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ABSTRACT 

Steel catenary risers are pipelines that convey fluids from the seabed to floating structures. 

The stiffness of the pipe-seabed response, which is the ratio between soil resistance and pipe 

embedment, in the touchdown zone strongly affects the fatigue accumulation rate, so is an 

important design parameter. This paper reports a centrifuge modelling study into the long-

term pipe-seabed interaction forces on soft clay seabeds, with tests representing many months 

of behaviour at prototype scale. The results show that the penetration and extraction resistance 

during large amplitude cycles degrades during the initial few tens of cycles, in the same way 

that cyclic penetrometer tests capture the fall in soil strength from the intact to the remoulded 

state. Calculations using bearing capacity factors for a cylinder provide good predictions of 

this response, although if the cycles of movement involve the pipe breaking away from the 

soil then the resistance reduces by more than the ratio of intact to remoulded strength, and this 

is attributed to entrainment of water in the soil around the pipe. However, with further cycles, 

as pore pressure dissipation occurs, the seabed stiffness recovers due to the gain in soil 

strength from consolidation. Eventually, the remoulding and water entrainment effects are 

wholly erased, and the stiffness exceeds the initial state. These observations suggest that 

current design practice – which factors down the soil stiffness to represent the influence of the 

cyclic degradation and remoulding process – may overlook a significant effect that raises the 

seabed stiffness, and potentially also reduces the fatigue life.  
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INTRODUCTION 

Offshore risers are pipes used to transport oil and gas from the seabed to a floating vessel. 

Catenary risers are simply an extension of a seabed pipeline which lifts away from the seabed 

and hangs as a catenary in the water column (Fig 1a). To assess the stability and fatigue of a 

catenary riser it is necessary to predict the seabed bathymetry and resistance forces through 

the touchdown zone (TDZ). 

A catenary riser undergoes cyclic motions both in-plane and out-of-plane due to loads 

imposed by the floating structure and from waves and currents acting in the water column. 

Continuous small-amplitude cycles are always present from the ambient sea state, and larger 

motions occur during storms. 

These motions are resisted primarily by vertical and lateral forces in the riser touchdown 

zone. In deep water, where catenary risers are used, the soil is generally soft clay (Randolph, 

2004). The strength of the clay varies as the soil is disturbed by the riser and remoulded. In 

addition, scour of the soil can lead to the development of a large trench surrounding the riser 

pipe, which alters the geometry of the riser through the TDZ (Palmer, 2000; Theti and Moros, 

2001; Bridge and Howells, 2007). 

A fatigue concentration occurs around the TDZ, which is influenced by the bathymetry of the 

seabed through the TDZ as well as the stiffness (or the non-linear load-displacement 

response) as the riser moves vertically (Langner, 2003; Clukey et al., 2007; Randolph et al., 

2013; Shiri, 2014). 

This paper is focussed on the changing strength of the seabed, and the evolution of a seabed 

trench, around an element of riser pipe undergoing vertical and combined vertical-horizontal 

motions on a soft clay. Previous studies have established rigorous theoretical solutions for the 

vertical and vertical-horizontal penetration resistance of a pipe into undrained clay using 
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plasticity limit analysis and numerical finite element modelling (Aubeny et al., 2005; 

Randolph and White, 2008; Martin and White, 2012). Other studies have extended these 

theoretical solutions for plastic penetration to model the full non-linear penetration and 

extraction response, including hysteretic effects (Aubeny and Biscontin, 2009; Randolph and 

Quiggen, 2009) (Figure 1a). A limited range of experimental studies have been used to 

validate these models, through short term cyclic loading (Bridge et al., 2004; Aubeny et al., 

2008). Recent work has focussed on calibrating the reduction in stiffness caused by 

remoulding in the first few tens of movement cycles (Aubeny et al., 2015). In addition, three-

dimensional simulations of a catenary riser touchdown zone have been performed at various 

scales, yielding bending moment profiles through the TDZ (Bridge and Willis, 2002; Hodder 

and Byrne, 2010; Elliot et al., 2014; Wang et al., 2014) 

Current prediction models for riser-seabed interaction do not explicitly incorporate the 

strength properties of the seabed soil to quantify the resistance to cyclic motion of the riser. 

Instead, they define an initial penetration resistance curve linked to the intact strength, and a 

level of degradation of the resistance is selected for cyclic motions, but not from the 

remoulding properties of the soil.   

The seabed strength can also rise following disturbance. This is due to reconsolidation as the 

remoulding-induced excess pore pressures dissipate. This effect has been previously 

quantified via cyclic T-bar penetrometer tests (White and Hodder, 2010) and small-amplitude 

vertical cyclic riser tests (Hodder et al. 2009). Estimates of the timescale required for pore 

pressure dissipation around a shallowly-embedded pipe can be made using the solutions given 

by Krost et al. (2011) and Chatterjee et al. (2013). 

A second effect that is not included in current riser-seabed interaction models is the influence 

of out-of-plane motions. These motions are not directly relevant to fatigue, since the fatigue 

life is usually controlled by the top and bottom fibres of the riser pipe, which are loaded 
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through in-plane motions. However, out-of-plane motions may affect the in-plane vertical 

riser-seabed stiffness, through the interaction of the vertical and horizontal seabed loading 

(Martin and White, 2012). Current steel catenary riser (SCR) touchdown models are based on 

analyses and experiments involving purely vertical loading and movement, although some 

experiments have studied large lateral movements into trench walls (Oliphant et al., 2009). 

To advance the understanding of catenary riser touchdown modelling, the specific aims of this 

experimental study are: 

1. To quantify the relative influences of remoulding and reconsolidation on the cyclic 

vertical riser-seabed response, for realistic long-term durations of loading. 

2. To quantify the effect of small amplitude out-of-plane movements on the cyclic 

vertical riser-seabed response. 

Figure 1(b) shows the notation for the present study. 

MODEL SEABED PROPERTIES 

The model seabed used in the experiment was kaolin clay, normally consolidated from slurry 

in the UWA beam centrifuge at an acceleration of 50g. A piezoball penetrometer with a 

diameter of 15mm at model scale (750 mm at prototype) was used to measure the intact and 

remoulded soil strength (Figure 2a). The undrained soil strength was back-calculated based on 

the net resistance, q, and a bearing factor of 10.5 (Martin and Randolph, 2006). The intact soil 

strength, su, increased linearly with depth at a rate of 0.9 kPa/m (in prototype depth units) over 

the depth range of interest, with negligible intercept at the mudline. Rapid undrained cycles 

were performed with the piezoball fully embedded in the soil to determine the profile of 

remoulded strength, su,rem, which is fitted by a gradient of 0.32 kPa/m, corresponding to a 

sensitivity of St = su/su,rem = 2.5 (Figure 2(b)). 

A consolidation coefficient of cv = 2.6 m2/year, based on previous testing (Acosta-Martinez et 
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al. 2012), has been used throughout the interpretation of this test programme in the analysis of 

consolidation. Based on post-test water content measurements, the mean effective unit weight 

over the depth of interest (to 3m depth) was 6 kN/m3. 

MODEL PIPE 

During each test a rigid model pipeline was cyclically penetrated into the model seabed. The 

pipeline was 20 mm in diameter and 120 mm long at model scale, or 1 m in diameter at 

prototype scale. The length to diameter ratio of 6 is sufficient to neglect end effects (Chung et 

al. 2006). 

Figure 3(a) shows the model pipe assembly and the attached vertical load cell. Due to the low 

soil strength, accurate measurement of the pipe-seabed resistance is of great importance. 

Although the vertical load cell is zeroed at the exact original mudline before each test, 

additional corrections are still needed to identify the different components of resistance. The 

measured vertical load (F) includes soil buoyancy (Fbs), water buoyancy (Fbw) and the force 

caused by the change in the radial position of the pipe assembly within the centrifuge 

acceleration field (Fr): 

bs bws rF F F F F     (1) 

where the soil resistance (Fs) and the soil buoyancy (Fbs) together constitute the geotechnical 

resistance (Fg): 

bsg sF F F   (2) 

The buoyancy force from the soil and water depend on the pipe elevation relative to the 

mudline, which itself changes in elevation (Figure 3(b)). For sections of the pipe assembly 

that are above the mudline (Vsub), water buoyancy causes upward resistance; for sections 

below the mudline (Vemb), there is additional soil buoyancy. The relative elevation of the pipe 
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assembly and the mudline determine the submerged volume (Vsub) and embedded area (Vemb).  

Figure 4(a) shows the sizes of all sections of the assembly, including the loadcell, connector, 

shaft and pipe, where D and L are respectively the pipe diameter and length. The individual 

components of resistance are defined as follows: 

(1) Soil buoyancy force Fbs 

The soil buoyancy force is the submerged weight of the displaced soil, which is the product 

of the effective unit weight (γ′) and the volume of the embedded segment (Vemb): Fbs = γ′Vemb. 

The profile of effective unit weight with depth was established from moisture content 

measurements determined from core samples taken in undisturbed regions of the sample after 

testing. 

(2) Water buoyancy Fbw 

The water buoyancy force is the product of the water unit weight γw and the volume of both 

the submerged and embedded sections: Fbw = γw (Vsub+Vemb). As the load cell is zeroed at the 

original mudline, only the change in submerged volume is required, which is determined by 

the vertical displacement relative to the mudline.  

(3) Effect of spinning radius Fr 

With vertical displacement of the pipe assembly, there is a change in the radial position in 

the acceleration field,  which changes the g level and the simulated self-weight. If r1 is the 

effective radius (giving the required 50g), as the pipe moves from r1 to r2, the change of g 

level is ω2(r2-r1) (Figure 4b). Fr can be calculated by the product of the mass of the segments 

below the load cell and the change of g level.  

The Fr and Fbw components have been subtracted from the measured loads to separate out the 

geotechnical resistance, which is the resistance applicable to the field situation. 
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TEST PROGRAMME 

A set of nine tests composed of three groups was performed. The groups involved different 

types of vertical cycling:  

 Group 1: Cycles between lower and upper displacement limits with the upper limit 

above the original mudline (‘surface-breaking’ tests). 

 Group 2: Cycles between lower and upper displacement limits, with the pipe 

remaining embedded within the soil (‘embedded’ tests). 

 Group 3: Cycles between a specified downward load (setting the lower displacement 

limit of each cycle) and an upper displacement limit above the mudline (‘load-

controlled’ tests). 

Within each group, three tests were performed. The first test involved zero lateral movement 

whilst the other two tests involved different levels of horizontal cyclic displacement in a 

sinusoidal pattern superimposed on the vertical movement. The lateral movement were 

relatively small in amplitude (up to +/-0.1D) and increased the displacement path length by up 

to 4.25%. The key parameters and test identifiers are summarised in Table 1. 

The displacement inputs to the Group 1 and Group 2 tests are shown in Figure 5. The two 

groups reached the same maximum embedment, but the displacement range was only 1.5D in 

Group 2 meaning that the pipe remained embedded at the upper limit, preventing free water 

from becoming entrained in the seabed soil. In contrast, water entrainment could occur in 

each cycle during the Group 1 tests as the pipe entered and exited the soil. 

During the Group 3 tests the upper limit of the cycles was fixed at a specified displacement of 

1D above mudline, but the lower limit was defined by a load limit of F/DL = 10 kPa. The use 

of a load limit allows the process of two-dimensional trench evolution to be modelled, with 

the displacement reached in each cycle being controlled by the changing soil strength and 
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trench depth. The Group 3 test variations used the same superimposed pattern of horizontal 

sinusoidal movements. 

In all tests the vertical pipe velocity was set at 2.5 mm/s (model scale), or 0.125D/s. 

RESULTS: FIRST PENETRATION AND REMOULDING BEHAVIOUR 

Fixed-amplitude tests (Group 1 and Group 2) 

The vertical geotechnical resistance (Fg) in selected cycles is shown in Figure 6 (Group 1) and 

Figure 7 (Group 2). These results are compared with theoretical predictions and the effects of 

horizontal movement, water entrainment and trench evolution are highlighted in the 

discussion. 

The soil resistance, Fs, has been calculated from the intact and remoulded strength profiles 

and the bearing factors given by Tho et al. (2012), which vary with depth depending on the 

strength ratio, su/D. For this soft normally-consolidated strength profile a deep bearing 

factor of 10.5 is reached within 1.5 diameters of penetration. The soil buoyancy, Fbs, has 

been calculated based on Archimedes’ principle, as outlined by Equation 2 and the subsequent 

discussion. 

The theoretical calculation using the intact strength shows good agreement with the initial 

purely vertical penetration. The vertical resistance concurrent with horizontal movement is 

over-estimated typically by 10%, indicating the slight influence of combined vertical-

horizontal loading, for the superimposed small-amplitude cycles. 

The theoretical calculation using the remoulded strength profile indicates the significant 

influence of soil buoyancy. This component of resistance is equivalent to a bearing pressure 

of F/DL  5 kPa when the pipe is fully embedded. The calculated profiles of penetration and 

extraction resistance are offset downwards to replicate the observed trench development, as 
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indicated by the depth at which penetration resistance is first registered.  

Compressive (upwards) soil resistance is measured during most of the upwards pipe 

movement in the 200th cycle. This indicates that the soil buoyancy exceeds the resistance 

caused by the soil strength. Calculations using the remoulded strength profile give slightly 

higher penetration and extraction resistance compared to the measurements after 50 and 200 

cycles. This indicates that a greater reduction in soil strength occurs around the oscillating 

pipe, compared to the cycling of the fully-embedded ball penetrometer (Figure 2(b)), and this 

can be attributed to water entrainment in tests of Group 1.  

In contrast, for the embedded tests that do not allow water entrainment, the penetration and 

extraction resistance after 50 and 200 cycles is predicted well using the remoulded soil 

strength, coupled with the soil buoyancy term (Figure 7). As for the surface-breaking tests, the 

small amplitude horizontal cycles cause a slight reduction in vertical penetration resistance. 

The cyclic evolution of penetration resistance at a depth of z/D = 2 is shown in Figure 8 in 

normalised form as Fs/Fs0 where Fs0 is the soil strength resistance during the initial 

penetration. For all tests there is an initially rapid reduction in resistance, matching the cyclic 

ball penetrometer test, to Fs/Fs0  0.4 (i.e. 1/St). For the embedded tests the resistance then 

remains constant, but for the surface-breaking tests there is a slower continuous fall in 

resistance due to water entrainment and the deepening of the trench (reducing the effective 

depth of soil at z/D = 2). 

In summary, conventional bearing capacity theory gives good predictions of the initial 

penetration resistance, which is to be expected given that the strength profile has been derived 

using a penetrometer that creates a flow-round failure mechanism similar to the pipe. In 

addition, the penetration and extraction resistance after a short period of cycling can be 

accurately predicted using the remoulded strength from a cyclic penetrometer test, for cycles 
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of riser movement that do not break the soil surface. For surface-breaking cycles the 

resistance is further reduced by water entrainment. In all cases the soil buoyancy force is the 

significant component of the vertical resistance. 

Load-controlled tests (Group 3) 

The results from key cycles during the early phase of the load-controlled tests are shown in 

Figure 9. In these tests the vertical limit of each cycle is set by the load limit of F/DL = 10 

kPa (which corresponds to Fg  8 kPa). The reduction in soil strength due to remoulding leads 

to a progressive increase in the embedment reached during each cycle. Over the first 100 

cycles, soil softening is evident and the penetration and extraction resistance of the 100th cycle 

is symmetric about the soil buoyancy profile. As for the Group 1 tests, the remoulded strength 

leads to a slight over-prediction of the resistance, reflecting the additional influence of water 

entrainment. 

The lateral cycles cause a slight increase in the rate of embedment with cycles, with tests 

L24H2 and L24H4 (involving lateral cycles) reaching a depth of z/D = 1.5 by cycle 100 

whilst test L24  (no lateral cycles) reaches only z/D = 1.3 by cycle 100. 

RESULTS: RECONSOLIDATION 

Reconsolidation mechanism 

The load-controlled tests continued for a greater period of time than the displacement-

controlled tests, and identified a further important feature of soil behaviour. The seabed 

resistance increased during the later cycles causing the depth at which the vertical load limit 

was reached to reduce, as shown for cycle N = 1000 compared to N = 100 in Figure 9. 

This behaviour reflects reconsolidation of the soil due to dissipation of the excess pore 

pressure created by the remoulding process. The principal cause of the strength reduction 

during cyclic remoulding around a pipe or penetrometer (in the absence of water entrainment) 
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is the generation of positive excess pore pressure. This is only a transient effect, and after the 

pore pressure has dissipated the soil is densified and thus has a higher undrained strength. 

This behaviour can be captured by simple critical state models, as illustrated by White and 

Hodder (2010) for cyclic T-bar tests with intervening periods of consolidation. 

Changes in moisture content 

The increase in density caused by reconsolidation was identified from moisture content 

measurements taken in the test footprints after the full test program was completed (Figure 

10). These measurements were taken from 20 mm diameter piston samples removed from 

each footprint. A reduction in moisture content was identified in all of the footprints, although 

the load-displacement responses indicate that reconsolidation did not occur in the Group 1 and 

Group 2 footprints until after the tests were complete. The reconsolidation process causes a 

net reduction in moisture content, even though any water entrainment during the tests creates 

an increase. 

A moisture content profile was also taken remote from the test footprints to identify the initial 

conditions. These results have been combined with the soil unit weight profile to construct a 

one-dimensional normal compression line for the in situ soil (in v-logv space), defined by 

the specific volume (corrected for the swelling that would have occurred when the sample 

cores were taken at 1g) and the in situ vertical effect stress, v = z (Figure 11). The v-v 

data points derived from the footprint moisture content profiles over the zone of pipe 

penetration lie below the NCL, and close to the CSL established for UWA kaolin. This is 

consistent with a prior stress path involving undrained failure (thus moving to the left from 

the NCL), followed by reconsolidation along a reload line, leading to contraction. 

Effect of reconsolidation on seabed stiffness 
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The load-controlled tests were continued for a total of 3000 cycles, which corresponds to a 

dimensionless time of T = cvt/D2  12. For comparison, the dimensionless period for 90% 

dissipation around a pipe resting under constant load at an embedment of z/D = 0.5 is T90  2 

(Gourvenec and White, 2010). This corresponds to a period of 70 days for a typical SCR in 

the field (assuming D = 0.5 m, and cv = 2.6 m2/year, which is reasonable for deepwater clays, 

as well as being applicable for the present study). The duration of the load-controlled tests is 

therefore relevant for an SCR in the field, which may remain at the same seabed location for a 

comparable or greater period of time. 

The evolution of the trench depth and the maximum penetration depth (i.e. where F/DL = 10 

kPa was reached) with cycles and dimensionless time are shown in Figure 12. Separate 

subplots are used for the early cycles (up to N = 100) and the full test. During the first 100 

cycles the penetration depth increases and then stabilises, consistent with the remoulding 

process observed in the other tests. However, in the subsequent cycles the trench depth 

continues to increase but the maximum penetration depth reduces. This reflects an increase in 

the strength of the seabed soil, due to reconsolidation. The reconsolidation – which causes a 

reduction in moisture content – also drives the increase in trench depth, because the soil 

contraction causes the seabed surface to settle.  

This convergence of the maximum depth and the trench depth causes a sharp rise in the 

overall seabed stiffness seen by the riser during penetration. The evolution of this penetration 

stiffness, K = (Fg_max/DLw), is shown in Figure 13. This stiffness decays for the initial 100 

cycles (or until T  1), with an approximately two-fold reduction that is consistent with the 

remoulding process. However, the stiffness then rises steadily to reach a plateau of 

approximately twice the initial penetration stiffness in all three tests. 
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This final stiffness is approximately Fg/DLw = 25 kPa/m, during cycles with a displacement 

amplitude of 0.3 diameters. In contrast, the virgin penetration resistance of the seabed was 

10 kPa/m. 

The same trend is evident in the unloading stiffness, defined as shown in Figure 14. These 

results from test L24 show the evolution of the secant unloading stiffness, Ksec, during the first 

1D of the uplift stage of key cycles. During the first 100 cycles the unloading stiffness falls, 

mirroring the secant penetration stiffness and reflecting the remoulding process. The trends 

shown by this data reflect the short-term model tests results presented by Aubeny et al. 

(2015), as well as the calculation model they present. However, in later cycles the unloading 

stiffness rises, reflecting the reconsolidation process. This effect is not considered in current 

calculation models. 

Discussion 

The observed trend of increasing seabed stiffness with time due to consolidation is consistent 

with previous model tests involving very small-amplitude vertical riser cycles (Hodder et al., 

2009). This previous study, also involving centrifuge model test with kaolin clay, observed a 

significant rise in the small-amplitude riser-seabed stiffness due to consolidation processes 

following an initial phase of softening due to remoulding.  

Overall, it appears that both the small-amplitude stiffness and the overall penetration 

resistance of soft normally-consolidated seabeds can be significantly affected by 

reconsolidation processes. These processes occur over a time period that is a small fraction of 

the period involved in fatigue assessments, so the post-reconsolidation state is likely to govern 

the fatigue accumulation.  

Previous work to calibrate riser TDZ models has focussed on the initial remoulding process, 

driven by observations in large scale tests involving a few tens of undrained cycles. In 
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contrast, the present results, and those of Hodder et al. (2009), achieve more realistic long-

term prototype time scales through the scaling provided by centrifuge model tests. These 

results show that the stiffness reduction caused by the remoulded process can be entirely 

erased by reconsolidation effects. Instead, the long term fatigue of SCRs may be controlled by 

levels of soil stiffness that are higher – thus more onerous – than would be estimated from the 

intact soil strength, rather than the more tolerable remoulded values that recent research has 

focused on establishing. 

An important future task is to explore the influence on these processes on soil type, and the 

effect of the slight levels of over-consolidation commonly apparent in the field. 

CONCLUSIONS 

The centrifuge model tests performed in this study provide insights associated with long term 

riser-seabed behaviour that cannot be gained from large scale tests in a practical timescale. 

The time scaling of centrifuge tests allows the consolidation levels relevant to field-scale 

fatigue processes to be properly replicated. 

Two key conclusions from this work contribute to the understanding of seabed stiffness. 

Firstly, it is confirmed that bearing capacity theory allows accurate scaling from cyclic 

penetrometer tests – capturing both intact and remoulded soil strengths – to large-amplitude 

cyclic riser-seabed interaction forces. The model tests responses over the first few tens of 

cycles are accurately predicted, although for surface-breaking cycles the water entrainment 

effect causes a further reduction in the operative soil strength to below the remoulded value. 

The importance of including soil buoyancy in the analysis is highlighted, and in some cases it 

is shown that the soil buoyancy force can exceed the resistance from the soil strength. 

The second key conclusion is that the dissipation of excess pore pressures created by the 

disturbance and remoulding of the movement cycles leads to a significant recovery of soil 
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strength. In the long term, this consolidation effect can wholly erase the degradation of 

strength associated with the remoulding and water entrainment processes, causing the seabed 

stiffness to exceed the initial state. This effect can be captured by simple critical state models 

for normally-consolidated soil, and mirrors similar observations from other processes 

involving shearing events interspersed with consolidation periods. These observations suggest 

that current design practice for the estimation of riser-seabed interaction forces – which 

discounts the soil stiffness to reflect the remoulding process –overlooks an significant effect 

that raises the seabed stiffness, and potentially also reduces the fatigue life.  
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Notation list 

cv         consolidation coefficient 

D      pipe diameter  

F      vertical load  

Fbs       soil buoyancy 

Fbw     water buoyancy 

Fr      force caused by the change in the radial position of the pipe assembly 

Fs      soil resistance  

Fbs      soil buoyancy  

K       penetration stiffness 

Ksec         secant unloading stiffness 

L        pipe length 

m        trench depth (position of current mudline) 

N        cycle number 

r        effective spinning radius 

St        soil sensitivity 

su           undrained soil strength 

su,rem        remoulded undrained soil strength 

T        consolidation time factor 

Vsub      volume of sections of pipe assembly above the mudline 

Vemb        volume of sections of pipe assembly below the mudline  

w        (pipe embedment depth) 

z        depth from the original mudline 

       in situ vertical effect stress 

γ′        effective soil unit weight  

Notation List



γw       water unit weight  

v        specific volume 

ω        angular velocity 

 



Table 1. Summary of test parameters 

Group Test ID Upper cyclic 

limit 

Lower cyclic 

limit 

Horizontal cyclic amplitude 

1 

V80 

w/D = -1 w/D = 3 

0 

V80H2 
+/-0.05D (2.42% longer 

path) 

V80H4 +/-0.1D (2.42% longer path) 

2 

V30 

w/D = 1.5 w/D = 3 

0 

V30H2 
+/-0.05D (2.42% longer 

path) 

V30H4 +/-0.1D (4.25% longer path) 

3 

L24 

w/D = -1 F/DL = 10 kPa 

0 

L24H2 
+/-0.05D (2.42% longer 

path) 

L24H4 +/-0.1D (2.42% longer path) 
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