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1 Introduction 
In general, used pipelines are left in situ after service 
life. Nevertheless, modern environmental regulations 
require that pipelines, umbilicals and cables, after ser-
vice life, are periodically inspected or completely re-
moved from the seabed. The first option incurs rela-
tively small but recurring costs, while the latter option 
involves a significant one-time expense. It is worth 
noting that contaminated pipelines, such as for exam-
ple those contaminated with mercury, are required to 
be removed. 

One factor for the large costs is that heavy equip-
ment is required to access and lift buried pipelines. 
Heavy equipment requires the mobilisation of larger 
and more expensive vessels. Pipelines up to 16” must 
be buried in the Dutch sector of the North Sea, with a 
typical burial depth of 1 meter or more. The soil cover 
is problematic for the removal of the pipelines. While 
it is possible to pull the pipeline through a minimal 
amount of cover, the pipeline will likely fail under the 
load required. It is thus required to remove the cover 
on the pipeline. The removal of cover through either 
mechanical means or jetting requires powerful equip-
ment and is a slow process.  

To reduce the costs associated with pipeline or ca-
ble removal a new approach is needed. Enersea has 
recently developed a concept for a tool that aims to 
reduce soil resistance through induced vibrations, 
which would make pipeline removal easier/faster – 
and therefore less expensive. The objective of this 
system is to have a cost-effective subsea 

decommissioning solutions with the least amount of 
environmental impact for the recovery of (contami-
nated) subsea buried pipelines and cables, reducing 
companies decommissioning liabilities and enabling 
the recovery of valuable materials (copper, duplex, 
etc). 

 

 
Figure 1: Sketch of the decommissioning device analysed in this 
study – application to buried cables. 

 
The envisioned installation procedure is the fol-

lowing: (1) the soil cover on top of the pipeline or ca-
ble will be removed by lowering the sleeve and vibro-
unit in vertical position; (2) the vibro-units will be ac-
tivated liquefying the soil, and the water flow inside 
the sleeve will remove the soil and uncover the pipe-
line/cable; (3) the pipeline/cable will be cut at onside 
of the trench. For what concerns the cable, a A&R 
wire is send through the sleeve (yellow) and con-
nected to a Chinese finger holding the end of the cut 
cable. Then the cable can be pulled through the sleeve 
and the tensioner will be engaged. 
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In the envisioned design, one or multiple vibrating 
units would be used to induce either full (or partial) 
soil liquefaction around the pipeline, as illustrated in 
Figure 1. The Electro or hydraulic power will be gen-
erated on board of the vessel and distributed through 
the sleeve anulus (pipe-in-pipe configuration) toward 
the vibro units. The vibro unit will be set up as groups 
or even individual sub-assemblies providing redun-
dancy to the deburial process. 

The pipeline decommissioning tool proposed by 
Enersea is a solution that has not been previously used 
by the offshore industry (a patent application is cur-
rently under review), and could potentially be applied 
also to cable extraction operations in relation to off-
shore wind farming. In order to assure that the pro-
posed decommissioning solution is both technically 
viable and financially beneficial, more insight needs 
to be gained into vibratory soil-pipeline interaction, 
particularly into the hydro-mechanical mechanisms 
(build-up and dissipation of pore pressures) that, sup-
posedly, would facilitate the extraction of a buried 
pipeline (or cable).  

This paper illustrates a methodology which is able 
to answer the following questions: 

1. Is it possible to induce soil liquefaction in the 
vicinity of a buried pipeline/cable using the 
proposed decommissioning tool? 

2. How long it should be expected to take for soil 
liquefaction to occur? 

3. How far from the pipeline/cable it will be pos-
sible to induce soil liquefaction? 

4. How much reduction of the extraction force 
may be achieved by liquefying the soil around 
the pipeline/cable? With what influence of the 
burial depth? 

 
2 Methodology 
The numerical analysis of pipeline vibratory extrac-
tion in water-saturated soil appears at a first glance as 
a very complex problem. The following factors con-
tribute to such complexity: 
• the problem is intrinsically three-dimensional 

(3D), dynamic, and fully coupled (in that pipeline 
vibrations affect the response of the surrounding 
soil, which in turn constrains the motion of the 
pipeline); 

• the hydro-mechanical behaviour of soils is highly 
non-linear, especially in the presence of cy-
clic/dynamic loading conditions, for which it is 
necessary to reproduce phenomena such as cyclic 
pore-pressure build-up (possibly leading to lique-
faction) and strain accumulation, as well as intrin-
sic dependency of stiffness and strength on effec-
tive stress state, loading history, stress path and 
rate, etc.; 

• full extraction of a buried pipeline is per se a large 
deformation problem, which should in principle 
be simulated by resorting to modern numerical 

methods overcoming the typical assumption of 
small-deformation modelling; 

• from a computational standpoint, the combination 
of 3D conditions and relatively high loading fre-
quencies (i.e., larger than 20 Hz) would require 
the use of finely discretised numerical models, 
both in space and time, which very quickly leads 
to computations of unbearable cost. 

 
For the purpose of this first feasibility study, a 

number of simplifications have been introduced to en-
able an engineering representation of the phenomena 
at hand, yet believed to bear sufficient resemblance to 
reality – it is advised, however, that more stringent 
validation against real experimental data is pursued in 
the future.  

In more detail, the problem has been tackled as fol-
lows: 
• in lieu of a complete 3D model, the combination 

of two uncoupled/simpler models has been 
adopted, namely a 1D pipeline-soil interaction 
model (section 3.1) and a 2D model of a pipeline 
cross-section interacting with the surrounding soil 
(section 3.2). Both sub-models have been set up 
by accounting the fully dynamic conditions (i.e., 
including the influence of inertial effects). 

• the 1D model has been used to model the pipeline 
vibrations (and their propagation in space and 
time) induced by the aforementioned decommis-
sioning device. The soil-structure interaction ef-
fects have been simulated by introducing lumped 
viscoelastic elements (impedance) to represent 
transient soil reactions. The main difficulty about 
the setup of the 1D model is the calibration of soil 
impedance parameters (particularly to represent 
liquefied soil conditions), which is aided by the 
second (2D) model. 

• after obtaining an estimate of the vibratory pipe-
line displacements, detailed dynamic soil-struc-
ture analyses have been performed using the con-
tinuum 2D model of a pipeline cross-section 
interacting with water-saturated soil (in this study, 
exclusively sand). The 2D simulation results ena-
ble thorough assessment of pore pressure effects 
around a pipeline cross-section, which is instru-
mental to (i) refining initial estimates of soil im-
pedance and (ii) assessing possible reduction of 
pipe uplift capacity – both matters are intimately 
related to vibration-induced pore pressure build-
up. 

 
Overall, the above framework decomposes the full 

three-dimensionality of the reference soil-structure 
interaction problem into two uncoupled schemes that 
are geometrically simpler – therefore, easier to handle 
computationally. 
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3 Model set-up and parameter calibration 
The following reference specifications have been 

adopted in this study: 
• steel pipeline of outer diameter and thickness 

equal to 35.56 cm and 1.905 cm, respectively; 
• steel Young’s modulus equal to 210 GPa and 

Poisson’s ratio equal to 0.2; 
• length of the vibrating unit equal to 25 cm; 
• 5 kg rotating mass, with eccentricity and rotation 

frequency equal to 9 cm and 50 Hz, respectively. 
• the reference setup features two counter-rotating 

vibro-units in the same device, producing overall 
a purely vertical harmonic force; 

• pipeline buried at 1.0 m depth in loose sand, with 
a relative density of 35%. 

 

3.1 1D analysis of dynamic pipeline-soil interaction 
This approach studies the response of the pipeline in 
space and time, with discrete soil interaction ele-
ments. 

The reference geometry of the 1D model is illus-
trated in Figure 2, where the 1D steel pipeline struc-
ture is discretised using 2-node Euler-Bernoulli beam 
finite elements of 25 cm each. The vibrating unit is 
defined as a single point source of imposed harmonic 
loading – located in Figure 2 between points 3 and 4, 
approximately 5 m from point 3 – and it applies a 
nodal harmonic force F(t) = Fmax eiωt (with ω circular 
frequency) with Fmax = 88.8 kN and frequency f = 
ω/2π = 50 Hz. 

 

 
Figure 2: Geometry of the 1D pipeline-soil model. 

 
The pipeline segment 1-4 in Figure 2 is endowed 

with absorbing boundaries (viscous dashpots) at the 
two end nodes 1 and 4, following the well-established 
approach by Lysmer and Kuhlemeyer (1969). This 
choice has enabled the simulation of an infinite pipe-
line length beyond node 4, while above node 1 has 
avoided explicit modelling of the connection with the 
vessel. 

In the spirit of 1D soil-structure interaction model-
ling, dynamic soil reactions at embedded pipeline 
nodes (see Figure 2) have been reproduced using 
lumped visco-elastic Kelvin-Voigt interaction ele-
ments, whose behaviour is completely characterised 
by the values of the static elastic stiffness, Kstat, and 
the viscosity parameter, C. An additional mass, madd, 
has been added to each embedded pipeline node to 

obtain the correct dynamic soil stiffness at the consid-
ered loading frequency – further details on this aspect 
may be found in Gazetas (1991). Due to the non-lin-
earity of soil behaviour, these values may vary signif-
icantly with the loading magnitude, which governs 
the extent of the pore pressure build-up and inelastic 
(plastic) straining in the soil. Therefore, realistic 
ranges of Kstat and C values have been identified 
through detailed 2D analyses. 

The numerical integration in space and time of the 
1D model has been performed using in-house soft-
ware developed at Deltares. Particularly, the well-
known Newmark time integration algorithm has been 
adopted in combination with a non-dissipative, sec-
ond-order accurate pair of integration parameters, i.e., 
α = 0.5 and β = 0.25 (Hughes, 2012). 

The type of output produced by the numerical pro-
gram is qualitatively illustrated in Figure 3 and de-
picts how induced pipeline vibration would propagate 
from the vibrating unit towards the (infinitely far) end 
of the pipeline. The simulated response to a harmonic 
input force (F(t) = Fmax eiωt ) is represented by the dis-
tribution in space and time of the pipeline displace-
ment, u(x, t) = Umax(x)ei(ωt−ϕ). Given the linearity of 
the pipeline structural behaviour, also the displace-
ment response is expected to be harmonic, with am-
plitude Umax(x) decreasing with the distance x from 
the vibrating unit, the same circular frequency ω as 
the input force, and a phase lag ϕ. 

 

 
Figure 3: Qualitative pipeline response returned by the 1D model 
under a harmonic point load. 
 

3.2 2D analysis of dynamic pipeline-soil interaction 
This approach studies the response of the pipeline in 
time at a selected cross-section, with continuum soil 
modelling. 

3.2.1 Numerical model and boundary condi-
tions 

Figure 4 shows the geometry and the space discreti-
sation (FE mesh) adopted for the 2D soil-pipe model 
interaction model and representing a pipeline cross-
section buried 1.0 m below the seabed. Given the ge-
ometrical and loading symmetries of the system under 
consideration (exclusively undergoing vertical vibra-
tions), it has been possible to reduce the 
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computational burden of 2D simulations by model-
ling only half of the domain (2.5 m × 3.0 m). 

 

 
Figure 4: Geometry and FE mesh of the 2D pipeline-soil model 

 
The free surface at the top represents the seabed 

and has been set as a perfectly permeable boundary; 
the left boundary (along the symmetry axis of the full 
2D model) has been fixed along the orthogonal direc-
tion and let free to displace vertically (smooth rigid 
boundary), with no allowance for pore water flow 
(impermeable boundary); the bottom and right 
boundaries are fully permeable with imposed pore 
pressure values (free field conditions, sufficiently far 
from the pipe cross-section) and can mitigate spurious 
wave reflections back into the domain using the well-
known viscous wave absorption approach by Lysmer 
and Kuhlemeyer (1969). 

The point load applied in the corresponding 1D 
model has been represented as a vertical distributed 
load uniformly applied along the circumference of the 
cross-section. Its magnitude has been obtained for 
each simulation case as qmax = Fmax/(πD × 1 m), where 
D is the outer diameter of the pipeline cross-section.  

 

3.2.2 Constitutive model for soil liquefaction 
The total unit weight of the soil has been set to γ = 

19 kN/m3, while the value of 10−5m/s has been as-
sumed for the (isotropic) hydraulic conductivity. 

The behaviour of water-saturated sand subjected to 
cyclic loading has been simulated in 2D soil-pipe in-
teraction analyses using the PM4Sand model (Bou-
langer and Ziotopoulou, 2013, Ziotopoulou and Bou-
langer, 2013).  

The necessary soil parameters have been cali-
brated to reproduce the Groningen-specific liquefac-
tion triggering curve (Green et al., 2020) (i.e., the re-
lationship between number of cycles to liquefaction, 
N, and corresponding cyclic stress amplitude, CSR), 
and the post-liquefaction response (in terms of cyclic 
strain accumulation against the number of cycles 
while loading cycles are applied around vanishing 
mean effective stress) (Tasiopoulou et al., 2020).  

 

3.2.3 Numerical analyses 
The following three different types of numerical 

analyses have been performed for each considered ge-
ometrical/loading scenario: 

1. DynFC-FullyC, i.e., dynamic, force-con-
trolled, fully coupled analysis (with soil con-
solidation). Simulation of pipe-soil interaction 
accounting for the (competing) build-up and 
dissipation of pore pressures in response to 
pipeline vibrations. This analysis option has 
been adopted to serve two distinct goals: (1) 
determining the steady-state soil stress field 
that is later used to determine the uplift re-
sistance of the pipeline; (2) calculating at the 
considered cross-section the dynamic imped-
ance of the pipeline-soil system, which is 
needed to calibrate the lumped visco-elastic 
soil elements adopted in the 1D model. 

2. QSDC-Drained, i.e., quasi-static (no iner-
tiae), displacement-controlled, drained analy-
sis. Simulation of static pipe-soil interaction 
(no inertial effects) to determine the ultimate 
uplift resistance of of the pipeline at the con-
sidered cross-section. This type of analysis has 
been performed after the completion of the 
fully coupled dynamic analysis (DynFC-Ful-
lyC analysis). To this end, a vertical displace-
ment of 10 cm has been applied to the pipeline 
cross-section to achieve ultimate capacity con-
ditions and determine the corresponding reac-
tion force. Drained conditions (no pore pres-
sure build-up) have been assumed for this type 
of analysis, under the assumption that an uplift 
mechanism in permeable sand would not pro-
duce appreciable excess pore pressures (i.e., in 
excess with respect to their hydrostatic values). 
Prior to the QSDC-Drained analysis, a calcula-
tion step with nil external loads has been per-
formed in order to achieve fully balanced 
stress conditions in the soil’s solid skeleton af-
ter the conclusion of the DynFC-FullyC analy-
sis. 

3. QSDC-Undrained, i.e., quasi-static (no iner-
tiae), displacement-controlled, undrained 
analysis. Simulation of cyclic pipeline-soil in-
teraction at the considered cross-section to de-
termine the secant static stiffness (Kstat) of the 
lumped interaction elements in the 1D model. 
Accordingly, the cross-section has been set to 
follow an imposed vertical cyclic displace-
ment, so as to obtain the corresponding force 
reaction (not affected by the inhibited inertial 
terms) and, ultimately, the secant stiffness Kstat 
(in principle evolving with number of loading 
cycles). This kind of simulations have been re-
peated multiple times to compute Kstat for dif-
ferent values (order of magnitude) of the ap-
plied cyclic displacement. Undrained 
conditions (no pore water flow, constant soil 

3 Model set-up and parameter calibration 
The following reference specifications have been 
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• steel pipeline of outer diameter and thickness 
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The pipeline segment 1-4 in Figure 2 is endowed 

with absorbing boundaries (viscous dashpots) at the 
two end nodes 1 and 4, following the well-established 
approach by Lysmer and Kuhlemeyer (1969). This 
choice has enabled the simulation of an infinite pipe-
line length beyond node 4, while above node 1 has 
avoided explicit modelling of the connection with the 
vessel. 

In the spirit of 1D soil-structure interaction model-
ling, dynamic soil reactions at embedded pipeline 
nodes (see Figure 2) have been reproduced using 
lumped visco-elastic Kelvin-Voigt interaction ele-
ments, whose behaviour is completely characterised 
by the values of the static elastic stiffness, Kstat, and 
the viscosity parameter, C. An additional mass, madd, 
has been added to each embedded pipeline node to 

obtain the correct dynamic soil stiffness at the consid-
ered loading frequency – further details on this aspect 
may be found in Gazetas (1991). Due to the non-lin-
earity of soil behaviour, these values may vary signif-
icantly with the loading magnitude, which governs 
the extent of the pore pressure build-up and inelastic 
(plastic) straining in the soil. Therefore, realistic 
ranges of Kstat and C values have been identified 
through detailed 2D analyses. 
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ware developed at Deltares. Particularly, the well-
known Newmark time integration algorithm has been 
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input force (F(t) = Fmax eiωt ) is represented by the dis-
tribution in space and time of the pipeline displace-
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Figure 3: Qualitative pipeline response returned by the 1D model 
under a harmonic point load. 
 

3.2 2D analysis of dynamic pipeline-soil interaction 
This approach studies the response of the pipeline in 
time at a selected cross-section, with continuum soil 
modelling. 

3.2.1 Numerical model and boundary condi-
tions 

Figure 4 shows the geometry and the space discreti-
sation (FE mesh) adopted for the 2D soil-pipe model 
interaction model and representing a pipeline cross-
section buried 1.0 m below the seabed. Given the ge-
ometrical and loading symmetries of the system under 
consideration (exclusively undergoing vertical vibra-
tions), it has been possible to reduce the 
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skeleton volume) have been assumed to ex-
clude the interplay of soil permeability and 
loading frequency, which would have required 
additional parametric studies – it should be 
noted, however, that vibrations at the consid-
ered loading frequency are likely to produce 
nearly (if not fully) undrained behaviour. 

 
 

4 Numerical results 

4.1 Cross-section response from 2D simulations 
DynFC-FullyC analyses have been performed to sim-
ulate a physical time period of 1 second, which has 
been verified to be sufficient for the attainment of 
steady state vibrations at 50 Hz. It should be noted 
that, in light of the plain strain assumption, the 2D 
analysis would tend to overestimate the vibratory dis-
placement predicted by a 3D model featuring the 
same harmonic load per unit length – due to the fact 
that the 2D idealisation corresponds with assuming a 
vibratory source of infinite length along the pipeline. 
Therefore, a heuristic relationship has been consid-
ered between the Fmax values used in the 2D calcu-
lations and the maximum force applied by the Vibrat-
ing Unit, with the sole requirement of inducing in the 
2D model a harmonic displacement larger than the 
value returned by the 1D model (where the correct 
Fmax=88 kN has been applied). Since, vibrations of 
decreasing amplitude are expected at increasing dis-
tance from the vibratory source, the effect of a lower 
loading amplitude has been quantified by re-compu-
ting the response of the system for lower values of the 
external force – i.e., after multiplying Fmax by a scal-
ing factor fact lower than 1.0. 

The use of the 2D model has enabled the determi-
nation of (1) the uplift resistance after the 1 second 
vibration at 50 Hz, and (2) the constitutive parameters 
of lumped soil elements that govern the response of 
1D pipeline model – by varying fact, both (1) and (2) 
have been obtained as a function of the vibratory load 
magnitude. 

 

4.1.1 Simulation of soil’s stress field and pipeline’s 
uplift resistance 

Figure 5 shows the distribution of soil’s vertical 
effective stress around the pipeline at different times 

during the vibrational stage (DynFC-FullyC calcu-
lations). Large excess pore pressures appear in the vi-
cinity of the pipeline, with an area of influence rang-
ing from 1 to 2 pipe diameters. Such a perturbation 
develops quite rapidly after the activation of the vi-
brating unit, and a nearly steady state is already 
reached after about 5-10 cycles (i.e., after 0.2-0.4 sec-
onds). 

At the end of the DynFC-FullyC calculation, i.e. 
after 1 second, the uplift resistance has been 

calculated thorugh a QSDC-Drained analysis – see re-
sults in Figure 6. Since the distribution of the excess 
pore pressure is not perfectly steady in time (it varies 
around an average value as a result of the induced vi-
brations), two distinct time instants have been se-
lected within the same loading cycle to compute, by 
averaging, the drained bearing capacity, namely at 1.0 
second and 1.01 second – the corresponding uplift 
curves are illustrated in Figure 6 (orange and blue dot-
ted lines). As it may be expected, differences in the 
starting pore pressure distribution significantly affect 
the uplift response (particularly the stiffness) in the 
early stage of loading, though with a much lesser im-
pact on the ultimate capacity – the resulting uplift re-
sistance (per unit length, 𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) is in both cases of 
approximately 1.8 kN/m. 

To quantify the effect (and effectiveness) of the 
pre-uplift vibrations, a similar QSDC-Drained analy-
sis has been repeated for the case of hydrostatic initial 
distribution of pore pressure in the soil. In this case, a 
much larger uplift resistance (𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) of approxi-
mately 9 kN/m has been obtained. An uplift resistance 
factor has then been defined as follows – ratio be-
tween the uplift resistance values obtained for the 
cases with and without vibrating unit: 

𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑈𝑈𝑈𝑈 = 𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
                                               (1) 

 

 
Figure 5: 2D DynFC-FullyC results associated with a load scal-
ing factor fact = 1.0. Vertical stress distribution at different 
times. 
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Figure 6: Effect of the vibrating unit on the uplift resistance. 
Stress field calculated using a scaling factor equal to fact = 1.0. 

 

 
Figure 7: Effect of the vibration amplitude on the uplift 
resistance – 2D FE results and semi-logarithmic regression. 
 

Figure 7 shows how URF varies with the value of 
the loading factor (fact), which is directly correlated 
with the corresponding value of the harmonic dis-
placement (Umax – induced by the vibrating unit, see 
Figure 3). For further elaboration purposes it has ap-
peared convenient to derive the following regression 
line from the plot in Figure 7: 
𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑈𝑈𝑈𝑈1𝑚𝑚𝑚𝑚 = −0.253 ·  𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)  +  0.2461             (2) 

 

4.1.2 Static stiffness and dynamic impedance 
The motion of the pipeline cross-section embedded 
into the soil can generally be described by the follow-
ing momentum equation with lumped parameters: 

�𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝 + 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� �̈�𝑢𝑢𝑢 =  𝑈𝑈𝑈𝑈(𝑡𝑡𝑡𝑡) − 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠  𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡) − 𝐶𝐶𝐶𝐶�̇�𝑢𝑢𝑢(𝑡𝑡𝑡𝑡)         (3) 

where F(t) is the harmonic force acting on the 
pipeline cross-section, u(t) the (harmonic) displace-
ment, Kstat the secant static stiffness (defined for a 
given cycle), C the viscosity parameter of the dash-
pot, and mp the mass of the pipeline. The term 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
is a fictitious mass term that is necessary to correctly 
represent the dynamic stiffness of the coupled pipe-
line-soil system. 

The dynamic impedance (𝐾𝐾𝐾𝐾∗) is defined as the ra-
tio between the force acting on the pipeline (𝑈𝑈𝑈𝑈(𝑡𝑡𝑡𝑡)) and 
the corresponding harmonic displacement (𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡)) un-
der dynamic conditions (Gazetas, 1991): 

𝐾𝐾𝐾𝐾∗ = 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 − 𝜔𝜔𝜔𝜔2�𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝 + 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + 𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔𝐶𝐶𝐶𝐶                     (4) 

where Equation (4) has been exploited to express 𝐾𝐾𝐾𝐾∗ 
as a function of 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠, 𝐶𝐶𝐶𝐶, 𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝 + 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and the loading 
(circular) frequency ω (i denotes the imaginary unit, i 
= √−1). Accordingly, the dynamic stiffness (𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) is 
defined as: 
𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔𝐶𝐶𝐶𝐶                                (5) 

hence the following expression of the impedance re-
sults: 
𝐾𝐾𝐾𝐾∗ = 𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝 + 𝑖𝑖𝑖𝑖𝜔𝜔𝜔𝜔𝐶𝐶𝐶𝐶                                       (6) 

The static secant stiffness Kstat has been calculated 
through QSDC-Undrained simulations, for different 
values of the vertical cyclic displacement, ucyc. Rele-
vant results are illustrated in Figure 9, where 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 can 
be seen to decrease with the cyclic displacement am-
plitude. To confirm results reliability, it is worth not-
ing that the obtained values of 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 have been found 
to be well within the range provided by Guha et al. 
(2016) and NEN (2021). The work of Guha et al. pro-
vides an estimate of 𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 as a function of the small-
strain shear modulus of the soil, whereas the Dutch 
standard provides operational values for soil-struc-
ture-interaction problems (NEN, 2021). Following 
this validation check, a power-law regression has also 
been performed for the results plotted in Figure 8: 
𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = 8513.6 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐−0.496                                            (7) 

 

 
Figure 8: Relationship between (lunmped) secant static stiffness 
Kstat and pipeline’s cyclic displacements ucyc – 2D FE results and 
power-law regression. 

 
Finally, 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐶𝐶𝐶𝐶 values have been obtained 

through the following simple steps: 
1. the results of the DynFC-FullyC simulations have 

been processed to directly obtain the dynamic im-
pedance 𝐾𝐾𝐾𝐾∗ as per its definition given above; 

2. the dashpot viscosity coefficient has been com-
puted as 𝐶𝐶𝐶𝐶 = 𝑖𝑖𝑖𝑖𝑈𝑈𝑈𝑈(𝐾𝐾𝐾𝐾∗)/ω, where 𝑖𝑖𝑖𝑖𝑈𝑈𝑈𝑈(𝐾𝐾𝐾𝐾∗) denotes 
the imaginary part of the dynamic impedance 
(which is in general a complex number); 

3. the dynamic stiffness has been determined as 
𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑈𝑈𝑈𝑈𝑙𝑙𝑙𝑙(𝐾𝐾𝐾𝐾∗) + 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝, where 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑈𝑈𝑈𝑈𝑙𝑙𝑙𝑙(𝐾𝐾𝐾𝐾∗) is the 
real part of the complex impedance; 

4. the term 𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 has been identified as:  

skeleton volume) have been assumed to ex-
clude the interplay of soil permeability and 
loading frequency, which would have required 
additional parametric studies – it should be 
noted, however, that vibrations at the consid-
ered loading frequency are likely to produce 
nearly (if not fully) undrained behaviour. 

 
 

4 Numerical results 

4.1 Cross-section response from 2D simulations 
DynFC-FullyC analyses have been performed to sim-
ulate a physical time period of 1 second, which has 
been verified to be sufficient for the attainment of 
steady state vibrations at 50 Hz. It should be noted 
that, in light of the plain strain assumption, the 2D 
analysis would tend to overestimate the vibratory dis-
placement predicted by a 3D model featuring the 
same harmonic load per unit length – due to the fact 
that the 2D idealisation corresponds with assuming a 
vibratory source of infinite length along the pipeline. 
Therefore, a heuristic relationship has been consid-
ered between the Fmax values used in the 2D calcu-
lations and the maximum force applied by the Vibrat-
ing Unit, with the sole requirement of inducing in the 
2D model a harmonic displacement larger than the 
value returned by the 1D model (where the correct 
Fmax=88 kN has been applied). Since, vibrations of 
decreasing amplitude are expected at increasing dis-
tance from the vibratory source, the effect of a lower 
loading amplitude has been quantified by re-compu-
ting the response of the system for lower values of the 
external force – i.e., after multiplying Fmax by a scal-
ing factor fact lower than 1.0. 

The use of the 2D model has enabled the determi-
nation of (1) the uplift resistance after the 1 second 
vibration at 50 Hz, and (2) the constitutive parameters 
of lumped soil elements that govern the response of 
1D pipeline model – by varying fact, both (1) and (2) 
have been obtained as a function of the vibratory load 
magnitude. 

 

4.1.1 Simulation of soil’s stress field and pipeline’s 
uplift resistance 

Figure 5 shows the distribution of soil’s vertical 
effective stress around the pipeline at different times 

during the vibrational stage (DynFC-FullyC calcu-
lations). Large excess pore pressures appear in the vi-
cinity of the pipeline, with an area of influence rang-
ing from 1 to 2 pipe diameters. Such a perturbation 
develops quite rapidly after the activation of the vi-
brating unit, and a nearly steady state is already 
reached after about 5-10 cycles (i.e., after 0.2-0.4 sec-
onds). 

At the end of the DynFC-FullyC calculation, i.e. 
after 1 second, the uplift resistance has been 

calculated thorugh a QSDC-Drained analysis – see re-
sults in Figure 6. Since the distribution of the excess 
pore pressure is not perfectly steady in time (it varies 
around an average value as a result of the induced vi-
brations), two distinct time instants have been se-
lected within the same loading cycle to compute, by 
averaging, the drained bearing capacity, namely at 1.0 
second and 1.01 second – the corresponding uplift 
curves are illustrated in Figure 6 (orange and blue dot-
ted lines). As it may be expected, differences in the 
starting pore pressure distribution significantly affect 
the uplift response (particularly the stiffness) in the 
early stage of loading, though with a much lesser im-
pact on the ultimate capacity – the resulting uplift re-
sistance (per unit length, 𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) is in both cases of 
approximately 1.8 kN/m. 

To quantify the effect (and effectiveness) of the 
pre-uplift vibrations, a similar QSDC-Drained analy-
sis has been repeated for the case of hydrostatic initial 
distribution of pore pressure in the soil. In this case, a 
much larger uplift resistance (𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) of approxi-
mately 9 kN/m has been obtained. An uplift resistance 
factor has then been defined as follows – ratio be-
tween the uplift resistance values obtained for the 
cases with and without vibrating unit: 

𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑈𝑈𝑈𝑈 = 𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅𝑢𝑢𝑢𝑢,𝑤𝑤𝑤𝑤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
                                               (1) 

 

 
Figure 5: 2D DynFC-FullyC results associated with a load scal-
ing factor fact = 1.0. Vertical stress distribution at different 
times. 
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Figure 9: Values of madd, Kstat and Kdyn as a function the har-
monic displacement Umax induced by different vibratory load 
magnitudes 
 

 
At the end of the above step procedure, the identi-

fied value of madd has directly been added to the mass 
of the pipeline in the 1D model. To this end, the pipe-
line density (ρ) has been increased by the term (ρadd = 
𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 / A , where A is the cross-section area of the 
pipeline) and, accordingly, the total mass density up-
dated ρtotal = ρ + ρadd. 

Figure 9 shows the values of the additional density 
ρadd as function of the harmonic displacements (ucyc) 
induced in the dynamic analyses, using different val-
ues of the scaling factor fact. The same has been done 
for the viscosity parameter C – see Figure 10.  
 

 
Figure 10: Values of the dashpot viscosity C as a function the 
harmonic displacement Umax induced by different vibratory load 
magnitudes. 

 

4.2 Pipeline response from 1D simulations 
Relevant input values for 1D pipeline analyses in-
clude Kstat, C, and ρadd – all calibrated based on the 
results reported in Figures 12-13 as a function the har-
monic displacement Umax induced by different 

vibratory load magnitudes on the pipeline cross-sec-
tion. These input values strongly depend on the value 
of Umax generated by the vibratory process: therefore, 
an iterative process (where the lumped parameters at 
each node are adjusted as a function of the actual Umax 
value at the considered node) should in principle be 
performed to obtain a 1D response that is at the same 
time accurate and fully consistent with 2D results. 
However, in this first feasibility study, uniform input 
parameters have been set along the whole pipeline 
model, focusing on the two bounding cases associated 
with fact equal to 0.1 and 1.0, respectively. The for-
mer (fact = 0.1) is meant to represent the ideal case of 
intact soil (negligible strength reduction due to pore 
pressure), while the latter (fact = 1.0) corresponds 
with the case of substantial soil liquefaction occurred 
around the pipeline cross-section. 

Representative 1D model results are illustrated in 
Figure 11 and Figure 12, where the amplitude of the 

harmonic displacement and the corresponding up-
lift resistance factor (URF) are developed in front of 
the vibrating unit. The results in Figure 12 should be 
more representative of the conditions experienced by 
the soil in the immediate vicinity of the vibrating unit, 
which is where the largest harmonic displacement oc-
curs. Conversely, Figure 11 can describe accurately 
the response of the intact soil, as one would expect to 
find at a large distance from the vibratory source. 

Overall, it may be observed that the presence of the 
vibrating unit (VU) generates a decrease in the uplift 
resistance by a factor approximately equal to 2 in the 
vicinity of the VU. The length of the pipeline segment 
that may benefit from such a decreased uplift re-
sistance ranges, for the considered reference case, 
from 6 m (intact soil case, Figure 11) to over 25 m 
(liquefied soil case, Figure 12). Reality is believed to 
lie closer to the 6 m lower bound, although more re-
alistic results could be obtained by accounting for the 
spatial variability of the soil impedance along the 
pipeline – this effect has been neglected herein for the 
sake of simplicity, where the “real” value tends to be 
closer to 6 m. 
 

 
Figure 11: 1D model response for the case of intact soil (i.e., 
with fact = 0.1) – negligible pore pressure effects. Amplitude of 
the harmonic displacement Umax and URF value along the pipe-
line length. 
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Figure 12: 1D model response for the case of liquefied soil (i.e, 
with fact = 1.0). Amplitude of the harmonic displacement Umax 
and URF value along the pipeline length. 
 
5 Conclusions 
This numerical study provides some evidence about 
the potential effectiveness of the examined new pipe-
line decommissioning method. Its physical founda-
tion appears to be sound from a geotechnical stand-
point and promising for full scale application.  

At the same, however, an accurate quantification 
of the benefits that such a method could bring to the 
market is mandatory prior to further development and 
commercialisation. 

The current methodology is used to answer the fol-
lowing research questions: 
1. Is it possible to induce soil liquefaction in the vicinity of a 

buried pipeline/cable using the proposed decommissioning 
tool? Answer: Yes, it is theoretically possible, as 
long as the vibrating unit is able to mobilise “suf-
ficient” displacement of the pipeline along the 
length where lower soil resistance is needed. 

2. How long it should be expected to take for soil liquefaction 
to occur? Answer: Given the use of a high-fre-
quency vibratory source (herein assumed to be at 
50 Hz), steady-state conditions (including lique-
faction, if all the other conditions allow it) will be 
achieved within fractions of second – it will be 
generally a fast process that can quickly adapt to 
the gradual extraction of consecutive pipeline 
segments. In denser sand (not considered in this 
study), larger number of cycles are expected to 
produce sufficient pore pressure build-up – in this 
case, the weakening of the soil manifests itself in 
the gradual accumulation of deviatoric strains (so-
called cyclic mobility) rather than sudden lique-
faction instability. 

3. How far from the pipeline/cable it will be possible to induce 
soil liquefaction? Answer: The answer strongly de-
pends on vibratory load magnitude and soil’s hy-
dro-mechanical properties (relative density, stiff-
ness, and permeability). For the cases considered 
herein, an extension of the liquefied area up to 5-
6 m down the location of the vibrating unit seems 
to be possible. 

4. How much reduction of the extraction force may be 
achieved by liquefying the soil around the pipeline/cable? 
With what influence of the burial depth? Answer: In the 
vicinity of the vibrating unit, it may go up to 75% 
in the most favourable cases – then less reduction 
is predicted to take place as farther locations are 
considered. Along with all material/loading prop-
erties, the burial depth is expected to play an im-
portant role. 
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vibratory load magnitudes on the pipeline cross-sec-
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of Umax generated by the vibratory process: therefore, 
an iterative process (where the lumped parameters at 
each node are adjusted as a function of the actual Umax 
value at the considered node) should in principle be 
performed to obtain a 1D response that is at the same 
time accurate and fully consistent with 2D results. 
However, in this first feasibility study, uniform input 
parameters have been set along the whole pipeline 
model, focusing on the two bounding cases associated 
with fact equal to 0.1 and 1.0, respectively. The for-
mer (fact = 0.1) is meant to represent the ideal case of 
intact soil (negligible strength reduction due to pore 
pressure), while the latter (fact = 1.0) corresponds 
with the case of substantial soil liquefaction occurred 
around the pipeline cross-section. 

Representative 1D model results are illustrated in 
Figure 11 and Figure 12, where the amplitude of the 

harmonic displacement and the corresponding up-
lift resistance factor (URF) are developed in front of 
the vibrating unit. The results in Figure 12 should be 
more representative of the conditions experienced by 
the soil in the immediate vicinity of the vibrating unit, 
which is where the largest harmonic displacement oc-
curs. Conversely, Figure 11 can describe accurately 
the response of the intact soil, as one would expect to 
find at a large distance from the vibratory source. 

Overall, it may be observed that the presence of the 
vibrating unit (VU) generates a decrease in the uplift 
resistance by a factor approximately equal to 2 in the 
vicinity of the VU. The length of the pipeline segment 
that may benefit from such a decreased uplift re-
sistance ranges, for the considered reference case, 
from 6 m (intact soil case, Figure 11) to over 25 m 
(liquefied soil case, Figure 12). Reality is believed to 
lie closer to the 6 m lower bound, although more re-
alistic results could be obtained by accounting for the 
spatial variability of the soil impedance along the 
pipeline – this effect has been neglected herein for the 
sake of simplicity, where the “real” value tends to be 
closer to 6 m. 
 

 
Figure 11: 1D model response for the case of intact soil (i.e., 
with fact = 0.1) – negligible pore pressure effects. Amplitude of 
the harmonic displacement Umax and URF value along the pipe-
line length. 


