additional parameters 104 

relating to installation are the release height, as-installed embedment depth and the keyed 105 

embedment during operation: 𝑧௥௘௟௘௔௦௘, 𝑧௜௡ and 𝑧௢௣, respectively (Figure 2a). The trailing line 106 

diameter, 𝐷௟, affects the drag resistance during free-fall. The non-dimensional ratios of these 107 

parameters are presented in Table 1. 108 

The drag that acts on the anchor and following lines during free-fall through the water column 109 
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is based on fluid drag coefficients from O’Beirne et al. (2017a), listed in Table 1, which provide 110 

good agreement with installation records from field testing of reduced scale anchors. These 111 

coefficients could be modified for specific geometries either through reduced scale experiments 112 

(e.g. Blake and O’Loughlin, 2015) or computational fluid dynamic analyses (e.g. Raaj et al. 2022) 113 

but are taken as constants in the current work. Hence, the drag coefficient acting on the follower 114 

recovery and mooring lines is assumed here to not vary with Reynolds number, Re, or length of 115 

wetted area (Ackroyd 1982). As discussed in Blake and O’Loughlin (2015), this is appropriate 116 

when anchor velocity and hence Re is high, as is the case for the simulations reported later in the 117 

paper that consider anchor impact velocities that are 90% of the terminal velocity. 118 

Table 1. Anchor geometry and non-dimensional model parameters. 119 

Property Follower 

Length 

Follower 

Tip 

Length 

Plate 

Diameter 

Plate 

Thickness 

Line 

Diameter 

Padeye 

Eccentricity  

Anchor Tip 

Bearing 

Factor 

Fluke 

Bearing 

Factor 

Anchor 

Drag 

Coef. 

Line 

Drag 

Coef. 

 𝐿௙

𝐷௙

 
𝐿௧௜௣

𝐷௙

 
𝐷௣

𝐿௙

 
𝑡௣

𝐷௣

 
𝐷௟

𝐷௙

 
𝑒

𝐷௣

 𝑁௖,௧௜௣ 𝑁௖,௙௟௨௞௘ 𝐶ௗ,௔௡௖௛௢௥ 𝐶ௗ,௟௜௡௘ 

General(1) 12 1.25 0.4 0.05 0.1725 0.45 12 7.5 0.7 0.008(3) 

O’Beirne et al. 

(2017a) 

Comparison(2) 

12.5 1.9 0.4 0.034 0.067 N/A 12 7.5 0.67 0.008, 

0.019(3) 

Note:  (1) Used for sensitivity study and Monte Carlo analysis 120 
 (2) Used for validation case. Assume 𝐷௙ = 0.06 m. 121 
 (3) O’Beirne et al. (2017a) used 0.019 for the tests at Erne and 0.008 for larger scale tests at Troll. See O’Bierne et al. (2017a) for details. 122 

 123 

This paper assumes soil properties corresponding to a single soil layer with a mudline strength 124 

intercept, 𝑠௨଴, a strength gradient with depth, 𝑘, and a sensitivity, 𝑆௧, representing the ratio of intact 125 

to fully remoulded strength. Strain rate effects act to increase the strength (intact or remoulded) 126 

following the power law relationship by Biscontin and Pestana (2001): 127 

 𝑠௨ = 𝑠௨,௥௘௙ ቆ
𝛾̇

𝛾̇௥௘௙
ቇ

ఉ

 (2) 

where 𝛾̇ is the operative soil strain rate, 𝑠௨,௥௘௙ is a reference undrained strength measured at a 128 

particular reference strain rate, 𝛾̇௥௘௙, for instance corresponding to the strain rate of a laboratory or 129 

in situ test. The exponent 𝛽 controls the increase in undrained strength with strain rate. Although 130 
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the shear strain rate during dynamic penetration varies locally around the anchor, it is common 131 

practice (e.g. O’Loughlin et al. 2016) to assume an operational strain rate that is proportional to 132 

the ratio of the anchor velocity to diameter, 𝑣/𝐷௙, so Eq. (2) can be rewritten as: 133 

 𝑠௨ = 𝑠௨,௥௘௙ ቆ
𝑣 𝐷௙⁄

(𝑣 𝐷⁄ )௥௘௙
ቇ

ఉ

 (3) 

 134 

where (𝑣 𝐷⁄ )௥௘௙ is a reference velocity to diameter ratio at which the reference soil strength, 𝑠௨,௥௘௙, 135 

applies. This strength is generally found from in situ penetrometer testing (e.g. cone, T-bar or ball 136 

penetrometer testing), at penetration velocity, v, with a device of diameter, D.  137 

The installation model has been implemented into Python with a first-order Euler numerical 138 

scheme to solve the governing differential equation. Figure 4 shows a validation example based 139 

on results from trial anchor installations in the North Sea (described by O’Beirne et al. 2017a).  140 

 141 

Figure 4. Measured and simulated responses for a dynamically-embedded anchor experiment 142 
described by O’Beirne et al. (2017a) – Test HD1 therein. 143 
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3 Installed monotonic plate anchor capacity 144 

Once a plate anchor has been installed (whether dynamically or statically), the available 145 

capacity is calculated by considering the bearing capacity after keying. To allow a simple 146 

analytical treatment, only pure vertical monotonic capacity is considered assuming the plate is 147 

keyed into a horizontal orientation and subjected to a vertical load:  148 

 𝑉௨௟௧ = 𝑁௖𝑠௨ି௢௣𝐴௣௟௔௧௘ + 𝑊௣௟௔௧௘
ᇱ  (4) 

where 𝑠௨ି௢௣ is the operative undrained strength at the plate centroid, 𝐴௣௟௔௧௘ is the projected area 149 

of the plate, 𝑊௣௟௔௧௘
ᇱ  is the submerged (effective) weight of the plate in soil and 𝑁௖ is a bearing 150 

capacity factor, calculated by: 151 

 𝑁௖ = min ቈ(5.14 ∗ 1.2) ∗ ቆ1 + 1.2 𝑡𝑎𝑛ିଵ ቆ
𝑧௢௣

𝐷௣
ቇቇ , 14.5቉ (5) 

where 𝑧௢௣ is the embedment depth of the plate centreline after keying. Eq. 5 is based on the 152 

experimental results summarised by O’Loughlin et al. (2017) and Blake et al. (2015a) and is a 153 

modified version of the relationship provided in DNV (2002). Although the plate and load 154 

orientations depend on project-specific mooring configurations, these assumptions are appropriate 155 

for a range of initial embedment conditions and consistent with design practice. 156 

The loss of plate embedment that occurs during keying is calculated as: 157 

 

Δz௞௘௬

𝐷௣
=

𝑧௜௡ − 𝑧௢௣

𝐷௣
=

0.144

ቈ൬
𝑒

𝐷௣
൰ ൬

𝑡௣

𝐷௣
൰

଴.ଶ

቉

ଵ.ଵହ    
(6) 

where Δz௞௘௬ is the loss of embedment during keying, 𝑧௜௡ is the initial embedment after plate 158 

installation, 𝑧௢௣ = 𝑧௜௡ − Δz௞௘௬ is the operative plate embedment for capacity assessment, 𝑒 is the 159 

eccentricity of the anchor padeye from the centreline of the plate (taken as 0.45𝐷௣ following 160 

O’Loughlin et al. 2014) and 𝑡௣ is the thickness of the plate. Eq. 6 was derived from a database of 161 

large deformation finite element simulations (Wang et al. 2011) for a 90° plate rotation from 162 

vertical to horizontal and has been shown by O’Loughlin et al. (2014) to match the measured loss 163 

of embedment during keying in centrifuge experiments. 164 
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4 Model sensitivity under idealised scenarios 165 

This section explores the influence of soil parameter uncertainty on both the installation depth and 166 

the resulting capacity of a DEPLA. The soil strength profile is based on baseline values listed in 167 

Table 2. To allow for a practical comparison of anchors of different sizes, the drop height for 168 

installation is set to that required to achieve 90% of terminal velocity on impact. For the constant 169 

length to diameter ratio of  
௅೑

஽೑
= 12, this height is approximately 46.3𝐷௙. The anchor geometry 170 

and other parameters are scaled by retaining the dimensionless ratios in Table 1, with the follower 171 

diameter, 𝐷௙, being the fundamental dimension from which others are scaled. 172 

 173 

Table 2. Baseline values for soil properties used in parametric study. 174 

Property Undrained 

Shear Strength 

Gradient 

Mudline 

Shear 

Strength 

Intercept 

Soil 

Effective 

Unit Weight 

Soil 

Sensitivity 

Soil Strain 

Rate 

Parameter 

Soil 

Reference 

Strain Rate 

 𝑘 𝑠௨଴ 𝛾௦
ᇱ 𝑆௧ 𝛽 (𝑣 𝐷⁄ )௥௘௙ 

 (kPa/m) (kPa) (kN/m3) (-) (-) (s-1) 

Value 1.5 0 (2) 4 4 0.07 0.56(2) 

Note:  (1) 𝑠௨଴ = 0.1 kPa adopted in the simulations to avoid division by zero. 175 
(2) Representative value for a 35.7 mm diameter piezocone penetrated at 20 mm/sec. 176 

 177 

4.1 Effect of undrained shear strength gradient 178 

Figure 5a shows the effect of changing 𝑘 on DEPLAs of varying scale. Two aspects are considered: 179 

(a) the anchor efficiency, defined as a ratio of the monotonic (post-keying) capacity to the dry 180 

weight of the plate 𝑉௨௟௧/𝑊௣௟௔௧௘, and (b) the normalised as-installed embedment (prior to keying), 181 

𝑧௜௡/𝐷௣. The anchor scale, given by 𝐷௙, has minimal influence when the results are non-182 

dimensionalised.  183 

For all anchor sizes, there is a similar non-linear influence of strength gradient on embedment 184 

depth and anchor capacity. Lower soil strengths provide less resistance to decelerate the anchor, 185 
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increasing the embedment. However, the net effect is a reduction in the resulting plate capacity 186 

(although the trend reverses for 𝑘 ≳ 3 kPa/m due to reductions in 𝑁௖ at shallow depth – Eq. 5). 187 

The relationship between 𝑘 and 𝑉௨௟௧/𝑊௣௟௔௧௘ is non-linear because the loss in capacity due to lower 188 

strength is partially compensated (or ‘corrected’) by increased embedment. This contrasts with a 189 

statically-embedded plate anchor that is embedded to a prescribed depth with capacity scaling 190 

linearly with 𝑘. 191 

The self-correcting effect is highlighted on Figure 5b by comparing a DEPLA (𝐷௙ = 1.0 m; 192 

𝐷௣ = 4.8 m) with the equivalent circular plate (𝐷௣ = 4.8 m) statically-embedded to a specified 193 

depth. This example compares a plate statically-embedded to the same depth predicted for a 194 

DEPLA with an expected undrained strength gradient of 𝑘௘௫௣ = 2 kPa/m (i.e., 𝑧௜௡/𝐷௣ = 4.1). If 195 

the actual strength gradient, 𝑘௔௖௧, encountered is equal to 𝑘௘௫௣, both the DEPLA and the statically-196 

embedded plate have the same capacity. However, if kact < kexp both the DEPLA (𝑉஽ா௉௅஺) and 197 

statically-embedded (𝑉௦௧௔௧௜௖) capacities will be less than expected. The reduced efficiency for the 198 

𝑉஽ா௉௅஺ in Figure 5b varies non-linearly with 𝑘 because embedment also varies with 𝑘. Conversely, 199 

the statically-embedded capacity (dashed black line in Figure 5b) varies linearly with 𝑘 because 200 

the embedment does not change but the operative undrained strength does. Hence, if the 201 

encountered soil is weaker than expected, the DEPLA reduces less in capacity (relative to the 202 

design value) than a statically-embedded equivalent.  203 

   204 
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(a)                                                                       (b) 205 

Figure 5. Variation in anchor efficiency and installed (unkeyed) embedment with undrained shear 206 
strength gradient: (a) DEPLAs of varying 𝐷௙, solid circles represent baseline results for 207 
comparison with Figure 6; (b) comparing DEPLA with 𝐷௙ = 1.0 m and the same sized circular 208 
plate statically embedded. Dashed lines represent variation in 𝑉௦௧௔௧௜௖ for different 𝑘 encountered, 209 
if statically embedded to DEPLA 𝑧௜௡ based on expected 𝑘 = 1, 2 and 3 kPa/m.  210 

 211 

4.2 Effect of other soil parameters, 𝑠௨଴, 𝛾ᇱ, 𝑆௧, 𝛽 212 

This section considers the effects of the other soil parameters, 𝑠௨଴, 𝛾ᇱ, 𝑆௧ and 𝛽 by independently 213 

varying each parameter relative to the baseline case with all others kept constant. These results are 214 

shown on Figure 6.  215 

As 𝑠௨଴ increases, the smaller 𝐷௙ cases (𝐷௙ = 0.1, 0.25 m) do not have enough impact energy to 216 

penetrate and the plate embedment after keying is less than 0.5𝐷௣. However, if the plate is 217 

embedded after keying, the anchor efficiency varies by less than 10% due to the modelled range 218 

of 𝑠௨଴. This means that if an anchor can penetrate fully, it is primarily 𝑘, not 𝑠௨଴, that controls 219 

anchor efficiency. Figure 6b shows the results are also insensitive to 𝛾௦
ᇱ. In contrast, increasing 𝑆௧ 220 

causes a non-linear increase in embedment and in turn an increase in anchor capacity. A 221 

conservative design for dynamically-embedded anchors would consider smaller values of 𝑆௧.  222 

   223 

   224 

(a)                                                                       (b) 225 
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 226 

   227 

(c)                                                                       (d) 228 

Figure 6. Variation in anchor efficiency and installed (unkeyed) embedment with undrained shear 229 
strength gradient for: (a) 𝑠௨଴, (b) 𝛾ᇱ, (c) 𝑆௧ and (d) 𝛽. (d) also includes results for strain-rate 230 
enhanced monotonic capacity for different failure times, 𝑡௙, with 𝐷௙= 1.0 m. Solid circles represent 231 
baseline results for comparison with Figure 5. 232 

 233 

The results for soil strain rate parameter (𝛽) in Figure 6d show a direct relationship with 234 

reducing installation from the increasing effects of high anchor velocity and soil strain rate on the 235 

resistance during installation. However, if the range of potential values of 𝛽 is within the indicated 236 

range reported by Peuchen & Mayne (2007), the variation is only around 10%.  237 

These results assume that the ultimate capacity is the operative undrained strength measured 238 

directly from in situ testing. In other words, the undrained strength at failure is close to the same 239 

strain rate as the in situ test used to determine that strength (for instance 0.56 s-1 in the case of a 240 

standard cone penetrometer test). This assumption is consistent with design practice (e.g. see 241 

O’Loughlin et al. 2017); but if failure were to occur at faster rates due to snatch loads (e.g. see 242 

Hann et al. 2015), the resulting sensitivity to 𝛽 is lessened because installation resistance and 243 

capacity are mobilised at comparable strain rates. Additional results plotted as dotted lines on 244 

Figure 6d illustrate this effect. For loading rates relevant for wave-loaded mooring systems, the 245 

failure period is on the order of 0.25 s because extreme snatch loads have shorter periods than the 246 

waves themselves (Hann et al. 2015; Lind et al. 2016). Hence, the variation in capacity resulting 247 
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from dynamic embedment for different 𝛽 is reduced with the comparable strain rates during 248 

installation and loading. Plate anchors such as the DEPLA provide significant additional capacity 249 

from added mass effects during this type of rapid loading (Kwa et al. 2020). 250 

5 Methodology for probabilistic uncertainty modelling 251 

This section considers uncertainties associated with various governing parameters within a 252 

probabilistic framework. Probability distributions are assigned to the soil strength and the extreme 253 

anchor load, and Monte Carlo analyses are performed to assess the probability of failure and 254 

implied anchor reliability. 255 

5.1 Probabilistic design approach: Monte Carlo method 256 

DNV (2002; 2010) indicates that reliability-based design approaches, such Monte Carlo methods, 257 

may be used to demonstrate that the targeted annual probability of failure, 𝑝௙ = 10-4 (for ULS/Class 258 

1) is achieved. Simple Monte Carlo methods work by running repeated calculations for a problem 259 

where the calculation inputs are selected as random variables from assumed probabilistic 260 

distributions. Each realisation corresponds to a combination of independent variables that are 261 

randomly drawn from their respective distributions, resulting in an output case. The outputs here 262 

are the installed embedment and anchor capacity for each realisation. Separately, the annual 263 

maximum load for that realisation is selected from a design load distribution as an additional 264 

independent random variable. In the Monte Carlo analysis, all partial factors are set to 1.0. For 265 

each realisation, the resulting system is classified as either safe or failed, where failure occurs if: 266 

 𝑇ௗ,௜ > 𝑅௜ (7) 

where 𝑇ௗ,௜ is the design load for an individual realisation and 𝑅௜ is the calculated capacity of that 267 

anchor realisation.  268 

By conducting a sufficiently large number of realisations, probability distributions of the 269 

likelihood of the maximum annual design load exceeding the capacity are generated, from which 270 

the annual probability of failure is calculated as the probability that the load will exceed the 271 

capacity: 272 
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 𝑝௙ = 𝑃൫𝑇ௗ,௜ > 𝑅௜൯ =
∑ ൣ𝑇ௗ,௜ > 𝑅௜൧

ே
௜ୀଵ

𝑁
 (8) 

where 𝑁 is the total number of realisations and [… ] are Iverson brackets representing 1 if true and 273 

0 if false. Another way to express Eq. 8 is in terms of a return period for failure, 𝑅𝑃௙ = 1/𝑝௙.  274 

5.2 Probabilistic inputs 275 

5.2.1 Design loads 276 

The distribution of mooring loads is based on the Stanisic et al. (2018) study of a large, 277 

permanently moored, weathervaning vessel with catenary moorings in metocean conditions 278 

relevant for offshore areas with significant tropical cyclone, typhoon or hurricane activity. The 279 

Stanisic et al. (2018) study was originally based on the specific conditions off the northwest coast 280 

of Western Australia. Stanisic et al. (2018) derived distributions of 𝑇ெ௉ெ, as the annual most 281 

probable maximum (peak) load at the anchor.  282 

Stanisic et al. (2018) used the peak distribution method to establish the distribution of 𝑇ெ௉ெ 283 

based on metocean inputs for 100 yr and 10,000 yr return period events. The analyses assumed a 284 

water depth of 580 m with catenary moorings and a turret moored floating vessel. In this work, we 285 

use their results directly to represent expected anchor loads. Although values of 𝑇ெ௉ெ are strictly 286 

relevant for the assumptions and location considered, we apply the results to two sets of relevant 287 

soil conditions representing different regions to illustrate how reliability changes for different soil 288 

characteristics and levels of variability.  289 

Figure 7a shows the distribution of 𝑇ெ௉ெ with respect to return period. For a 100 year return 290 

period event, the maximum line tension is approximately 8 MN; while a 1,000 year return period 291 

event is approximately 12 MN. The probability of non-exceedance for maximum tension (Figure 292 

7b) represents the annual probability that the anchor will not experience a higher load during a 293 

given year. The line tension is assumed to be transmitted directly to the anchor itself so seabed 294 

friction and the mooring chain inverse catenary within the seabed are ignored. These assumptions 295 

are probably reasonable in extreme events as the catenary could be lifted from the seafloor, 296 

negating any seabed friction of the ‘on-bottom’ mooring chain. 297 
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   298 

Figure 7. 𝑇ெ௉ெ probabilistic inputs: (a) variation with return period (RP); (b) cumulative 299 
distribution function of the annual probability of non-exceedance for different values of 𝑇ெ௉ெ. 300 

 301 

5.2.2 Soil parameters 302 

For the probabilistic assessment, we consider variations in the seabed strength profile 303 

representative of two geographical regions – the north west shelf of Australia (NWS) and the Gulf 304 

of Mexico (GoM). These represent different global regions where dynamically embedded anchors 305 

might be utilised. Importantly, the uncertainty in soil profiles for the two regions represent 306 

different types of strength variability. The variability for NWS conditions is primarily controlled 307 

by the mudline strength intercept, 𝑠௨଴ (Stanisic et al., 2019). The GoM features lower strength 308 

variability that is more dominated by variations in strength gradient, 𝑘 (Cheon, 2010). Comparison 309 

using the same loading distribution illustrates the sensitivity to different soil characteristics. Table 310 

3 summarises the distributions of soil parameters used for each site.  311 

For NWS conditions, we use the ‘high natural variability’ case from Stanisic et al. (2019), with 312 

the parameters in Table 3. The mudline strength intercept is selected using the same random seed 313 

as 𝑘. Since a normal distribution is adopted, negative 𝑠௨,଴ values are capped to a minimum of 0, 314 

which applies to approximately 10% of cases.  315 

Table 3. Descriptive statistics for the probabilistic soil properties adopted for each site. 316 

Property Undrained 

Shear 

Mudline 

Shear 

Soil 

Effective 

Soil Soil Strain 

Rate 

Soil 

Reference 
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Strength 

Gradient 

Strength 

Intercept 

Unit 

Weight 

Sensitivity Parameter Strain Rate 

 𝑘 𝑠௨଴ 𝛾௦
ᇱ 𝑆௧ 𝛽 (𝑣 𝐷⁄ )௥௘௙ 

 (kPa/m) (kPa) (kN/m3) (-) (-) (s-1) 

NWS 

Distribution Lognormal Normal1 Normal Normal Uniform Constant 

Arithmetic Mean 1.73 10.25 4.0 3.33 0.075 
0.56 

Standard Deviation 0.118 6.54 0.5 0.50 0.014 

GoM 

Distribution Lognormal Lognormal2 Normal Normal Uniform Constant 

Arithmetic Mean 1.34 1.91 3.14 3.00 0.075 
0.56 

Standard Deviation 0.271 0.38 0.50 0.375 0.014 

Note:  (1) For NWS, the same random variable was used for 𝑠௨଴ as used for 𝑘. A lower limit for 𝑠௨଴ = 0 317 

kPa was adopted. 318 

 (2) For GoM, the same random variable was used for 𝑠௨଴ and 𝑘. 319 

 320 

For GoM conditions, lognormal probabilistic distribution parameters for 𝑠௨଴ and 𝑘 have been 321 

selected to approximately fit a database of undrained strength measurements compiled from 15 322 

project sites in the GoM (Cheon, 2010). For GoM, the same random seed is used for 𝑘 and 𝑠௨଴ 323 

reflecting the correlation between these parameters. 324 

The adopted distributions for 𝑘 and 𝑠௨଴ are shown on Figure 8 as cumulative distributions along 325 

with representative data from Stanisic et al. (2019) and Cheon (2010). From these strength 326 

parameters, a strength profile can be calculated for each site. The resulting strength profiles, in 327 

terms of 10th, 50th and 90th percentiles (i.e. P10, P50 and P90) are shown on Figure 9a. The range of 328 

strength profile is typical for fine-grained sediments offshore Western Australia (e.g., Erbrich and 329 

Hefer, 2002) and in the Gulf of Mexico (Cheon, 2010). The ratio, P90/P10, for the GoM is relatively 330 
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constant with depth (approximately 1.7), whereas P90/P10 for the NWS site is higher and decreases 331 

with depth (e.g., 3.2 at z = 5 m and 1.9 at z = 5 m).  332 

 333 

   334 

(a) Mudline undrained strength   (b) Undrained strength gradient 335 

Figure 8. Undrained strength gradient property probabilistic distributions for representative 336 
Northwest Shelf (NWS) and Gulf of Mexico (GoM) profiles. Data fitted from Stanisic et al. (2019) 337 
and Cheon (2010). 338 

 339 

       340 

Figure 9. Characteristic strength profiles for the Northwest Shelf and Gulf of Mexico sites based 341 
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on adopted probabilistic distributions: (a) strength profile percentiles; (b) 𝑃ଽ଴/𝑃ଵ଴ ratios.  342 

 343 

The remaining two soil properties that are considered probabilistically are the soil effective unit 344 

weight, 𝛾ᇱ, and the soil sensitivity, 𝑆௧. The effective unit weights at both sites are represented by 345 

normal distributions with 𝜇 = 4.0 kN/m3 for NWS and 𝜇 = 3.14 kN/m3 for GoM, with 𝜎 = 0.5 346 

kN/m3 for both sites. For the soil sensitivity, normal distributions are adopted with [𝜇, 𝜎] of [3.33, 347 

0.5] for NWS and [3.0, 0.375] for GoM. The distributions for NWS have been selected based on 348 

Erbrich & Hefer (2002). The mean value of sensitivity for NWS (3.33) is representative of the 349 

fine-grained sediments offshore Western Australia typically found in deeper waters (> 200 m). 350 

The adopted distribution is hence lower than the much higher sensitivity values that are typical of 351 

shallower-water coarser grained sandy silts and silty sands (e.g., Watson et al., 2019). GoM 352 

distributions were selected from the remoulded strength measurements reported by Cheon (2010) 353 

in conjunction with the intact undrained strength distributions described earlier. Figure 10 shows 354 

the resulting cumulative distributions. 355 

   356 

Figure 10. Cumulative distribution functions for: (a) unit weight and (b) soil sensitivity for 357 
representative Northwest Shelf (NWS) and Gulf of Mexico (GoM) profiles.  358 

  359 

Peuchen & Mayne (2007), reviewing data from in situ vane shear tests (some originally 360 

compiled by Biscontin & Pestana 1999), suggested a range of 𝛽 = 0.075 ± 0.025 captures the 361 

response for several onshore and offshore soils. This range is also consistent with back-analysis of 362 
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free-fall penetrometers (e.g., O’Loughlin et al. 2014; Blake and O’Loughlin 2015; O’Loughlin et 363 

al. 2016; O’Beirne et al. 2017b). A uniform distribution of 𝛽 varying between 0.05 and 0.10 (i.e., 364 

following Peuchen & Mayne, 2007) has been adopted in the probabilistic assessments.  365 

5.2.3 DEPLA dimension ranges 366 

To compare a DEPLA with a statically-embedded circular plate, we consider a range of 367 

DEPLAs varying the follower diameter, 𝐷௙. The assumptions keep the ratio of follower length to 368 

diameter constant at 12:1, the ratio of fluke (plate) diameter to follower length constant at 0.4:1 369 

and the ratio of fluke thickness to diameter constant at 0.05:1 (see Table 1). These ratios are 370 

adopted based on Blake and O’Loughlin (2015), and we adopt constant ratio scaling rules to ensure 371 

consistency for comparison between different anchor length scales. The total anchor density 372 

represents the overall density applied to the total volume of the DEPLA to calculate a given anchor 373 

mass. This is assumed constant at a value of 6000 kg/m3, which allows for partially solid steel 374 

DEPLAs. The total weight of the anchor and the size of the embedded plate is varied by adjusting 375 

the plate diameter in the range 𝐷௣ = 6.0 to 6.5 m. The drop height for installation is set to that 376 

required to achieve 90% of terminal velocity on impact, and the water depth is assumed to be 377 

greater than this drop height. 378 

5.3 Monte Carlo analysis: required realisations 379 

A sensitivity check was conducted to find the required number of Monte Carlo realisations to 380 

accurately capture the tails of the output distribution and the annual probability of failure. This 381 

check used 𝜌௔ = 6000 kg/m3, 𝐷௙ = 1.4 m, the NWS site soil conditions and the load distribution 382 

with the magnitude increased to achieve an annual probability of failure, 𝑝௙ ≈ 1𝑒ିସ. The results 383 

are shown on Figure 11 in terms of the 10th, 50th and 90th percentile capacities and annual 384 

probabilities of failure. Above 104 realisations, there is negligible change in these percentile 385 

capacities. Figure 11b indicates a stable 𝑝௙ is observed after 105 realisations. To balance accuracy 386 

with reasonable computational needs, the results in the remainder of the paper use 2  105 387 

realisations. 388 
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 389 

Figure 11. Dependency of Monte Carlo results on number of probabilistic runs: (a) percentile 390 

calculated capacity; (b) annual probability of exceedance.  391 

6 Deterministic design of statically-embedded plate anchors  392 

This section presents the deterministic design of a statically-embedded plate anchor using an 393 

LRFD (load and resistance factor design) approach with industry-standard partial factors for load 394 

and resistance. These calculations establish the required anchor dimensions. In Section 7, we use 395 

these results with a probabilistic approach to compare the reliability of a statically-embedded plate 396 

with an equivalent DEPLA, and the potential ‘self-correction’ for the DEPLA. 397 

The deterministic design for a statically-embedded plate anchor follows a standard partial factor 398 

approach (e.g., DNV 2002; ISO 2013) as set out below: 399 

1. The design undrained strength profile is the mean profile (Table 3).  400 

2. The design load 𝑇ௗ is the annual maximum load on the anchor using the most probable 401 

maximum 100-yr load value (in this case 8.07 MN – Figure 7) and applying a partial load 402 

factor, 𝛾௅ = 1.65, such that 𝑇ௗ = 13.3 MN.  403 

3. For a given plate diameter, the installed depth 𝑧௜௡ at which the anchor capacity 𝑉௨௟௧ 404 

satisfies the required partial resistance factor (𝛾௥௘௦ =
௏ೠ೗೟

௏೏೐ೞ೔೒೙
≥ 1.4, so 𝑉௨௟௧ = 18.6 𝑀𝑁), 405 

is calculated, including an allowance for additional depth requirements for keying 406 

embedment loss (Eqs. 4-6). 407 
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A partial resistance factor, 𝛾௥௘௦ = 1.4 is satisfied by a plate diameter, 𝐷௣ = 6.5 m at a depth, zin = 408 

20.4 m for NWS soils, and at zin = 31.3 m for GoM soils.  409 

7 Probabilistic analysis of actual reliability  410 

This section estimates the probability of failure associated with the LRFD-designed statically-411 

embedded anchor and an equivalent DEPLA. The aim of this analysis is to (i) assess the reliability 412 

achieved by the recommended LRFD partial factors under the assumed conditions and (ii) quantify 413 

any ‘self-correction’ effect that arises from the dynamic embedment of the DEPLA.  414 

7.1 Capacity distributions 415 

Figure 12 shows the Monte Carlo distributions of capacity and embedment for different plate 416 

diameters for the NWS and GoM soil characteristics. All results are for 𝜌௔ = 6,000 kg/m3 and 417 

only 𝐷௣ is varied. Monte Carlo capacity distributions for the statically-embedded anchors are also 418 

shown for the single case of 𝐷௣ = 6.5 m.  419 

The first trend evident in Figure 12 is that increases in plate diameter, 𝐷௣, give significant 420 

increases in DEPLA capacity. This is primarily due to the increased bearing area, which increases 421 

with the square of 𝐷௣ for a given embedment depth, and to the deeper embedment from the larger 422 

anchor mass. The increase in penetration resistance during installation from the larger plate 423 

projected area is eclipsed by the increase in anchor weight (also demonstrated by O’Loughlin et 424 

al. 2013). Although the relationship between 𝐷௣ and 𝑧௜௡ is non-linear due to non-linearities in the 425 

anchor embedment model, the dependence of 𝑉௨௟௧ on 𝑧௜௡ is approximately linear as 𝑠௨ increases 426 

linearly with depth in these calculations. 427 

The second observation from Figure 12 is that the DEPLA capacity has a narrower distribution 428 

than the statically-embedded equivalent. This is due to the ‘self-correcting’ nature of the DEPLA. 429 

By contrast, statically-embedded anchors with a fixed embedment depth result in a capacity 430 

distribution that is directly related to the soil strength distribution.  431 

Finally, there is a wider distribution of DEPLA plate embedment for the NWS site than the 432 

GoM. This increased variation is caused by the adopted distribution for 𝑠௨଴ (and the 0 kPa cut-433 

off), which causes a larger ratio of P90/P10 strength at shallower depths, creating a larger range of 434 

embedments at the shallow tail (Figure 9). In contrast, the ratio of P90/P10 strength is approximately 435 



Reliability of dynamically Tom / O’Loughlin / White 
embedded anchors in soft clay July 2024 

 

24 

constant with depth for the GoM soils as each strength profile approaches 𝑠௨଴ = 0 kPa linearly as 436 

depth reduces. The asymmetrical DEPLA embedment distribution for the NWS site is an effect of 437 

the strength distribution.  438 

439 

 440 

Figure 12. Distribution of capacities and embedments for the NWS (a, c) and GoM (b, d) site 441 

conditions for the DEPLA and the statically-embedded equivalent anchor: (a, b) anchor capacity, 442 

(c, d) plate embedment.   443 

 444 
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7.2 Required partial resistance factors and probability of failure 445 

This section compares the reliability of DEPLAs compared to the equivalent statically-embedded 446 

plate anchor, and quantifies the applicable design partial resistance factor for the DEPLA to 447 

achieve the same reliability. This is done by calculating the annual probability of failure, 𝑝௙, from 448 

capacity distributions for a range of DEPLA sizes, combined with the annual maximum load 𝑇ெ௉ெ 449 

(Figure 12).  450 

Figure 13 compares 𝑝௙ results calculated by Equation 8 for both DEPLA and statically-embedded 451 

plates for different values of partial resistance factor: 452 

 𝛾௥௘௦ = 𝑉ത௨௟௧/𝑇ௗ (9) 

where 𝑉ത௨௟௧ is the ultimate monotonic capacity (Section 3) calculated using the mean of the adopted 453 

soil strength distributions and 𝑇ௗ is the design tension load as per Section 5.2.1. The statically-454 

embedded plate results on Figure 13 plot at 𝛾௥௘௦ = 1.4 (recalling that this was the design basis from 455 

Section 6), with 𝑝௙ = 1.55 × 10-4 for the NWS site and 𝑝௙ = 1.10 × 10-4 for the GoM site, established 456 

from the 200,000 Monte Carlo realisations. The DEPLA results (for the same plate diameter, Dp = 457 

6.5 m) on Figure 13 achieved a lower probability of failure for both site conditions 𝑝௙ = 1.0 × 10-458 

5 for the NWS site conditions and 𝑝௙ = 2.5 × 10-5 for the GoM site conditions. However, these 459 

lower probabilities of failure are associated with larger partial resistance factors, calculated via Eq. 460 

9 using soil properties that are the mean values of the assumed distributions (Section 5.2.2) of 𝛾௥௘௦ 461 

= 1.53 for NWS and 𝛾௥௘௦ = 1.41 for GoM.  462 

Figure 13 also shows additional results for the DEPLA where the overall anchor scale (and 463 

hence Dp) was progressively reduced, with a corresponding reduction in partial resistance factor, 464 

𝛾௥௘௦. The results for both sites fall along a similar exponential line given by:  465 

 𝑝௙ = exp (1.61 − 8.58 ∗ 𝛾௥௘௦) (10) 

These additional results demonstrate that similar 𝑝௙ can be achieved with smaller DEPLA plates 466 

relative to that needed for a static embedment – Dp ~ 6.0 m (NWS) and 6.25 m (GoM), compared 467 

to 𝐷௣ = 6.5 m for the statically-embedded case. Moreover, the partial resistance factor for the 468 

DEPLA to achieve the same reliability as the equivalent statically-embedded plate anchor reduces 469 

to 𝛾௥௘௦ = 1.21 (NWS) and 1.25 (GoM) using the fitted exponential relationship shown on Figure 470 
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13. This outcome is consistent with the narrower spreads in the DEPLA Monte Carlo results 471 

illustrated on Figure 12, and therefore the reduced overlap between load and resistance.  472 

    473 

 474 

Figure 13. Comparison of calculated partial resistance factor (Eq. 9) with annual probability of 475 

failure NWS and GoM soil conditions. Exponential best fit to the DEPLA results is also shown.  476 

 477 

From these results, anchor selection for these example conditions can be based on Eq. 9 by 478 

selecting values of 𝛾௥௘௦ corresponding to the required reliability to be achieved by the DEPLA. In 479 

addition to quantifying the higher reliability of the DEPLA, this type of insight from the Monte 480 

Carlo analysis is useful if reliability-based or risk-informed design is adopted (e.g. under ISO 481 

2015). These design approaches allow the adopted 𝑝௙ to be tailored to the associated risk, which 482 

depends on whether the structure is crewed or uncrewed, the risk of environmental impact, the 483 

business impact of failure, as well as other factors.  484 

For both the NWS and GoM soils, the targeted reliability of 𝑝௙ = 10ିସ recommended by DNV 485 

(2002), at least for the conditions considered herein, is achieved with 𝛾௥௘௦ ≈ 1.25 for the DEPLA. 486 

In practical terms, the required 𝛾௥௘௦ sets the targeted value of 𝑉ത௨௟௧ that must be achieved using the 487 

mean soil properties at a given site. Iteration is then required in which the DEPLA scale is varied 488 

until the required value of 𝑉ത௨௟௧ is achieved. The specific value of 𝛾௥௘௦ depends on the distributions 489 
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of soil properties and most probable maximum loads, although very similar 𝛾௥௘௦ trends were 490 

observed for both soil sites, with two different geotechnical uncertainty profiles. These findings 491 

are therefore likely to be typical for many floating systems in different metocean environments 492 

and seafloor conditions worldwide. Overall, the results demonstrate the potential benefits of 493 

dynamic installation in reducing the expected uncertainty in capacity (i.e., spread in capacity 494 

distribution), compared to statically-embedded equivalent systems.  495 

8 Concluding remarks 496 

This paper presents a series of parametric and probabilistic Monte Carlo simulations to explore 497 

uncertainty associated with dynamically-embedded anchors, specifically DEPLAs. Calculations 498 

were conducted using an explicit numerical approach to calculate the embedment, and monotonic 499 

capacity was assessed using standard bearing capacity methods.  500 

Compared to equivalently-sized circular plate anchors statically embedded to a specified depth, 501 

the DEPLA demonstrates a ‘self-correcting’ nature. Encountering soil strength different from 502 

expectations has less detrimental impact on the achieved embedment and capacity of DEPLAs 503 

than statically-embedded equivalents. Weaker than expected soil will result in greater anchor 504 

embedment from dynamic installation, increasing the capacity relative to a statically-embedded 505 

anchor installed to the depth that was expected to be achieved by the DEPLA. Conversely, if the 506 

soils are stronger than expected, the DEPLA will not penetrate as far into the seabed; but the 507 

capacity will remain higher than expected in design.  508 

Monte Carlo analyses were conducted for two soil profile characteristics for global locations 509 

(the Northwest Shelf of Australia and the Gulf of Mexico) but more importantly representative of 510 

different characteristics of undrained strength uncertainty. For the Northwest Shelf, the uncertainty 511 

is primarily associated with the mudline strength intercept; while for the Gulf of Mexico, the 512 

uncertainty is associated with the strength gradient. In both cases, probabilistic analyses 513 

demonstrate lower capacity uncertainty for the DEPLA compared to equivalently-sized, statically-514 

embedded plate anchors designed using LRFD-type approaches. We present a preliminary design 515 

approach that might be utilised to design a DEPLA and demonstrate that smaller partial resistance 516 

factors may potentially be utilised for the DEPLA to achieve equivalent system reliabilities to an 517 

equivalent statically-embedded plate.  518 
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In summary, this paper demonstrates that dynamic installation can lead to higher reliability 519 

relative to static installation, which may be quantified via probabilistic analyses that allow reduced 520 

LRFD partial resistance factors to be calibrated. This study also shows that reliable estimation of 521 

the embedment depth for dynamically installed anchors may be less critical for a reliable design. 522 

Previous studies have described this as a significant design challenge and disadvantage of 523 

dynamically-embedded anchors, due to the complexity of dynamic penetration coupled with any 524 

uncertainty in the site strength profile. This study demonstrates that these uncertainties are reduced 525 

by the self-correcting behaviour, so have minimal influence on anchor capacity reliability. 526 
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