10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30
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Abstract: Wave-seabed-pipelines interaction is of critical importance in the design of submarine pipelines. Previous
studies mainly focus on investigating the characteristics of flow fields and hydrodynamics around a single pipeline. In
this study, laboratory experiments and numerical simulations have been performed to examine the effect of burial
depth and space between the centers of twin pipelines on the wave-seabed-twin pipelines interaction subject to waves.
In the mathematical model, the VVolume-Averaged Reynolds-Averaged Navier-Stokes (VARANS) equations are used
to describe the wave motion in the fluid domain, while the seabed domain is described by using the Biot’s poro-elastic
theory. Numerical models are validated using these experimental measurements and available relevant experimental
data. Experimental and numerical results indicate that the burial depth and relative position of twin pipelines can
significantly affect the wave-averaged flow velocity field and the pore-water pressure distribution as well as effective

stress.

Keywords: twin pipelines; burial depth; space between twin pipelines; pore-water pressure; effective and additional

stress.

1 Introduction

In offshore engineering, submarine pipelines are usually used to transport crude oil and gas from offshore to onshore
areas. Their stability in harsh offshore environmental conditions plays a crucial role in the design of pipelines. Ocean
wave is the primary factor that causes the pipeline instabilities. Many offshore pipelines have been reported to be
damaged by ocean waves (Christian et al., 1974; Herbich et al., 1984; Sumer and Fredsge, 2002; Sumer, 2014). Due

to its practical significance, the wave-induced submarine pipeline instability has been extensively investigated in past
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decades, with a primary focus on a single pipeline by means of theoretical and experimental methods as well as
numerical simulations (e.g. MacPherson 1978; Mcdougal et al. 1988; Sumer et al. 1999, 2001; Jeng and Cheng, 2000;

Gao et al. 2003; Damgaard et al. 2006; Sui et al. 2016; Lin et al. 2017).

MacPherson (1978) investigated the wave-driven pore-water pressure in permeable seabed and found that the seepage
force was essential. Cheng and Liu (1986) applied the boundary integral equations to investigate the wave-induced
soil response. They found that in a rectangular region with impermeable walls, both the uplift seepage force and pore-
water pressure around the buried pipeline were affected by wave and seabed parameters. McDougal et al. (1988)
applied an analytical approach to investigate the wave generated forces acting on the buried pipeline in an infinite
seabed. Around a fully buried pipeline, the effect of a cover layer on the wave-induced seabed dynamic response was
examined by Jeng and Cheng (2000); Gao and Wu (2006) and Zhou et al. (2014) using the finite element method.
Sumer et al. (1999, 2001) conducted laboratory experiments to investigate the stability of liquefied seabed in the
vicinity of pipelines and the onset of scour underneath the pipeline subjected to currents/waves. Their studies illustrated
that the excessive seepage flow and the resultant piping caused the onset of the scouring under the pipeline. The effect
of upward seepage force on the scour beneath a single pipeline was also studied by Li et al. (2020a). The progressive
wave-induced seabed dynamic response around a buried pipeline was further investigated by Sumer et al. (2006) with
laboratory experiments. They concluded that the effect of pipeline on the pore pressure buildup at the top of the pipe
was negligible. The soil liquefaction first occurred in the top shallow layer and then developed downwards. However,
this situation changed around the vicinity of the pipe. Zhou et al. (2011) carried out laboratory experiments to examine
the combined effect of wave and current on the soil dynamic responses around a single pipeline. Their studies revealed
that the current could intensify the erosion process for all types of tested soils while the pore-water pressure within the
sandy seabed slightly decreased with elapse of time. Yang et al. (2012a, b, 2014) experimentally investigated the
seabed scouring process around a marine pipeline induced by waves. To protect pipe from scouring damage, they
found that attaching a spoiler on its top or placing a rubber underneath the pipe was effective provided that the length
of the spoiler or rubber was larger than a critical value. Recently, Sun et al. (2019) conducted laboratory experiments
to examine the wave induced seabed response around a partially buried pipeline in a trenched layer. They found that
the trench depth and the thickness of the buried layer had a significant effect on the pore pressure within the trench.
This is also valid for twin pipelines that the trench and backfilling have a major influence on the wave-driven seabed
response, but it generally exists during the pipelines construction rather than the operation phase. Some recent studies

have further evaluated the liquefaction potential around a trenched pipeline in terms of transient liquefaction (Qi et al.,
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2020) and residual liquefaction (Chen et al., 2019), respectively. Apart from the numerical studies, Miyamoto et al.,
(2020) carried out a number of wave flume tests in a drum centrifuge to investigate the wave-induced soil liquefaction

around a shallowly buried pipeline. More development and studies on the pipeline-seabed interaction can be found in

a state-of-the-art review by Fredsge (2016).

Comparing with the studies on a single pipeline, limited studies have been conducted to investigate the wave-induced
seabed response around twin pipelines, though pipelines may also be laid in parallel (Hirschhausen et al., 2018). In the
previous studies, the twin pipelines were treated individually because the distance between them was very large in
practice. With the reduction of horizontal gap, the twin pipelines become more dependent and do not behave like a
single extended body (Li et al., 2020b). Therefore, more attention should be paid to the twin pipelines with a small
gap. Bearman et al. (1985) investigated the in-line force on cylinders with general cross-section, which was in a
condition of planar oscillatory flow with small amplitude. They compared the theoretical analysis with experimental
results and evaluated the inviscid inertial force at low Keulegan-Carpenter (KC) numbers. Tatsuno (1989) performed
laboratory experiments to examine the steady flow patterns around two circular cylinders at low Reynolds numbers.
The effects of radii ratio, the distance in between and the flow direction on the streamline patterns were discussed.
Tang et al. (2015) applied a three-step finite element method to study the effect of the center-to-center distance between
the two cylinders and the gap between the lowest surface of the twin cylinders and the plane wall on the hydrodynamic
force coefficients, Strouhal numbers, and vortex shedding modes. Their study demonstrated that the hydrodynamic
force coefficients and vortex shedding modes differed significantly, with respect to various combinations of the center-
to-center distance and the gap. They also found that the change in the vortex shedding modes could result in a
pronounceable augment in the root mean square values of drag and lift coefficients. However, these studies on the twin
cylinders did not consider the effect of the porous media on the flow. Cokgor and Avci (2003) conducted laboratory
experiments to measure the forces on the circular cylinder, laid on or partly buried in the bed with parallel twin dummy
cylinders nearby. Their study showcased that for the tandem cylinder case, the pressure value around the circular
cylinder was smaller than that with a single cylinder and was closely related to the buried depth and the center-to-
center distance. Cokgor and Avci (2006) further conducted laboratory experiments to investigate the flow dynamic
characteristics around the parallel twin dummy cylinders under wave-current action. Their results showed that the
force coefficients relatively decreased with the increase of the burial depth and the presence of the second cylinder.
Furthermore, the tested cylinder also reduced the force coefficients compared with the case of a single cylinder for

otherwise identical conditions. Using a mathematical model, Zhang et al. (2013) examined the impacts of buried depth
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and distance between centers of twin pipelines on the hydrodynamic force and flow field distribution around twin
pipelines without considering the seabed response. In their models, the sandy bed was treated as a rigid porous material.
Their results revealed that an increasing distance between centers of twin pipelines led to an increase of velocity
magnitude and a decrease of wave pressure around pipelines. In addition, the decrease of the buried depth resulted in
the increment in velocity and size of vortex in both the front and lee side of twin pipelines, while wave pressure behind
the pipelines decreased. Zhao et al. (2015) numerically studied the seabed scour around tandem pipelines under steady
current and different pipeline gap conditions. The results highlighted that scour depth below the downstream pipeline

was smaller than that under the upstream pipeline.

Regarding the twin pipelines, these investigations mainly examined the characteristics of flow fields and
hydrodynamics without considering the pipeline gap conditions and the buried depths in a detailed manner while the
gaps and the buried depths play an essential role in the resulting flow and the seabed response. This stimulates the
present study in which laboratory experiments and numerical simulations are conducted to investigate the wave-
induced soil response around the twin pipelines subject to wave conditions. Both the buried depths and the gap
conditions are taken into account. In the experiments, the variations of pore pressure around the twin pipelines are
investigated, aiming to reveal the potential instability area. The model adopted in this study has not yet been applied
to study the seabed response in the presence of the twin pipelines. The model is validated using the measured data.
The validated model is then performed to compute the distributions of both the pore pressure and the additional stress
in the whole domain. The experiments and the numerical model complement each other and provide insight into the

soil response at the circumstances of various buried depths and distances in between.

2 Experiments
To look into the practical wave-soil-twin pipelines interaction, wave flume test is an appropriate and effective approach.
The different buried depths and distances between the centers of the twin pipelines can be easily realized. In this study,

32 twin pipelines cases and one single pipeline case are tested.

2.1 Experimental setup
Experiments are carried out in a 50 m long, 1.0 m wide and 1.3 m deep wave flume, at Hohai University, China. The
experiments are regarded as a small prototype without adopting any scale at a 1g condition (g is the gravitational

acceleration), in which the soil in a field test can be used in model experiments without particle size scaling (Hettler
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2000). Figure 1 shows the laboratory experimental setup. Plywood floors on both sides of the sediment basin are
constructed to elevate the bottom of the flume by 0.25 m. To ensure smooth transformation of the waves before entering
the measurement section, two 1:10 slopping plywood ramps are built at the ends of the 7.5 m long false floor. The
wave flume is equipped with a piston-type wave generator and two porous, slopping wave absorbers at both ends to
reduce wave reflections. The wave maker generates regular waves with a period of 0.6-2.5 s and an amplitude of up
to 0.2 m. Four wave-height gauges whose measurement range and precision are 0.60 m and 0.1 mm respectively, are
installed along the central axis of the test section to record the wave height (see Figure 1 for gauges arrangements).

The water depth at the measurement section is maintained at 0.40 m for all runs.

The sediment basin has a dimension of 2.0 m long, 1.0 m wide and 0.58 m deep, resided in the middle section of the
flume. The properties of sediment used in the laboratory experiments are listed in Table 1, where ys and y, are the unit
weight of soil and water, respectively. The shear modulus G is measured by the shear wave velocity method, and the
tri-axial test is used to obtain the Poisson’s ratio. The Young’s modulus (E) is calculated based on the measured shear

modulus and the Poisson’s ratio. The permeability coefficient is measured by the constant head permeability test.

Table 1 Properties of the tested sediment

Parameter Symbol Value
Mean grain size dso (mm) 0.15
Maximum void ratio Emax 0.871
Minimum void ratio Emin 0.411
\oid ratio € 0.584
Porosity N 0.369
e —¢€
Relative density D =—— 0.624
emax _emln
Specific gravity of sediment grain G, =717, 2.68
Permeability k (m/s) 3.57%10°%
Poisson’s ratio |4 0.30
Effective confining pressure a, (Kpa) 1.35
Elasticity modulus E =2G(1+v) (MN/m?) 53.82
Shear modulus G (MPa) 8.28

To form the sandy bed, sands and water are mixed thoroughly using an ordinary mixer that can release the air from the
sand into thick slurry in a large plastic box. The thick slurry is then slowly pumped into the sand tank by a suction

pumper and is allowed to consolidate for several hours. This process is repeated to ensure that the mudline reaches the
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top rim of the sand tank. Water is then slowly pumped into the flume to reach the designated water depth (h = 0.4 m).
Static hydraulic pressure of still water is imposed on the sandy seabed for 72 hrs to ensure the seabed subsidence is
negligible. This means that the variation of the void ratio is dismissed and the artificial factors will not affect the
saturation degree of the sandy bed. Two PMMA (poly-methyl-methacrylate) pipes are used in the experimental runs
to model natural pipelines. For all experimental runs, the length and the external diameter are 1.0 m and 12 cm,
respectively (Dm = Dy = 12 c¢cm, where Dn and D, are the diameters of the twin pipelines). Eight pore-pressure
transducers are evenly installed around the circumference of the measurement pipeline at the center section (see Figure
1). These pore-pressure sensors are produced by Chengdu Smart World Technology Co., Ltd with the measurement
range and full scale accuracy being 30 kPa and £ 0.1% respectively. The center of twin pipelines is placed at the same
buried depth (Dw/4, 0.5Dn, 3Dm/4 and Dy, respectively), and the distance (L) between the centers of twin pipelines
varies from 1.5Dy, to 3Dy, with an interval of 0.5Dy. The pore-water pressures in the seabed and wave heights are
measured simultaneously in all tests with the same sampling frequency of 50 Hz. Both sides of twin pipelines are fixed
on telescopic rods installed on a non-removable shelf. The shelf ensures that the pipelines are unmovable horizontally
and vertically. However, the telescopic rods make sure the pipelines could move in the vertical direction. The vertical
pipes movement occurs mainly in the pre-consolidation process, and it is negligible small during the measurements,

thereby not being analyzed.

2.2 Experimental conditions and procedures

The experimental conditions of wave, sandy seabed and pipelines in this study are chosen based on the previous
laboratory experiments (Zhai et al. 2018, Sun et al. 2019, Zhao et al. 2018) and listed in Table 2, in which H = wave
height and T = wave period. Only two wave periods (T = 1.2 and 1.4 s) and one water depth (d = 0.4 m) are analyzed
since the wave period and water depth is not the focus of the present work. The duration of data collection in all tests
is 180 s. Wave condition falls in the Stokes’ third-order zone with the diagram of ‘the range of suitability of various
wave theories’ proposed by Lé Mehauté (1976), as shown in Figure 2 (Sumer and Fredsge, 1999; Lé Mehauté, 1976;

Tzang, 1992).

The tests are conducted for four burial depths and four distances between the centers of the twin pipelines for the given
wave condition. The experimental procedures are as follows:
(1) Eight small holes are drilled in the pipeline for installing the pore-pressure transducers and are sealed with

waterproof tape. To locate the measured pore-water pressures on the pipeline surface, the surface of the transducers
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is flushed. The transducers, equipped with sand filters, are installed in water for 24 hrs aiming to drive out all air.
The measured hydrostatic pressure is an indicator for the examination of air condition in the transducers. The
measured data, in agreement with the theoretical value, are regarded as having no air existence in the transducers.

(2) The test soils are mixed with water and pumped into the soil basin. The twin pipelines are then placed at the planned
positions in the sand tank. Finally, a scraper is used to trim the seabed.

(3) The flume is then slowly filled with water to the prescribed water level and the soil is left to consolidate for three
days.

(4) Switch on the wave generator and record the water surface elevation and the pore pressure simultaneously.

(5) Switch off the wave generator and empty the water in the flume.

(6) The sand pit is emptied after completing an experimental run and then steps (2)—(5) are repeated until all the planned

experimental runs are completed.

Table 2 Experimental conditions

Wave condition . . Distance between
Relative buried .
Case the centers of twin
Wave height H(cm) ~ Wave period T (s) depth di/Dn ipelines L/D,

1 10 1.2 1/4 15

2 10 1.2 1/2 15

3 10 1.2 3/4 1.5

4 10 1.2 1 15

5 10 1.2 1/4 2

6 10 1.2 1/2 2

7 10 1.2 3/4 2

8 10 1.2 1 2

9 10 1.2 1/4 25

10 10 1.2 1/2 2.5

11 10 1.2 3/4 25

12 10 1.2 1 25

13 10 1.2 1 3

14 10 1.2 1/4 3

15 10 1.2 1/2 3

16 10 1.2 3/4 3

17 10 14 1/4 15

18 10 14 1/2 15

19 10 14 3/4 15

20 10 14 1 15

21 10 14 1/4

22 10 14 1/2
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23 10 1.4 3/4

24 10 1.4 1

25 10 1.4 1/4 2.5
26 10 1.4 1/2 2.5
27 10 1.4 3/4 2.5
28 10 1.4 1 2.5
29 10 1.4 1 3
30 10 1.4 1/4 3
31 10 1.4 1/2 3
32 10 1.4 3/4 3
33 10 12 1 -

3. Numerical simulations

3.1 Numerical model

In this paper, the WSSI model proposed by Zhang et al. (2011) is used to simulate the complex wave-seabed-pipelines
interaction, in which the porous seabed deformation is assumed to be very small and has no effect on wave
transformation above seabed. The wave model COBRAS (Lin and Liu, 1999), based on the volume-averaged
Reynolds-averaged Navier-Stokes (VARANS) equations, is applied to calculate the wave pressure and effective stress
on the solid-liquid interface. The output of the flow velocity and the wave pressure along seabed surface from the wave
model are imposed as boundary conditions at the seabed surface in the seabed model. In the WSSI model, Lin and Liu
(1999) developed an internal wave-maker for wave generation. The concerned section is far away from the damping
zones. Figure 3 presents the numerical model setup, which is the same dimension as in the experiment. The numerical
model is chosen because of its good performance in simulating the wave-seabed-breakwater interaction (Zhang et al.,
2011). However, the applicability of the model to pipelines needs to be validated, which is discussed in Section 4.2.
Both the pore pressure and the additional stress in the whole domain are simulated using the model to investigate the

influence of the distance between pipelines and the buried depth on the seabed response.

3.1.1 Wave model
Many researchers have studied the wave motion and seepage flow in the porous structures by solving the VARANS

equations (Shao, 2010; Hsu, Sakakiyama, and Liu, 2002). The mass and momentum conservation equations are:

o(us)
a—xi =0 Q)
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where (ir;) = the Reynold-averaged flow velocity, x; = the Cartesian coordinate, p, = water density, (py)= the

O]

Reynold-averaged water pressure, 7;;=the Reynold-averaged viscous stress tensor of the mean flow, g; = the gravity
acceleration, ds, = the equivalent mean diameter of the porous material, c, = the added mass coefficient,aand b =
empirical coefficients associated with the linear and nonlinear drag forces, respectively. The effect of turbulence
fluctuation on the mean flow, denoted as (u'r;u’s;), is obtained by solving the modified k-¢ turbulence model, where
k = the Kkinetic energy and ¢ = the dissipation rate of the kinetic energy (Lin and Liu, 1998). The prime denotes

turbulence fluctuation regarding the ensemble mean. The Darcy’s volume averaging operator ‘{ ) is defined as

(@) =7, adv, ®

where V = the total averaging volume, and V; = the portion of V occupied by fluid.

The finite-difference method (FDM) is used to solve the wave model COBRAS. To decouple the VARANS equations,
two-step projection method is adopted. Highly precise solution in space is achieved by using the high-order finite
difference scheme of staggered grid. A modified VOF method is applied to track the free surface of wave. The
interfacial force between fluid and solids is obtained in accordance with the extended Forchheimer equation. In the
momentum equations, both the linear and nonlinear drag forces between the pore water and the soil skeleton are

included.

3.1.2 Seabed model

In the WSSI model, a seabed model based on the Biot’s poro-elastic theory/equation (Biot, 1941) is applied to
investigate pore pressure, soil displacement and effective stress of the seabed consisting of uniform and isotropic
porous medium. Though dynamic analysis is useful to understand the variation of the pore-water pressure in saturated
seabed, it is much complex than the quasi-static analysis method (Simon et al. 1986; Grabe et al. 2014). Previous
studies also showed that the quasi-static analysis of porous media, ignoring the acceleration of solid particles and pore
fluid, is able to simulate the dynamic response of saturated porous media (Sumer 2014). In this study, the static Biot

consolidation equation in conjunction with the linear isotropic elastic model is applied to appropriately model the
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wave-induced dynamic response of the sandy seabed, which has small deformation and no residual pore pressure

accumulation.

The Biot’s equation is:

a
_LnBOy w0 (2 o) @

2 —
Vpp k at k ot \ ax dy

where p, = wave-induced oscillatory pore pressure; k = the permeability in different directions taken as the same
value in all directions; n = the seabed soil porosity; us and w, = the soil displacements in the x- and y-directions,

respectively, and g = the compressibility of pore fluid given by (Veruijt, 1969):

1 1-5

‘8=K_f+pw07 (5)

where Ky = the true modulus of elasticity of pure water (2 x 10° N/m?), p,,, = the absolute water pressure (1.013x

10° N/m?), and S, = the degree of soil saturation (Yamamoto et al., 1978).

The force equilibrium equations are obtained based on the conservation of momentum:

9oxx | OTxy _ Opp ©)
ax ay ox '’

0Txy | 00y, _ Opp )
ax ay oy’

where oy, and oy, = the effective normal stresses in the horizontal and vertical directions, respectively, and 7,
= the shear stress in xy plane.

Based on the generalized Hooke's law, the relationships between effective stresses and soil displacements are derived

ot = 2652+ o (G4 5] @
7 = 265+ 5 (G + 53] ©)
Tay =G[%+‘2—’;5, (10)

where G = shear modulus is computed by Young's modulus (E) and Poisson's ratio (i) in the form of E/(2(1+ wy)).

3.2 Boundary and initial conditions
To solve the VARANS equations, appropriate boundary and initial conditions must be specified. No-slip boundary

condition is used on the seabed surface, where the kinetic energy k and kinetic energy dissipation rate ¢ = 0. On the
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free surface, the atmospheric pressure, the normal stress, tangential stress, the gradient of k and ¢ are all equal to zero.
In order to avoid wave reflection at two ends, weakly reflecting boundary condition and numerical sponge layers are

adopted.

For evaluation of wave-induced seabed response, both the vertical effective normal stress and shear stress at the surface
of the permeable seabed are assumed to be zero. On the seabed surface, the pore-water pressure is assumed to be the
same as the dynamic wave pressure (p,) obtained from the wave model:

Pp= Pp» Oyy =0, T, =0 aty=hs, (11)
The bottom of the seabed is assumed as an impermeable rigid bottom without soil movements and vertical flow:

‘%:0, u, =0, wy=0 aty=0, (12)

Assume two lateral boundaries of seabed be impermeable without horizontal soil displacement and flow motion (Zhou

et al. 2014):

aa%zo, u; =0 atx= x, and x = x,, (13)

where x;, and x, = the horizontal coordinates at the start and end of the sand tank, respectively. The boundary
condition for the surface of the twin pipelines is specified as a rigid impermeable material and no fluid flows through

the pipeline surface.

4 Results

4.1 Measured pore-water pressure around twin pipelines

In general, dynamic pore pressure exhibits variations in the process of wave propagation. To illustrate this, Figure 4
shows, at eight pipeline surface positions (P1-P8), the measured time-series of wave-induced excess pore-water
pressure (Au = p, — p,,). The residual pore-water pressure is negligibly small in a sandy seabed for all experimental
tests, which is also reported in Jeng and Seymour (2007) and Jeng (2018). This is mainly ascribed to the fact that the
grain size of sediment used in this study is too large (ds, = 0.15 mm) to generate the residual pore-water pressure.
The Au induced by the wave loading is fully dissipated before the next wave arrives. It is apparent that, in the vicinity
of the tested pipe, the Au decreases towards the seabed bottom. Figure 4 also displays that the Au in the stoss side

of the tested pipeline is larger than that in its lee side.
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To analyze the effect of the buried depth on the soil response, the variation of the excess pore pressure amplitude (|Au|),
at the distance L/D,, =2, is selected for illustration. Figure 5 plots the |Aul|/p, profiles with respect to the d,/D,,
at three test points (P4-P6), in which po is the amplitude of dynamic wave pressure at the mud-line surface, calculated
by the linear wave theory. Figure 5 shows that, for T =1.2 and 1.4 s, variations of |Au|/p, with d./D,, are similar,
but the |Au|/p, value at T =1.4 s is slightly greater than that at T =1.2 s for all three points. As expected, the |Au|/po
decreases with the increase of the embedment depth. The maximum |Au|/p, value occurs at P6 and the minimum
value appears at P5, the pressure gradient between the two test points decreases with the increasing d;/D,,. Figure 5
also illustrates that the |Au|/p, attenuates greater in the smaller buried depth than that in the larger buried depth,
which is primarily attributed to the effect of permeability and deformation properties of the soil. This phenomenon
differs from the law of monotonous decay of the pore pressure as the augment of the seabed depth without any pipeline

(Zhang et al., 2016).

Similar to the buried depth, the distance between pipelines also affects the excess pore pressure variations. Figure 6
presents, at d./D,, =0.5, the |Au|/p, changes with regardsto L/D,, at five locations (P3-P7) for T =1.2 and 1.4
s. The |Aul|/p, at different points decreases as the L/D,,, increases from 1.5 to 3.0. For almost all points around the
measured pipeline, the attenuation rate of |Au|/p, is about 10%. This is mainly ascribed to the blocking effect
induced by another pipeline on the soil deformation, which decreases gradually with the increase of L/D,,. Besides,
the |Au|/p, attenuation from P3 to P4 is faster than that from P4 to P5; and from P7 to P6 the change is also greater
than that from P6 to P5. These observations are consistent with the results of Sun et al., (2019), in which one partially
buried pipeline is considered. They found larger amplitude attenuation of excess pore-water pressure occurs in the

upper layer of the seabed and the smaller amplitude attenuation appears in the lower layer.

4.2 Comparison of measured and simulated results

To validate the numerical model, comparisons are made in terms of the wave elevation () and Au with the same
wave period, as shown in Figure 7. Figure 7(a) compares the measured and simulated # at the same point away from
the right end of the wave generation zone. In addition, water elevation obtained from the analytical solution by Stokes
(1880) is also plotted in Figure 7(a) for comparison. The simulated wave profile agrees well with both the
measurements and the analytical results. At P3, Figure 7(b) presents the simulated and measured Au with d./D,, =
1and L/D,, = 2. Overall, the simulated pore pressure is in good agreement with the measurements, demonstrating

that the present model is capable of accurately simulating the wave induced seabed response around twin pipelines.
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To further validate the model, the simulated |Au| around twin pipelines and single pipeline is compared with the
corresponding experimental results. Figure 8 presents the distributions of |Au| with d, = D,, =D, =12 cm. It
suggests that |Au| decreases in the vicinity of both the twin and single pipelines with the increase of the seabed depth;
the pore pressure is larger at the pipeline top and smaller at the bottom. These are in line with the findings of Pan and
Wang (2007), who considered a fully buried single pipeline in a sandy seabed. In particular, for the twin pipelines,
|Au| at the top is more than twice the one at the bottom, which is consistent with the pressure distribution of a single
pipeline. It is apparent that, for both cases, the numerical results agree well with the experimental data, which further
validates the numerical model. Figure 8 also presents that the |Au| around the measured twin pipelines is larger than
that in the vicinity of the single pipeline. A possible explanation for this result is that the seepage path of pore water is
dispersed by the existence of the other pipeline; and the seepage scattering affects the propagation approach of pore
pressure energy transferred from wave-induced seafloor pressure. The energy propagates into the seabed via soil
particles directly (Tisato and Quintal, 2014) or spreads along the pipeline to its bottom and subsequently downward to

the seabed bottom.

4.3 Comparison between twin and single pipelines

To examine the effect of the pipeline on the wave induced time-dependent seabed response, the simulated time series
of Au and stresses (effective stress and shear stress) at the bottom for the twin and the single pipeline are plotted in
Figure 9. The effective stress is a summation of the additional stress induced by the wave and initial stress under self-
weight consolidation state. It shows that Au value at the bottom of the twin pipelines is larger than that of the single
one; the maximum Au value is about 0.054 kPa for the former and it is approximately 0.034 kPa for the latter. This
demonstrates that the existence of the downstream pipeline has a significant effect on the pore pressure of the
immediate upstream one. On the contrary, the stresses at the bottom are smaller than those for the single pipeline. It
presents that the maximum value of the horizontal effective stress gy, for the former is about 0.008 kPa, while the
value of the latter is 0.012 kPa. The maximum values of the vertical effective stress g, for twin and single pipelines
are 0.015 and 0.021 kPa, respectively. At the bottom, the Au value for the twin pipeline is almost twice that for the
single. The opposite is the case for effective stress. This illustrates that the twin pipelines are more prone to instability
than the single pipeline. However, the presence of the downstream pipeline has an insignificant effect on the shear
stress 7., at the bottom of the upstream pipeline. This is evidenced in Figure 9(d) that the t,, at the twin pipelines

bottom is about 0.062 kPa, which is slightly smaller than that for the single one (0.069 kPa). This reveals that, around
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the upstream pipeline, the downstream one mainly affects the effective stresses and pore pressure, while its effect on
the shear stress is relatively weak. This is because the fact that the excess pore pressure, transmitted through soil

particles and pore water attenuates the periphery of pipelines, definitely dominates the stress.

To visualize the variation of the seabed responses in the whole field, Figure 10 displays the distributions of Au and
the additional stress in the seabed, withH=10cm, T=1.2s, d, = D,, = 12 cmand L = 2D,,. The selected moment
is the wave trough passing the single pipe and the upstream pipeline of twin pipes. It shows a similar variation of Au
along the seabed depth, namely the Au in the upper layer of the seabed decays faster than that in the lower layers,
which is primarily due to the change in soil permeability and deformation properties. Compared to the single pipeline,
the distribution for both Au and additional stresses around the twin pipes is not the same. That is, the circumferential
asymmetric distribution of Au and additional stress is negligible for single pipeline, while the asymmetric distribution
is profound for twin pipes. The difference is especially significant regarding the vertical additional stress (o) induced
by the wave. At the downstream of the upstream pipeline, it is noted that the area with large o, values shrinks
compared with that of single pipeline. Moreover, the distributions of shear stress z,, are similar for both the single
and the twin cases. It indicates that the effect of the downstream pipeline on the tangential stress around the upstream

pipeline is negligible.

5. Discussions

To evaluate the seabed instability in the presence of twin pipelines, the effects of the buried depth and the distance in
between on the wave-induced dynamic response, in terms of flow patterns, pore pressure and additional stresses are
discussed in this section. In the following figures, the x” and y’ are the local coordinates as also marked in Figure 3: x’
is placed on the seabed surface (positive in streamwise direction); y’ is perpendicular to x’ and passes through the

pipeline centerpoint (positive towards the free surface).

5.1 Effect of the buried depth

The seabed response is directly induced by the flow variations. Wave-induced flow field around twin pipelines is
different from that around a single pipeline, as illustrated by Lin et al. (2016). Therefore, the variation of flow fields
in the vicinity of the twin pipelines is analyzed first. Figure 11 shows the flow patterns around the twin pipelines at
four moments (t1-t4), in which, the seabed surface isaty =0.57 m, L = 2D,,,. Avortex in the proximity of the upstream

pipeline is well developed at t, and t4, corresponding to the wave crest and wave trough passing by, respectively. In
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contrast, a vortex is generated in the vicinity of the downstream pipeline at t; and ts. According to Mao (1987), the
vortex formed in the two sides of the downstream pipeline is one of the main factors transporting sediment away from
the foundation, resulting in the onset of scour around pipeline. The vortex, formed at the lee side of the downstream

pipeline, transports more sediment away from the pipeline and has a larger threat to the stability of twin pipelines.

At different embedment depths (d./D,, = 0, 0.25, 0.5, 0.75 and 1.0), Figure 12 illustrates the velocity fields around
the twin pipelines. Between the two pipelines, the flow exhibits similar patterns with respect to the varied d./D,,; the
velocity magnitude is much smaller on the whole but it becomes larger as d./D,,, increases. The decrease of velocity
magnitude also results in an increase of wave pressure, which is reported by Zhang et al. (2013). An appreciable vortex
occurs in the front of the downstream pipeline. With the increase of d,/D,,, the vortex shifts downwards and its size
gradually becomes smaller, and it disappears completely when d./D,,,= 1. The existence of vortex results in the seabed
scouring in the proximity of the pipelines. As d./D,, increases, the vortex becomes weaker and the seabed stability
is enhanced. This implies that the scour usually occurs around partially embedded pipelines, and the scour scope is the

largest for thoroughly exposed pipelines (e.g. d;/D,, = 0).

Regarding the partially buried pipelines in the sandy seabed, it may also undergo sinking or floatation due to wave-
induced liguefaction (Sumer et al., 1999; Teh et al., 2003, 2006). Therefore, evaluation of the excess pore-water
pressure and the stability of the soil layer below the pipeline is of great engineering importance. Two positions in the
vicinity of the upstream pipeline, i.e., x =20 m, y =0.43 m and x = 20.07 m, y = 0.50 m are selected for illustration.
Figure 13 shows the simulated |Aul|/p, profiles versus time for different d./D,,. Figure 13(a) demonstrates that,
immediately under the upstream pipeline, |Au|/p, significantly decreases as d./D,, increases, and Figure 13(b)
reveals that d./D,, hasa marginal effect on |Au|/p,. The comparison of Figures 13(a) and (b) indicates that the effect
of embedment depth on excess pore pressure at the bottom is more significant than that at the lee side. That is mainly
ascribed to the sheltering effect of the pipeline on the pore pressure propagating from upstream to downstream.
Meanwhile, the seepage path at the bottom of the pipeline is considerably different from that in the lee side of the
pipeline. As aforementioned, wave-induced pressure propagates into seabed via two ways, either transmitting along
the pipelines surface, or passing through the sediment particles. In shallow buried depth, where the friction effect of
particles is comparatively small, the pore pressure delivered by the two ways is almost the same. However, with the
augment of d./D,,, the friction effect becomes significant; the excess pore pressure transferred through particles

decays intensely and thereby the pressure transmission through the circumference of the pipeline dominates the stress
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field.

Figure 14 shows the horizontal and vertical distributions of the maximum excess pore pressure Au,,,, at the
circumstance of various embedment depths. In Figure 14(a), Aumax profile in the vicinity of the pipelines is generally
symmetric. This illustrates that the larger d./D,,, resultsinthe smaller Au,,,, inthe horizontal direction. As d./D,,
increases from 0.25 to 1.0, the attenuation of Au,,,, at x'/Dm =-1, 0 and 1 is 5.6%, 8.8% and 7.9%, respectively.
This means that as d,/D,, increases, the attenuation of Au,,,, atthe bottom of two pipelines is larger than that in
the distance in between and the stoss side of the upstream pipeline. In addition, the influence of d./D,, on Aumax
declines as x'/D,, ascends from -2 to 0 and from 2 to 4. This is because the embedment depth affects not only the
velocity amplitude, the position and size of the vortex, but also the seepage path of pore water around pipelines. The
rapid growth of velocity amplitude at the top of the pipeline (see Figure 12) demonstrates the reason that the pore
pressure underneath the pipeline is the smallest in the seabed around the vicinity of pipeline. Figure 14(b) presents the
distribution of Au,,,, along the vertical direction at x = 20.07 m with various d./D,,. It demonstrates that, with the
increasing d;/D,,, Au,., decreases along the depth. As discussed by Neelamani and Al-Banaa (2012), further
augment in burial depth results in a reduction of horizontal and vertical components of the wave force acting on the
pipeline, leading to the attenuation of the excess pore-water pressure around the pipelines. Moreover, this can be also

ascribed to the friction effect between pore water and soil particles within the pore seabed.

Also at the two positions: x =20 m, y = 0.43 m and x = 20.07 m, y = 0.50 m, Figure 15 presents the variation of the
wave-induced additional stresses for different embedment depths. Figure 15(a) shows that the additional stress under

the upstream pipeline increases with the decrease of d./D,,. The maximum amplitude of o, drops noticeably with
the increment of ;—t. For example, the values of a;, for d, = 0.5,0.75 and 1.0D,, is only about 84%, 45% and 15%

of that for d; = 0.25Dn,. Meanwhile, a time lag is also observed between d, = D,, and other three cases (e.g. d; =
0.25,0.5and 0.75D,,)) with respect to the occurrence of the maximum additional stress. For instance, comparing with
d; = 0.25D,,, the time lags with d, = D,,, inthe vertical and the horizontal directions are 0.6 sand 0.2 s, respectively.
gy atx =20.07 m, y = 0.50 m also illustrates a similar phenomenon for amplitude attenuation, as shown in Figure
15(b), but the time lag is negligible with the decreasing d./D,,. The transient additional stress attenuates sharply as
d;/Dy, increases to 1.0. ay, as one part of g, is an essential proxy and g, can be used to analyze the instability

of the seabed, based on Okusa, (1985)’s instantaneous liquefaction criterion. It is indicated that with the reduction of
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d;/D,,, the seabed in the vicinity of pipelines is more vulnerable to liquefaction damage, as shown in Figure 15. This
signifies that compared with partially buried pipelines, the fully buried ones are more insulated from the threat of
instability due to the seabed liquefaction. These results are consistent with previous results reported by Palmer (2008)

and Sun et al., (2019) that studied a single pipeline laid in an open trench with various backfilled depths.

Figure 16 demonstrates the effect of the embedment depths on the maximum additional stresses along horizontal
direction y = 0.43 m and vertical direction x = 20.07 m. Figure 16(a) shows that the maximum vertical additional stress
(03,’)max around the pipelines declines as d,/D,, increases from 0.25 to 1.0. The (0-3’/)max between the two
pipelines is larger than that in their both sides for d; = 0.25, 0.5 and 0.75Dn,; however, as the pipelines are fully buried
(d; = D), the (o)  inthe two places is almost the same. The (o) ~ in the vicinity of the twin pipelines is
smaller than that farther away from the pipelines. These results reveal that, in the relatively shallow buried depth, e.g.,
d; = 0.25,0.5and 0.75 D,,, the seabed near the twin pipelines is the most likely to occur liquefaction. On the contrary,
for d, = D,,, the seabed closing to the twin pipes is the most stable position. The maximum horizontal additional
stress (0y)max Under the pipelines decreases with the increase of d./D,,. In the twin pipes downstream, (0y)max IS
smaller than that upstream, which is because the seepage path is interrupted due to the existence of the pipelines. Figure
16(b) illustrates that (a§)max in the vertical direction decreases with the increment of d,/D,,. This implies that the
smaller the d./D,, is, the easier the seabed instability occurs. The position of the peak (oy)max IN the vertical
direction moves downwards as d,/D,, augments. For example, at y’/h, = -0.5, increasing d,/D,, from0.25t0 1.0
with an interval of 0.25, (ay’)max is reduced by 8.4%, 10.4% and 32.6%, respectively, indicating that the attenuation
of the vertical additional stress augments with the increasing buried depth. The variation of (g;);,qx in the vertical
direction between d, =0.75and 1.0 D,, is more pronounceable than that between d; = 0.25 and 0.5Dy. In the lower
soil layer, (0;)max dropsas d./D,, increases, and that the effect of d,/D,, on (0;)max IS more profound in the

upper soil layer than that in the lower layer.

Based on the analyses of flow patterns, excess pore pressure and additional stresses around the vicinity of the twin
pipelines, it can be concluded that large buried depth could prevent the pipelines from seabed instability induced by

liquefaction, and the buried depth at d, = D,,, is believed to satisfy the requirement for the pipeline stability.

5.2 Effect of the distance between the twin pipelines

Figure 17 shows the effect of the different distances between pipelines (L/D,,,) on the flow patterns for d./D,, =0.5.



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

It is seen from Figure 17 that there are no separate vortices between the pipelines whenthe L/D,, =1.5 (Figure 17(a)).
This illustrates that the two pipelines are significantly dependent on each other. As L/D,,, increases to 2, two separate
vortices occur in the lee side of the upstream pipeline and the stoss side of the downstream pipeline, respectively. As
L/D,, further increases from 2 to 3, the vortices remain attached to the pipelines and no vortex shedding occurs. This
may be ascribed to the fact that the relatively small spacing between the pipelines partially inhibits the vortex shedding.
The vortex size gradually grows and the scour potential becomes greater. Furthermore, as the augment of L/D,,, the
velocity magnitude above the downstream pipeline increases significantly, while the magnitude above the upstream
has an insignificant variation. Between the two pipelines, the velocity magnitude experiences decrease with the
increasing L/D,,, leading to the increase in wave pressure. As a result, the wave induced excess pore pressure

increases.

To further analyze the seabed response around the pipelines, the variations of the normalized maximum excess pore
pressure (Au).,qx/Po along horizontal direction y = 0.50 m and vertical direction x = 20.07 m are plotted in Figure
18. For given distances between pipelines (e.g.L =1.5,2.0,2.5and 3.0 D,;,), (Aw);ax/Po Profilesalongy =0.5m
display similar changes. At the bottom of the pipelines, (Aw)q../Po reaches the smallest, as shown in Figure 18(a).
Figure 18 also illustrates that with the decreasing L/D,,, (Au)max/Po Under the pipelines increases first and then
declines, and that on both sides of the upstream pipeline exhibits a similar variation. The reason is that the influence
of the distance on the seepage path and the velocity magnitude around the vicinity of the upstream pipeline diminishes
non-monotonously when the distance between two pipelines increases. However, (Aw),../Po between the two
pipelines increments monotonously with the increase of L/D,,, which is mainly caused by the decrease of velocity
magnitude. This phenomenon is consistent with the result shown in Figure 17. The variation of (Au),,,q4./Po between
the two pipelines is more noticeable than that in their surroundings. On the lee side of both pipelines, (Aw)ax/Po
reaches the maximal at L/D,, = 2.5, while it reaches the minimal when L/D,, = 1.5. In Figure 18(b), for a certain
L/D,,, (Au)max/Po alongx =20.07 m presents a declining trend as the seabed depth increases.  (Au)nqx/Po in the
upper part of the seabed attenuates faster than that in the lower part, which is mainly attributed to the changes in soil
permeability and deformation properties. It also demonstrates that (Au)nq/Po With L/D,, = 1.5 in the upper soil
layer is slightly smaller than that with other L/D,, values (e.g.L/D,, = 2.0, 2.5 and 3.0). The variation of
(AU) max /Do 1S Negligible as L/D,, increases from 2.0 to 3.0. To summarize, the twin pipelines distance mainly
affects the pore pressure distribution in between and at the upper seabed layer.

The relative position of pipelines affects the distributions of additional stress around the pipelines, as shown in Figure
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19. Figure 19(a) presents that, under the upstream pipeline, (cr;)max/p0 reaches the maximum and minimum as
L/D,, = 1.5 and 2.0, respectively. The minimum value of (@)mm/p0 between the pipelines decreases with the
increase of L/D,,. This means that the seabed instability between the pipelines becomes higher as L/D,, decreases.
(03,')max /po attenuates by 30%, 25% and 20% as L/D,, increases from 1.5 to 3.0 with an interval of 0.5, respectively.
The effect of distance on (0y)max/Po Under the upstream pipeline is negligible, and (o) mqex/Po ON both sides of
the downstream pipeline augments as L/D,, increases from 1.5 to 3.0. Figure 19(b) shows that, along x = 20.07 m,
the additional stress profiles with different L/D,, are similar. (O-JII)max/po for L/D,, =15 is larger than that for
other L/D,, values (e.g.L/D,, = 2.0, 2.5 and 3.0). (0,)max/Po decreases gradually with the increasing L/D,, as
y' = 0-0.07 hs. However, (05)max/Po has an opposite variation trend when y’ = 0.07-0.26 hs. As y' > 0.26 h;,
(0x)max /Do profiles with different L/D,, almost coincide. The impact of distance between pipelines on the horizontal
additional stress is not apparent, especially in the lower part of the seabed. To conclude, as the distance between twin
pipelines increases, the two pipelines become more independent. As a result, separate pore pressure and additional
stress profiles are formed around the two pipelines. According to the attenuation trend of additional stress, it is

speculated that the twin pipelines can be treated as two single ones when L/D,, > 4.

6 Conclusions

In this study, comprehensive experimental and numerical investigations on soil dynamic responses around twin

pipelines, subjected to waves in the sandy seabed, are carried out for a range of embedment depths and distances

between pipeline centers. The main conclusions are:

(1) Pore-water pressure decreases towards the seabed bottom around the vicinity of the tested pipe. The pressure on
the left half of the upstream pipeline is larger than that on its right side. Pore pressures around the twin pipelines
are larger than those around the vicinity of the single pipeline for otherwise identical conditions. The simulated
pore pressure agrees well with the measurements.

(2) The downstream pipeline mainly affects effective stress and pore pressure around the upstream pipeline, while the
effect of the downstream pipeline on the shear stress around the upstream pipeline is negligible.

(3) The seabed stability around the proximity of the pipelines is enhanced when d/Dyn increases. The effect of
embedment depth on velocity fields in the gap between the pipelines is insignificant. The embedment depth has a
larger impact on excess pore pressure between the two pipelines than that in the stoss side of the upstream pipeline.

The vertical subsidiary stress decreases with the augment of the depth. As such, the seabed instability increases as
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the embedment depth becomes smaller. The buried depth of d/Dm = 1 is sufficient to prevent the pipelines failure
from the liquefaction induced instability.

(4) Wave-induced seabed dynamics in the lee side of the upstream pipeline weakens as the distance between the
centers of twin pipelines (L/Dn) increases. The velocity in the gap between twin pipelines reaches the smallest.
The maximum excess pore pressure with L/Dyn= 1.5 in the upper soil layer is smaller than that with other L/Dn,
values. The maximum vertical additional stress decreases gradually with the increase of L/Dn. Therefore, the
potential instability of twin pipelines is stepped up as the gap between twin pipelines decreases. The impact of
distance between twin pipelines on the horizontal additional stress is insignificant. At L/Dy, = 3, the upstream and
downstream pipelines tend to have similar vortex, pore pressure and vertical additional stress distributions. When

L/Dn > 4, the twin pipelines can be considered as two separated single pipelines.
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Figure captions

Figure 1 Sketch of the experimental set-up in the wave flume.

Figure 2 Range of suitability of various wave theories and comparison of wave condition between this study and
similar experiments of Tzang (1992) and Sumer et al. (1999).

Figure 3 Sketch of the numerical model.

Figure 4 Measured pore-water pressure time series around the upstream pipeline with d, = D,,,, L = 2D,,.

Figure 5 Variation of measured excess pore pressure amplitude with different buried depths at different points: (a) T =
12sand(b) T=14s(H=10cm, L =2Dn, Dn=Dr =14 cm).

Figure 6 Variation of measured excess pore pressure amplitude with different distance between the twin pipelines at
different points: (a) T=1.2sand (b) T=1.4s(H =10 cm, d; = 0.5Dm, Dn = Dr = 14 cm).

Figure 7 Comparison of simulated and measured results for d, = D,,,, L = 2D,,: () water elevation and (b) excess
pore-water pressure of P3.

Figure 8 Comparison of the experimental and numerical pore-pressure amplitudes around the upstream pipe and the
single pipeline(H=10cm, T=1.25s, d, = D,,, L = 2Dy,).

Figure 9 Numerically simulated pore pressure and effective stress at the position P5 for both the twin and single
pipeline(s) (H=10cm, T=1.25s, d; = D,, L = 2D,,).

Figure 10 Distribution of excess pore pressure and effective stress in the vicinity of twin pipelines and a single pipeline
with wave trough passing the upstream pipeline with numerical model (H=10cm, T=1.2s, d, =D,, =12cm, L =
2D,,).

Figure 11 Simulated velocity field in the proximity of twin pipelines at different times over one wave period (H = 10
cm, T=14s, L =2D,,, D, = D, =14 cm).

Figure 12 Simulated velocity field around twin pipelines for different embedment depths at time t; (H=10cm, T =
14s, L =2D,,, D, = D, =14cm).

Figure 13 The numerical excess pore pressure time series with four buried depths at two points: (a) x =20 m, y = 0.43
mand (b) x =20.07m,y=050m (H=10cm, T=1.4s, L =2D,,, D,, = D, =14cm)

Figure 14 Distribution of the maximum excess pore pressure with different buried depths in the horizontal and vertical
directions: (a) y=0.43 mand (b) x=20.07m(H=10cm, T=14s, L =2D,,, D,, = D, =14cm).

Figure 15 Variation of additional stress with time for different buried depths at two points (a) x =20 m, y =0.43 m and
(b) x=20.07m,y=050m(H=10cm, T=14s, L =2D,,, D,, = D, =14cm).

Figure 16 Distribution of the maximum additional stress with different buried depths along (a) y = 0.43 m and (b) x =
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2007m(H=10cm, T=14s, L =2D,,, D,, = D, =14cm).

Figure 17 Velocity field around twin pipelines for different values of L/Dn at time tt (H=10cm, T=14s, d, =

0.5D,,, D,, = D, =14cm).

Figure 18 Distribution of the maximum excess pore pressure with different values of L/Dy along (a) y = 0.50 m and

(b)x=20.07m(H=10cm, T=14s, d, =0.5D,,, D,, = D, =14 cm).

Figure 19 Distribution of the maximum additional stress with different values of L/Dr, along (a) y = 0.50 m and (b) x

=2007mH=10cm,T=1.4s, d, =0.5D,,, D,, = D, =14 cm).
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