
 

 

1 INTRODUCTION  

Normally consolidated (NC) clay covers a large area 
of the North Sea basin. When subjected to compres-
sion, the clay exhibits large plastic deformations. 
This paper discusses the observed settlements of an 
offshore subsea rock foundation installed on NC 
clay. Focus is given to the importance of selecting a 
proper material model when computing primary 
consolidation settlements of NC glaciomarine clay 
by means of Finite Element (FE) analysis. 

The primary compression was modeled utilizing a  
material model containing a stress dependent stiff-
ness with a logarithmic compression behavior. In 
addition, as normally consolidated clays can exhibit 
secondary compression, a sensitivity study was also 
performed using a material model including a creep 
parameter. The model performance were compared 
against field measurements. 

A rock berm foundation, recently installed on top 
of NC glaciomarine clay in the North Sea, was se-
lected as a reference case. Prior to the subsea rock 
installation, extensive soil investigations were con-
ducted at the site, which were followed by two sur-
vey campaigns after installation in order to obtain 
high accuracy field measurements. 

This paper also highlights the significance of 
stress history when determining which constitutive 
model that will most accurately describe the in-situ 
deformation behavior of the soil. If a majority of the 
soil is experiencing virgin compression, utilizing an 
elastic-perfectly-plastic material model during FE 

computations will yield poor results when predicting 
the magnitude of primary and secondary consolida-
tion settlements. 

Any eventual initial settlements, as discussed by 
Eiksund & Pedersen (2013), are assumed to be fin-
ished and are not influencing the results presented in 
this paper.   

2 BACKGROUND 

2.1 Knarr Field Development 

The Knarr oil and gas field development is located 
approximately 112 km west of Florø, Norway, in the 
Norwegian Sector of the Northern North Sea at an 
average water depth of 410 m.  

A subsea production template is tied back to the 
Knarr Floating Production Storage and Offloading 
(FPSO) vessel using a pipeline bundle and flexible 
risers. Production oil and condensate will be export-
ed by shuttle tanker from the Knarr FPSO whereas 
the gas is exported by pipeline to St Fergus gas ter-
minal via the Far North Liquids and Associated Gas 
System (FLAGS). 

The pipeline bundle is connected to a towhead 
structure at each end; a leading and a trailing tow-
head, shown in Figure 1. Due to the soft clay seabed, 
the towhead structures are installed on rockberm 
foundations. The rockberm foundations also allow 
for a controlled failure of the rock, as the towhead is 
designed to slide on-top of the rockberm during the 
thermal expansion and contraction of the bundle car-
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rier pipe. Settlement survey data of the trailing tow-
head rock berm constitutes the field measurements 
utilized in this paper.  

 

 
Figure 1. Picture of Knarr trailing towhead during laucmhing. 

2.2 Rock Berm Foundation 

Figure 2 shows a sketch of the rock berm founda-
tion. A fall-pipe rock installation vessel was utilized 
to construct the foundation with a bottom layer of 
the fraction 2.5 - 10 cm and a top layer of fraction 16 
– 32 mm graded rock.   

At the cross section of interest, denoted A-A in 
Figure 2, the foundation was measured to have a 
height Hberm of 2.6 m. The foundation has a top 
width Wberm of 26 m and 1:6 inclined side-slopes. 
During FE analysis with the Plaxis 2D (2012) soft-
ware, the geometry is considered to obey the as-
sumption of plane strain conditions. 

 

 
Figure 2. Sketch of rock berm foundation. 

 
The submerged unit weight γr’ of the installed 

rock volume ranges in between 9.0 – 9.5 kN / m3. In 
this paper, buoyancy reduced unit weights are uti-
lized since the stiffness response of a fully saturated 

soil only depends on effective stress parameters. 
Hence, the water-head can be disregarded if consid-
ering submerged unit weights rather than total unit 
weights.  

2.3 Glaciomarine Clay  

Geotechnical core sampling was performed at the 
rock berm site to a depth of 30 m below the seafloor, 
revealing a 5-layered soil profile as described in Ta-
ble 1.  

Layer I, in between 0.0 – 13.5 m, belongs to the 
Kleppe Senior Formation and consists of very soft to 
soft slightly sandy Glaciomarine clay, deposited af-
ter the last glacial peak. Layer I has low undrained 
shear strength, a high plasticity and contain traces of 
organic material. Geophysical surveying revealed a 
flat boundary in between soil layer I and soil layer 
II. Due to the homogeneity of the soil in the area, 
differential settlements are expected to be low. 

 
 

Table 1. Description of soil profile.  

Soil
Layer 

Average 
depth below 
seafloor, m

Soil description

I 0.0 - 13.5 Very soft to soft slightly sandy clay 
II 13.5 - 14.8 Soft to firm slightly sandy clay

IIIa 14.8 - 17.6 Firm to stiff slightly sandy clay
IIIb 17.6 - 22.1 Loose to medium dense clayey sand
IIIc 22.1 – 30.0 Firm to stiff slightly sandy clay

 
Table 2 provides soil properties for each soil lay-

er. In total, 6 Cone Penetration Test samples, 2 pis-
ton samples and 11 Wireline Push samples from a 
borehole drilled at the location of the trailing tow-
head rockberm were analyzed to obtain the soil data.     
 
Table 2. Soil properties for each layer in the soil profile. 

Soil 
Layer 

Undrained 
shear 

strength, 
Su

C, kPa

Water con-
tent, w, % 

Submerged unit 
weight, γ’, kN/m3 

I 5 - 24 61 - 87 6.0 
II 24 - 53 23 10.3

IIIa 75 21 10.5
IIIb - 17 10.5
IIIc 67 - 87 23 10.3
 
Three borehole samples extracted at the location 

of the foundation rockberm, at depths 6.18 m, 15.34 
m and 26.08 m, were subjected to a Constant Rate of 
Strain (CRS) oedometer test. These samples form 
the basis for evaluating the stiffness parameters for 
the FE material models utilized in this paper. The 
CRS test from 6.18 m depth in Figure 3 is used to 
derive the stiffness parameters for soil Layer I.  

 
 



 

 

 
Figure 3. CRS oedometer test of sample at 6.18 m depth be-
neath rockberm foundation.  

 
In order to determine the type of constitutive 

model needed to compute the settlements of the clay, 
a profile of the stress history is established. The 
stress profile is shown in Figure 4. 

 
Figure 4. 1D stress distribution profile of subsoil showing the 
in-situ effective vertical stress before and after installation, as 
well as the pre-consolidation stress before installation of rock-
berm. 

 
The in-situ effective vertical stress of the profile 

was mainly derived from the bulk density of the soil, 
but also inferred from the water content and particle 
density of the soil. Boussinesq’s theory for a strip 
loading was adopted to determine the additional ef-
fective vertical stress that was imposed on the soil 
body, at a point P below the centerline, after installa-
tion of the rock berm. According to Knappett & 
Craig (2012) the additional stress can be calculated 
as 

 


 2sin2 
Q

v             (1) 

where Q = submerged stress of the rock-fill in kPa 
and θ = angle in radians from the centerline of point 
P to the outer edge of the foundation.  

 By utilizing data of the over-consolidation ratio 
(OCR), provided in the site investigation report, the 
pre-consolidation stress state of the subsoil could be 
established.  

 
Figure 4 shows that Layer I is experiencing virgin 

compression after installation of the rock berm. 
Hence, Layer I will likely experience large consoli-
dation settlements presumably governed by a loga-
rithmic compression behavior, as shown in Figure 5. 

2.4 Selected Material Models 

Two material models utilized in FE analysis with 
Plaxis 2D (2012), the Soft Soil (SS) model and Soft 
Soil Creep (SSC) model, are compared in this paper. 
Only CRS oedometer tests, typically performed dur-
ing offshore soil investigations,  are required to ob-
tain the main soil parameters, in contrary to other 
more advanced creep models such as n-SAC (Grim-
stad & Degago, 2010) and Creep-SCLAY1S (Siva-
sithamparam et al., 2013), which are  not included in 
this paper.  

For comparison purposes, the settlements are also 
computed with the Mohr-Coulomb (MC) model with 
stiffness based on the oedometer modulus M to em-
phasize the inadequacy when computing settlements 
of NC clay with a linear-elastic perfectly plastic FE 
material model.  

2.4.1 Mohr-Coulomb Model 
The MC-model contains an elastic perfectly plastic 
relation between stress and strain (Brinkgreve et al., 
2011). A Mohr-Coulomb failure criterion is adopted 
in order to determine when the material reaches a 
point of yielding. Hooke’s law is utilized to relate 
stresses with elastic strains.  

Elasic stiffness is defined by the effective 
Young’s modulus E’, adapted from the oedometer 
modulus M, and the Poisson’s ratio ν. The strength 
of the soil is defined by the effective cohesion c’, the 
effective angle of friction ϕ’ and the angle of dila-
tancy ψ. 

2.4.2 Soft Soil Model 
The SS-model assumes a logarithmic relation be-
tween the volumetric strain εv and the mean effective 
stress p’ and is able to simulate the compression be-
havior of very soft soils (Brinkgreve et al., 2011). 

When subjected to virgin compression, the stiff-
ness of the soil is governed by the modified com-
pression index λ*, whereas the modified swelling in-
dex κ* governs the stiffness during swelling/re-
compression. Both parameters are defined within the 
εv:p’-plane, as shown in Figure 5, where pp is the 
isotropic mean pre-consolidation pressure. 
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Figure 5. Logarithmic relation between volumetric strain and 
mean effective stress (Brinkgreve et al., 2011). 

 
The modified compression index is determined 

from oedometer tests as 
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where Cc = compression index, e0 = initial void ra-
tio, εa = vertical strain,  σ’v = effective vertical stress 
and σ’vc = effective vertical pre-consolidation stress 
(Brinkgreve et al., 2011). Similarly, the modified 
swelling index is determined according to 
  

  v

as

e

C











ln

2

13.2

2

0

 for vcv         (3) 

 
where Cs = recompression index. Soil strength in the 
SS-model is defined by a Mohr-Coulomb failure cri-
terion with parameters c’, ϕ’ and ψ.  

2.4.3 Soft Soil Creep Model  
In order to investigate the influence of secondary 
compression, the SSC-model is also included in this 
study. Secondary compression is a phenomenon ap-
plicable to most soils, but is especially relevant 
when considering soft soils (Brinkgreve et al., 
2011). Large primary settlements of soft soils are of-
ten followed by a substantial creep deformation.  

No Incremental Loading (IL) oedometer tests 
were performed, hence the creep parameter μ* is se-
lected according to Brinkgreve et al. (2011), which 
suggests μ* = λ*/20. 

3 COMPUTATION METHODOLOGY 

3.1 Geometry 

Table 1 describes the soil profile of Section A-A, as 
shown in Figure 2, that serves as a basis for the ge-

ometry in Plaxis. No alterations to the geometry, as 
seen in Figure 6, are made when computing with 
each separate material model. 

The depth and lateral extent of the geometry is 
extended to ensure that the boundaries do not influ-
ence the computational results. 

Vertical and horizontal displacements are restrict-
ed to zero in the bottom boundary, and horizontal 
displacements are restricted to zero at the side 
boundaries. The top of the geometry is considered to 
be a free-draining boundary whereas the sides and 
bottom are modeled as closed consolidation bounda-
ries.  
 

 
Figure 6. FE geometry of soil layers and rockberm. 

15-noded triangular elements were selected and 
the mesh density was increased until the results 
ceased to show mesh dependency. The meshed ge-
ometry is presented in Figure 7. 

 

 
Figure 7. Meshed geometry.  

 
The rock berm foundation is modeled by means 

of a plate element with an imposed distributed verti-
cal load, equal to the footprint pressure of the rock-
berm foundation. The plate element is assigned a 
large arbitrary stiffness. Large stress concentrations 
will be generated at outer edges of the plate element. 
However, this does not influence the magnitude of 
the consolidation settlement in the centerline be-
neath the foundation. An interface is placed in be-
tween the plate element and Layer I to refine the 
mesh in the soil-structure contact zone.  

3.2 Soil Parameter Values 

In order to perform a FE computation with the dif-
ferent material models, a set of input parameter val-
ues representing the in-situ properties of the soil 
were defined. Input parameters for the MC-model, 
SS-model and SSC-model are found in  
Table 3.  
 All soil parameter values were determined from the 
client provided soil investigation report and includes 
data from CRS oedometer tests, as shown in Figure 
3, which were used to determine the stiffness param-



 

 

eters. For remaining soil parameters not defined in 
this paper, yet listed in  

Table 3, reference is made to Brinkgreve et al. 
(2011).  
 
Table 3. Input parameter values for each soil layer. 

Unit I II IIIa IIIb IIIc

Material 
type 

Un-
drained 

(A) 

Un-
drained 

(A) 

Un-
drained 

(A) 

Un-
drained 

(A) 

Un-
drain

ed 
(A)

γ', kN/m3 6 10.3 10.5 10.5 10.3
M, kPa 1000 5000 7000 44000 9000

E’inc, kPa 200y - - - -
ν, - 0.2 0.2 0.2 0.33 0.2
λ*, - 0.103 0.057 0.067 - 0.047
κ*, - 0.007 0.005 0.005 - 0.005
μ*, - 0.007 0.003 0.003 - 0.002

OCR, - 1.1 1.6 1.9 - 1.5
ϕ’,  ͦ 31 33.5 32.5 30 32
e0, - 1.65 0.72 0.72 - 0.52
ψ,  ͦ 0 0 0 0 0

c’, kPa 1 1 1 1 1
kx, m/day 0.001 0.001 0.001 0.001 0.001
ky, m/day 0.001 0.001 0.001 0.001 0.001

3.3 Computation Process 

The computation process comprise determination 
of initial stresses, a construction phase in which the 
rock berm foundation is installed and a consolidation 
analysis of t =200 days to compare against field 
measurements.  

Due to the limited time-span of the field meas-
urements, the influence of creep settlements on the 
rockberm foundation within this survey period is ex-
pected to be minor. 

However, the consolidation analysis is extended 
to t = 20 years in order to display the influence of 
the creep on the total foundation design lifetime set-
tlements.   

The procedure presented in Table 4 was identical 
during computation with all three material models.  

In the 2nd phase, the distributed load on top of the 
plate element is activated. This downward load, de-
noted A in Figure 6, represents the weight of the 
rock berm A = Hberm x γr’ = 2.6 x 9.5 = 24.7 kPa.  
 

Table 4. Computation procedure in Plaxis 2D. 

Phase Analysis Type Description 

Initial K0-procedure Generation of initial stresses 

1 Consolidation Staged construction, 10 days con-
struction of rock berm

2 Consolidation Staged construction, 200 days of 
consolidation period

3 Consolidation Staged construction, 7100 days of 
consolidation period

4 FIELD MEASUREMENTS 

In total, three surveys were performed by means of 
multibeam echosounder in order to monitor the con-
solidation settlements of the rockberm foundation. 
Survey #1 was conducted directly after the installa-
tion, at t = 0 days, for reference purposes. Survey #2 
and Survey #3 were conducted at t = 31 and t = 200 
days after installation respectively. Data sets con-
taining raw coordinate points in .xyz files were ad-
justed to lowest astronomical tide and extracted into 
a geographic information system software (GIS) in 
order to obtain a digital terrain model (DTM) of the 
rock berm. 

By extracting the deviation in z-height between 
the three survey data sets of the DTM, shown in 
Figure 8, the magnitude of the consolidation settle-
ment is obtained. 

 

 
Figure 8. DTM of an installed rock berm foundation. 

 
The multibeam echosounder data reveal an ongo-

ing consolidation process in the clay beneath the 
rockberm foundation. After t = 31 days the total set-
tlement was ~5 cm and after t = 200 days the total 
settlement had reached ~15 cm. In general, the set-
tlements beneath the rockberm foundation were very 
uniform, indicating a homogeneous subsoil. 

5 RESULTS AND DISCUSSION 

According to the computational results plotted in 
Figure 9, the SS-model and SSC-model correlate ac-
curately with the observed consolidation settlements 
of the clay beneath the rockberm foundation. Figure 
9 also shows that the simple approach of using a 
with depth linearly increasing Young’s modulus, 
based on the oedometer modulus, fail to predict the 
logarithmic compression response.  

Not much effort is required to determine the nec-
essary stiffness parameters, as long as oedometer 
tests are performed on the soil samples. Preferably, 
apart from conducting CRS tests, IL tests should be 
performed in order to obtain the creep parameter re-
quired for the SSC-model. If not, empirical methods 
are available to estimate this parameter (Olsson, 
2010). However, the results presented in this paper 
lack sufficient field observations to confirm the 
long-term performance of the SSC-model. 



 

 

For the short time period of t = 200 days in which 
field measurements were performed, the influence 
from secondary consolidation on the total settle-
ments is limited.  

 
Figure 9. Settlement of rock berm for 200 days of consolida-
tion period, as obtained by means of MC-model, SS-model, 
SSC-model and field measurements. 

 
Care should be taken when using MC-model to-

gether with a material type set to Undrained (A) in 
the Plaxis program since this may over-predict the 
undrained shear strength of the soil, resulting in a 
stiffer soil response. 

For t = 20 years, as shown in Figure 10, the con-
tribution from creep on the total settlements is pre-
dicted to be significant.  

Soft clay soils exhibiting large primary settle-
ments are often subjected to substantial secondary 
settlements in later years (Brinkgreve, 2011). 
 

 
Figure 10. Settlement progress of rock berm for t = 20 years. 
Note that for detailed design, a sensitivity analysis should be 
run on the different parameters in order to assess the range of 
expected long term settlements. 

6 CONCLUDING REMARKS  

The findings in this paper conclude that it is possi-
ble, by means of FE analysis, to accurately predict 
the magnitude of the consolidation settlements of 
soft North Sea clay using advanced, yet simple, soil 
material models, such as the SS-model and SSC-
model.  

This paper only investigates the results obtained 
from a 2-dimensional FE analysis, however, similar 
performance is expected of the SS-model and SSC-
model when performing a 3-dimensional analysis.  

Short term primary settlements can be computed 
by means of the SS-model, however, long term ef-
fects should be computed with a material model in-
cluding a creep parameter, such as the SSC-model. 

Key attention should be focused on acquiring 
high quality soil investigation data for the SS-model 
and the SSC-model early in subsea development 
projects on NC clay in order to mitigate any design 
issues that may arise from the consolidation settle-
ments.  
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