
 

 

Numerical investigations of the effect of strain softening on the behaviour of 1 

embedded mooring chains  2 

 3 

 4 

Manuscript submitted to Applied Ocean Research 5 

 6 

 7 
1Chao SUN 8 

Centre for Offshore Foundation Systems 9 

Oceans Graduate School 10 

University of Western Australia 11 

35 Stirling Highway, Crawley 12 

Perth, WA 6009 13 

Australia 14 

Tel: +61 4 6974 3231 15 

Fax: +61 8 6488 1044 16 

Email: chao.sun@research.uwa.edu.au 17 

 18 

 19 
2Xiaowei FENG, Ph.D. 20 

Centre for Offshore Foundation Systems 21 

Oceans Graduate School 22 

University of Western Australia 23 

35 Stirling Highway, Crawley 24 

Perth, WA 6009 25 

Australia 26 

Email: xiaowei.feng@uwa.edu.au 27 

 28 
3Mark Fraser BRANSBY, Ph.D. 29 

Centre for Offshore Foundation Systems 30 

Oceans Graduate School 31 

University of Western Australia 32 

35 Stirling Highway, Crawley 33 

Perth, WA 6009 34 

Australia 35 

Email: fraser.bransby@uwa.edu.au 36 

 37 
4Steven R. NEUBECKER, Ph.D. 38 

Centre for Offshore Foundation Systems 39 

Oceans Graduate School 40 

University of Western Australia 41 

35 Stirling Highway, Crawley 42 

Perth, WA 6009 43 

Australia 44 

Email: steven.neubecker@uwa.edu.au 45 

 46 

 47 
5Mark F. RANDOLPH, Ph.D. 48 

Centre for Offshore Foundation Systems 49 

Oceans Graduate School 50 

University of Western Australia 51 

35 Stirling Highway, Crawley 52 



Numerical investigations of the effect of strain softening on the behaviour Sun et al. 

of embedded mooring chains June 2019 

1 

 

Perth, WA 6009 53 

Australia 54 

Email: mark.randolph@uwa.edu.au 55 

 56 

 57 

 58 
6Susan GOURVENEC, Ph.D. 59 

School of Engineering 60 

Faculty of Engineering and Physical Sciences 61 

University of Southampton, Southampton, UK 62 

Email: Susan.Gourvenec@southampton.ac.uk 63 

 64 

No. of words (without abstract and references): 4995 

No. of tables:  0 

No. of figures: 12 

 65 



Numerical investigations of the effect of strain softening on the behaviour Sun et al. 

of embedded mooring chains June 2019 

1 

 

Numerical investigations of the effect of strain softening on the behaviour of 66 

embedded mooring chains  67 

Sun, C., Feng, X., Bransby, M.F., Neubecker, S.R., Randolph, M.F., Gourvenec, S. 68 

ABSTRACT 69 

Mooring systems typically consist of an anchor and a mooring line and chain that connect the 70 

anchor to the floating infrastructure. When the anchor connection point (the ‘padeye’) is below 71 

the seabed surface, the interaction between the chain and the seabed will affect the amount of 72 

load transferred to the anchor and the load angle at the padeye. Reliable methods are needed 73 

therefore to assess these aspects in order to determine appropriate anchor design.   74 

Available solutions for the interaction between soil and chain generally ignore any reduction in 75 

the undrained shear strength of the soil as it is remoulded under the large strains associated with 76 

tensioning of the anchor chain. This is an unconservative assumption for anchor design, hence 77 

providing motivation for the study presented here. The system behaviour and the interaction of 78 

short chain segments with the seabed have been studied using a coupled Eulerian-Lagrangian 79 

(CEL) approach. The findings have led to two new design approaches that encapsulate how 80 

remoulding of the soil (which affects sliding resistance more than bearing resistance) affects 81 

the chain system response. Calculations using these methods captured the modelled chain 82 

system response well. Both the global chain analyses and the proposed design approaches 83 

suggest that approximately the entire chain load at the seabed surface (the ‘mudline’) is likely 84 

to be transferred to the anchor padeye, challenging conventional design practice.  85 

Keywords: Anchor chain; catenary mooring; chain-soil interaction; coupled Eulerian–86 

Lagrangian; strain softening; finite element analysis  87 
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1. INTRODUCTION 88 

Mooring systems provide the connections to the seabed that keep floating facilities in place and 89 

may take various configurations, e.g. catenary, taut or semi-taut and vertical [1]. For a catenary 90 

mooring line with load applied horizontally at the seabed, the embedded section of chain forms 91 

an ‘inverse catenary’ between the seabed and the anchor attachment point (‘padeye’). The shape 92 

of the catenary is such as to maintain equilibrium between the chain tension and the soil 93 

resistance. For efficient anchor design the magnitude and inclination of the load at the padeye 94 

must be quantified reliably. This is achieved through calculation of the geometric configuration 95 

and tension profile of an embedded chain, both of which require quantification of the normal 96 

and frictional soil resistances to chain movement along its length. The inverse catenary chain 97 

configuration and associated terminology are illustrated in Figure 1. 98 

Existing design approaches for calculating the geometric configuration and tension profile of 99 

the embedded section of the chain are summarised in the Appendix, adopting the chain 100 

configuration and terminology shown in Figure 1. Traditionally, the soil resistances Q and F, 101 

normal and parallel to the chain axis, are assumed to be uncoupled and the corresponding 102 

ultimate capacities Qult and Fult are assumed to be fully mobilised simultaneously. This does not 103 

take account of the resistance reduction due to strain-softening effect of the soil as values for 104 

Qult and Fult are generally calculated from the intact (unsoftened) soil strength. 105 

Strain-softening effects on the shear strength, and thus on soil resistance, has been widely 106 

investigated in terms of shallow and deep penetration problems [2-5] but limited consideration 107 

has been given for the problem of the tensioning process of an embedded anchor chain [6-8]. 108 

Remoulding of soil around a chain will lead to less soil resistance along the anchor chain, which 109 

will affect the chain profile for a given mudline chain tension value and is likely to lead to a 110 

larger proportion of the mudline tension being applied to the anchor at the padeye. This is a 111 
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concern as it is therefore likely to be unconservative to ignore remoulding, despite this being 112 

common practice. 113 

1.1. Scope of the present study 114 

In order to investigate how soil remoulding affects chain performance, this paper extends the 115 

Coupled Eulerian-Lagrangian (CEL) finite element approach [9] to explicitly investigate the 116 

effect of soil remoulding on both the chain system and the soil resistance to elements of the 117 

embedded chain.  118 

The paper investigates first the effect of soil sensitivity on the normal and axial resistances by 119 

performing a set of segment analyses using Abaqus CEL. Then Abaqus CEL is used to analyse 120 

the behaviour of a catenary multi-segment chain system during tensioning for a range of 121 

different soil sensitivities. The results from the segment analyses are used to calculate the 122 

approximate ‘scaled’ values of normal resistance and ‘friction’ coefficient . The tensions and 123 

geometric configuration of the embedded chain, as two outputs for design, are presented and 124 

compared with the analytical predictions by Neubecker and Randolph [10] with the scaled soil 125 

resistances. Finally, a method whereby the soil resistance to each chain segment is described 126 

by a yield locus is modified for remoulded soil and the results using this method (and the simple 127 

scaling method mentioned above) are compared with the CEL results. 128 

2. FINITE-ELEMENT MODEL 129 

2.1. Modelling software and approach 130 

All finite element analyses were carried out with the coupled Eulerian-Lagrangian (CEL) 131 

approach provided using the Abaqus software [11]. Furthermore, the approach used and 132 

parameters selected (apart from strain softening) were as described in Sun et al. [9]. 133 

Consequently, only brief details of common methodology are given here. 134 
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2.2. Chain geometries 135 

The chain was modelled feasibly as a string of equally spaced, rigid cylindrical segments, 136 

connected using ‘LINK’ connector elements provided as standard in Abaqus (Figure 2a). Three 137 

geometric variables - the length ls and the diameter ds of each segment, and the space between 138 

adjacent segments, ss - govern the dimensions of the model chain. In the current analyses, ls 139 

was taken as 1 m, with ss and ds being 0.1 m and 0.25 m respectively.  140 

The CEL model was designed to represent a standard 5db studless chain as shown in Figure 2a. 141 

Each link pair of the 5db studless chain was idealised as one bar segment together with one 142 

spacing, i.e, ls + ss = 6db = 1.1 m, giving db ~ 0.18 m for this model. This relates ds with db (i.e. 143 

ds/db = 0.25/0.18 for this model) for the interpretation of the resistances obtained from the CEL 144 

results. Calibration of the model is presented in Sun et al. [9]. 145 

The global embedded chain system model comprised 49 segments (giving a total length of 53.9 146 

m) as shown in Figure 2b. The padeye was set (arbitrarily) to 9 m below the soil surface and 147 

the chain was loaded monotonically and horizontally at the seabed as a catenary mooring during 148 

the complete tensioning process. The padeye was fixed (i.e. not allowed to translate vertically 149 

or horizontally) to represent an appropriately sized (suction caisson) anchor which would not 150 

move significantly under design loads. 151 

2.3. Soil domain 152 

The soil was assumed to be fully undrained during the chain tensioning process and 153 

consequently total stress analyses were performed. The initial undrained soil strength was 154 

assumed to increase linearly with depth z, according to su0 = 2 + 1.2z kPa, with the effective 155 

soil weight being 2.4 kN/m3. 156 

The soil was modelled as a linear elastic-perfectly plastic material, obeying the Tresca yield 157 

criterion, but extended here to capture the progressive softening of clay [2-6]. The undrained 158 
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shear strength at individual Gauss points was modified immediately prior to re-meshing 159 

according to the current accumulated absolute plastic shear strain ξ, as presented 160 

953 /

0(1 )eu rem rem us s
   − = + −                                              (1) 161 

The equation models the degradation of soil strength according to an exponential function of 162 

cumulative plastic shear strain, ξ (ξ95 represents the value of ξ for 95% strength degradation), 163 

from the intact condition to the fully remoulded ratio, δrem (the inverse of the sensitivity St). A 164 

user subroutine was implemented into Abaqus to track the evolving soil strength profile. In the 165 

analyses, ξ95 was taken as 10, a typical value for clays [3, 4], and δrem ranged from 0.01 to 1 (St 166 

varies correspondingly from 100 to 1 in order to cover all possible soil sensitivities, including 167 

for highly sensitive soils [12]). 168 

The Young’s modulus E was taken as 500su and Poisson’s ratio as 0.49 to approximate 169 

incompressible soil response for undrained conditions. The regular mesh comprised 8-noded 170 

linear brick elements with reduced integration (‘EC3D8R’ in the Abaqus element library). A 171 

central fine mesh zone (minimum mesh size Le = 0.35ds) was used in the area close to the 172 

predicted chain trajectory during the tensioning process. This overall mesh resulted in each 173 

single chain system analysis taking approximately 350 hours to run on a fast server and, even 174 

with this mesh, this did not result in a fully convergent solution (see [9] for more details). This 175 

was considered when interpreting the results of the analyses as described later. 176 

2.4. CEL model setup 177 

The global view of the CEL model is present in Figure 2b together with the detailed chain 178 

model.  179 

The anchor chain was assumed to be weightless and initially ‘wished-in-place’ in the post-180 

installation configuration ( as in [9]) as shown in Figure 2b with a vertical section fully 181 

embedded and attached to a fixed point, i.e. the padeye of a suction anchor, and a horizontal 182 
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section laid on the seabed. Analyses were started at the ‘wished-in-place’ configuration to 183 

reduce computational time because the loaded chain configuration involves significant 184 

movement of the chain away from its installed position so that any soil that is influenced by the 185 

chain installation process is far enough away not to affect the later chain-soil interaction.  186 

Subsequently, the motion of the dragging point was activated by applying a constant horizontal 187 

velocity vd, forcing the chain to cut gradually through the soil until the final padeye inclination 188 

angle θa reached 35° to the horizontal. The local coefficient of friction of the chain-soil interface 189 

was selected as 0.5 times the normal force using the ‘penalty’ contact option in Abaqus CEL. 190 

Using this value, the frictional resistance to purely axial movement of chain at the deep 191 

embedment conditions was governed by the shearing of the peripheral soil instead of interface 192 

sliding, with the results essentially unaffected by the specific value (of 0.5) selected. Note that 193 

the frictional interface allows gapping behind the advancing chain once the normal pressure 194 

becomes tensile. 195 

3. CHAIN SEGMENT ANALYSES: SOIL RESISTANCES WITH DIFFERENT SOIL 196 

SENSITIVITIES 197 

Before conducting the analyses of the entire chain system, the pure normal (Q) and frictional 198 

(F) resistance response (and so the ratio F/Q) as a function of St was investigated numerically 199 

using Abaqus CEL. One set of analyses displaced a buried multi-segment section of chain 200 

vertically (i.e. normal to its axis) until the residual normal resistance (Qres) was mobilised for a 201 

range of soil sensitivities St. The analyses were then repeated for axial chain movements to 202 

determine Fres. 203 

The analyses were conducted on the straight, neutrally-buoyant, seven-segment section of chain 204 

(Figure 3(a)) embedded horizontally at a depth of 18ds (at 4.5 m where su0 = 7.4 kPa), to get 205 

‘deep’ failure conditions (i.e. localised flow-around of the soil and a mechanism that was 206 
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independent of the distance to the soil surface). The CEL setup details, including the soil 207 

properties, chain size, interface properties, boundaries, mesh refinement and simulation 208 

velocities, are consistent with those adopted in the global embedded chain model. End effects 209 

were avoided by excluding the outer two segments when calculating the length-averaged soil 210 

resistances. The segment analyses used the same mesh density and velocity as in the system 211 

analyses so that the relationships developed would be consistent.  212 

The normal and frictional resistance factors Nb = Q/dbsu0 and Ns = F/dbsu0, and the 213 

corresponding quantities normalised using the (numerical) ‘chain’ diameter, ds, are plotted 214 

against chain movements in Figure 3(b) and (c) for soil sensitivities St = 1, 2, 5, 10 and 100, 215 

where  Q and F are respectively the normal and frictional soil resistance forces on the five 216 

central segments of the chain per unit length (with units kN/m) and su0 is the intact undrained 217 

strength at the current depth of the chain element centroid. The figures show that approximately 218 

two to three diameters of chain movement is required to mobilise a steady-state residual 219 

resistance for St > 1 and the selected value of ξ95 of 10. Note that this is considerably less 220 

movement than experienced by a large majority of the chain elements during tensioning in the 221 

full analysis presented later. 222 

For the non-softening soil (St = 1), the normalised ultimate normal and frictional resistances for 223 

the embedded chain are defined as Nb,ult and Ns,ult with Nb,ult = Qult/dbsu0 = 19 and Ns,ult = Fult/dbsu0 224 

= 6.5 (benchmarked by 19 and 8 from the Degenkamp and Dutta [13] recommendation and 225 

adopted for the estimation of the Neubecker and Randolph solutions). Accordingly, the 226 

coefficient of friction µp = Ns,ult/Nb,ult = 0.34. 227 

For the softening soil (with St > 1), the steady-state normal and frictional resistance factors  228 

Nb, res and Ns, res were calculated based on deduced residual values of soil resistance (Qres and 229 

Fres) from the monotonic resistance curves shown on Figure 3(b) and (c). The selected values 230 
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normalised by the value of resistance for non-softening (i.e. St = 1) soil are shown as dots on 231 

Figure 4. 232 

The residual resistance ratios Qres/Qult and Fres/Fult normal and parallel to the chain axis may be 233 

expressed as linear functions of the remoulded strength ratio δrem. 234 

,

,

0.4 0.6
b resres

rem

ult b ult

NQ

Q N
= = +                                              (2) 235 

,

,

0.8 0.2
s resres

rem

ult s ult

NF

F N
= = +                                              (3) 236 

These functions are plotted in Figure 4. The consequent residual frictional ratio is therefore 237 

expressed as:  238 

8 2 8 2

4 6 4 6

res rem t
res p p

res rem t

F S

Q S


  



+ +
= = =

+ +
                                     (4) 239 

The fitted equations are used to interpret the CEL chain system analysis results and their 240 

applicability for design is discussed later. 241 

Supplementary data using a finer mesh (Le = 0.0875ds) to analyse the behaviour of two segments, 242 

as a link pair, are also plotted for the validation of the functions. More detail concerning the 243 

selection of the residual resistance factors (and their similarity to the behaviour of T-bar 244 

penetrometers) is presented at the end of the paper. 245 

4. CHAIN SYSTEM ANALYSES: RESULTS 246 

Figure 5 shows the padeye angle - tension relationships obtained from the CEL analyses for 247 

soil sensitivities St = 1, 2, 5, 10, 100. The tensions develop linearly initially, but with a gradually 248 

increasing rate as the chain angle decreases, i.e. as the chain becomes taut. For a given chain 249 

tension, the padeye angle is smaller (i.e. the chain is ‘flatter’) with increasing sensitivity because 250 

the chain penetrates further through the remoulding soil, as shown on Figure 6. 251 
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Analytical predictions by Neubecker and Randolph [10] for the relationship between the padeye 252 

tension (Ta) versus the padeye chain angle (a) are also shown on Figure 5. These are based on 253 

residual values of Qres and µres in Equation A-4 [10], for the given soil sensitivity, and show 254 

good agreement with the CEL data. Although the true mobilised friction coefficient along the 255 

chain is much less than the nominal value µres (see later discussion), this does not compromise 256 

the level of agreement, reflecting that the analytical solution is essentially independent of µ 257 

after adopting the small angle assumption (Equation A-5) [9]. 258 

This is illustrated further in Figure 7, which compares the configurations of the embedded chain 259 

obtained from the CEL analyses with soil sensitivities St = 1, 2, 5, 10, 100 for two chain 260 

inclination angles at the padeye (a = 60° and 35°) during the tensioning process. The 261 

configurations are presented in terms of the chain-angle variation (a
2-)/2 against the 262 

normalised embedment depth z/za, conforming to the simplified analytical solution of Equation 263 

A-5 (Neubecker and Randolph [10]). The CEL results for different soil sensitivities fall within 264 

a narrow band, reflecting that the chain geometry is relatively insensitive to St for a given chain 265 

padeye angle. Furthermore, the agreement between the CEL results and the analytical 266 

predictions derived from Eq. (A-4) with Q = 19dbsu and μ = μp = 0.34 demonstrates that the 267 

Neubecker and Randolph solution can still be used to estimate the chain configuration (for a 268 

given a) even in softening clay. 269 

The results of CEL analyses of the tension ratio Ta/Tm are shown on Figure 8 as a function of 270 

the decreasing padeye angle for varying soil sensitivities St = 1, 2, 5, 10, 100. The tension ratio 271 

increases with decreasing a, as would be expected. Also, as sensitivity becomes higher, the 272 

tension ratios increase towards unity, reflecting the reduction in frictional resistance mobilised 273 

along the chain. 274 
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Sun et al. [9] showed that the ‘operative’ coefficient of friction in non-softening soil was much 275 

lower than the theoretical value of µ = 0.34, and that a value of µop = 0.07 was needed in order 276 

to match CEL data using the Neubecker and Randolph relationship of Equation A-3. The CEL-277 

calculated tension ratio values are compared with analytical predictions in Figure 8. In the 278 

analytical predictions, the ‘operative’ coefficient of friction μ values used in Equation A-3 were 279 

selected as the friction coefficient µop, res for the residual state of soil remoulding by scaling the 280 

non-softening (St = 1) value of µop = 0.07 for each different soil sensitivity using the results of 281 

the segment analysis, i.e. Equation 4. This simple method by scaling µop to µop, res gives 282 

relatively good agreement with the CEL results for the conditions examined in Figure 8. 283 

5. DESIGN METHOD USING YIELD LOCI 284 

The above empirical design approach of scaling normal resistance with St to get the chain shape 285 

(for a given anchor tension) and scaling  as another function of St (to calculate the chain 286 

tension), both based on results for pure normal and axial displacement, appears to give 287 

reasonable results. However, although this allows approximation of the system behaviour, to 288 

account for changes to the friction/tension ratio along the chain a modified version of the yield 289 

locus based approach proposed by Sun et al. [9] is required. The yield loci (and associated 290 

plastic potential) for embedded chain segments is used to calculate the resistance ratio F/Q 291 

during failure from the kinematics (i.e. the plastic displacement ratio) of each element along 292 

the chain. This section presents this method, modified to allow for soil remoulding, and then 293 

shows system analysis results using this method compared with the scaling approach and CEL 294 

results. 295 

5.1 Calculating the yield locus from segment analyses 296 

To develop yield loci accounting for remoulding of soil, a suite of monotonic displacement-297 

controlled probes (each at a different displacement angle ω to the normal of the chain axis) 298 
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were conducted on the seven-segment section of chain (centroid depth = 18ds (4.5 m, su0 = 7.4 299 

kPa)). This was carried out for a typical value of soil sensitivity St = 5 (representative for 300 

clay/carbonate silt) to examine the behaviour in detail. 301 

The resulting interaction diagrams are shown in terms of normalised normal and frictional 302 

resistances Nb and Ns in Figure 9. A yield locus in the form of a generalised ellipse is proposed 303 

to describe residual conditions: 304 

,res ,res

1

m n

b s

b s

N N

N N

   
+ =      

   

                                                  (5) 305 

where Nb, res and Ns, res are the calculated residual resistances for pure normal and axial 306 

movement respectively and m and n are fitting parameters. The locus shown uses values of Nb, 307 

res and Ns, res based on the linear residual resistance ratio-strength ratio relationships (Figure 4) 308 

for St = 5; m and n were selected as 2.0 and 2.3 to be identical to the values recommended in 309 

non-softening soil conditions [9] for simplicity. The agreement of the probe tests with the yield 310 

locus described by Equation 5 suggests that the adopted parameters are acceptable for 311 

engineering design purposes. Even better agreement could be obtained by modifying the values 312 

of m and n for the remoulded case specifically, but doing so would have the disadvantage of 313 

having to ascertain new m and n values for each new residual yield locus without a significant 314 

increase in accuracy. 315 

Since reduction of the normal and frictional resistances to residual values does not involve the 316 

same magnitude of relative displacement of the chain (frictional resistance being remoulded 317 

more easily), the shrunken locus is relatively flat in the normal resistance direction compared 318 

with the yield locus for non-remoulding (St = 1) soil. Interestingly, for the soil sensitivity 319 

selected (St = 5), none of the Q-F load paths reaches the non-softening (St =1) locus except the 320 
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two close to the purely frictional loading condition, since partial remoulding occurs as that locus 321 

is approached.  322 

5.2 Examination of chain segment behaviour during system analyses 323 

Figure 10 plots the evolution of the normalised normal and frictional soil resistances, Q/Qult 324 

and F/Fult for two representative chain segments (identified as ‘#13’ and ‘#25’ on Figure 2) 325 

during tensioning from the system CEL analysis for St = 5. The load components are compared 326 

with the yield loci of the chain for the softening (St = 5) and non-softening (St = 1) cases. Both 327 

segments initially lie on the seabed (where the yield locus is smaller than for the ‘deep’ 328 

condition for which the yield loci shown correspond), and penetrate deeper as the chain cuts 329 

progressively into the soil. As Tm increases (and a reduces), the Q-F loading condition of the 330 

chain segments moves towards a residual bearing condition close to the remoulded yield locus, 331 

due to local remoulding of the soil. For small values of chain angle (i.e. large values of Tm), the 332 

resistance approaches the pure normal bearing condition (Q ~ Qres, F ~ 0) implying that the 333 

mobilised operative F/Q ratios (i.e. μ in analytical equations) approach zero. The Q-F data lie 334 

close to the residual locus, especially for the deeper chain segment, implying that the residual 335 

locus does indeed capture the soil failure conditions following strain-softening. 336 

5.3 Calculation of the equivalent friction coefficient 337 

The residual yield locus may be used to calculate an equivalent frictional coefficient of the 338 

embedded chain, considering strain-softening, based on the analytical method proposed in Sun 339 

et al. [9]. The local equivalent coefficient of friction μle can be determined by substituting the 340 

residual resistance factors Ns, res and Nb, res for the corresponding original ultimate values for 341 

given soil sensitivity (St = 5 in this case): 342 

( )1/ 1

,res

,res

n
n

s t
le

b n

N um

n N u


−

   
 =       

                                                  (6) 343 
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The incremental (plastic) displacement ratio, ∆ut/∆un (tan ω) defined locally at each chain 344 

segment, can be evaluated by estimation of the incremental trajectory of chain using the 345 

Neubecker and Randolph solution [9]. 346 

The results at each segment of the chain can be integrated to calculate the average representative 347 

 value and therefore calculate Ta/Tm at each step of chain tensioning (as proposed by Sun et al. 348 

[9]). The predictions of Ta/Tm calculated by Equation A-3 using the yield locus aproach ( µ
mod 

op, res ) 349 

and by taking a constant scaled µop, res of 0.037 by Equation 4 as illustrated on Figure 8) are 350 

compared with the CEL results for St = 5 during the tensioning process in Figure 11. The tension 351 

ratio calculated using the yield locus approach shows an increase from under 0.97 when θa = 352 

75° to just over 0.98 when θa = 35°. Despite fluctuations of the CEL results and a relatively 353 

small range of the changing Ta/Tm, the values derived using the yield locus approach show better 354 

agreement with the numerical results than from using the -scaling approach with µop, res = 355 

0.037, particularly as the chain becomes taut. 356 

6. IMPLICATIONS FOR DESIGN 357 

The most significant outcome from the study presented here is the extremely low reduction in 358 

tension between mudline and padeye compared with what is generally assumed in anchor 359 

design. Even in non-softening soil, the operative friction is 0.07, only 20% of the nominal 360 

friction value of 0.34. For a strain-softening soil with St = 5, which is typical of marine deposits, 361 

the operative friction will reduce further to approximately 0.037. Cyclic motions of the chain 362 

would give even lower values of operative friction. This is significant for anchor design because 363 

it suggests that more of the mooring load will be transferred to the anchor than previously 364 

thought, and implies that previous design methods were unconservative.  365 

The agreement between the CEL results and the two possible design methods in Figure 11 366 

demonstrates the feasibility of either proposed method for the calculation of the equivalent 367 
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frictional coefficient of the embedded chain for strain-softening soils in undrained conditions 368 

(albeit some of the numbers in the equations may change with varying soil, chain and anchor 369 

conditions).  370 

Both methods require knowledge of how the normal (Q) and frictional (F) resistances are 371 

affected by soil sensitivity. For the CEL system analysis comparisons, these relationships were 372 

obtained by performing separate segment analyses using Abaqus CEL (see Figure 4). However, 373 

the analyses performed were necessarily limited in their use of mesh size (because of the 374 

computational cost of the system analyses) and so the relationships produced (e.g. Eqs. (2) and 375 

(3)) cannot be used directly in design. This is discussed below with further segment analyses 376 

conducted using Abaqus CEL for bearing and sliding resistance in turn. 377 

6.1 Bearing resistance (Qres) 378 

In order to provide recommendations for design related to how the normal chain resistance (Qres) 379 

varies with sensitivity, additional segment analyses were carried out using CEL analyses of the 380 

link geometry with finer meshes (with element length, Le = 0.0875ds) and the results were 381 

compared with the analagous problem of a T-bar penetrating sensitive soils [12, 14]. 382 

The additional information is shown on Figure 12 including an empirical equation fitted to 383 

scattered T-bar field testing results [12] and from two-dimensional numerical analyses of a T-384 

bar incorporating both strain-softening and rate effects [14]. In addition, a dashed line 385 

representing the simplification that all soil in front of the chain is intact (i.e. has strength su0) 386 

and all soil behind is fully remoulded (i.e. has strength su0/St = remsu0) is included. This 387 

approach has been used in practice [15] to approximate bearing resistance of embedded 388 

foundation or anchor elements during large deformation events. 389 

When selecting a design line it should be realised that the geometry studied in CEL (and that 390 

of a T-bar) is not a collection of chain links (as in a real chain) and so the relationship for a real 391 
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chain may be slightly different. However, the numerical results on Figure 12 suggest that the 392 

intuitive engineering approximation with Qres/Qult equal to 0.5 + 0.5/St provides a sufficient 393 

approach. 394 

6.2 Axial resistance (Fres) 395 

Additional CEL chain segment analyses were also conducted using CEL with finer mesh sizes 396 

to investigate further the relationship between axial resistance Fres and sensitivity. The 397 

additional data shown on Figure 4 for the finer mesh analyses do not invalidate the previously-398 

proposed Equation 3. However, as discussed above, the simplification of the chain geometry 399 

from a collection of links to a bar sections (with links) means that the results may not be truly 400 

representative of chain behaviour. This may be particularly the case for axial chain movement 401 

where the ratio of soil bearing (around the two ends of the bars) versus sliding failure (along 402 

the link bars) will not be recreated. Consequently, the relationship proposed here is tentative 403 

and warrants further study. 404 

7. CONCLUSIONS 405 

Large deformation finite element analyses were conducted to investigate the effect of strain 406 

softening on the normal and frictional resistances of embedded chain sections, and the global 407 

monotonic tensioning behaviour of an embedded chain. The coupled Eulerian-Lagrangian 408 

(CEL) approach was used with a strain-softening soil model incorporated. A linearly increasing 409 

relationship between residual resistance ratio and the remoulded soil strength ratio was found 410 

first and then examined by comparing the numerical results featuring different mesh densities 411 

with the empirical predictions. The CEL results of the tension at the padeye with increasing soil 412 

sensitivity can be replicated by scaling the analytical predictions by Neubecker and Randolph 413 

[10] down by the residual resistance ratio according to a simplified linear residual resistance-414 

soil strength relationship. The CEL results for the geometry of the embedded chain agree well 415 
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with the Neubecker and Randolph analytical solutions for non-softening soil, due to 416 

compensating effects whereby the reduced normal resistance on each chain segment is balanced 417 

by the reduced padeye tension required to achieve a given chain angle at the padeye. The 418 

average operative friction of the embedded chain also shows a reduction in accordance with 419 

softening of soil. The reductions in steady-state normal and frictional chain resistance can be 420 

represented by a shrunken yield locus for the deeply embedded segments. The calculation 421 

method proposed by Sun et al. [9] may then be used to simulate the global chain response during 422 

tensioning. Overall, the most significant effect of soil remoulding is that the reduction in chain 423 

tension between mudline and anchor padeye becomes extremely small, equivalent to a chain 424 

friction ratio  of less than 0.05 for typical soil sensitivities in the range 3 to 5. 425 
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APPENDIX – EXISTING DESIGN RELATIONSHIPS 485 

Behaviour of the embedded chain may be obtained by integrating the governing equilibrium 486 

equations 487 

sinc

dT
F w

ds
= +                                                         (A-1) 488 

cosc

d
T Q w

ds


= − +                                                      (A-2) 489 

from one end of the chain to the other [13, 16-19]. Here T is the tension in the chain acting over 490 

the incremental chain length ds, θ the chain angle to the horizontal, wc the submerged weight 491 

of chain per unit length, and Q and F respectively the normal and frictional soil resistances per 492 

unit length in the directions perpendicular and parallel to the chain axis. The boundary 493 

conditions are Ta and a at the padeye at depth za, leading to tension Tm and m (taken as zero 494 

here) at mudline. 495 

Closed-form solution of the differential equations (Eqs. (A-1) and (A-2)) is possible by 496 

neglecting the weight of the chain, producing the tension profile [10]  497 

( )a

a

T
e

T

  −
=                                                             (A-3) 498 

with the chain friction coefficient μ defined as the ratio F/Q. 499 

The corresponding variation of the chain angle is then 500 

( )

2
(cos sin )

1

a

a
a

z

a

z

T
e Qdz


  


  



− + = +                                    (A-4) 501 

which may be simplified where the chain angle is small to 502 
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2 2( )
2

az

a
a

z

T
Qdz − =                                                      (A-5) 503 

 504 

NOMENCLATURE 505 

db diameter of the link bar for the real chain 506 

ds diameter of the chain segment in the CEL model 507 

F frictional soil resistance 508 

Fres residual frictional soil resistance 509 

Fult ultimate frictional soil resistance 510 

Le minimum size of the soil elements  511 

ls length of the chain segment in the CEL model 512 

m fitting shape factor for the yield locus 513 

n fitting shape factor for the yield locus 514 

Nb normal soil resistance factor 515 

Nb, res residual normal soil resistance factor 516 

Nb, ult ultimate normal soil resistance factor 517 

Ns frictional soil resistance factor 518 

Ns, res residual frictional soil resistance factor 519 

Ns, ult ultimate frictional soil resistance factor 520 

Q normal soil resistance 521 
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Qres residual normal soil resistance 522 

Qult ultimate normal soil resistance 523 

ss space between adjacent chain segments in the CEL model 524 

St soil sensitivity 525 

su instantaneous undrained soil shear strength  526 

su0 initial undrained soil shear strength  527 

T  chain tension 528 

Ta  chain tension at the padeye  529 

Tm chain tension at the mudline 530 

wc submerged weight of chain per unit length 531 

z embedment depth 532 

za anchor padeye depth 533 

rem remoulded soil strength ratio (the inverse of the soil sensitivity St) 534 

∆ut/∆un (tan ω) incremental (plastic) displacement ratio  535 

 chain angle 536 

a chain angle at the padeye  537 

m chain angle at the mudline 538 

µ chain friction coefficient (as used for calculation) 539 

µle local equivalent friction coefficient (calculated by the yield-locus method) 540 
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µop operative friction coefficient 541 

µop, res residual operative friction coefficient (calculated by scaling µop) 542 

µp equivalent friction coefficient of chain adopted in the current design practice (= 543 

Ns,ult/Nb,ult) 544 

µres residual friction coefficient (calculated by scaling µp) 545 

 cumulative plastic shear strain  546 

95 value of cumulative plastic shear strain for 95% strength degradation 547 

 548 

549 
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Figure captions 550 

Figure 1. Schematic of geometric configuration and tension profile of an embedded chain and 551 

the mechanical equilibrium of a chain element 552 

Figure 2. CEL modelling of the embedded chain 553 

Figure 3. CEL model for chain segment analyses and the soil resistances with different soil 554 

sensitivities 555 

Figure 4. Residual capacity ratios of the embedded chain model 556 

Figure 5. Comparison of tension-padeye angle relationships with different soil sensitivities 557 

Figure 6. Chain profiles for different soil sensitivities at two mudline tensions  558 

Figure 7. Comparison of the configurations of the embedded chain for selected chain 559 

inclination angles  560 

Figure 8. Comparison of tension ratio-padeye angle relationships with different soil 561 

sensitivities 562 

Figure 9. Probe testing results for St = 5 563 

Figure 10. Evolution of the soil resistances to representative chain segments to tensioning (St 564 

= 5) 565 

Figure 11. Tension ratio Ta/Tm calculated with modified operative frictional coefficient (St = 566 

5) 567 

Figure 12. Comparison of resistance factors of a bar for design implications 568 

  569 
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 570 

Figure 1. Schematic of geometric configuration and tension profile of an embedded chain and 571 

the mechanical equilibrium of a chain element  572 
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 573 

(a) Chain model corresponding to a 5db studless chain 574 

 575 

 576 

(b) FE model setup 577 

Figure 2. CEL modelling of the embedded chain  578 
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 579 

(a) CEL model for the chain segment analyses 580 

 581 

 582 

(b) Normal resistance 583 
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 584 
(c) Frictional resistance 585 

Figure 3. CEL model for chain segment analyses and the soil resistances with different soil 586 

sensitivities  587 
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 588 

Figure 4. Residual capacity ratios of the embedded chain model  589 
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 590 

Figure 5. Comparison of tension-padeye angle relationships with different soil sensitivities  591 
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 592 

Figure 6. Chain profiles for different soil sensitivities at two mudline tensions  593 
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 594 

Figure 7. Comparison of the configurations of the embedded chain for selected chain 595 

inclination angles  596 
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 597 

Figure 8. Comparison of tension ratio-padeye angle relationships with different soil 598 

sensitivities  599 
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 600 

Figure 9. Probe testing results for St = 5  601 
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 602 

Figure 10. Evolution of the soil resistances to representative chain segments to tensioning (St 603 

= 5)  604 
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 605 

Figure 11. Tension ratio Ta/Tm calculated with modified operative frictional coefficient 606 
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 609 

Figure 12. Comparison of resistance factors of a bar for design implications 610 

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

 N
T-bar

=Q
ult

/d
s
s

u0
 (Empirical, Dejong et al. (2011))

 N
T-bar

=Q
ult

/d
s
s

u0
 (Rate parameter = 0.05, 

95
=10, 

Pinkert and Klar (2012))

 N
bar, res

=Q
res

/d
s
s

u0
 (Seven-segment, L

e
= 0.35d

s
)

 N
bar, res

=Q
res

/d
s
s

u0
 (Two-segment, L

e
= 0.35d

s
)

 N
bar, res

=Q
res

/d
s
s

u0
 (Two-segment, L

e
= 0.0875d

s
)

 N
bar, res

=Q
res

/d
s
s

u0
 (Two-segment, L

e
= 0.0875d

s
,

10x static stress level)

 N
bar, res

= N
bar, ult

(0.5+0.5/S
t
) (O'Neill et al. (2010))

 

 

N
o
rm

al
 r

es
is

ta
n
ce

 f
ac

to
r

Remoulded stregnth ratio 
rem

 (1/S
t
) 


