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ABSTRACT
Researchers have underscored the importance for a pipeline to safeguard against adverse effect resulting from its
displacement in vertical, axial and lateral directions due to the low shear strength of the soil. Seabed may sometimes
consist of soft or very soft clay soil with high water content and low shear strength. Dissipation of the water content from
the soil void increases its effective stress with a resultant increase in the soil shear strength. Electro-kinetic (EK) concept
has been applied to increase soil bearing capacity with barely any study conducted on it possible application on pipe-soil
interaction. The need to explore more options merit further research. The EK process for the pipe-soil interaction consist
of two main stages: electro-osmotic consolidation process and the dynamic analyses of the pipe-soil interaction. The
present study numerically investigates the impact of EK treated soil on pipe-soil interaction over the non-EK process.
Results of dynamic pipe-soil interaction on EK treated soil when compared with non-EK treated soil indicates a
significant increase in the force required to displace a pipeline.
KEYWORDS: Electro-kinetic, Electro-osmosis , Consolidation, Pore pressure, Effective Stress, Electrodes, Displacement,
Submarines Pipeline.
INTRODUCTION
Subsea pipelines are subjected to harsh environmental conditions leading to their displacement in vertical, axial and lateral
directions. Complex and expensive mitigating measures are currently being employed to keep the pipeline in place. An
increase in soil shear strength does increase the frictional resistance against pipeline displacement. Electro-kinetic (EK)
soil treatment process is applied to increase the strength of soil, however, little or no attention is given to EK process with
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regard to pipe-soil interaction. The EK process consists of electro-osmotic consolidation followed by the dynamic pipesoil interactions.
The strength of the soil can be improved by the electro-osmotic consolidation process. The application of electrical
voltage induces movement of soil pore water from the anodes to cathodes (Al-Hamdan and Reddy 2008) with a resultant
increase in the soil effective stress due to the solid soil compartment (Jones and Glendinning 2006). The electro-osmotic
process allows for the movement of another contaminant within the soil, which depends on the conductivity of soil and
the pore water (Virkutyte et al. 2002). Electro-osmosis has been considered in soil consolidation due to its advantages in
which the application of surcharge loads are not necessary and a significant reduction in the consolidation time being
achieved (Wu et al. 2012). Due to the electro-osmotic consolidation of the soil, an improvement of about 100% to 200%
in the soil shear strength can be observed (Lo et al. 2001). The effect of ionic diffusion in the soil allows for a permanent
consolidation to occur after withdrawing the electrical supply with an additional increase in the soil strength (Lo et al.
2001). The soil strength at the anodes regions is greatly impacted (Staff 1998). From the EK experiments conducted by
Eton (2011), a considerable increase in the force required to displace a pipeline is observed.
Micic et al. (2003) analyzed a three-dimensional (3-D) model with consideration of the material behaviours and boundary
conditions. A two-dimensional (2-D) and 3-D numerical analyses are conducted by HU and WU (2014) based on the
field test presented by Bjerrum et al (1967). A 2-D numerical study based on the field test reported by Bjerrum et al
(1967) with consideration to the constitutive elasto-plastic behaviour and large strain of the soil is conducted by Yuan et
al. (2015). Multi-Dimensional numerical analyses are presented by Yuan and Hicks (2015) with the field data being
obtained from Burnotte et al. (2004). Numerical models with complex geometry, multiple electrodes, varying voltages and
time of treatment were considered by Joshua and Kara (2018).
ELECTRO-OSMOTIC CONSOLIDATION OF SOIL
The principal effective stress 𝜎 ′ for a saturated soil is related to the pore water pressure 𝑢 and the total stress 𝜎 given by
the equation (Mitchell 1960):
𝝈′ = 𝝈 − 𝒖

(1)

The change in soil volume is controlled by the difference 𝜎 − 𝑢 (Mitchell 1960). Total pressure consist of various
component within the soil and is considered to be the same at every points under equilibrium conditions. The flow of pore
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water can occur within the soil if a difference is created at certain points. Component of the soil total pore pressure consist
of osmotic and hydrostatic pressure (Mitchell 1960). Externally applied loads and partial saturation within the soil are
main factors for the formation of the hydrostatic pressure while the potentials in the ionic concentration leads to the
formation of the osmotic pressure (Mitchell and Soga 2005). The build-up of negative pore water pressure are mainly due
to the electro-osmotic effect in saturated and partially saturated soil (Mitchell 1960).
Constitutive Equations
A mathematical model by Yuan and Hicks (2015) described the soil skeleton using Lagrangian coordinates and the porous
liquid particle using the Eulerian coordinates with consideration to the configuration of the soil skeleton.
The water mass conservation is given as (Yuan and Hicks 2015):
𝛁. (𝒗𝒔 + 𝒗) = 𝟎
(2)
Where 𝑣 𝑠 is the soil particle velocity and 𝑣 is the water filtration velocity relative to the soil skeleton. The total flow due
to the coupling of hydraulic and electrical gradient is shown in the equation below (Esrig 1968; Lewis and Humpheson
1973; Wan and Mitchell 1976):
𝒌

𝒗 = − 𝜸𝒘 (𝛁𝒑 + 𝜸𝒘 𝒛) − 𝒌𝒆𝒐 𝛁𝝓
𝒘

(3)

Where 𝑘𝑤 is the hydraulic conductivity, 𝛾𝑤 is soil unit weight and 𝑧 is the elevation, 𝑘𝑒𝑜 is the electro-osmotic
permeability and 𝜙 is the electric potential.
The governing equation for the electrical field (assuming there is a conservation of electrical charge and steady state
current) is given as (Yuan and Hicks 2015):
−𝛁. 𝒋 = 𝑪𝒑

𝝏𝝓
𝝏𝒕

(4)

Where 𝑗 is the electrical current flux, 𝐶𝑝 is the electrical capacitance per unit volume. From ohms law and considering that
the 𝐶𝑝 is negligible, the electrical flow is given as
𝒋 = −𝒌𝝈𝒆 𝛁𝝓
Where 𝑘𝜎𝑒 is the electrical conductivity.

3

(5)

For a constant hydraulic pressure, the excess pore water pressure 𝑢𝑒 is obtained from the equation (Esrig 1968; Lewis and
Humpheson 1973; Wan and Mitchell 1976):
𝛁 𝟐 𝒖𝒆 +

𝒌𝒆𝒐
𝜸 𝛁𝟐 𝝓
𝒌𝒘 𝒘

𝟏 𝝏 𝒖𝒆
𝒗 𝝏𝒕

= −𝑪

𝒌𝒘
𝒗 𝜸𝒘

And, 𝒄𝒗 = 𝒎

(6)
(7)

Where 𝑐𝑣 is the coefficient of soil consolidation.
The high conductivity of subsea clay which requires a high power supply and the corrosion of the anodes are the two main
challenges encountered with the EK process. These challenges can be lessened by applying electrical current on
intermittent bases as stated by Lo et al. (2001). Voltage distribution between electrodes is approximately linear with no
considerable drop. However, at the soil-water interface, a major decrease in the current flow can be observed due to a
decrease in the soil conductivity (Lo et al. 1999). In this case, a polarity reversal can be used to achieve an increase in the
current density (Micic et al. 2002, 2004; Wan and Mitchell 1976). The power consumption rate 𝑃 is defined in Eqn.8 (Lo
et al. 2001).
𝑷 = 𝒋 × 𝜷 × 𝜟∅/𝜟𝑳

(8)

Where 𝑗 is the current density, 𝛽 is the intermittent power supply, ∅ is the applied voltage, and 𝐿 is the distance between
anodes and cathodes
Dynamic Pipe-Soil Interaction
Embedment of pipeline plays a vital role in controlling its displacement in axial and lateral directions. Many studies and
designs were introduced to address this challenges. These ranges from understanding the behaviour of pipeline response to
force and displacement, loading cycles, and point of failure (Cormie et al. 2009). Merifield et al. (2008) conducted a
numerical analysis for the determination of pipeline embedment using wished in pipe (WIP) method where the pipeline is
placed at a predefined depth and the pushed in pipe (PIP) methods where the pipeline penetration is due to its weight and
operational loads as shown in Fig. 1 (Aubeny et al. 2005). The force to displace a PIP is greater than the WIP due to heave
formation at the pipeline invert surface (Merifield et al. 2009).
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Fig. 1 a. Wished in Pipe, (WIP)

b. Push in Pipe, (PIP)

The vertical reaction law defining the embedment of pipeline in the soil were explained in details by Muthukrishnan et al.
(2011); Ballard and Falepin (2009); Randolph and White (2008); Westgate et al. (2010a), (2010b). The excess pore water
pressure accounts for undrained or partially undrained conditions of the subsea pipe-soil interactions (Ballard et al. 2013).
The drained and undrained state of the soil is determined from the relationship shown below (Randolph and House 2001).
The fully drained condition,

𝒗𝑫
𝑪𝒗

The fully undrained condition,

<𝟏

𝒗𝑫
𝑪𝒗

> 𝟐𝟎

(9)
(10)

Where 𝑣 is the pile velocity, D is the pile diameter and 𝐶𝑣 is the consolidation coefficient of soil.
The design for axial displacement of the pipeline is considered in two stages which include the peak (breakout resistance)
and residual resistance (Ballard et al. 2013; Bruton et al. 2008; Carneiro and Castelo 2011). The alpha approach can be
used to determine the peak and residual resistance of a pipeline (Ballard and Falepin 2009; Casola et al. 2011; Oliphant
and Maconochie 2006):
𝑭 = 𝑨𝒄 𝑺𝒖 𝜶′
(11)
Where, 𝑆𝑢 is the soil shear strength, 𝛼′ is the adhesion factor and 𝐴𝑐 is the pipeline area of contact.
The axial effective force acting on the pipelines is governed by the equation (Ballard et al. 2013; Carr et al. 2008):
𝑭𝒆 = 𝑭𝒘 + 𝒑𝒆 𝑨𝒆 − 𝒑𝒊 . 𝑨𝒊
(12)
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Where, 𝐹𝑒 is the axial effective force, 𝐹𝑤 is the axial force on pipe wall, 𝑝𝑒 is the pipe external pressure, 𝑝𝑖 is the pipe
internal pressure, 𝐴𝑒 & 𝐴𝑖 are the pipe external and internal area respectively. For a condition at which the axial strain is
zero, the axial effective force 𝐹𝑒 of a fully constrained and closed ended pipeline is given by the equation (Ballard et al.
2013):
𝑭𝒆 =

𝚫𝑳
𝑬𝑨 + (𝟏
𝑳𝟎

− 𝟐𝝊′)(𝒑𝒆 𝑨𝒆 − 𝒑𝒊 𝑨𝒊 ) − 𝑬𝑨𝜶𝚫𝜽

(13)
Where, Δ𝐿 is the increment in length, 𝐿0 is the original length, 𝐴 is the steel pipe cross sectional area and 𝐸 is the Young’s
modulus of elasticity, 𝜐′ is the Poisson ratio, 𝛼 is the coefficient of thermal expansion and Δ𝜃 is the temperature gradient.
The lateral buckling design considered the break out force, the suction release, the residual force and the cyclic lateral
force (Cormie et al. 2009). Many types of researches were conducted to find solutions to this problem which includes
pipeline behaviour in response to the forces and displacement, cycles of loading and failure point (Cormie et al. 2009).
Additional details are given by Altaee and Fellenius (1996); Bai and Bai (2014); Bruton et al. (2006), (2008).
This study uses the ABAQUS tool to determine the effect of EK on subsea pipe-soil interaction. Three stages are involved
in the EK analyses: geostatic, electro-osmosis (consolidation), and dynamic analyses. The measurement and comparison
of the resistance developed between the EK and non-EK treated soils are determined and compared.
MODEL DEVELOPMENT
The flowchart describing the EK analyses procedure is shown in Fig. 2. In the ABAQUS tool, the Geostatic procedure is
first applied to ensure stress equilibrium within the soil and the soil procedure is adopted in the soil consolidation step.
The last step considers the dynamic implicit procedure for the dynamic pipe-soil interactions which involves the EK and
non-EK analyses. The analyses assumptions are: anodes and cathodes are made of same materials; the cathodes have zero
electrical potential; the soil, water, and electrodes experience constant electrical conductivity; the fluid velocity is directly
proportional to voltage gradient, and the pore pressure in the soil is uniform.
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Fig. 2 Flowchart: ABAQUS EK/non-EK test process
Modelling Soil Electro-Osmotic Consolidation
ABAQUS tool does not have the direct capability to solve the electro-osmotic problems. However, a relationship has been
established between the governing flow equations such as the electrical flow, heat transfer flow, fluid flow, and chemical
flow (Mitchell and Soga 2005). Each of the flow processes can be used to mimic the other and in this case, the heat flow
process to mimic electrical flows is adopted (Hansen and Saouma 1999; Mitchell and Soga 2005). In the ABAQUS tool,
the heat flow process is based on Fourier law while the electrical flow process is based on Ohms law (Dassault Systèmes
2014). The procedure couple temperature-pore pressure element is used to model the electro-osmotic consolidation
process. Tie interaction constraint is adapted to ensure electrical conductivity between the electrodes, soil, and water.
The temperature 𝜃 = 𝜃(𝑥, 𝑡) is assigned to the electrodes to mimic the voltage 𝜙 = 𝜙(𝑥, 𝑡). Pipe is unconstrained and
assumed to be straight. The water level is set at the soil top surface where it is permeable with zero pore water pressure
assumed. The soil surfaces is set to be permeable and displaces in the vertical direction while the soil bottom surface is set
to be impermeable and fixed.

7

The analyses of the initial time increment are derived from Eqn. 14 as shown below (Ansari et al. 2014; Vermeer et al.
1981).
∆𝒕𝒊𝒏𝒊𝒕𝒊𝒂𝒍 =

𝒉𝟐 𝜸𝒘
𝟔𝑬′ 𝒌

(14)

Where ℎ is the element average dimension, 𝑘 is the permeability of the soil, and 𝐸 is the effective Young’s modulus. The
parameter NLGEOM is set on to account for the geometry non-linearity during the analyses. The element sizes were
determined using the convergence test. A 10-nodes modified quadrilateral tetrahedron, pore pressure and temperature,
hourglass control, C3D10MPT is used to modelled the soil/water sections, support rings, and electrodes while a 6-node
triangular thin shell element, STRI65 is used to modelled the pipe section (Dassault Systèmes 2014). The soil, electrode,
pipe and rings have the element sizes of 0.0075m, 0.001m, 0.012m and 0.0008m respectively. The model consists of six
anodes, two cathodes, and two supporting rings.
To establish the initial electrical contact between the anodes and the soil the WIP method is adopted as shown in Fig. 1.
The pipe and electrodes assembly are described in Fig. 3 and the arrangement of the axial pipe-soil interaction are
described in Fig. 4. The electrodes layout is further described in Fig. 5. The anodes and cathodes are inclined to the pipe at
an angle of 20°. The anodes are embedded in the soil while the cathodes are embedded in the water where the pore water
drainage occurs. From Fig. 5, the approximate distance 𝑥 between cathodes and anodes gives rise to the voltage gradient.
The electrical flow can occur in all directions as the potential at the surface are assumed to be zero. However, as reported
by Rittirong and Shang (2008), the electro-osmotic flow can be assumed to occur mainly in two dimensions of x-y plane
provided that the distance 𝑥 between cathodes and anodes is far lesser than the thickness 𝑈 and width of the soil/water 𝑍
(𝑖. 𝑒 𝑈, 𝑍 ≫ 𝑥).
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Fig. 3 Assembly of pipe, electrodes and supporting rings

Fig. 4 Description of pipe-soil axial interaction model with the pipe partially embedded into soil
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Fig. 5 The schematic model configuration of the electro-osmotic process.
Schematic arrangements of the model are described in Fig. 6, Fig. 7 and Fig. 8 represents the vertical penetration, axial
displacement and lateral displacement of the pipe respectively.

Fig. 6 Phase-2: Schematic Side view of model position for pipe vertical penetration test.
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Fig. 7 Schematic of model position for pipe axial displacement test

Fig. 8 Schematic Plan view of model positon for pipe lateral displacement test
Model Properties
The pipe is made of steel, the soil of kaolin clay the supporting rings of polypropylene materials. The iron material is
considered for both the anodes and cathodes and as given by Eton (2011), The iron material is more effective for the
electro-osmotic process in the soil-water medium when compared with copper and aluminium. Drainage normally occurs
at the cathodes, however, due to the cathodes embedment in seawater, drainage occurs at the seawater surface. In this
case, less number of cathodes are adopted as compared to the anodes. Due to the higher conductivity of seawater than clay
soil, the seawater resistivity can be ignored (Eton 2011). The model and electro-osmotic properties are described in Table
1 and Table 2 respectively. The water has the depth of 0.055m and the soil has the depth of 0.105m. The data were
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obtained based on small-scale modelling by Dutta et al. (2014), this was scaled by a multiplier factor of 40 to represent the
large-scale experiment conducted by Dingle et al. (2008).
Table 1 Pipe/Soil Model
Parameters
Soil

Pipe

Electrodes

Supporting rings

Values
length

0.258m

width

0.084m

depth

0.16m

length

0.08m

diameter

0.02m

length

0.08m

diameter

0.001m

outside diameter

0.026m

inside diameter

0.02m

thickness

0.0015m

holes diameter

0.0012m

angle between holes

20°
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Table 2 Electro-osmotic/Cam Clay model parameters
PARAMETERS

MATERIALS

VALUES

UNITS

(Callister and

Soil

1.0

𝑆/𝑚

Rethwisch

Seawater

4.8

𝑆/𝑚

2014;

Iron

1.0×107

𝑆/𝑚

Engineering

electrode

Hydraulic conductivity 𝒌𝒘

Toolbox

Soil

1𝑥10−9

𝑚/𝑠

Electro-osmotic conductivity 𝒌𝒆𝒐

2015;

Soil

5.5𝑥10−9 𝑚2 /𝑉. 𝑠

Saturation, 𝑺

Mitchell and

Soil

120

Void ratio 𝒆𝒐

Soga 2005)

Soil

3

Virgin consolidation line, 𝝀

(Ansari et al.

Soil

0.4

Recompression/swelling line 𝒌

2014)

Soil

0.115

The slope of Critical state line 𝑴

Soil

1.8

The coefficient of earth pressure at

Soil

0.8

Wet yield surface size

Soil

1

Poisson ratio 𝝂

Soil

0.333

Young Modulus 𝑬

Soil

1.8𝑥106

𝑀𝑃𝑎

Dry density 𝜸

Soil

11.21

𝑘𝑁⁄𝑚3

Anodes

10

𝑉

Cathodes

0

Electrical Conductivity 𝒌𝝈𝒆

%

rest, 𝒌𝒐

Electrical potential (𝝓)

Time (t)

Steady state

s

Dynamic Pipe-Soil Interaction
The dynamic pipe-soil interactions consider both the non-EK and EK analyses and results between the two are compared
as described in Fig. 2. The model properties are given in Table 1 and Table 2 same as for the electro-osmotic process. The
ABAQUS dynamic implicit procedure is adopted for the pipe-soil interaction analyses. To define the friction and slip of
the pipeline on the soil, tangential behaviour with a rough coefficient of friction and hard contact for the normal behaviour
is set as given in the ABAQUS tool. The surface to surface interaction used to model contact between two surfaces
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moving relative to each other is adopted with the soil and pipeline being the slave and master surface respectively.
Displacement of the soil is allowed in the vertical direction of the soil surface and no displacement at the bottom surface is
permitted.
Detail analyses with regards to vertical penetration of pipeline have been discussed by (Dingle et al. 2008; Dutta et al.
2014). However, the dynamic analysis investigates further the EK effect on the pipe under the same and also different
conditions for a non-EK treated soil and EK treated soil. During vertical displacement analysis, the pipeline is penetrated
further from the initial depth of 0.375D to a depth of 0.825D. The axial and lateral displacement analyses also undergo the
same treatment as for the vertical displacement analysis with regard to the initial embedment. The vertical velocity of
0.015D and axial/lateral velocity of 0.0002m/s are applied to pull the pipeline. These velocities are adequate to give rise to
an undrained condition in the soil as shown in Eqn. 10.
ASSESSMENT OF ELECTRO-OSMOTIC CONSOLIDATION
Electrical field distribution within the soil is shown in Fig. 9 and Fig. 10. The nodal temperature (NT11) as given in Fig.
9, mimic the voltage flow (V). From Fig. 11, the flow can be seen to concentrate more at the anodes region and gradually
dissipate toward the cathodes region. At point 0.52m, the concentration of 10V decreases to 9V and with the further flow,
this tends to zero at point 2.2m. However, at this point of 2.2m, the voltage is noticed to increase to 1.6V, due to
embedment of cathodes inside the seawater where the pore water drainage takes place. From Fig. 11, the distance between
anodes and cathodes set up the voltage gradient which gives the driving force for the pore water flow within the soil and
the water medium, and as stated earlier, the seawater resistivity can be ignored due to higher conductivity of seawater than
the clay soil. For optimum performance in service, one of the following options may be explored: by reducing the distance
between anodes and cathodes, by increasing the voltage or by increasing the EK treatment time.
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Fig. 9 A front section view of electrical field distribution within the soil and water regions

Fig. 10 A side section view of electrical field distribution within the soil and water regions

15

Fig. 11 Electrical field distribution during the electro-osmotic flow process
EK Area of Influence
Areas of influence of the model are shown in Fig. 9 and Fig. 10. The flow is also noticed towards soil horizontal surfaces
and with depth as shown in Fig. 12. As earlier stated, the flow towards other surfaces is due to zero potential assumed.
The EK influenced extended to a 4.1m depth from the pipe bottom surface. The area of influence at the end surface of the
pipe is less than from the bottom mid-surface of the pipe. The flow concentration indicates a decrease with depth further
away from the anodes. The midpoint of the pipe decrease in flow concentration to less than 5.2V while the pipe end
surface decreases to 5.0V, accounting for a voltage difference of 0.2V.
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Fig. 12 Area influence by electrical field flow from pipe invert surface
Pore Water Pressure Dissipation
The voltage gradient of 4.55V/m gives rise to the pore water dissipation from the soil. The pore water pressure in the soil
shows a gradual reduction and tend to negative near the anodes regions as it drained towards the cathodes as shown in Fig.
13. The dissipation of pore water pressure led to the gradual decrease in soil void ratio from its initial state of 3 to 1.554 as
shown in Fig. 14. The largest decrease in the void ratio is experienced near the pipe surface due to its closeness to the EK
region with a higher concentration of the electrical field. As shown in Fig. 15, the pore water pressure indicates a
relatively constant state to a depth of 0.52m at a void ratio of 1.743. This depth effectively accounted for the soil
settlement.
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Fig. 13 Contour plot showing a cross section of the soil pore pressure distribution with depth due to EK effect

Fig. 14 Effect of the variation of pore water pressure dissipation on void ratio across soil depth.
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Fig. 15 Pore water pressure distribution within the soil
Effective Stress
The effective stress distribution within the soil is shown in Fig. 16. The effective stress experiences an increase as it
approaches the soil surface. This behaviour occurs from the soil depth of 0.8m close to the anodes as shown in Fig. 16.
This stress accounts for the increase in the force required to displace a pipeline from its initial position.
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Fig. 16 Effective stress distribution along soil path
Soil Settlement
The contour plot of soil settlement is shown in Fig. 17. Maximum soil settlement of 2.09mm has been achieved for the
EK process. The non-EK results are based on data obtained from small-scale modelling by Dutta et al. (2014) and when
scaled by a multiplier factor of 40, this represents the large-scale experiment by Dingle et al. (2008). In this case, a soil
settlement of 83.6mm is achieved for the EK process when compared with the 17.63mm obtained from the non-EK
process as shown in Fig. 18. This account for a settlement of 3.8% when compared with the average distance between
anodes and cathodes of 2.2m. Further effects due to the EK soil consolidation are given in the dynamic analyses section.
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Fig. 17 Contour plot of soil settlement due to EK effect

Fig. 18 Vertical soil settlement distribution within the soil due to non-EK and EK process
ASSESSMENT OF DYNAMIC PIPE-SOIL INTERACTION
Results from the dynamic pipe-soil interactions are presented for a pipeline under vertical, axial and lateral displacements.
Both non-EK and EK analyses were conducted and result from each compared to determine their effect.
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Effect on Pipe Vertical Penetration
The force-displacement reaction of the pipeline due to vertical penetration is shown in Fig. 19. Results from the non-EK
treated soil are compared with a non-EK experiment conducted by Dingle et al. (2008) and non-EK numerical analysis
conducted by Dutta et al. (2014). The penetration force shows a gradual increase with depth for all the processes. The EK
process shows higher penetration force than the non-EK: approximately 95% increase is achieved.

Fig. 19 Forces developed due to pipe vertical penetration
Effect on Pipe Axial Displacement
The pipeline is subjected to axial pulling as shown in Fig. 20. Pipe displacement behaviour on non-EK treated soil shows
a peak force of 5N at a distance of 0.06m. On further displacement of the pipe, the peak force slightly decayed to a
residual force of 4.4N. This residual force maintained approximately steady state to a distance of 0.52m before it
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gradually increases. The EK treated soil experiences a peak force of 12.9N, which breaks at 0.055m. Further displacement
of the pipe shows a gradual increase in the residual force. This behaviour is attributed to the soil conditions and the
regions that are influenced by the soil treatment.

Fig. 20 Forces developed due to pipe axial displacement
A comparison of axial displacement of the pipe between the EK and non-EK treated soil as shown in Fig. 20 a 158%
increase in the breakout force is achieved. As stated by Lo et al. (2001), a normally consolidated soft clay have shown to
be over-consolidated when treated and the over-consolidated ratio can be achieved in the range of about 1.2 and 1.7
while the soil shear strength can witness an increase of about 100% to 200%. A comparison of the percentage increase
in soil strength with a more recent electro-osmotic soil modification experiment by Eton, (2011) as shown in Fig. 21, an
increase in the peak pulling force of 158% is observed. These increase in the axial pulling force due to EK effect indicates
an improvement in the soil strength by over 100%.
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Fig. 21 Comparison of percentage increase on axial breakout force due to EK effect
Effect on Pipe Lateral Displacement
Results from the lateral pulling test are shown in Fig. 22. The peak force for the non-EK treated soil is 4.5N indicating
higher stiffness, which breaks at 0.006m. The EK treated soil also shows higher stiffness tangent with the peak force of
11.5N which break at 0.1m. As the break out force is achieved, the residual force for both the EK and non-EK maintained
a steady increase.
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Fig. 22 Force s developed due to pipe lateral displacement.
Comparing the EK with non-EK treated soil as shown in Fig. 22, the lateral peak force due to EK effect indicates over
156% increase. From Fig. 23, the lateral peak force show a higher improvement than the experiment conducted by Eton,
(2011).
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Fig. 23 Comparison of percentage increase on lateral breakout force due to EK effect.
Field Application
It has been established by researchers that increasing the soil strength is a possible mitigation approach. This new concept
is introduced to serve as a mitigating measure against pipeline displacement and may be incorporated into a new subsea
pipeline design or preinstalled at predetermined positions with regards to the cost and operating conditions. The subsea
umbilical cables may be used as a power supply source. This concept will also find applications on underwater cables.
Snake lay method of the subsea pipeline is shown in Fig. 24 (Perinet and Simon 2011). The methods reduce the axial
displacement of the pipeline with some limitations posed by the uncertainty in controlling lateral buckling (Rong et al.
2009). The anchoring points have been suggested by Eton (2011) as described in Fig. 24. Ideally, pipeline displacement at
this point is not permitted hence, the EK process may be applied. Axial displacement occurs mainly on the short pipeline
with a length usually between 2-5km (Bruton et al. 2008). One disadvantage of operating in the saline environment is the
high rate of power consumption, however, a small volume of soil consolidation is required to increase the resistance to
pipeline displacement as stated by Eton (2011). In this case, less power supply will be involved. Assessment of the soil
properties and the pipeline embedment during installation and in operating condition will help to determine the electrodes
configuration and power requirement for each individual case.

26

Fig. 24 Snake lay method of pipeline showing positions for EK treatment.
CONCLUSION
The EK effect on subsea pipe-soil interactions has been determined. The developed model shows the electrical field
behaviour and the influence on pipe displacement. Electro-osmotic consolidation of the soil is mainly due to the
dissipation of pore water pressure and a decrease in the soil void with a corresponding increase in the soil effective stress.
The process was greatly influenced by the applied voltage which induces the pore water flow. The resultant effect of the
electro-osmotic consolidation on dynamic pipe-soil interaction on both non-EK and EK under the same conditions were
considered and results compared. Major areas in the dynamic analyses are the peak and residual forces generated due to
the soil treatment. The resultant effect of pipe displacement in vertical, axial and lateral direction was also demonstrated.
Comparing the EK over non-EK, the force required to displace pipeline shows a significant increase. A 95% increase in
the vertical penetration force, a 158% increase in the axial pulling force and a 156% increase in the lateral pulling for the
pipeline are observed. Due to the effectiveness of the EK method as indicated in the obtained results, this approach can be
included in a new design of subsea pipelines or underwater cables and can also serve as a benchmark for further studies.
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Further Studies
-

Transient analyses with varying voltages to determine the sensitivity to this effect.

-

Effect of Polarity reversal to enhanced on the EK treatment

-

Assessment of electrochemical reactions with consideration to the insulation of pipeline and inline structures from
interfering with the EK process.

-

Pipe displacement with consideration to different velocities and loading conditions.
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Notations
𝐴

Surface area (𝑚2 )

𝐴𝑐

Area of contact (𝑚2 )

𝐶𝑝

Electrical capacitance per unit volume (𝐹/𝑚3 )

𝐶𝑣

Soil coefficient of consolidation

D

Diameter (m)

𝐸

Young’s modulus (Pa)

𝐹

Force (N)

𝐹𝑒

Effective axial force (N)

𝐹𝑤

Axial force on pipe wall (N)

𝑗

Electrical current density (𝐴/𝑚2 )

𝑘𝜎𝑒

Electrical conductivity (𝑆/𝑚)

𝑘𝑒𝑜

Electro-osmotic permeability (𝑚2 /𝑉𝑠)

𝑘𝑤

Hydraulic conductivity (m/s)

𝐿

Length (m)

𝐿0

Original length (m)

𝑚𝑣

Soil coefficient of volume change

28

𝑝𝑒

External pressure (Pa)

𝑝𝑖

Internal pressure (Pa)

𝑆𝑢

Undrained shear strength, (Pa)

𝑡

Time (s)

𝑢

Pore water pressure (Pa)

𝑢𝑒

Excess pore water pressure (Pa)

𝑣

Velocity (m/s)

𝑣

Relative velocity (m/s)

𝜐′

Pipe Poisson ratio

𝜐

Soil Poison ratio

𝑣𝑠

Soil particle velocity (m/s)

𝑧

Elevation (m)

𝛼

Coefficient of thermal expansion

𝛽

Intermittent power supply

𝛾𝑤

Unit weight of soil (𝑁/𝑚3 )

𝜎

Total stress (Pa)

𝜎′

Effective stress (Pa)

𝜃

Temperature (𝐶°)

𝜙

Electric potential (V)
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