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Cyclic Response of a Stiffened Suction Caisson Anchor in Calcareous Silt  

ABSTRACT 

The offshore industry attempts to extend the application of suction caisson anchors in 

calcareous seabed sediments. However, there are very little data exist on the performance of 

caisson in calcareous soils. The aim of this paper is to provide insight into the behaviour of a 

stiffened caisson anchor under cyclic operational loading in lightly overconsolidated 

calcareous silt. A series of model tests were carried out in a beam centrifuge, varying the 

mudline load inclination at 0, 20, 40. In each cyclic loading test, three episodes of loading 

were applied, varying mean load (average load in proportion to the corresponding monotonic 

capacity) as 30%, 50% and 70%, while the amplitude (defined as the maximum variation 

from the average load) and number of cycles for each episode kept constant at 20% and 50%, 

respectively, and then loaded monotonically. The accumulated displacement and negative 

excess pore pressure at the trailing side of the skirt tip increased, particularly from the second 

episode of cyclic loading, with decreasing mudline load inclination angle. The ratio of post-

cyclic monotonic capacity to pure monotonic capacity reduced as 1.20, 1.01, and 0.90, with 

changes of excess pore pressure and effective stress dominating the behaviour for high load 

inclination angle and cyclic degradation for low load inclination angle. Comparing the results 

to the performance of other foundations and anchors, it was found that post-cyclic monotonic 

capacity depends heavily on the embedment depth of the object along with load/mooring 

inclination, cyclic load amplitude, and seabed material. 

 

KEYWORDS: anchors; calcareous soils; clays; centrifuge modelling; failure; offshore 

engineering  
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1 INTRODUCTION   

Suction caissons have been proven as a cost effective alternative to more traditional anchoring 

solutions such as piles and drag anchors. In addition to use as anchors for floating facilities, 

e.g. floating production systems, tension leg platforms, SPAR platforms; they are also used 

for pipeline manifolds, and as the foundation for riser towers. They will be equally applicable 

to emerging concepts such as floating liquefied natural gas (FLNG) facilities, floating 

turbines. 

Suction caissons are large diameter steel cylinders, open ended at the bottom and closed at the 

top, typically 3~30 m long and with an aspect ratio (length to diameter ratio, L/D) in the range 

2~7. The caisson is installed by pumping water from inside the caisson after it is allowed to 

penetrate under its self-weight. The difference between the hydrostatic water pressure outside 

the cylinder and the reduced water pressure inside provides a differential pressure, or suction, 

that acts as a penetration force. The padeye of the installed caisson is linked to the floating 

facility by a mooring line (chain). Operational loadings are commenced after a set-up period, 

during which the soil regains strength. Loading angle (and padeye position) is critical and 

varies with mooring type. For catenary and taut leg mooring the padeye remains below the 

seabed and the mooring angles at the mudline are respectively 10°~25° and 30°~60° to the 

horizontal. The installed caisson is subjected to (i) monotonic tension loading at an angle 

imposed by the mooring line, and (ii) short and long term cyclic loading of variable amplitude 

and frequency from wind and waves, with a higher intensity during storm (e.g. Wang et al., 

2010). 

Suction caisson response under monotonic loading have been explored through field trials, 

model testing, and numerical analyses. The majority of them were on clayey seabeds (e.g. 

Andersen and Jostad, 2002; Clukey and Phillips, 2002; Dendani and Colliat, 2002; Randolph 
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and House, 2002; Aubeny et al., 2003a, 2003b; Andersen and Jostad, 2004; Jeanjean et al., 

2006; Zhou and Randolph, 2006; Chen and Randolph, 2007; Vásquez et al., 2010; Gaudin et 

al., 2014; Zhou et al., 2016). The influences of cyclic loading episodes on the performance of 

suction caissons in clay have been explored by e.g. Clukey et al. (1995); El-Gharbawy and 

Olson (1999); Chen and Randolph (2007); Anderson (2015); Guo et al. (2018). As such, 

suction caissons are now a mature product in clay, with well-developed analysis procedures. 

More than 500 caissons (as of 2005) have been installed around the world mostly in clayey 

seabeds in water depths to nearly 2000 m (e.g. the Gulf of Mexico, North Sea, offshore West 

Africa and Brazil; Andersen et al., 2005). 

For calcareous soils, which are prevalent in sub-tropical areas of the world, particularly in the 

oil- and gas-producing offshore regions of Australia, only a few sporadic investigations have 

focused on the behaviour of suction caisson anchors (Randolph et al., 1998; Watson and 

Randolph, 1997). As such, there are no corresponding design guidelines. So far, only a few 

suction caissons have been installed in calcareous seabeds. For instance, nine anchors were 

installed for mooring an FPSO in calcareous very silty clay/clayey silt at the Laminaria field, 

in the Timor Sea. Erbrich and Hefer (2002) highlighted that, for those anchors, the calculation 

methods established for clay significantly overestimated the actual installation resistance i.e. 

the methods are not applicable for calcareous fine-grained soils.   

The motivation of this study has emanated directly from the need identified by the offshore 

industry in an attempt to extend the application of suction caisson in calcareous sediments. 

Estimation of caisson behaviour in calcareous deposits, both during installation and operation, 

is identified as problematic. This is due to the special characteristics such as high carbonate 

content (70~95%), high compressibility, strong rate dependency, and dilation after a phase 

transition (Mao and Fahey, 2003; Coop et al., 2004; Sharma and Ismail, 2006; Boukpeti and 

White, 2011; Miao and Airey, 2013). These factors may potentially affect all the resistance 
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components including mobilised end bearing, operational shear strength, friction factor, and 

caisson-soil interface behaviour. Critically, under cyclic loading, the characteristics of 

calcareous sediments may heavily influence the response (e.g. Mao and Fahey, 2003). 

Very recently, Koh et al. (2017) presented an extensive series of model testing on a stiffened 

suction caisson in calcareous silt. Calculation methods have been established for assessing 

caisson installation, influence of set-up period, and performance under monotonic loading. 

For cyclic loading, this paper provides a somewhat first step reporting centrifuge test data on 

a stiffened caisson in lightly overconsolidated calcareous silt. To explore the effect of object 

embedment depth, soil type and strength profile; the performance of the suction caisson 

anchor in calcareous silt from this study has been compared with the response of suction 

caisson anchor, dynamically installed fish anchor, plate anchor and spudcan foundation in 

calcareous silt and clay. 

2 CENTRIFUGE MODELLING    

2.1 Experimental Program  

The experimental program was carried out at 200 g in the beam centrifuge at the University of 

Western Australia (Randolph et al., 1991). It has a swinging platform radius of 1.8 m with a 

nominal working radius of 1.55 m. The platform supports a standard rectangular strongbox, 

which has internal dimensions of 650 × 390 × 325 mm (length × width × depth), representing 

a prototype test bed of up to 130 × 78 × 65 m (length × width × depth) at 200g.  

2.2 Model Caisson  

A model stiffened caisson of 40 mm diameter, 120 mm skirt length, 0.4 mm wall thickness (D 

= 8 m, L = 24 m, t = 0.08 m in prototype scale) was machined from a single piece of 

duraluminium. The model was featured by five 2.5 × 1-mm inner ring stiffeners spacing 

equally at 20 mm from center to center, with the bottom-stiffener center at a distance of 20 
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mm from the skirt tip, as summarised in Figure 1 and Table 1. The geometry and dimensions 

were selected based on the suction caissons used in offshore Angola (Colliat et al., 2007). The 

padeye was located at approximately 0.7L below the caisson lid invert, as was suggested by 

Randolph and House (2002) and others to achieve the optimum capacity under nearly zero 

mudline load inclination. 

A syringe pump attached on one of the sides of the strongbox was connected to the caisson lid 

through a tube to apply suction. The lid was also consisted of a one-way valve that allowed 

for egressing water during jacking installation and then shutting during suction installation 

and loading. Two pore pressure transducers (PPTs) were set at the lid invert and skirt tip of 

the model caisson.  

2.3 Sample Preparation and Characterisation   

The test sample of calcareous silt (average particle size d50 = ~3 μm; clay content of 30%; the 

geotechnical properties given in Table 2) was prepared through in-flight consolidation at 

200g. The top 2 mm of the consolidated sample was scraped to obtain (i) a flat testing surface, 

and (ii) a shear strength intercept at the surface > 0 kPa. The final thickness of the sample was 

~200 mm (40 m in prototype scale).  

The undrained shear strength of the lightly overconsolidated sample was deduced from 

miniature T-bar (5 mm in diameter and 20 mm long) and piezocone (10 mm in diameter) 

penetration tests. The T-bar and piezocone were penetrated and extracted at v = 1 and 1.15 

mm/s, respectively, giving a dimensionless velocity V = vDep = cv ∼ 300 > 30 (where the 

average coefficient of consolidation over the penetration distance cv = 1.2 m2/year obtained 

from separate consolidation tests), ensuring undrained conditions (Finnie and Randolph 

1994). The deduced strength profile can be idealised as su = 1.5 + 1.7z kPa (where z is in m, 

prototype scale). The cyclic T-bar tests indicated the sensitivity of the soil as St = 4.5~5.0.  

Effective unit weight profiles derived from the water content measurements increased linearly 
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with sample depth according to γ = 5.9 + 0.03z kN/m3. The internal friction angle of  = 38o 

was determined from a separate series of triaxial tests. Further details can be found in Koh et 

al. (2017). 

2.4 Caisson Testing Procedure   

The caisson was installed in-flight by jacking followed by applying suction, and then a 

reconsolidation period of 12 months (in prototype scale) was permitted before loading. For 

monotonic loading tests (tests M1 ~ M3; Table 3), as were reported by Koh et al. (2017), a 

constant loading rate of v = 0.4 mm/s was adopted with V = vD/cv  ~ 420 > 30, which was 

sufficient to ensure undrained conditions (Finnie and Randolph, 1994).  

For cyclic loading tests (tests C1 ~ C3; Table 3), the mean load (FM) and amplitude (FA) of 

the cyclic loads were specified as proportions of the maximum capacity measured in the 

corresponding reference monotonic loading test (Fmon). The mean load refers to the average 

load imposed on the anchor during the cyclic loading sequence, whilst the cyclic load 

amplitude is defined as the maximum variation from this average load. Each cyclic load test 

involved an initial monotonic loading state using the displacement-controlled system at 0.4 

mm/s before starting the cyclic loading episodes. Three episodes of cyclic loadings were then 

applied using the load-controlled system as (see Figure 3): (i) episode 1: FM = 30% (FA = 20%, 

meaning the cyclic loading was applied between 10% and 50% of the monotonic capacity) up 

to around 50 cycles; (ii) episode 2: FM = 50% (FA = 20%, meaning the cyclic loading was 

applied between 30% and 70% of the monotonic capacity) up to around 50 cycles; (iii) 

episode 3: FM = 70% (FA = 20%, meaning the cyclic loading was applied between 90% and 

50% of the monotonic capacity) up to around 50 cycles. The anchor was subsequently loaded 

monotonically using the displacement-controlled system at 0.4 mm/s to measure the post-

cyclic monotonic capacity.  
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The model anchor was subjected to one-way cyclic tensile loading only to represent mooring 

lines for single floating unit. The cyclic loading tests were performed using a sinusoidal wave 

form at a frequency of 0.25 Hz. This frequency was limited to ensure a good control of the 

load applied and the application of accurate cyclic sequences. 

3 RESULTS AND DISCUSSION   

3.1 Cyclic Loading Test Results 

3.1.1 Behaviour during cyclic loading 

Figure 3 shows the resistance profiles for both cyclic and corresponding monotonic tests with 

different mudline load inclination (0 = 0, 20 and 40). The normalised loading resistance, 

F/Fmon (where Fmon from the corresponding 0 monotonic test) is presented as a function of 

normalised loading distance, U/D. The inclined loading distance, U, was measured from the 

displacement of the mooring chain attached to the loading padeye. The accumulated 

displacement, ΔU, was the measured displacement along the loading direction for each cycle 

added up. The resistance profiles before applying cyclic loading were consistent with the ones 

from monotonic loading. Clearly, the accumulated displacement during the cyclic loading 

episodes, more profoundly in the last episode, was higher or the resistance profile is steeper 

for lower 0. The ratio of the post-cyclic monotonic capacity, Fcyc (at the first peak during the 

post cyclic loading; see Figure 3), to Fmon also reduced with decreasing 0 as 1.20 (although 

the chain was parted, it was estimated based on the results presented in Figure 3), 1.01 and 

0.90 (for 0 = 40, 20 and 0).          

To provide more insight during the sequential cyclic loading episodes, the corresponding 

accumulated displacement and excess pore pressure are presented in Figure 4a and Figure 4b, 

respectively. It is evident from Figure 4a that accumulated displacement (U) increased with 

number of cycle, N, in a stronger rate for lower 0 (for each loading episode or FM), and in an 
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even stronger rate for higher FM. The very steep or sharp response for 0 = 0 (test C1) in the 

last cyclic loading episode with FM = 70% (or cyclic loading between 90% and 50% of the 

monotonic capacity) indicates that a gap was formed between the outer upper trailing part of 

the caisson and the adjacent soil. 

Figure 4b shows that the induced negative excess pore pressure at the caisson tip, utip, 

increased with increasing FM and decreasing 0. This led to an increase in effective stress and 

hence shear strength. It should be noted that the pore pressure transducer was located on the 

opposite side of the padeye. In each loading cycle, a rotation towards the direction of the 

padeye led to increase negative excess pore pressure and the reverse allowed for reducing 

that. Intuitively and from Hodder et al. (2013), repeated undrained shearing due to cyclic 

loading generated positive excess pore water pressure in the soil in the front side of the 

caisson, which would have reduced the effective stress, and therefore reduced the strength of 

the soil.  

In each loading episode, the negative excess pore pressure tended to dissipate, which was 

more profound for FM = 70% (i.e. in the last episode). This specifies that a degree of partial 

reconsolidation took place. For instance, the accumulated displacement after total 150 cycles 

(the total duration is 600 s in model scale) for test C1 (0 = 0), C2 (0 = 20) and C3 (0 = 

40) was 4.06, 2.78, and 1.17 m respectively (see Figure 4a), leading to an equivalent 

normalised velocity V = vDA/cv of 4.42, 2.93 and 1.5. All the normalised extraction velocities 

fell within the range of partially drained conditions of 0.1 ~ 10, as suggested by Han et al. 

(2016), indicating reconsolidation occurred during the cyclic loading episodes. This trend is 

consistent with previous studies (Randolph and Hope, 2004; Lehane et al., 2009; Andersen, 

2015; Colreavy et al., 2016). In addition, for  = 0, negative pore pressure tended to drop 

remarkably in the last episode (FM = 70%) after forming the gap between the outer upper 

trailing part of the caisson and the adjacent soil and hence shortening the drainage path.    
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This dissipation of negative excess pore pressure reduced effective stress and hence 

augmented soil strength to some degrees at the rear side of the caisson. The dissipation of 

positive excess pore pressure in the front side would have allowed the soil strength to recover. 

The generation of excess pore pressure was remarkably low for 0 = 40 (test C3), and in each 

episode it dissipated at a faster rate from the beginning, leading to steeper capacity and higher 

Fcyc/Fmon. This is because the rotation of the anchor led to (i) require less applied load for 

identical displacements, (ii) provide shorter drainage path in the loading (or soil deformation) 

direction. The resultant soil strength augmentation for 0 = 40 was remarkably higher. 

The inducement and changes of negative excess pore pressure at the caisson lid invert, ulid, 

are shown in Figure 4c. The overall trend is consistent to utip in Figure 4b.     

3.1.2 Post-cyclic capacity 

Generally, the change of an anchor capacity during or after cyclic loading is usually evaluated 

according to 

(%)  100
F

FF
R

mon

moncyc

c 


             (1) 

where Rc is named as capacity ratio, Fcyc and Fmon are the anchor capacity under post-cyclic 

loading monotonic and pure monotonic loading, respectively. The increase of capacity was 

caused by the inducement and changes of excess pore pressure, and hence effective stress and 

soil strength during the partially drained cyclic loading episodes, as noted previously. 

However, large amount of soil remoulding and accumulated displacement during the cyclic 

loading episodes (i.e. cyclic degradation effect or in other words disturbance of soil induced 

by cyclic loading that caused a decrease in soil strength) also have allowed for reducing the 

anchor capacity. During the cyclic loading episodes, the mobilised soil strength was affected 

by the changes in effective stress and accumulated cyclic degradation simultaneously. In this 



 

 11 

study, capacity ratio Rc reduced with reducing  as shown in Figure 3. For example, for  = 

40, the capacity was increased by 20%, which reduced to -10% for  = 0. It can be 

explained that the effects of cyclic degradation were dominant for low mudline inclination 

(e.g.   = 0), while dissipation of excess pre pressure and hence changes of effective stress 

dictated the behaviour for high mudline inclination (e.g.   = 40). For  = 20, both effects 

almost compensated each other (Rc = 1%). Mechanistically, the rotation of the anchor 

increased with increasing loading angle. This provided a shorter drainage path to the loaded 

soil, which expedited the dissipation of induced excess pore pressure. For  = 0, the gap that 

formed between the outer upper trailing part of the caisson and the adjacent soil also partly 

responsible for the ‘-ve’ Rc.     

3.2 Comparisons with Previous Cyclic Loading tests 

For comparison, the performance of some anchors and foundations under cyclic loading in 

clay and calcareous silt are summarised in Table 4, and schematically presented in the Figure 

5. For suction caissons under vertical cyclic loading (0 = 90), Clukey et al. (1995; D = 15 m, 

L/D = 2.0, FM and FA = 13.6~43.4%, N = 500 at each cyclic loading episode) and Chen and 

Randolph (2007; D = 3.6 m, L/D = 4.0, FM and FA = 22~47.5%, N = 50 at each cyclic loading 

episode) reported that the capacity in clay decreases, with capacity ratio Rc being -11~-39% 

and -14~-28%, respectively. This was due to the degradation of the strength of the soil 

surrounding the caisson during the cyclic loading and corresponding displacement of the 

caisson. In addition, a decrease in reverse end-bearing capacity owing to the loss of “passive” 

suction below the caisson prevented full end-bearing capacity to be developed at the caisson 

tip. In essence, for the suction caisson anchor with the lid at the soil surface (see Figure 5), 

shallow soil failure mechanisms (along with the potential for forming a gap behind the 

caisson for lateral loading) and cyclic degradation of the strength of the soil surrounding the 
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caisson and loss of passive suction or reduction of effective stress dominated the behaviour. 

Note, there is no vertical cyclic loading data for suction caissons in calcareous silt. 

In contrast, for a plate anchor and a spudcan foundation embedded deeply to a depth of three 

times the anchor width or spudcan diameter (Chen, 2017; Kohan et al., 2016; see Figure 5), 

the post-cyclic monotonic capacity has been found to be greater than the pure monotonic 

capacity in clay. For examples, the values of Rc has been reported as 10 ~ 27.9% for the plate 

anchor (Chen, 2017;0 = 45, FM = 45%, FA = 10~28%, N = 500; Table 4) and 50% for the 

spudcan (Kohan et al., 2016;0 = 90, FM = 35%, FA = 11~48%, N = 5000; Table 4). This 

increase of capacity was thought to be caused by the mobilisation of deep failure mechanisms 

around the deeply embedded plate anchor or spudcan (see Figure 5). In contrast to the suction 

caisson anchor, deep localised flow mechanism around the plate anchor and spudcan with no 

connection to the soil surface precluded any possible loss of the developed negative excess 

pore pressure (within short period of time) and hence reduction of effective stress. 

This is also consistent for a fish anchor dynamically embedded to 1.33 times the anchor 

length of 11 m in lightly over consolidated calcareous silt with su = 1 + 2.1z kPa (Chang et al., 

2019; see Figure 5). Single episode of cyclic loading was applied, and in this way three tests 

were performed varying FM = 35%, 50%, 65%; but maintaining FA = 15% and N = 200. The 

post-cyclic monotonic capacity of the embedded fish anchor in calcareous silt was in general 

higher than the pure monotonic capacity (Rc = 2~20%; except 1 test with FM = 50%, FA = 

25% and N = 200 where the anchor failed with Rc = -20%), meaning the changes in effective 

stress outweighed the effect of degradation in calcareous silt.    

For 0 = 0, Randolph et al. (1998) reported two series of cyclic tests for a suction caisson 

anchor (D = 5.5 m, L/D = 2.3) in: (a) normally consolidated calcareous silt with su = 2.2z kPa; 

and (b) overconsolidated calcareous silt with su = 15 + 1.25z kPa. For normally consolidated 
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silt, three episodes of cyclic loading were exerted, varying N = 100, 200, and 16 (the chain 

was parted after); FM = 35%, 45%, 55%; and FA = 25%, 35% and 45%, respectively. In this 

study, test C1 was conducted at 0 = 0 (lightly overconsolidated calcareous silt, su = 1.5 + 

1.7z kPa), and three episodes of cyclic loading were employed, varying FM = 30%, 50%, and 

70%, but keeping FA = 20% and N = 50 in each episode. Figure 6a shows the comparison in 

terms of normalised resistance, F/Fmon. Note, for the result from Randolph et al. (1998), the 

initial loading distance during the chain cutting through the soil was removed, and as such the 

response starts from 0 in the horizontal axis. Regardless of the variation in soil strength, 

caisson size, and cyclic loading parameters, the caisson responses are consistent, with the 

displacement rate increased markedly in the last cyclic loading episode. 

For overconsolidated calcareous silt, the caisson was experienced three episodes of cyclic 

loading; with FM = 27.5%, 37.5%, 42.5%; and FA = 22.5%, 32.5% and 37.5% (N = 100 in 

each episode). The displacement increased significantly in the last episode, and the anchor 

failed after 10 cycles of loading. Figure 6b displays the results in comparison with those from 

test C1. In contrast to the responses in normally and lightly overconsolidated calcareous silt, 

interestingly, the response in overconsolidated calcareous silt was ductile (see Figure 6b), 

with no sudden softening on the resistance profile. Randolph et al. (1998) concluded that this 

was because a gap opened up behind the caisson right from the start of failure, in both 

monotonic and cyclic loading tests.  

Chang et al. (2019) also carried out a lateral (0 = 0) cyclic loading test on the fish anchor 

embedded dynamically by 1.24 times the anchor length in lightly over consolidated 

calcareous silt with su = 1 + 2.1z kPa. Very similar to this study, three episodes of cyclic 

loading were exerted with FM = 35%, 50% and 65% (FA = 15%, N = 100). Figure 7a shows 

the comparison in terms of normalised resistance, F/Fmon. For the suction caisson anchor with 

the lid at the soil surface (see Figure 5), it was more susceptible to form a gap along the top 
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part of the anchor (and consequent reduction of effective stress) under 0 = 0 loading, while 

for the embedded fish anchor (see Figure 5), it was less likely the anchor trailing face was 

detached from the adjacent soil. As such, the post-cyclic monotonic capacity of the fish 

anchor was higher compared to the pure monotonic capacity, but that is lower for the suction 

caisson anchor.  

To provide more insight, the corresponding development and dissipation of negative excess 

pore pressure are plotted in Figure 7b. For the fish anchor, the negative excess pore pressure 

dissipated quickly after applying the first cyclic loading episode with FM = 35% and then 

became stable reflecting the balance between generation (by cyclic loading) and dissipation 

(by consolidation) of the excess pore pressure. However, for the suction caisson, the larger 

implied loading and displacement during the cyclic loading episodes resulted in the 

development of higher negative excess pore pressure. Interestingly, during post-cyclic 

monotonic loading, pore pressure rose again for the fish anchor due to diving. However, that 

decreased for the suction caisson due to moving towards the soil surface. For both cases the 

pore pressure transducer was located on the opposite side of the loading direction. It was not 

possible to capture the inducement and changes of positive excess pore pressure.    

A general understanding is that anchor/foundation capacity ratio (Rc) depends on mean load 

(FM), load amplitude (FA) and number of cycle (N). However, above comparisons indicated 

that the anchor/foundation embedment depth and load inclination are also crucial. 

Furthermore, Figure 8 shows the values of Rc for dynamically installed anchors (Richardson, 

2008; Chang et al., 2019) and suction caisson anchor from this study. It highlights that higher 

load amplitude (FA) and lower load inclination (o) led to reduce Rc (see Figure 8a). Figure 8b 

demonstrates that the effect of mean load (FM) on Rc is minimal (unless it is too close to Fmon). 

However, further tests are required to quantify the difference between Rc values in clay and 

calcareous silt. 
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4 CONCLUDING REMARKS 

A series of centrifuge tests were performed to assess the performance of a stiffened suction 

caisson anchor under cyclic loading, and to provide insight into the accumulation of 

displacement and evolution of excess pore pressure during cyclic loading episodes, in lightly 

overconsolidated calcareous silt. In each cyclic loading test, three episodes of one-way 

loading were applied varying mean load, but keeping amplitude and number of cycle 

constant. In addition, existing reports on the performance of suction caisson anchor, fish 

anchor, plate anchor, and spudcan foundation in clay and calcareous silt have been assembled 

and compared with the results from this study. The following conclusions can be drawn.  

1. The post-cyclic (three episodes) monotonic capacity for 40 mooring inclination was 

20% greater than the pure monotonic capacity, but that reduced to 1% for 20 

inclination and -10% for 0 inclination, meaning the values of capacity ratio Rc were  

20%, 1% and -10% as 0 decreased 40, 20, and 0. Dissipation of excess pore 

pressure and hence changes of effective stress dominated the behaviour for 0 = 40, 

and cyclic degradation for 0 = 0.     

2. Under vertical mooring inclination (0 = 90), the post-cyclic capacity of suction 

caisson anchors (with the lid at the soil surface) in clay was lower than the pure 

monotonic capacity, whereas that of embedded spudcan, plate anchor and fish anchor 

in clay and calcareous silt were higher compared to pure monotonic capacity. 

3. Under horizontal mooring inclination (0 = 0), the post-cyclic capacity of suction 

caisson anchors (with the lid at the soil surface) in normally consolidated, lightly 

overconsolidated, and overconsolidated calcareous silt were lower than the pure 

monotonic capacity, whereas that of the embedded fish anchor in calcareous silt were 

significantly higher compared to the pure monotonic capacity. In essence, the effect of 
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the anchor or foundation embedment depth was crucial. 

4. The effect of cyclic load amplitude was shown to be significant on the anchor capacity 

during and after cyclic loading.   
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NOTATION 

b          ring stiffener width 

cv   coefficient of vertical consolidation 

D   suction caisson diameter 

D50    average soil particle size 

dp   padeye depth 

eN   void ratio at p’=1 kPa on virgin consolidation line 

F          resistance  

FA   cyclic load amplitude 

Fcyc      resistance under cyclic loading  

FM   cyclic mean load 

Fmon        monotonic capacity  

Gs   specific gravity 

g   Earth’s gravitational acceleration 

h   ring stiffener height 

IP   plasticity index 

k    undrained shear strength gradient with depth 

L   caisson length 

LL   liquid limit 

N   number of cycle 

PL   plastic limit 
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Rc   capacity ratio  

St           soil sensitivity 

s           ring stiffener spacing (centre to centre) 

su    undrained shear strength 

t            caisson wall thickness  

tc   reconsolidation time 

U   loading distance 

V   dimensionless velocity 

v   object penetrating velocity 

Wd   caisson dry weight  

Ws         caisson submerged weight in water 

Wss        caisson submerged weight in soil 

w   distance of bottom stiffener base from caisson tip 

z   depth below soil surface 

U   accumulated displacement 

u   excess pore pressure 

ulid     excess pore pressure at caisson lid 

utip     excess pore pressure at caisson tip 

’   internal friction angle 

   slope of swelling line  

   slope of normal consolidation line
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a              padeye load inclination 

0              mudline load inclination  
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Table 1. Model and prototype caisson dimensions 

Dimension Symbol 
Model caisson 

Model Prototype (at 200g) 

Diameter D 40.00 mm 8.00 m 

Length L 120.00 mm 24.00 m 

Thickness  t 0.40 mm 0.08 m 

Aspect ratio  L/D 3.00 

Thickness ratio  D/t 100.00 

Ring stiffener width b 2.50 mm 0.50 m 

Ring stiffener height h 1.00 mm  0.20 m 

Ring stiffener spacing 

(centre to centre) 

s 20.00 mm 4.00 m 

Distance of bottom stiffener 

base from caisson tip 

w 19.50 mm 3.90 m 

Padeye depth dp 80.00 mm 16.00 m 

Dry weight Wd 1.50 N 12.01 MN 

Submerged weight in water Ws 1.00 N 8.05 MN 

Submerged weight in soil Wss 0.68 N 5.40 MN 
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Table 2. Main properties of calcareous silt (after Koh et al., 2017)  

Property Symbol Value 

Specific gravity Gs 2.67 

Internal friction angle  38o 

Void ratio at p = 1 kPa on virgin consolidation line eN 0.285 

Slope of normal consolidation line  0.165 

Slope of swelling line  0.015 

Liquid limit LL 72% 

Plastic limit PL 38% 

Plasticity index IP 34% 
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Table 3. Summary of centrifuge tests conducted 

Test 

Installation 

depth (m) 
Loading* 

 

Mudline load 

inclination, 

0 () 

Padeye load 

inclination#, 

a () 

Monotonic Cyclic Post-cyclic 

Fmon (MN) 

/ Fmon/Wd  

Mean load, 

FM 

(%) 

Amplitude, 

FA 

(%) 

Number 

of cycles 

at each 

loading 

episode, N 

U 

(m) 

Fcyc (MN) 

/ Fcyc/Wd 

Capacity ratio, 

Fcyc / Fmon 

M1 22.90 0 15 57.55 / 4.8 - - - - - 

- M2 23.00 20 32 47.40 / 3.95 - - - - - 

M3 23.00 40 40 41.59 / 3.47 - - - - - 

C1 22.90 0 15 - 

30 

20 

50 0.87 
52.12 / 

4.34 
0.9 50 50 1.01 

70 50 2.17 

C2 23.00 20 32 - 

30 

20 

50 0.68 
48.33 / 

4.02 
1.01 50 50 0.82 

70 50 1.28 

C3 23.00 40 40 - 

30 

20 

50 0.37 
45.80 / 

3.81 
1.10 50 50 0.39 

70 50 0.41 

*Time allowed for re-consolidation (set-up) after installation, tc = 12 months (prototype scale); 

#Calculated based on 0, assuming a catenary line, and according to Neubecker and Randolph (1995) 
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Table 4. Comparisons with previous cyclic loading tests  

Foundation type Soil 
0 

() 

FM 

(%) 
FA (%) N* 

Rc 

(%) 
Remarks 

Suction caisson Clay 

90 13.6 ~ 43.4 13.6 ~ 43.4 500 -11 ~ -39 

- Vertical loading 

- High FA 

- Clukey et al. (1995) 

90 22 ~ 47.5 22 ~ 47.5 50 -14 ~ -28 

- Vertical loading 

- High FA 

- Chen and Randolph (2007) 

Plate anchor Clay 45 45 10 ~ 28 500 10 ~ 27.9 
- Deep embedment depth 

- Chen (2017) 

Spudcan 

foundation 
Clay 90 35 11 ~ 48 5000 50 

- Deep embedment depth 

- Kohan et al. (2016) 

Dynamically 

installed anchor 

Clay 90 65 ~ 75 15  2 ~ 9 
- High FM 

- Richardson (2008) 

Calcareous silt 

0 

35/50/65 15 100 14 
- Cyclic load applied after keying 

- Chang et al. (2019) 
50 15 1000 19 

50 15 50 1 

90 

35, 50, 65 15 200 2 ~ 20 
- Cyclic load applied before keying 

- Chang et al. (2019) 
50 5 200 9 

50 25 200 -20 

Suction caisson Calcareous silt 
0 

35/ 

45/ 

55 

25/ 

35/ 

45 

100/ 

200/ 

16 

- 

- Normally consolidated soil 

- High FA 

- Chain was parted 

- Randolph et al. (1998) 

27.5/ 

37.5/ 

42.5 

22.5/ 

32.5/ 

37.5 

100 - 

- Overconsolidated soil 

- High FA 

- Anchor was failed during cyclic loadings 

- Randolph et al. (1998) 

0, 20, 40 30/50/70 20 50 -10 ~ 10 - This study 

*Note: N = number of cycle at each loading episode 
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Number of Figure: 8 

Figure 1. Suction caisson anchor: (a) Model stiffened caisson; (b) Schematic diagram  

Figure 2.   Schematic diagram of cyclic loading profiles 

Figure 3.  Resistance-distance profiles (tests M1~M3 and C1~C3; Table 3) 

Figure 4.  Results from cyclic loading tests (tests C1~C3; Table 3): (a) Accumulated 

displacement; (b) Excess pore pressure at caisson tip; (c) Excess pore pressure 

at caisson lid 

Figure 5.  Typical size and embedment conditions of offshore foundations and anchors: 

(a) Suction caisson; (b) Fish anchor; (c) Plate anchor; (d) Spudcan foundation 

Figure 6.  Comparison with previous caisson tests in calcareous silt: (a) Comparison with 

response in normally consolidated soil; (b) Comparison with response in 

overconsolidated soil 

Figure 7.  Comparison with dynamically installed anchor tests in calcareous silt: (a) 

Resistance-distance profile; (b) Excess pore pressure profile 

Figure 8.  Effect of cyclic loading parameters on capacity ratio: (a) Cyclic load 

amplitude; (b) Cyclic mean load 
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(a) Model stiffened caisson 
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(b) Schematic diagram 

Figure 1. Suction caisson anchor   
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Figure 2. Schematic diagram of cyclic loading profiles 
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Figure 3. Resistance-distance profiles (tests M1~M3 and C1~C3; Table 3) 
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(a) Accumulated displacement 
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(b) Excess pore pressure at caisson tip 

 

(c) Excess pore pressure at caisson lid 

Figure 4. Results from cyclic loading tests (tests C1~C3; Table 3)  
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Figure 5. Typical size and embedment conditions of offshore foundations and anchors  
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(a) Comparison with response in normally consolidated soil 

 
(b) Comparison with response in overconsolidated soil 

Figure 6. Comparison results with previous caisson tests in calcareous silt 
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(a) Resistance-distance profile 

 
(b) Excess pore pressure profile 

Figure 7. Comparison with dynamically installed anchor tests in calcareous silt 
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(a) Cyclic load amplitude 
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(b) Cyclic mean load 

Figure 8. Effect of cyclic loading parameters on capacity ratio 


