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Suction caissons consist of large cylindrical buckets made from steel. In order to serve as foundations for 

various offshore structures, suction caissons are pushed into the seabed under pressure differential exerted 

on their lid by an imposed suction. Despite their wide use in the oil and gas industry, there are still some 

uncertainties regarding their installation process as a result of changes in seabed profiles such as the exist-

ence of low permeability layers as well as the variation in soil properties with depth (e.g. permeability de-

creasing with depth due to an increase in soil density).  It is known that seepage conditions play a pivotal 

role in the installation process, particularly in sand. Indeed, pressure gradients generated by the imposed 

suction inside the caisson cavity cause an overall reduction in the soil resistance around the caisson wall 

and at caisson tip, thereby assisting the penetration into the seabed. Successful installation of caisson foun-

dations relies on accurate prediction of soil conditions, in particular soil shear resistance during the instal-

lation. Existing knowledge of the prediction of soil conditions and required suction during caisson installa-

tion has some limitations which often resulted into rather conservative design methods. Most design 

procedures used to control suction during caisson installation assume an isotropic and homogenous seabed 

profile. Moreover, the actual variation of pressure gradient around the caisson wall at different penetration 

depths is often ignored, although it significantly affects soil resistance. Natural seabed can possess a heter-

ogeneous property where it may comprise of different layers of soils including the presence of layers with 

low-permeability i.e. clay or silt. In this paper, the effect of seepage on soil conditions during caisson instal-

lation is studied within the frame of the presence of a substratum that consists of silt. Suction induced 

seepage described throughout the installation process and its effects on frictional and tip resistance are 

considered. For this purpose, a numerical simulation is conducted on a normalised geometry of the suction 

caisson and surrounding soil, at different penetration depths. The distribution of pressure gradient on both 

inside and outside of the caisson wall is taken into consideration in both soil shear and tip resistance. Par-

ticular conclusions will be drawn on the implications of the presence of a low permeability silt layer on 

caisson installation.  

Introduction 

Suction caissons are large upturned bucket structures of cylindrical shape that are typically made from steel. 

These structures have recently been considered for foundations of offshore wind turbines (Byrne, et al., 2002). To 

install caissons, water will be extracted from the hollow space between the caisson lid and mudline (initial pene-

tration into the seabed is achieved with caisson self-weight).  In permeable soils such as sands, seepage occurs as 
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a result of the applied suction which causes an overall reduction in soil resistance and facilitates caisson penetra-

tion (Tran, et al., 2007; Harireche, et al., 2014). The effect of seepage in installation has been well documented 

for soil profiles with a homogenous nature (Houlsby & Byrne, 2005; Harireche, et al., 2013; Harireche, et al., 

2014; Mehravar, et al., 2017). However, certain soil layer configurations, (e.g. the presence of a low-permeable 

layer), can have significant impact on the seepage mechanism and thereby the installation process. Nevertheless, 

design procedures in these particular situations have received less attention (Ibsen & Thilsted, 2010). For instance, 

there are concerns when suction caissons are installed in sand underlain by a low permeability soil such as clay 

or silt. In such a soil profile the low permeability layer may create a hydraulic barrier in the soil and causes the 

installation to become very difficult if not impossible (Raines, et al., 2005). Few studies have considered suction 

caisson installation in multi-layered seabed profiles (Allersma, et al., 2001; Matusi, et al., 2002; Tran, et al., 2007; 

Cotter, 2009). It has generally been concluded that a larger suction is required compared to installations in homo-

geneous sand. In the above works, pressure gradients between seabed and caisson tip was used to predict the 

hydraulic gradient on both sides of the caisson wall (Houlsby & Byrne, 2005; Cotter, 2009). Nevertheless, it has 

been proved that the variation of pressure gradient over the caisson penetration depth affects the whole installation 

process both in terms of reduction in soil resistance and critical condition for piping (Harireche, et al., 2014). 

Therefore, it is important to investigate the pressure gradient distribution over the penetration depth throughout 

the whole installation process. In this paper, a finite element procedure is implemented in an in-house finite ele-

ment (FE) code and used to study the effect of the existence of a low permeability layer on suction caisson instal-

lation in sand. A parametric study is performed to investigate the effect of the depth of the low permeability layer 

on the reduction in soil resistance. The results are compared with those obtained from an installation in homoge-

neous sand and the difference will be highlighted and discussed.  

Formulation of the normalised seepage problem 

In this study the model problem of a suction caisson of radius R, and height L is considered. Dimensions and 

values of pressure are normalised with respect to the caisson radius (R) and magnitude of the applied suction 

respectively. The caisson penetration depth into the seabed and the depth of a silt layer (from the mudline) are 

denoted as h, and ℎ𝑠  respectively. Therefore, the following normalized variables are adopted:  

𝑝∗ =
𝑝

�̅�
 ℎ∗ =

ℎ

𝑅
 ℎ𝑠

∗ =
ℎ𝑠

𝑅
 (1) 

Where p*, h* and ℎ𝑠
∗ represent normalized excess pore water pressure, caisson penetration depth and depth of silt 

layer from the mudline, respectively. Figure 1, shows a vertical section of the soil-caisson system. A normalised 

cylindrical system of coordinates 𝑧∗ =  
𝑧

𝑅
 and 𝑟∗ =

𝑟

𝑅
 in the meridian plane is adopted where all dimensions were 

scaled with respect to the caisson radius. Due to the axisymmetric nature of the problem, only half of the caisson 

is modelled. In order to investigate the effect of the presence and the location of a silt layer on the caisson instal-

lation, four different soil profiles designated as Case A (ℎ𝑠
∗ = 0), B (ℎ𝑠

∗ = 3ℎ∗), C (ℎ𝑠
∗ = 2ℎ∗) and D (ℎ𝑠

∗ = ℎ∗) 

are considered. The soil profile in Case A corresponds to homogenous sand with permeability, ksand. The other 

three soil profiles (Case B, C and D) represent a sandy soil profile with a layer of silt that lies at different depths 
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from the caisson tip. The caisson tip touches the top of the silt layer when the installation is complete in Case D 

(ℎ𝑠
∗ = ℎ∗).  

The permeability of the silt layer (ksilt) in the multi-layered cases (Case B, C and D) is considered two order of 

magnitude lower than that of the sand layer (Tran, et al., 2007). The relevant sand and silt properties which are 

considered in this study have been selected based on the sand and silt sample properties used in the experimental 

tests conducted by (Tran, et al., 2007) . These properties are shown in Table 1.  

Table 1: Soil properties 

Soil Property Sand Silt 

Permeability 1.3 × 10−4 m s⁄  1.3 × 10−6 m s⁄  

Saturated unit weight γsat 21 kN/m3 20 kN/m3 

The porewater seepage is described by Darcy’s law: 𝒖 = −𝑘 𝛻𝑝 where 𝒖 is the porewater velocity, k the per-

meability and 𝛻𝑝 represents the excess porewater pressure gradient. The normalized excess porewater pressure 

𝑝∗ must satisfy equation 2:  

∇∗2𝑝∗ ≡
𝜕2𝑝∗

𝜕𝑟∗2 +
1

𝑟∗

𝜕𝑝∗

𝜕𝑟∗
+

𝜕2𝑝∗

𝜕𝑧∗2 = 0 
 

   (2) 

and the boundary conditions 𝑝∗ = −1 on OC-, 𝑝∗ = 0 on C+F, FH, BH and 
𝜕𝑝∗

𝜕𝑟∗
= 0 on CD and OB (Figure 1).  

 

(a)                                                                          (b) 

Figure 1: Normalized geometry; a) homogenous sand (𝒉𝒔
∗ = 𝟎), b) sand overlying a silt layer (zones Ω3 and Ω7) 

The finite element procedure has the advantages of taking into account soil loosening inside the caisson cavity 

(Ω1) due to applied suction in a much more natural way compared to other numerical methods. The effect of soil 

loosening inside the caisson is not pronounced at the early stages of caisson penetration (ℎ∗ < 1) . Therefore, a 

single permeability on both sides of the caisson wall is considered in this study. Of particular interest in this 

analysis, are the effects of the low permeability silt layer and its location, on soil resistance to caisson penetration. 

The scaled penetration depth has values: ℎ∗ = 0.2 (typical of self-weight penetration), ℎ∗ = 0.4,  ℎ∗ = 0.6, ℎ∗ =

0.8 and ℎ∗ = 1.  
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Effect of silt layer on the excess porewater pressure variation 

Generally, porewater seepage produced by suction causes a hydraulic gradient which on both sides of the cais-

son wall varies with depth. The contours of the normalised excess porewater pressure, 𝑝∗ for ℎ∗ = 1 are shown in 

Figure 2. This figure corresponds to homogenous sand (Figure 2a), sand with a silt layer located at a depth, ℎ𝑠
∗ =

2ℎ∗ (Figure 2b) and a sandy soil profile with a silt layer at ℎ𝑠
∗ = ℎ∗ (Figure 2c). These figures clearly indicate that 

the contours of excess porewater pressure have been affected due the presence of a layer of silt and this conse-

quently has an impact on soil resistance to caisson penetration. 

 

(a)                                              (b)                                                  (c) 

Figure 2 (a-c): Excess porewater pressure 𝒑∗ distribution for normalized penetration depth  𝒉∗ = 𝟏 at (a) 𝒉𝒔
∗ = 𝟎 (homog-

enous sand), (b) 𝒉𝒔
∗ = 𝟐𝒉∗, (c) 𝒉𝒔

∗ = 𝒉∗. 

The vertical component of the normalized hydraulic gradient (𝑔∗ =  𝜕𝑝∗ 𝜕𝑧∗⁄ ) on both sides of the caisson wall 

is represented as a function of the normalized penetration depth, z*and shown in Figure 3 (a-d). It should be noted 

that the vertical component of the pressure gradient on the inner and outer side of the caisson wall are given by 

𝑔𝑖(𝑅, 𝜉) and 𝑔𝑜(𝑅, 𝜉), respectively. Two values of scaled penetration depth, namely: ℎ∗ = 0.4 𝑎𝑛𝑑 0.8 have been 

considered in conjunction with four different seabed profiles defined by ℎ𝑠
∗ = 0, 3ℎ∗, 2ℎ∗𝑎𝑛𝑑ℎ∗ are considered. 

By comparing the normalized pressure gradient on both sides of the caisson wall (Figure 3a-d), It can be seen that: 

- Regardless of soil seabed profile, pressure gradient at both sides of the caisson wall is higher at shallow 

penetration depths and the maximum pressure gradient occurs at the caisson tip. The effect of a low per-

meability silt layer is more noticeable inside the caisson cavity and becomes more pronounced when the 

caisson tip touches the silt layer (ℎ𝑠
∗ = ℎ∗).  

- There is no significant difference in the gradient magnitude for the first three soil profiles (Case A to C) 

on both sides of the caisson wall. However, such a difference becomes more noticeable once the caisson 

tip reaches the silt layer (Case D), and can affect the soil resistance through the increase in soil effective 

stress.   

 

 

Effect of silt layer on soil resistance to caisson penetration in layered soil  

In this study, the effect of the presence and location of a silt layer in a sandy soil profile on the soil resistance 

to caisson penetration is studied. For this aim, the reduction in frictional forces acting on the caisson wall and soil 

resistance at the caisson tip, due to applied suction, are calculated. Under seepage conditions produced by an 
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applied suction, the lateral effective stress(𝜎ℎ
′  ) acting on both sides of the caisson wall at a depth z, is respectively 

given by:  

�́�ℎ𝑖  (𝑅, 𝑧) = 𝐾 (𝛾′𝑧 − ∫ 𝑔𝑖(𝑅, 𝜁)𝑑𝜁
𝑧

0

+ �̃�𝑖(𝑅, 𝑧)) 
 

   (3) 

�́�ℎ𝑜  (𝑅, 𝑧) = 𝐾 (𝛾′𝑧 − ∫ 𝑔𝑜(𝑅, 𝜁)𝑑𝜁
𝑧

0

+ �̃�𝑜(𝑅, 𝑧)) (4) 

where the indices i and o indicate the regions inside and outside the caisson, respectively. The parameter K denotes 

the coefficient of lateral earth pressure, γ' is the effective unit weight of the soil, �̃� is the enhanced effective stress 

due to the effect of shear resistance which develops on the soil-caisson interface and 𝑔𝑖(𝑅, ξ) and 𝑔𝑜(𝑅, ξ) repre-

sent the vertical components of the pressure gradient on the inner and outer side of the caisson wall, respectively. 

    

(a)     (b) 

 

                 (c )                                                                         (d)                  

Figure 3(a-d): Dimensionless pressure gradient as a function of normalized depth for h*=0.4 and 0.8, and four different 

soil seabed profiles 

Seepage causes an overall reduction (∆𝐹𝑠) in the magnitude of the shear force acting on the caisson wall. This 

reduction (∆𝐹𝑠) can be expressed as a function of the normalized penetration depth ℎ∗ as follows:  

Δ𝐹𝑠

2𝜋𝑅2𝐾�̅� tan 𝛿
= ∫ [𝐿𝑖

∗(𝑧∗) + 𝐿𝑜
∗ (𝑧∗)]

ℎ∗

0

𝑑𝑧∗ (5) 

∆𝐹𝑠
∗ =  

∆𝐹𝑠

(2𝜋𝑅2𝐾 𝑠̅ tan 𝛿)
 (6) 

where 

𝐿𝑖
∗(𝑧∗) ≡ ∫ 𝑔𝑖

∗(1, 𝜁∗)𝑑𝜁∗𝑧∗

0
> 0 , 𝐿𝑜

∗ (𝑧∗) ≡ ∫ 𝑔𝑜
∗ (1, 𝜁∗)𝑑𝜁∗𝑧∗

0
< 0 (7) 
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and δ denotes the angle of friction at the interface soil-caisson and the suction magnitude at the mudline inside 

the caisson cavity is denoted by �̅�. The normalised reduction in frictional soil resistance, (∆𝐹𝑠
∗) is calculated for 

all soil profiles (Case A to D) using the results of the FE model and Equations (5-7). In addition, the vertical 

effective stress at the caisson tip is reduced due to the applied suction, leading to further reduction in the total 

resisting force. Assuming the enhanced vertical stress at the caisson tip not affected by seepage, the reduction of 

resisting force at the caisson tip can be calculated by the following equation (Harireche, et al., 2014):  

∆𝐹𝑡
∗ =

∆𝐹𝑡

2 𝜋 𝑅 𝑡 𝑁𝑞 �̅�
=

1

2
 (𝐿𝑖

∗(ℎ∗) + 𝐿𝑜
∗ (ℎ∗)) (8) 

Figure 4 shows that in all four soil profile cases, the reduction in both shear and tip resistance forces in-

creases during caisson penetration. This clearly shows that the location of the silt layer plays an important role 

in the reduction of the overall soil resistance to caisson penetration. The effects of the presence of a low permea-

bility layer are particularly more considerable when the caisson tip gets closer to the silt interface. In other 

words, the difference in the reduction in soil resistance for the first three soil profiles (i.e. cases A to C) is not 

considerable. The soil profiles with silt layer located around the caisson tip, correspond to less reduction, and 

this is more pronounced in case D where the caisson tip is closer to the silt interface (Figure 4a and 4b)). It can 

be observed that, the reduction of shear and tip soil resistance in homogenous sand (Case A) is approximately 

2.7 times higher than in case D. As a result, caisson installation in multi-layered seabed profiles, in the vicinity 

of a silt layer (e.g. Case D), requires a suction magnitude about 2.7 times higher than in homogenous sand (e.g. 

case A). 

 

(a)         (b) 

Figure 4: Magnitude of the reduction in (a) soil shear and (b) tip resistance 

Conclusion 

This study has been motivated by the need for further investigation to predict the effect of suction induced 

seepage on soil resistance to caisson installation in seabed profiles with low permeability layers. Firstly, the nor-

malised model problem of suction induced seepage around a caisson foundation has been formulated considering 

the variation of the pressure gradient around the caisson wall. In order to investigate the effects on caisson instal-

lation, of the presence of a low permeability layer such as silt, four different soil profiles were considered. A semi-

analytical approach has been developed to calculate the reduction in soil resistance due to applied suction, in each 

of these soil profiles. The results revealed that the presence of a silt layer at a certain depth in homogenous sand, 

can affect the reduction in soil resistance to caisson penetration and reduces the benefits of suction induced seep-

age on caisson installation. Furthermore, the location of the silt layer plays an important role. It was observed that 
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reduction in soil resistance due to suction induced seepage becomes significantly smaller when the caisson tip 

gets closer to the silt interface, compared to homogenous sand. Finally, this study suggests that the applied suction 

in seabed profiles where low permeability layers exist at various depths, should be increased by about 60% for 

the caisson installation in the vicinity of a silt layer to obtain reductions in soil resistance similar to those that can 

be achieved in homogenous sand.  Implications of such an increase in suction on critical soil conditions, such as 

piping, must be considered for the installation process to be safe. This aspect will be presented in a future publi-

cation.  
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