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1. Introduction

Suction caissons are gaining significant attention as foundation 

solutions to numerous offshore applications, such as fixing platforms 

and supporting offshore wind turbines (Pérez-collazo et al., 

2015; Wu et al., 2019). The suction that results from the inside 

water pressure being lower than the outside water pressure 

induces seepage flow into the caisson during installation in a 

sandy seabed (Oh et al., 2018; Ragni et al., 2020). The seepage 

causes a change in radial pressures on the inner and outer sides of 

the caisson wall. The relationships between the penetration 

resistance, required suction, and other factors can be determined 

by analyzing the mechanical behavior of the sand–suction 

caisson wall interface. 

The mechanical properties of the interface are critical for 

studying the soil–structure interaction (Burgess, 1983; Uesugi and 

Kishida, 1986; Hu and Pu, 2004). Many researchers have conducted 

experimental studies on the mechanical characteristics of the 

soil–structure interface. It has been shown that several factors 

affect the shearing response of interfaces, including the soil 

properties (Canakci et al., 2016; Feligha et al., 2016), particle 

morphology and gradation (Fuggle, 2011; Vangla and Latha, 2016; 

Rui et al., 2021), confinement conditions (Dietz and Lings, 2006; 

Farhadi and Lashkari, 2017), surface structure characteristics (Taha 

and Fall, 2013; Martinez and Frost, 2017), and soil moisture content 

(Borana et al., 2016; Al-Emami, 2018). The penetration depth 

and rate are important factors affecting the lateral friction 

resistance when installing the suction caisson. Therefore, this 

study aims to investigate the effect of confinement conditions and 

shearing rates on the interface shear strength during installation of 

the suction caisson.

Generally, there are three normal confinement conditions in 

shear tests: 1) constant normal load (CNL) conditions, 2) constant 

normal displacement (CND) conditions, and 3) constant normal 

stiffness (CNS) conditions. Ghionna and Mortara (2002) found 

that the differences observed between the interface friction angles 

derived from model pile tests and the interface direct shear tests 

performed at CNL are due to the tendency of the interface soil to 
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dilate or contract in a restraining medium, whereas a CNS direct 

shear apparatus could prevent this issue. Nardelli et al. (2019) 

performed direct shear tests on the sand–concrete interface to 

investigate the effects of the surface roughness, mean sand 

diameter, and relative density on the interface strength and 

behavior under different confinement conditions. It was found that 

the CNS conditions correspond to the soil–structure interface in 

deep foundations. The differences between the test results under 

two different conditions were also analyzed. In order to study the 

influence of the bolt inclination angle and boundary conditions on 

the shear behavior and failure characteristics of bolted joints, direct 

shear tests under both CNL and CNS conditions were conducted 

by Cui et al. (2020). It was demonstrated that the shear strength is 

underestimated under CNL conditions, whereas dilation is 

overestimated, indicating that the normal stiffness cannot be 

neglected in engineering applications. Therefore, normal 

confinement conditions should be considered in the interface 

shear tests for practical applications. The interface shear tests 

under CNL conditions can be used for the case in which the 

structure is subjected to a static load, and the relative displacement is 

small; similar situations include shallow foundations, retaining 

walls, embankments, geotextiles, and anchoring systems. When 

the soil–structure interface undergoes large relative displacements 

and the normal stress is constantly changing (such as during the 

penetration of jacked piles and suction caissons), the interface 

shear test under CNS conditions or variable normal stress conditions

can better reflect the actual interface mechanical properties.

The shearing rate is also an essential factor affecting the shear 

behavior of the soil–structure interface. Several researchers have 

carried out investigations on the shearing rate. El-Mhaidib 

(2006) conducted direct shear tests to investigate the effect of the 

shearing rate on the interface friction angle between sand and 

steel. It was shown that both the internal friction angle of sand 

and the interface friction angle increase with the increase in the 

shearing rate. Ganesan et al. (2014) carried out a series of interface 

direct shear tests on marine clay and found that the peak value of 

the interface friction is influenced by the pre-consolidation 

pressure, shearing rate, and interface roughness. The rate at which 

the peak strength reduced was found to strongly depend on the 

shearing rate and the interface roughness. Boukpeti and White 

(2017) investigated the shearing rate effects on soil–pipeline 

interfaces at low effective stresses by conducting direct shear 

tests and concluded that the drainage state could be controlled by 

the shearing rate. The results also confirmed that the interface 

residual stress ratio decreased with increasing shearing rate. 

Martinez and Stutz (2019) revealed the influence of the shearing 

rate on the shear behavior of the clay–steel interface through 

direct shear tests. It was shown that increasing the shearing rate 

resulted in an excessive pore–water pressure, which led to a 

decrease in the interface strength. Sweta and Hussaini (2019) 

evaluated the shear behavior of unreinforced and geogrid-

reinforced ballast–sub–ballast interfaces at different shearing 

rates. The test results indicated that the friction and shear expansion 

angles at the interfaces reduced with the increase in the shearing 

rate, while the breakage of the ballast increased.

Many previous studies conducted interface shear tests with 

the aim of analyzing the factors affecting the interface shear 

behavior under CNL and CNS conditions, and the samples used 

were rarely saturated. There are no experimental studies that 

specifically address the suction caisson–soil interface. However, 

a large displacement occurs at the sand–suction caisson wall 

interface during installation of the suction caisson in saturated 

sand, and the seepage induced by suction causes radial pressure 

changes on the inner and outer sides of the caisson wall. In this 

work, the effects of the penetration rate and depth on the shear 

behavior of the sand–suction caisson wall interface in saturated 

fine sand were studied using a large displacement interface shear 

apparatus. Four different penetration rates were set with reference to 

the field installation of several projects. In order to simulate the 

penetration of the suction caisson, a variable normal load (VNL) 

was used to analyze the shear behavior of the sand–suction 

caisson wall interface at different penetration depths and explore 

the shear strength parameters. This work aims to provide a new 

method for calculating the penetration resistance in terms of the 

interface shear strength of the sand–suction caisson wall for the 

first time.

2. Interface Shear Tests at Large Displacement

2.1 Experimental Setup
A series of laboratory tests were conducted using a torsional 

interface shear tester (IST) manufactured by GDS, UK (Fig. 1(a)). 

The GDS IST uses a continuous rotation, thereby providing an 

alternative option to a multiple reversal interface shear test. This 

system is capable of applying a continuous shear in one direction 

and maintaining the shear area unchanged. A linear or jumping 

torque, an axial pressure, and a shearing rate can all be implemented

to simulate the variable load on suction caissons during penetration 

and service. The GDS IST applies an axial pressure through the 

axial pressing rod. The axial pressure rod and the suction caisson 

Fig. 1. GDS IST and Interface Shearing Illustration: (a) GDS IST, (b) Interface 
Shearing Illustration
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are made of smooth steel, the effect of roughness is not considered. 

The bottom diameter of the pressure rod is 68 mm, and the 

height is 128 mm, as shown in Fig. 1(b). The influence of the 

curvature on the mechanical properties of the interface between 

the suction caisson and soil is not considered during the test. The 

bottom surface of the pressure rod simulates the suction caisson 

wall and forms an interface system with the soil inside the 

cutting ring. The shear is obtained through the rotation of the 

base. The continuously rotating platform can achieve a sufficiently 

large shear displacement for large deformation analysis, so the 

GDS IST has great advantages for studying the mechanical 

properties of the interface between the suction caisson and soil.

The diameter of the cutting ring is 70 mm, the height is 22 mm, 

and the shear area is 38.48 cm2. The applied torsional force and 

the axial pressure are controlled by precision motors. The axial 

pressure and the torsional force can reach 5 kN and 200 N·m, 

respectively. The test process is controlled using a precision motor, 

and the test time, torsion force, axial force, axial deformation, 

and other test data are automatically recorded. 

2.2 Experimental Materials
Quartz sand (QS) was collected from the Yellow Sea area of 

Qingdao in East China, as shown in Fig. 2. Figs. 2(a) and 2(b)

shows the photographs of quartz sand particles obtained using a 

Carl Zeiss Stemi 2000–C microscope (Carl Zeiss Company, 

Germany) at 6.3 times and 50 times magnification, respectively. 

The distribution curve of the particle size and the basic physical 

properties of quartz sand are provided in Fig. 3 and Table 1, 

respectively.

2.3 Experimental Parameters
The penetration rate used in the test refers to the installation data 

of several projects in previously published article (Yuan et al., 

2010). The average penetration rates of 0.2, 0.55, and 1.2 cm/min

were obtained from the installation data of the suction caissons 

of the Tianjin Port North Breakwater Project, Europipe16/11-E 

platform, and Dagang Oilfield, respectively. Therefore, the shearing 

rates were set as 0.2, 0.5, 1.0, and 1.2 cm/min to investigate the 

influence of the penetration rate on the interface shear characteristics. 

The penetration rate was converted into the required angular 

velocity using Eq. (1).

, (1)

where d is the shear displacement, r 

is the mean radius (R = 34 mm is the radius of the bottom surface 

of the axial pressing rod), v is the penetration rate (cm/min), ω is 

the angular velocity (rad/min), and t is the shear time.

In order to accurately control the initial relative density of the 

sand samples and reduce the test errors, the relationship between 

the sand weight and the relative density was derived according to 

the basic physical parameters of sand. The maximum and minimum 

void ratios are commonly obtained by using the maximum and 

minimum densities. The initial relative density of the sand sample in 

the interface shear test was taken as 0.9, and the weight of the 
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Fig. 2. Microscopic Images of Quartz Sand Particles: (a) 6.3 Times Magnification, (b) 50 Times Magnification

Fig. 3. Particle Size Distribution Curve of QS

Table 1. Basic Physical Properties of the Test Sand

Sand type Cu Cc D50 (mm) emax emin Gs

QS 2.13 0.48 0.18 0.7 0.8 2.49

Note: Cu = uniformity coefficient, Cu = D60/D10=2.13; Cc = coefficient of 
gradation, Cc = D30

2/ D60D10 = 0.48; D50 = mean particle size; emax = maxi-
mum void ratio; emin = minimum void ratio; G

s
 = specific gravity of soil 

solids.
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sand sample was calculated as 129.18 g.

2.4 Experimental Procedure
The rotating chassis was installed on the shearing platform, and 

the permeable stone, filter paper, cutting ring, and sealing ring 

were placed in sequence. The sand was added to the ring in three 

equal layers. The sand surface was smoothed and compacted 

using a rubber stick to make the sample reach the specified initial 

relative density. The pressure chamber was then installed, and 

distilled water was injected into the pressure chamber through 

the siphon method. The sample assembly process is shown in 

Fig. 4. The sand sample was left to saturate in the pressure chamber. 

After saturation, the shear test was performed. The sand sample 

parameters, shearing rate, and normal stress were set in the 

GDSLab software.

The experiments were performed to evaluate the relative 

influence of the penetration rate and depth on the shear behavior 

of the saturated fine sand–suction caisson interface during 

penetration. Four different shearing rates were set. In order to 

compare the test results with those under VNL conditions, 

interface shear tests at different shearing rates under CNL were 

conducted simultaneously, as shown in Table 2. The normal 

pressure was gradually increased from 0 kPa to the specified 

pressures of 10, 50, 100, or 200 kPa. The GDS IST was rotated 

clockwise for one cycle with a shear displacement of 144 mm.

After analyzing and comparing several suction foundation 

application projects (Yuan et al., 2010), the sand soil condition of 

the Tenby project (Houlsby and Byrne, 2005) was found to be 

the most similar to that of the sand used in this test; this can 

Fig. 4. Saturated Sample Installation Process: (a) Filling and Smoothing 
in Layers, (b) Sand Sample Assembly Completed, (c) Installing 
Pressure Chamber, (d) Injecting Distilled Water

Table 2. Summary of the Interface Torsional Shear Tests Conducted on 
the Saturated Interfaces

Interface state
Normal pressure

(kPa)

Shearing rate

(cm/min)

Saturated fine sand–steel

0 – 10, 10

0 – 50, 50

0 – 100, 100

0 – 200, 200

0.2; 0.5; 1.0; 1.2

Fig. 5. Diagram of the Suction Caisson Reference Points

Table 3. Summary of the Interface Shear Tests Conducted on the Saturated Interfaces

Reference point
(Penetration at 0.5 m)

Radial pressure (kPa)

(Penetration at 1 m)

Radial pressure (kPa)

(Penetration at 1.4 m)

Radial pressure (kPa)

(Penetration) Shearing

displacement (m)

Penetration rate

(cm/min)

O-A (outer wall)

I-A (inner wall)

O-B (outer wall)

I-B (inner wall)

O-C (outer wall)

I-C (inner wall)

15.1

3.5

0

0

0

0

34.5

2.8

17.2

1.3

0

0

53.7

2.2

35.8

1.46

17.9

0.7

1.15

1.15

0.75

0.75

0.25

0.25

1.0
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reduce the experimental error. In order to mimic the mechanical 

characteristics of the sand–caisson interface during the penetration 

of the caisson under suction in engineering, the actual working 

condition was simulated based on the Tenby engineering data. 

The positions of 0.25, 0.65, and 1.15 m upward from the bottom 

of the caisson were used as reference points A, B, and C (Fig. 5). 

Table 3 summarizes the changes in the soil pressure on the inner 

and outer sides of the caisson wall and the displacements during 

penetration of points A, B, and C during the process of applying 

suction. The soil pressure and the penetration displacement of 

the inner and outer walls of the three reference points were set as 

the axial pressure and the shear displacement of the GDS IST so 

that the mechanical properties of the interface between the 

saturated fine sand and the suction caissons under the actual 

shear path could be explored.

3. Test Results

3.1 Interface Normal Displacement–Shear 
Displacement Curves under VNL

Figure 6 shows the interface normal displacement–shear 

displacement curves of saturated fine sand–suction caisson at 

different penetration rates. In the interface shear test, the 

interface shear area remained constant, and the volume change of 

soil sample could be expressed by the normal displacement. In 

this paper, the value of sample compression is negative and the 

sample volume decreases. With the increase of shear displacement,

the normal displacement of saturated fine sand–suction caisson 

interface gradually decreases, the compression gradually increases, 

and the interface shear shrinkage phenomenon occurs. Under the 

same normal pressure, the normal displacement of the interface 

decreases and the interface compression increases with the 

decrease of penetration rate. When the normal pressure increases 

from 0 to 10 and 50 kPa, the normal displacement of the 

interface decreases slowly and varies from 0 mm to 0.4 mm. 

When the normal pressure increases from 0 to 100 and 200 kPa, 

the normal displacement of the interface decreases relatively 

quickly and varies from 0 mm to 0.64 mm.

3.2 Particle Gradation Change
Figure 7(a) shows the change of particle gradations before and 

after the shear of saturated fine sand–suction caisson interface at 

different penetration rates when the normal stress increases from 

0 to 100 kPa. With the decrease of the penetration rate, under the 

Fig. 6. Normal Displacement–Shear Displacement Curves of Saturated Fine Sand–Suction Caisson Interface at Different Penetration Rates: (a) 0 – 
10 kPa, (b) 0 – 50 kPa, (c) 0 – 100 kPa, (d) 0 – 200 kPa
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same shear displacement, the time becomes longer than that at 

the higher rate, and the large particle size is broken, leading to a 

gradual increase in the proportion of fine particles. Fig. 7(b)

shows the change of particle gradations distribution before and 

after the shear of saturated fine sand–suction caisson interface 

under different normal stress conditions when the penetration 

rate is 1.0 cm/min. With the increase of normal stress, the 

proportion of fine particles increases gradually, and the particle 

breakage is obvious when the normal pressure increases from 0 

to 200 kPa.

3.3 Interface Shear Stress–Displacement Curves under 
VNL

The observed trends of the saturated fine sand–suction caisson 

interface response under different penetration rates are plotted in 

Fig. 8. The curves of the shear stress–shear displacement for the 

Fig. 7. Particle Gradations before and after 144 mm Shear Displacement under VNL: (a) With Different Penetration Rate under 0 – 100 kPa Normal 
Stress, (b) With Different Normal Stress at 1.0 cm/min Penetration Rate 

Fig. 8. Shear Stress–Shear Displacement Curves of the Saturated Fine Sand–Suction Caisson Interface at Different Penetration Rates: (a) 0 – 10 
kPa, (b) 0 – 50 kPa, (c) 0 – 100 kPa, (d) 0 – 200 kPa
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interface at different penetration rates show similar trends. With 

the continuous increase in the normal stress during the shear 

process, the shear stress increases with the shear displacement. 

The shear strength at the saturated fine sand–suction caisson 

interface decreases as the penetration rate increases. For example, 

when the normal stress increases from 0 to 100 kPa, the maximum 

shear strengths corresponding to a change in the penetration rate 

from 0.2 to 1.2 cm/min are 40.2, 37.3, 34.8, 34.3 kPa, respectively, 

and the slopes of the curves are 0.47, 0.44, 0.41, and 0.40 

respectively. This is maybe caused by the fact that the sand 

particles at the interface have more time to realign to resist the 

shear action and exhibit a higher shear strength at a lower 

shearing rate than at a larger shearing rate. At the same time, as 

the other side of the interface is steel, the pore water at the 

interface can only diffuse in the direction of the soil. The 

accumulation of the pore water pressure under a higher shearing 

rate will also reduce the interface shear strength. This is in agreement 

with the findings of Martinez and Stutz (2019). However, these 

results contradict the findings regarding the sand–steel interface 

reported by El-Mhaidib (2006) at different shearing rates in dry 

sand. This shows that there are significant differences in the 

shear characteristics between the saturated and unsaturated soil–

structure interfaces. The shear stress appears a certain few 

negative shear strengths below 0 at the initial stage when the 

normal stress increases from 0 to a certain value. This is because 

the GDS apparatus produces a certain amplitude of torque 

oscillation in order to ensure the increase of axial pressure. The 

ratio of negative value to maximum value is 0.035. So the 

negative value has no effect on the test results.

Figure 9 shows the shear stress versus shear displacement

curves of the saturated fine sand–suction caisson interface under 

VNL. As the normal stress increases, the interface shear stress 

increases significantly, indicating that the penetration depth has a 

pronounced effect on the shear stress at the interface. The normal 

stress gradually increases from 0 to each desired normal stress 

level. No strain softening will occur, and the peak shear strength 

of the interface cannot be obtained. The reason is that there are 

two different soil evolution behaviors near the interface, i.e., the 

increase in the sand relative density and the sand particle 

fragmentation. The normal stress increases continuously, which 

leads to a gradual increase in the relative density. At the same 

time, the shearing action causes the breakage of sand particles. 

The broken particles fill the pores to make the sand denser, 

which results in an increase in the contact area between the sand 

particles. The stronger the interlocking action between the sand 

particles, the more difficult it is for the particles to stagger and 

tumble each other, which results in a higher maximum shear 

strength at the interface. The above analysis conclusions can be 

Fig. 9. Shear Stress–Displacement Curves of the Saturated Fine Sand-Suction Caisson Interface under VNL Conditions: (a) 0.2 cm/min, (b) 0.5 cm/
min, (c) 1.0 cm/min, (d) 1.2 cm/min
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confirmed by the normal displacement–shear displacement 

curves (Fig. 6) and the change of particle gradations before and 

after shear (Fig. 7).

3.4 Interface Friction Coefficient under VNL and CNL 

(τ/σ)
Table 4 provides all the interface shear test results and the 

corresponding normalized parameters. The peak friction angle ϕp

of the sand was obtained using a ShearTrac-II strain-controlled 

direct shear apparatus at the normal stresses of 10, 50, 100, and 

200 kPa according to the penetration list provided in Table 2.

To further investigate the effect of the penetration rate and the 

normal stress on the interface friction coefficient, the friction 

coefficient–normal stress (τ/σ–σ) curves under VNL and CNL 

conditions at different penetration rates are plotted in Fig. 10

according to the results presented in Table 4. The friction coefficient 

decreases with the increase in normal stress and shearing under 

VNL and CNL conditions. Fig. 10(a) shows the sharp decrease 

in the friction coefficient with increasing normal stress; it then 

stabilizes when the final value of the normal stress is less than 

100 kPa, regardless of the penetration rate. It is observed that 

there is a critical value beyond which little change occurs. The 

critical value is 50 kPa under CNL conditions, as shown in 

Fig. 10(b). Under a higher normal stress, the pore water pressure 

at the interface dissipates more slowly. The maximum shear 

stress cannot raise significantly, which results in a constant 

friction coefficient.

3.5 Normalized Efficiency Parameter
Interface strengths are reported in terms of the normalized 

efficiency parameter E, which was defined by Koerner (1990) 

according to Eq. (2).

Table 4. Results of the Torsional Interface Shear Tests and Sand Direct Shear Tests

Normal stress

(kPa)

Penetration rate

(cm/min)
τm/σvar τp/σcon δmvar (

o) δpcon (
o) ϕp (

o) EpVNL EpCNL

0 – 10

10

0 – 50

50

0 – 100

100

0 – 200

200

0.2

0.5

1.0

1.2

0.2

0.5

1.0

1.2

0.2

0.5

1.0

1.2

0.2

0.5

1.0

1.2

0.55 

0.49 

0.43 

0.41 

0.47 

0.43 

0.37 

0.36 

0.42 

0.38 

0.35 

0.34 

0.40 

0.37 

0.34 

0.33

0.36 

0.34 

0.32 

0.28

0.29 

0.25 

0.22 

0.20 

0.25 

0.22 

0.20 

0.19 

0.24 

0.22 

0.19 

0.18

28.84 

26.17 

23.09 

22.51 

25.07 

23.09 

20.45 

19.56 

22.91 

20.96 

19.25 

18.95 

21.64 

20.45 

18.95 

18.34

19.81 

18.79 

17.75 

15.65

16.18 

13.97 

12.49 

11.32 

13.81 

12.49 

11.32 

10.53 

13.27 

12.49 

10.92 

10.13

33.72 

32.00 

34.92 

36.22 

31.30 

32.09 

34.29 

36.90 

30.93 

31.61 

34.41 

37.24 

30.68 

32.16 

34.88 

35.61

0.83 

0.79 

0.61 

0.57 

0.77 

0.68 

0.55 

0.49 

0.71 

0.63 

0.51 

0.45 

0.67 

0.59 

0.49 

0.46

0.54 

0.53 

0.46 

0.38 

0.48 

0.40 

0.32 

0.28 

0.41 

0.36 

0.29 

0.24 

0.39 

0.35 

0.28 

0.25

Note: τm = Maximum interface shear stress under VNL conditions; τp = Interface shear strength under VNL conditions; σvar = Normal stress increases 
from 0 to a specified value during interface shear; σcon = Constant normal stress; δmvar = Maximum friction angle of the interface under VNL condi-
tions; δpcon = Peak friction angle of the interface under CNL conditions; EpVNL = normalized efficiency parameter under VNL conditions; EpcNL = nor-
malized efficiency parameter under CNL conditions (see section 3.3 for details).

Fig. 10. Interface Friction Coefficient–Normal Stress Curves at Different Penetration Rates: (a) VNL Conditions, (b) CNL Conditions
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, (2)

where tanδ is the interface friction coefficient, and tanϕp is the 

granular material friction coefficient. The maximum or peak 

efficiency parameter Ep can be computed via Eq. (2) using the 

appropriate values of the friction coefficients presented in Table 4. 

The efficiency parameter approaches nearly 0 if the interface 

strength is small. The efficiency parameter is equal to, or greater 

than 1.0 when the full soil strength is mobilized (Dove and 

Jarrett, 2002; Jin et al., 2018). In order to investigate the penetration 

rate effects on the frictional properties of the interface under 

variable normal stress and constant normal stress, the efficiency 

parameter Ep is plotted against the penetration rate in semilogarithmic

coordinates in Fig. 11 based on the experimental data presented 

in Table 4. Fig. 11 provides a range for the efficiency parameter

Ep as a function of the penetration rate V at the sand–suction 

caisson wall interface under VNL and CNL conditions.

Figure 11 shows that:1) The efficiency parameter decreases 

linearly with the increase in the logarithm of penetration rate V; 

2) The effects of the penetration rate on the interface shear 

effectiveness under VNL and CNL conditions are almost the 

same, and the slopes are similar; 3) The overall effectiveness of 

the interface under VNL is higher than that under CNL under the 

conditions in this experiment. Since soil and steel are two 

materials with very different properties, their intermolecular 

adhesion is small. A water film exists between the saturated soil 

and steel. As the shearing rate increases, the unit contact time 

decreases. The interaction between the ends of the molecular 

chains covering the water film at the interface weakens, and the 

efficiency parameter Ep decreases.

3.6 Shearing Behavior of the Sand–Suction Caisson Wall 
Interface during the Tenby Suction Caisson 

Penetration
Large displacement interface shear tests were conducted, as 

presented in Table 3. The maximum shear displacement was up 

to 1,150 mm, and the penetration phase under a negative pressure 

applied to the suction caisson was simulated. Fig. 12 shows the 

shear stress–displacement curves on the inner and outer walls of 

the three reference points, namely A, B, and C, during the 

penetration of the suction caisson. Under a smaller radial pressure, 

the interface shear law of the reference points on the inner walls, 

namely I-A, I-B, and I-C, is consistent. The shear stress 

continuously varies around 1 kPa, which reflects the pronounced 

seepage drag reduction effect of the inner wall of the caisson 

during penetration of the suction caisson. The radial pressure on 

the outer wall of the caisson increases significantly during 

penetration of the suction caisson, and the shear stress increases 

gradually as the shear displacement increases to the maximum 

value without the strain-softening phenomenon. Fig. 13 shows 

the radial pressure at different reference points versus the penetration

depth curves. The larger the increment of the radial pressure 

E
tanδ

tanϕp

-------------=

Fig. 11. Normalized Efficiency Parameter Ep-Penetration Rate V Curves

Fig. 12. Shear Stress–Displacement Curve at the Different Reference 
Points during Penetration of the Suction Caisson

Fig. 13. Soil Pressure–Displacement Curve at the Different Reference 
Points on the Outer Wall
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within unit displacement (i.e., the slope of the line) in Fig. 13 is, 

the faster the shear stress increases with the displacement in 

Fig. 12 will be. This is due to the fact that when the radial pressure 

increment is larger, more particles are crushed in a short time and 

the relative density of the sand increases. Therefore, the contact 

between the particles is large, and the higher energy of the 

interface particles driving other particles under shear shows a 

higher shear stress.

As shown in Fig. 12, the maximum interface friction coefficients

of the inner and outer sides of the caisson wall at different 

penetration depths at points A, B, and C are summarized in Table 5. 

Combined with the soil pressure provided in Table 3, the internal 

and external friction resistance of the caisson wall can be 

obtained according to Eqs. (3), (4). The tip resistance of the 

suction caissons in saturated fine sand during suction-assisted 

penetration can be ignored (Senders and Randolph, 2009; Chen 

et al., 2016; Zhang et al., 2017; Liu et al., 2019). The required 

suction for different penetration depths can be obtained according to 

Eq. (5), as shown in Table 5.

, (3)

, (4)

, (5)

where RfI and RfO are the inner and outer friction values of the 

caisson wall, μ is the interface friction coefficient, AI = πDih and 

AO = πDoh are the areas of the caisson wall represented by the 

inner and outer reference points, respectively, Di and Do are the 

inner and outer diameters of the caisson, respectively, h = 0.45, 

0.55, and 0.40 m from the bottom of the caisson, s is the suction, 

and V ' is the caisson submerged self-weight. The values of V ', Di,

and Do were taken from a previous work (Houlsby and Byrne, 

2005).

Figure 14 shows the comparison between the calculated 

results and the measured data. It can be seen that the observed 

suction against the penetration response can be well fitted, and 

the calculated suction is slightly higher than the measured 

suction. This is due to the fact that the tip resistance is ignored in 

the calculation, and only three reference points are selected. The 

accuracy of the frictional resistance calculation needs to be 

improved. However, the overall calculated suction pressure is in 

good agreement with the measured data, indicating that the 

measured interface friction coefficient is accurate.

4. Conclusions

This paper presented a series of torsional interface shear tests to 

study the interface shearing behavior between saturated fine sand 

and the suction caisson. The effects of the penetration depth and 

rate on the shear characteristics of the saturated fine sand–

caisson interface were investigated. The main conclusions are as 

follows.

1. Two different soil evolution behaviors occur near the 

interface under VNL conditions, namely the increase in the 

density and the crushing of particles. Thus, the higher interface

shear strength is reached as the normal stress increases 

without strain softening during shearing. The maximum 

interface shear stress increases as the penetration rate 

decreases due to the fact that the sand particles at the 

interface have more time to realign to resist the shear 

action.

2. The interface friction coefficient decreases with the increase in 

normal stress and shearing rate under VNL and CNL 

conditions. The interface friction coefficient under VNL

conditions is higher than the case under CNL conditions, 

and there exists a critical value beyond which the interface 

Rfl i 1=

3
pIi

′ μI AIi⋅ ⋅∑=

RfO i 1=

3
pOi
′ μO AOi⋅ ⋅∑=

0.25 πDi

2
s V ′+⋅ ⋅ RfI ffO= =

Table 5. Friction Coefficients of the Caisson–Soil Interface at Different Penetration Depths

Penetration

depth (m)

Interface riction coefficient

of the inner wall

Interface friction coefficient

of the outer wall

Sum of the inner 

frictions (kPa)

Sum of the outer

frictions (kPa)

Suction

(kPa)

0.5

1.0

1.4

µI-A = 0.45

µI-A = 0.34

µI-B = 0.33

µI-A = 0.29

µI-B = 0.27

µI-C = 0.33

µO-A = 0.48

µO-A = 0.38

µO-B = 0.35

µO-A = 0.28

µO-B = 0.24

µO-C = 0.29

10.95

4.09

3.68

47.6

57.95

85.53

5.7

16.7

25.4

Fig. 14. Calculated Suction and Case Records for the Tenby Installation
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friction coefficient exhibits little change. The critical values 

are 100 and 50 kPa under VNL and CNL conditions, 

respectively. The variation in the friction coefficient caused 

by the seepage flow and the penetration rate should be 

considered when calculating the friction along the caisson 

wall in sand.

3. The efficiency parameter Ep decreases with the increase in 

the logarithm of the penetration rate V. The normalized 

efficiency parameter of the interface under VNL conditions 

is higher than the case under CNL conditions at the same 

penetration rate.

4. The interface test results under VNL conditions can better 

reflect the interface characteristics of suction caisson 

installations. Based on these results, the suction required 

for the caisson installation in the Tenby project was calculated 

and was well fitted by the observed suction against penetration

response. The findings presented in this study can be a 

guidance for calculating the required suction for suction 

caisson installations. 

5. In future works, we will continue to study the shear 

characteristics of saturated sand-suction caisson interfaces 

and establish mathematical models for interface strength, 

friction coefficient, and other relevant factors.
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