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ABSTRACT:  A model is described that predicts depth and shape of a settlement trough resulting from compaction due to 
vibro-installation of an open-ended pile. The model considers parameters like layering of the subsoil, soil density, installation 
duration as well as excess pore pressure generation (and subsequent dissipation in time). The volumetric strain field around 
the pile is calculated as it develops during and after of the installation process of the pile. The final step of the model consists 
of integrating volume strain fields to the corresponding surface settlements, considering redistribution of the compaction at 
depth to settlement at the surface (seabed) level. The model is illustrated with some example calculations, showing the effect 
of several (model) parameters. This gives an indication of uncertainty of these predictions, providing a basis for determining 
an appropriate factor of safety (uncertainty). For an actual case the results of the described model are compared with meas-
ured surface settlements.  
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1 INTRODUCTION 

Installation of open-ended piles by impact or vibratory 
driving can cause local densification of non-cohesive 
deposits like sands and silts through which or above 
which the pile penetrates. The amount of local densi-
fication depends on the installation parameters, the soil 
properties and the position in the subsoil relative to the 
pile. Around a tubular pile installed in a horizontally 
layered soil the densification pattern tends to develop 
an axisymmetric settlement trough around the pile. 
The distribution and magnitude of these settlements is 
of interest, since they may affect structures that are 
present on the (seabed) surface in close vicinity to the 
pile during its installation. 

2 PROBLEM STATEMENT 

For pre-piled offshore jacket foundations, frequently 
used offshore, use is made of pre-piling templates. 
With turbines in the offshore wind industry growing in 
capacity (size), also the supporting jacket structures 
and piled foundations are increasing in size. This re-
sults in the bottom founded pre-piling template struc-
tures also becoming larger. Nowadays, these templates 
can have footprints of more than 30 meters, heights in 

excess of 10 meters and weights exceeding 1000t. Alt-
hough these structures are “only” regarded temporary 
structures, they are critical to pile installation, ensuring 
all installation tolerances are met as needed to make a 
perfect fit with the superstructure. Pre-piling templates 
should be versatile enough to allow for deployment at 
all turbine foundation positions within a wind farm, 
which could be varying in seabed geometry as well as 
subsoil conditions. As such, relevant design codes that 
are used for pile foundations and their superstructures 
are also used for these pre-piling templates and the 
temporary character of the structure is only reflected 
in fewer design load cases, shorter return periods of 
certain load levels and overall acceptable probability 
of failure of critical parts of the template. 

Most typical foundation of such a template is of a 
mudmat type, with a mudmat supporting each corner 
of the template on the seabed. Suction caissons and 
spud piles are less frequently used. An important tol-
erance requirement for piling templates is the maxi-
mum allowable pile inclination, typically set around 
0.5 degrees from the vertical. Template deployment 
must account for un-even (sloping) seabeds, the poten-
tial for further un-even settlement due to heterogeneity 
of soil conditions over the footprint of the template, as 
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well as the potential for further pile-installation in-
duced settlements to ensure its capability to maintain a 
level position prior and during pile installation. Ad-
justment of the template’s verticality is typically done 
by making use of hydraulic cylinders whose stroke has 
to account for all these effects.  

A recent development is to use vibratory hammers 
for (partly) installing the piles. This is mainly the case 
for pile run susceptible soil profiles where vibratory 
hammers generally provide a good means of control-
ling penetration velocity. At greater depth an impact 
hammer is typically used to bring piles to design target 
penetration.  

The cyclic, high frequency vibrations by these 
hammers have the tendency to change the density of 
nearby non-cohesive sediments. While (contractive) 
compaction is most common, (dilative) expansion is 
also possible in densely packed sediment, resulting in 
heave outside, and plug-heave inside the pile (Luger, 
Thijssen, 2020). 

To meet the requirements related to verticality of 
the template, the minimum required stroke length of 
the hydraulic levelling cylinders on the template is im-
portant. To determine this, the following parameters 
should be assessed: 

• Seabed slope over the footprint of the template 
(i.e. seabed level at each mudmat) 

• Penetration of mudmats (equilibrium bearing 
capacity) 

• Elastic, undrained settlement of the mudmats 
• Consolidation (and to a lesser extent creep) set-

tlement during deployment 
• Any soil compaction from cyclic rocking mo-

tions of the mudmats under metocean loading 
(cyclic shakedown) 

• Any effects from a seismic load case on bearing 
capacity and settlement of mudmats 

• Compaction of soil layers due to pile installation 
(and potential impact of pore pressure buildup 
on the mudmats). The potential of a settlement 
trough around the installed pile(s) is of interest 
as this gives insight into the potential for uneven 
loads on the mudmats. 

 
The first six items on this list are described in 

codes/guidelines/literature. The last item is not. This 
paper addresses the impact of soil compaction at sea-
bed level due to pile installation.  
 

 
Figure 1. State-of-the-art pre-piling template (credit: 

Boskalis) 

3 MODEL DESCRIPTION 

3.1 Overview model 

The model is an extension of an existing model for the 
prediction of settlements during vibratory installation 
of sheet piles (Meijers 2007). The model for open-
ended piles differs, since the geometry is now axisym-
metric instead of plane strain. 

The model comprises a series of (partly interacting) 
sub models, i.e. a source model, a propagation model, 
a compaction and/or pore pressure generation model, 
a dissipation model and a summation model, as illus-
trated in Figure 2.  
 

 
Figure 2. Interacting sub models 

 

All sub-models are briefly described in the follow-
ing paragraphs. Most submodels are in line with the 
models used for the situation when installing a sheet 
pile. A more detailed description of these submodels 
can be found in (Meijers 2007). The summation model 
however differs from (Meijers 2007) since the geome-
try changes from plane strain to axi-symmetric. Soil 
displacement due to installation of the pile in terms of 
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soil-steel replacement or effects from coring or plug-
ging (incremental filling ratio) are not part of the pre-
sented model. This is considered to be a conservative 
approach. 

The model calculates the development of the den-
sification in the time domain. In the model the pile is 
assumed to penetrate the soil at a prescribed constant 
velocity applying a constant vibrohammer frequency.  

 

3.2 Source model 

The source model gives the shear stress amplitude at 
the interface pile-soil. It is assumed that at the interface 
pile-soil the shear resistance is exceeded, otherwise no 
pile penetration would occur. Therefore, the shear 
stress amplitude is taken as: 

 𝜏𝑦𝑖𝑒𝑙𝑑 =  𝜎′ℎ tan(𝛿) = 𝐾 ∙ 𝜎′𝑣 tan(𝛿)  (1) 

 
where yield (kPa) is the yield shear stress at interface 
pile-soil, ’h (kPa) the effective horizontal stress, 
’v (kPa) the effective vertical stress, K (-) the ratio 
horizontal to vertical stress and   () the interface fric-
tion angle pile-soil. 

 
The high frequency installation process generates 

excess pore pressures which changes the effective 
stress and thus the yield shear stress at the interface. 
From a geotechnical point of view the shear stress 
would become zero when the excess pore pressure be-
comes equal to the horizontal effective stress. In reality 
the material behaviour changes from an elasto-plastic 
to a viscous material. Therefore, a lower bound on the 
shear stress amplitude is imposed, based on the con-
cept of residual strength in geotechnical earthquake 
engineering (e.g. Stark, Mesri 1992). 

 

3.3 Propagation model 

The propagation model describes the attenuation of the 
shear stress waves with distance. From these follow 
the stress and/or strain amplitude (the loading compo-
nents for the generation model) in the soil surrounding 
the pile during pile installation. The model assumes 
horizontal radial wave propagation only. This is a sim-
plification of reality but considered acceptable for the 
present model. 

The model used to describe the attenuation of the 
shear wave amplitude is the following relation be-
tween shear stress amplitude and distance:  

 𝜏(𝑟) =  𝜏(𝑟 =  𝑟0) ∙ (𝑟 𝑟0⁄ )𝑛  (2) 
 

where (r) (kPa) is the shear stress amplitude at r, 
(r=r0) (kPa) the shear stress amplitude at r0, r (m) the 
radial distance from pile axis, r0  (m) the reference ra-
dius, n (-) the attenuation parameter. 

 
For a decreasing shear stress amplitude with dis-

tance the attenuation parameter n should be negative 
and without material damping its value becomes n = -
0.5 (Verruijt 2004). Material damping will increase the 
attenuation. For a flexible sheet pile (believed to in-
duce more material damping in its vicinity) n = -1 was 
found to provide a reasonable match with the observed 
attenuation (Meijers 2007). As the open-ended piles 
are more rigid a lower value of n = -0.75 is considered 
more realistic. 

 

3.4 Densification model 

The densification model calculates the change in 
volumetric strain during cyclic loading and, in un-
drained saturated conditions, the generation of excess 
pore pressure due to cyclic loading. 

Given the large number of vibration cycles during 
installation of a pile a robust, relatively simple, densi-
fication model is selected. Using advanced non-linear 
elastoplastic (e.g. UBC-sand) or hypoplastic models 
are considered unpractical, not only in view of the 
computational time, but also due to the potential diver-
gence and cumulative errors when used over thousands 
of load cycles. A practical densification model that 
avoids these disadvantages is the so-called C/L (com-
paction / liquefaction) model of Sawicki (Morland, 
Sawicki, 1985; Sawicki et al 2015). This model de-
scribes the compaction as function of the shear strain 
amplitude and the number of cycles. It uses the expres-
sion: 

 Φ =  𝐶1 ∙ 𝑙𝑛(1 +  𝐶2 ∙ 𝐽2 ∙ 𝑁)   (3) 
 
where Φ  (-) is the volume compaction, 𝐽2 (-) the sec-
ond invariant of the strain with 𝐽2 =  0.25(∆𝛾)2, 𝑁 (-
) the number of load cycles, ∆𝛾  (-) the shear strain am-
plitude, and 𝐶1 (-) and 𝐶2 (-) empirical constants. 

 
The relation between the compaction Φ and the 

plastic volume strain 𝜀𝑣𝑜𝑙𝑝𝑙
 is:  

 Φ =  − 1−𝑛0𝑛0 ∙ 𝜀𝑣𝑜𝑙𝑝𝑙
     (4) 

 

where  n0 (-) is the initial porosity and 𝜀𝑣𝑜𝑙𝑝𝑙
 (-) the plas-

tic (permanent) volumetric strain. 
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In saturated, undrained, conditions the rate of 
change in volumetric strain directly relates to a rate of 
change in pore pressure as follows: 

 𝜕𝑢𝜕𝑡 = 𝑀 ∗ (𝜕𝜀𝑣𝑜𝑙𝑝𝑙𝜕𝑡 ) = 𝐴(𝑡)   (5) 

 
where u (kPa) is the excess pore pressure, M (kPa) the 

constrained modulus, 𝜀𝑣𝑜𝑙𝑝𝑙
 (-) the plastic volumetric 

strain (-) and 𝐴(𝑡) (kPa/s) the rate of pore pressure 
change at time t. 

The so-called preshearing effect is not explicitly 
considered. As the used compaction model is based on 
the observed behaviour during cyclic tests on dry sand 
this effect is implicitly accounted for in the empirical 
parameters. 

The C/L model does not have an upper limit for the 
amount of densification. For large strain amplitudes 
and large number of cycles the densification may be-
come unrealistically high. First indications are that for 
vibratory installation of piles the results stay within ac-
ceptable limits. Therefore, at this stage, no precautions 
are implemented to prevent prediction of a too high 
degree of densification. 

 

3.5 Dissipation model 

In saturated, partially drained conditions the dissipa-
tion model calculates the rate of change of the excess 
pore pressure and the net water discharge per unit of 
soil volume. For the generation and dissipation of ex-
cess pore pressures the consolidation equation for axi-
symmetrical (vertical and radial) dissipation applies: 

 𝜕𝑢𝜕𝑡 =  𝐴(𝑡) +  𝑐𝑣 𝜕2𝑢𝜕𝑧2 + 𝑐ℎ (1𝑟  𝜕𝑢𝜕𝑟 + 𝜕2𝑢𝜕𝑟2  )  (6) 

 
where cv and ch (m2/s) are respectively the vertical and 
horizontal consolidation coefficient, z (m) the vertical 
coordinate and r (m) the radial coordinate. 

With this the inflow and outflow in each soil ele-
ment is calculated. From the net outflow of each soil 
element the plastic volumetric strain is obtained. 

 

3.6 Summation model 

From the previous calculation steps the permanent 
volumetric strain, resulting in a volume loss, at each 
point around the pile is obtained. As no voids can de-
velop in saturated non-cohesive soil this volume loss 
is assumed to be compensated by a surface (seabed 
level) settlement. Figure 3  shows the principle of soil 
movement due to densification of sand. Volume loss 

of the sand inside the pile is ignored as it will not con-
tribute to any settlement outside the pile.  

For the transfer of densification to seabed settle-
ment a model is used that assumes a given angle of 
influence β. The selected value for β is based on a field 
experiment with sheet piles (Meijers 2007). During 
this experiment, the vertical soil movement due to vi-
bratory installation of a sheet pile with embedded 
length of about 14 m was measured at three levels (at 
surface, at 7 m depth and at 11 m depth).  
 

 
Figure 3. Principle of soil movement due to densification 

of sand around the pile 

 
Figure 4 shows the vertical displacements at each 

depth as measured. The red line shows the inferred 
boundary of the zone with zero vertical displacement 
suggesting a value of β = 30 from the vertical can be 
used. 

It should be noted that the field experiment repre-
sented plane strain conditions in relatively loosely 
packed sand layers. In case of axial symmetric condi-
tions (i.e. installation of a pile instead of a sheet pile 
wall) arching effects come into play and in denser ma-
terials with higher internal friction angles steeper 
slopes are expected in active failure modes. 

 
Figure 4. Shape of measured settlement at surface and 

two depths, Raamsdonksveer sheet pile test (Meijers 2007) 
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The first and simplest approach consists of summa-
tion of the volumetric strains along a vertical, implying 
an influence angle β equal to 0, which gives the steep-
est seabed slopes but is clearly overestimating settle-
ments close to the pile and underestimating settlements 
further away. 

Applying the effect of a more realistic value of the 
angle of influence improves the prediction considera-
bly and was in fact the second modelling approach. 
The axial-symmetric nature of the settlement trough is 
thereby taken into account. Figure 5 illustrates the 
principle. From a ring around the pile at position (rs, 
zs) the influence of local densification extends up-
wards under an angle β with the vertical and is felt at 
the seabed over a ring with inner and outer radii rL and 
rR respectively. Since the pile wall is a hard boundary 
between soil deformations in- and outside the pile the 
settlement trough does not extend to the area inside the 
pile and the minimum value for rL is equal to the pile 
radius. Distributing the volume loss in the ring around 
the pile evenly over the seabed area between rR and rL 
accounts for the spreading effect (through angle β) 
which already gives a more realistic settlement distri-
bution.  
 

 
 

Figure 5. Settlement area around the pile for densifying 

ring-source element at radius rs and depth zs. 

 
A closer examination of the results learned that 

within the influence zone the inner part, near r = rL, 
should experience more subsidence than the area near 
r = rR, which has a larger circumference to distribute 
the compaction effects. A third approach was therefore 
formulated whereby for each element contributing to 
the surface settlement, the product of settlement times 
circumference is constant over the area. This results in 
a settlement trough described by uz = C.r-1. This ap-
proach will be referred to as ‘weighted with (inverse) 
distance’. 

To verify the possible effect of axial symmetry an 
alternative approach was formulated whereby the set-

tlement was found by integrating the effect of a circu-
lar densification source at a given radius rs and depth 
zs around the pile. Figure 6 illustrates the characteris-
tics of four models: (1) no spreading with β = 0o, the 
green localized settlement, (2) spreading with β  = 30o, 
the blue evenly distributed settlement, (3) the black 
“weighted with distance” pattern and (4) in red, the cir-
cle integration model. For all models the dashed line 
gives the undisturbed settlement pattern. The effect of 
a pile within the influence zone is shown as well. The 
concept is that all settlements that would have oc-
curred within the pile perimeter are compensated by 
increasing the settlements outside the pile. The re-
quired corrections vary from model to model with the 
largest correction for the inverse radius model (in this 
case 13.2%). 

 

Figure 6. Settlement spreading models for a single ring-el-

ement at r=rs with influence radius ri=0.65rs=zs tanβ 

 
Analysis of the “summed circle model” learned that 

its use implies a weighted distribution, that strongly 
drops off near the boundary of the influence zone as 
can be seen in Figure 6. 

4 CALCULATION RESULTS 

4.1 Example calculation 

The model is illustrated for a fictitious case with a 
homogeneous sandy soil for which the following soil, 
pile and installation parameters are used: 

• Soil relative density: ID = 0.7 (-) 
• Angle of internal friction: φ = 37.8 (degrees) 
• Interface friction angle: δ = 0.7*φ (degrees) 
• Soil permeability: k = 1*10-4 (m/s) 
• Pile radius: 2.3 (m) 
• Pile embedment length: 35 (m) 
• Driving time: 3600 (s)  
• Frequency of vibrator: 20 (Hz) 
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The volumetric strains in Figure 7 show that the 
width of the densifying zone is limited. The width first 
increases with depth then decreases further down. This 
is attributed to two counteracting mechanisms playing 
a role. The initial increase can be explained from the 
development of the shear strain amplitude with depth 
since in the model the shear stress amplitude is propor-
tional to the stress level. With the shear modulus being 
proportional with the square root of the stress level it 
follows that the shear strain amplitude increases with 
the square root of the depth, since the stress level is 
proportional with depth. 
However, the densification is not only a function of the 
shear strain amplitude, but also a function of the num-
ber of cycles. Since the number of cycles that is im-
posed from shaft to soil is smaller for deep layers than 
for shallow layers on can expect a decrease in densifi-
cation towards the tip of the pile.  
 

              
Figure 7. Volumetric strain field for the reference case. 

 
Figure 8 shows the distribution of the maximum 

relative excess pore pressure. The largest excess pore 
pressure is present close to and bear the top of the pile. 
This is due to the upward flow of the generated excess 
pore pressures.  

 

                 
Figure 8. Maximum relative excess pore pressure for the 

reference case. 

 

From the volumetric strain the settlement at seabed 
level is determined, using the four different ap-
proaches described in section 3.6. Results are pre-
sented in Figure 9.  

 

 
Figure 9. Settlement trough reference case. 

 

First note that the total settlement integrated over 
the surface is identical for all models. The absence of 
spreading (“vertical integration”) creates a localized 
deep trough without settlements outside r = 9 m. It is 
conservative for settlements next to the pile, but the 
small size of the settlement zone is not observed in the 
field. The other three approaches give a more realistic 
pattern with very similar results beyond r = 7.5 m. 
Main difference is found directly adjacent to the pile. 
The uniform spreading (“evenly distributed”) model 
gives an unrealistic (flat) settlement pattern near the 
pile wall. The weighted with distance and circle sum-
mation models perform much better, whereby the 
“weighted with distance” model gives somewhat 
higher settlements close to the pile. 

4.2 Sensitivity calculations 

To show the sensitivity of the model to the used in-
put parameters a series of sensitivity calculations is 
performed. In these calculations one parameter of the 
example calculation (section 4.1) is varied. The fol-
lowing parameters are varied: 

• Relative density of the soil: ID = 0.6 and 0.8 (- ), 
with φ = 35.9o and φ = 39.7o respectively (the 
ratio δ/φ ratio remains constant) 

• Attenuation of shear stress amplitude: n = -0.6 
• Soil permeability: k = 3*10-5 and 3*10-4 (m/s) 
• Driving time: 1800 and 7200 (s) 

 
Basis for the comparison of the results is the ‘weighted 
with distance’ approach. Results of the sensitivity 
study are presented in Figure 10. 
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Figure 10. Settlement troughs sensitivity study. 

 
The sensitivity analysis shows, as expected, that the 

relative density is the key parameter in the settlement 
calculation. It overshadows the effect of permeability 
and installation duration (i.e. the number of cycles). 
This is however less obvious than it seems. Lower den-
sities lead to lower shear stresses at the pile surface, 
which decreases the densification effect. Acting 
against that is the lower shear modulus in looser soils 
which for the same shear stress leads to larger shear 
strains. As far as the permeability is concerned, there 
appear to be two mechanisms, which could explain the 
absence of a clear trend of changing settlement with 
changing permeability: a high permeability allows for 
quick dissipation and densification, while for a low 
permeability higher excess pore pressures are devel-
oped which decrease the strength of the sand and could 
increase densification through a different mechanism. 

5 COMPARISON WITH FIELD DATA 

Data on settlements caused by vibratory installation of 
open-ended piles are rare. A recent, currently still con-
fidential, project enabled measurement of installation 
induced settlements around a number of medium sized 
open-ended piles. 

The subsoil consisted of a very dense top layer over 
about half the embedded length. Below this layer 
sandy clay and medium dense sand layers are present.  

Surface settlements were measured at several piles 
over four arrays per pile. The measured surface settle-
ments were converted to a minimum, average and 
maximum value at each distance interval. 
 

A post diction is made with the model described in 
this paper. It is assumed that the high density non-co-
hesive top layer and the underlying sandy clay do not 
experience any volume change. As a starting point, a 
value of β = 30 is used. Since this is not expected to 

be representative of the axial symmetric conditions of 
installing an open-ended pile combined with the very 
dense sand layers in the top, some alternative scenarios 
are analysed as well. 

The calculated surface settlements are shown in 
Figure 11 to Figure 13.  

 
Figure 11  Calculated surface settlement β = 30° 

 
For a volume spreading angle of 30 the predicted 

settlement trough is shallower but wider than the ob-
served trough. This suggest that the actual volume 
spreading angle β is less than 30. Since the top layer 
of sand has a very high relative density, it can be ex-
pected that the active wedge could be represented by 
an angle of 45– /2 with the vertical. When assuming 
 = 45 for the dense layers, the resulting angle would 
be  = 22.5. Figure 12 shows the calculated surface 
settlement for this case. 

 
Figure 12  Calculated surface settlement,  = 22.5 

 
As expected this gives a better agreement with the 

measured surface settlement. Would effects from the 
axial symmetrical character of the case be included as 
well, it could be justified that the equivalent volume 
spread angle would be even smaller than 22.5. For 
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this, predictions have been made for a volume spread-
ing angle of 15. Results are provided in Figure 13. 

 
Figure 13  Calculated surface settlement,  = 15 
 

For β = 15° the gradients of the various models align 
from r = 2m to r = 4m. Although the comparison be-
tween predicted and measured surface settlements 
only covers a single case, it does seem likely that for 
the case of installing single open-ended piles, the vol-
ume spreading angle should be reduced compared to a 
plane strain situation. 

6 UNCERTAINTY OF PREDICTION 

The uncertainty of the settlement prediction depends 
largely on the uncertainty in predicting the volumetric 
strain. This uncertainty has been investigated for the 
vibratory installation of sheet piles (Meijers 2007). 
Comparing the measured surface settlement with the 
predicted surface settlement it was found that the un-
certainty of contribution of this component to the sur-
face settlement is about a factor of 2, i.e. nearly all 
measured settlements are within a range of 0.5 to 2 
times the predicted settlement. 
Sensitivity analyses demonstrated that the inherent un-
certainty in estimation of the soil’s relative density and 
permeability (including effects from heterogeneity) 
combined with uncertainty in prediction of driving 
time provide a bandwidth in predicted settlement that, 
for the reference case, also suggests an uncertainty of 
the predictions in the order of a factor of 2. Model un-
certainty itself is not included herein. Limited field 
data that were available for validation do not provide 
sufficient clarity to provide further insight in potential 
modelling errors. 

7 CONCLUDING REMARKS 

A method is developed for predicting the seabed set-
tlement during vibratory installation of open-ended 
piles. The method considers the relevant processes 
during installation, i.e. pore pressure generation and 
dissipation followed by densification. Sensitivity anal-
yses carried out using this model can help to determine 
an appropriate factor of safety (uncertainty) for these 
predictions. 
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