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Abstract: Sediment incipient motion is the first step of the whole process of sediment 

transport. However, previous numerical works simplified the seabed surface as a type of 

impermeable and rigid boundary, and ignored the effect of seepage flow on the mobility of 

bed particles. In this paper, to reveal the physics behind sediment incipient motion around a 

free spanning pipeline, an integrated numerical model, coupling the SST (Shear-Stress 

Transport) turbulence model with the porous seabed model, was proposed. Numerical studies 

showed that with the periodic formation and shedding of vortices around the pipeline, both 

the oscillatory and residual excess pore-pressures developed within the seabed. In some cases, 

the vertical gradient of excess pore-pressure (seepage force) had a significant impact on the 

mobility of bed particles around the pipeline. It was found that lower saturation degree and 

seabed permeability would remarkably increase both the oscillatory and residual seepage 

forces, and thus enhance bed particle mobility. While for a sandy seabed with smaller soil 

shear modulus, the oscillatory seepage force was only slightly reduced, but a high residual 

seepage force would be generated with time. This could lead to obvious decrease in the 

submerged weight of bed particles, making them more easily dragged away from the seabed.

Key words: free spanning pipeline; turbulent flow; seepage flow; sediment incipient motion; 

oscillatory pore-pressure; residual pore-pressure.
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1. Introduction

Submarine pipelines play a significant role in the exploitation of marine oil and gas. In the 

natural environments, free spans are likely to occur when the pipeline passes over areas with 

uneven seafloor, or when upheaval buckling occurs due to a constrained thermal expansion. 

This leads to flow turbulence and instability around the free spans, and induces local scour in 

the underlying seabed (Sumer et al., 2003), which would significantly threaten the structural 

safety of pipelines.

As the first step of local scour adjacent to pipelines, the incipient motion of sediment 

particles is affected by many factors, such as the near-seabed flow velocity, particle diameter 

and submerged weight. Considerable efforts have been devoted to determine the threshold 

condition for sediment incipient motion, among which the most widely cited work to date is 

the Shields diagram (Shields, 1936). The initial usage of the Shields diagram was only limited 

to the unidirectional flows and horizontal or near-horizontal bed slopes. As an extension, 

some modifications have been made to the traditional Shields diagram in order to make it 

suitable for more general conditions, such as oscillatory flows (Madsen and Grant, 1976) and 

bed slopes with an inclination angle (Whitehouse and Hardisty, 1988; Chiew and Parker, 

1994). 

In essence, the incipient motion of a bed particle is the result of the joint effect of the 

driving and the resistance forces. The driving force is horizontal or tangential to the bed 

surface and is generally linked with the bed shear stress (caused by near-seabed fluid flow). 

The resistance force is a type of Coulomb force that is proportional to the resultant force of 

vertical forces including submerged weight of sediment particle (particle weight in air 

minuses its buoyant force under hydrostatic conditions), flow-induced lift force, seepage force 

and so on. To simplify the analysis in previous researches, the seepage force is always 

ignored by assuming the seabed to be impermeable. However, for a seabed in the form of 

sand particles or gravels, the fluid flow could induce two kinds of seepage flows, which are 

named "suction" and "injection", across the upper boundary of the seabed. The suction tends 

to produce an additional downward seepage force, and the upward seepage force acts on the 

sediment particles for the condition of injection. As observed in numerous experiments 

(Oldenziel and Brink, 1974; Richardson et al., 1985; Cheng, 1997; Cheng and Chiew, 1999; 

Ramakrishna Rao and Nagaraj, 1999; Sumer et al., 2011; Sumer et al., 2013), the influence of 

suction or injection on the incipient motion of sediment particles is significant. Therefore, the 

assumption of seabed impermeability may be oversimplified and inappropriate.

To date, there have been many studies on the numerical simulations of local scour around 
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submarine pipelines (Sumer and Fredsøe, 2002; Li and Cheng, 2001; Liang et al., 2005a, b). 

However, in these numerical studies, the seabed was simplified as an impermeable medium 

and the seepage effect on sediment incipient motion was ignored. Therefore, this paper is 

aimed to study the development of excess pore-pressures within the seabed around a free 

spanning pipeline. An integrated numerical model is proposed, in which the SST (Shear-

Stress Transport) turbulence model is used to simulate the upper flow field, and a novel 

porous seabed model is adopted to predict the dynamic response of the underlying seabed. In 

the simulation, the fluid pressure calculated by the SST model was taken as the pressure 

boundary condition in the porous seabed model, and then the seabed responses, including 

excess pore-pressures, effective stresses and deformations of the soil skeleton, could be 

obtained. The features as well as effects of vertical seepage force, i.e., excess pore-pressure 

gradient in the vertical, were thoroughly studied. Finally, the influences of saturation degree, 

permeability coefficient and shear modulus of seabed soil are discussed in detail.

2. Theoretical formulations and numerical model

2.1 Turbulent flow model

The Reynolds-averaged continuity and momentum equations (RANS equations) in the 

Cartesian coordinate system are given by,
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in which  is the turbulent kinetic energy and  is the turbulent viscosity, which can be k t

calculated by the SST turbulence model, as detailed in the following.
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Liang and Cheng (2005a) compared the performance of several turbulence models, 

including the standard k-ε, high and low Reynolds number k-ω and SGS (Smagorinsky’s 

subgrid scale) models, for the simulation of the turbulent flow around a free spanning 

pipeline. It was found that the standard k-ε model could predict the mean velocity quite well, 

and the k-ω model with a no-slip boundary on the cylinder surface had better predictions of 

the vortex shedding. Combining the robustness of the k-ε model with the superior behavior of 

k-ω model in near-wall regions, the SST turbulence model proposed by Menter et al. (1994, 

2003) was adopted in this study. As a supplement to RANS equations, the equations of SST 

model are formulated in terms k (turbulent kinetic energy) and ω (turbulence specific 

dissipation rate),
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in which the turbulence production terms ,  and the turbulent viscosity  can be kP~ kP t

calculated as follows,
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where  is the magnitude of the strain-rate tensor. As a blend of the corresponding 
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constants from the k-ε and the k-ω model, the parameters , , and  can be calculated by   k 
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where ;  is the distance to the nearest wall. The )10,12max( 10
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blending function  equals zero away from the surface (k-ε model), and switches to one 1F

inside the boundary layer (k-ω model).

2.2 Seabed model

  It is known (Sumer and Fredsøe, 2006) that even moderate currents can induce alternate 

vortex formation and shedding around an isolated cylinder, at a rate determined by the flow 

velocity U and cylinder diameter D. As a result, the vortex street appears and fully develops 

behind the cylinder. For a free spanning pipeline, the formation of the vortex street is 

obviously affected by the underlying seabed (Bearman and Zdravkovich, 1978; Grass et al., 

1984; Lei et al., 1999). At the same time, periodic changes in the flow velocity and pressure 

on the seabed have strong effects on the development of local scour around the pipeline 

(Sumer et al., 1988). 

There are observable similarities between vortex streets and waves, especially when 

considering the variations of water pressure. Therefore, typical porous models for wave-

seabed interactions are used in this study to predict the seabed responses, including the excess 

pore-pressures, effective stresses and deformations of the soil skeleton. It has been recognized 

that there are two mechanisms controlling the wave-induced seepage flow (Zen and 

Yamazaki, 1990): the oscillatory and residual mechanisms. Thus, the overall excess pore-

pressure p can be expressed as,

                                  (11)resosc ppp  ~

where is the oscillatory pore-pressure induced by the elastic deformation of the soil oscp~

skeleton, while  represents the residual pore-pressure, which is period-averaged and resp

defined by

                                 (12)
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where T is the period of flow pressure oscillation. In essence,  is the result of accumulated resP

plastic deformation of the soil skeleton under cyclic pressure actions.

2.2.1 Oscillatory soil response

In this paper, the sandy seabed is assumed to be homogeneous and isotropic, and the 

governing equations for oscillatory soil response in plane strain condition are given,
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where  and  are the soil displacement in the x and z directions;  su~ sv~ zvxu ssV  /~/~~

represents the volume strain of the soil skeleton; Gs is the soil shear modulus;  is the s

Poisson's ratio; is the permeability coefficient;  is the soil porosity;  is the unit sk sn w

weight of pore water;  is compressibility of pore water and is defined by,s
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where  represents the absolute pore-pressure;  is the bulk modulus of water (equals 0wP wK

2×109 N/m2, Yamamoto et al., 1978), and Sr is the saturation degree of seabed.

2.2.2 Residual soil response

The one-dimensional (1D) equation for residual pore-pressure  was derived from the resP

Biot’s consolidation equation (Sumer and Fredsøe, 2002),
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and the source term fr represents the total amount of pore-pressure generated per unit time and 

per unit volume of soil. Seed and Ranhman (1978) proposed a typical linear expression of fr,
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where  is the amplitude of shear stress in the soil;  and  are functions of soil relative 0 r r

density Dr= , in which rs is the current void ratio, and and )/()( minmaxmax rrrr s  maxr minr

are the maximum and minimum void ratios, respectively. Based on test data from Alba et al. 

(1976), empirical expressions of  and  are given by Sumer et al. (2012),r r
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and  is the initial mean effective stress at a depth of z below the seabed surface,'
0
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where K0 is the coefficient of lateral earth pressure;  is the effective unit weight wss  '

of soil;  is the total unit weight of soil.s

  In this study, considering the nonuniformity of flow pressure along the seabed, a two 

dimensional (2D) governing equation for  (Jeng and Zhao, 2014; Zhao et al., 2014) is resP

adopted and the corresponding source term fr is redefined as follows,
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in which  is the amplitude of shear stress at a location (x, z);  is the coefficient for ),(~ zx 2vc

the 2D plane strain consolidation and is calculated as,
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2.3 Computational domains and boundary conditions

As shown in Fig. 1, the numerical model contains two computational domains: domain 1 is 

to simulate the flow field around the suspended pipeline, and domain 2 is the porous seabed 

model proposed above. The whole computational domain covers the range x/D = -10 to x/D = 

20 in the horizontal direction, and z/D = -4 to z/D = 4 in the vertical direction. The incoming 

boundary layer flow is along the positive direction of the x axis and has a free-stream velocity 

of U0=Ux(z = 4D), where Ux(z) is the profile of horizontal velocity. The distance between the 

lowest point of the pipeline and seabed surface is h, and the current gap ratio is h/D. 

2.3.1 Boundary conditions for domain 1 (flow field)

(1) boundary AB and the pipeline surface: at these two boundaries, a no-slip condition is 

imposed whereby the horizontal and vertical velocities are set to zero. The pressure is 

obtained by applying the momentum equations in the direction normal to these boundaries. 

The turbulent kinetic energy k equals zero, and the turbulence specific dissipation rate ω is 

app:ds:nonuniformity
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obtained by , where  is the kinematic viscosity of water and  is the 
 2
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distance to the first grid point above the surface. The first near-wall grid size  should be z

small enough, e.g. , where  is the friction velocity;1/*  uzz *u

(2) boundary BC: this is the outflow boundary of the flow field. Zero normal gradient of 

velocity and turbulence quantities are implemented. Pressure is given a reference value of 

pw(z)=0 at the outflow boundary.

(3) boundary CD: it is a frictionless slip wall i. e. with vertical velocities set to zero, and 

horizontal velocities and scalar hydrodynamic quantities having zero gradients.

(4) boundary AD: a fully developed turbulent velocity profile (Ux(z), Uz(z)) is specified as
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where =0.42 is the von Kármán constant. The pressure is obtained by applying the 

momentum equations in the direction normal to boundary AD. The profiles of dimensionless 

turbulent kinetic energy k(z), turbulence length scale l(z) and specific dissipation rate ω(z) are,
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in which =0.09 and =4D is the vertical dimension of flow domain 1.C 

2.3.2 Boundary conditions for domain 2 (porous seabed)

(1) boundary AB: , , where  is the instant pressure on the seabed;bosc pp ~ 0resp bp

  (2) boundaries AF and BE: , ;0//~  xpxp resosc 0~ su

  (3) boundary EF: , .0//~  zpzp resosc 0~~  ss wu

2.4 One-way coupling of the flow and seabed models

In the simulation, three segregated solve steps are used to couple the turbulent flow model 
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and porous seabed model: in the first step, the flow field around a free spanning pipeline is 

numerically simulated; second, the water pressure on the seabed  during the whole bp

simulation time is extracted and stored; in the final step, the water pressure  varying with bp

time is imposed on the seabed surface, and then the seabed model is solved to obtain the 

seabed response, including the excess pore-pressures, effective stresses and deformations of 

the soil skeleton. 

3. Numerical results and interpretations

3.1 Flow field around the pipeline

The SST turbulence model is adopted in this study to simulate the complicated flow field 

around the free spanning pipeline. To validate the reliability of the SST model, the calculated 

flow velocities are compared with previous experimental results from Jensen (1987). In 

Jensen’s experiments, the Reynolds number based on a free-stream velocity U0 and a cylinder 

diameter D is equal to 7000, and the current gap ratio is h/D=0.37. As shown in Figs. 2, 3, 4 

and 5, at six cross-sections downstream of the pipeline x=1.0D, 1.5D, 2.5D, 4.5D, 8.5D and 

16.5D, both the mean and fluctuating flow velocities in the horizontal and vertical directions 

are presented for comparisons. It is shown that the mean horizontal ( ) and vertical ( ) xU zU

velocities predicted by the SST model coincide roughly with the measured data. Only a few 

differences appear in the sections near the pipeline (x=1.0D, 1.5D, 2.5D). In this paper, the 

velocity fluctuation is defined as the RMS of the deviation of velocity samples to the long-

time-averaged value,
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where N is the total number of velocity samples;  and are the velocity samples;  xiU ziU xU

and  are the averaged velocities over a long period of time in x and z directions, zU

respectively. It is found that the fluctuation velocity profiles predicted by SST model coincide 

well with the measurements at most of the cross-sections (x=1.0D, 1.5D, 2.5D and 4.5D), 

especially in the region below the suspended pipe, although the fluctuation is obviously 

under-predicted in the region exceeding 8.5D from the pipeline (this region is not the focus of 
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this paper). It is thought that the main characteristics of flow velocity near the seabed have 

been captured by this numerical simulation.

It is known that vortices are shed alternatively from the top and bottom of the pipeline and 

they induce dynamic loads on the pipeline, which could lead to Vortex Induced Vibration 

(VIV) of pipeline (Sumer and Fredsøe, 2006). The frequency of vortex shedding ( f ) is 

consistent with that of VIV forces. In this study, the drag and lift coefficients (CPD and CPL) 

for the VIV forces are defined as,
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where FPD and FPL are the longitudinal and transverse forces acting on the pipeline. Fig. 6 

shows the variations of two coefficients with the dimensionless period (tU0/D). The numerical 

results coincide with previous works (Sumer et al., 1991; Sumer and Fredsøe, 2006; Fuhrman 

et al., 2014) that the lift coefficient is not symmetrical about the axis of CPL=0. The maximum 

CPL is about 1.2 and the minimum CPL equals -1.0. The dimensionless period of VIV forces is 

approximately 5. This suggests the Strouhal number St = f D/U0≈0.2, which is supported by 

Lei et al. (1999). Thus, in this case, the frequency of vortex shedding around the pipeline is 

about 0.016.

As plotted by the velocity vectors in Fig. 7, in a typical period (t0→t0+3T/4), the vortices 

shed from the pipeline would interact with the underlying seabed, inducing obvious velocity 

fluctuations near the seabed. Previous studies (Sumer et al., 1988; Li and Cheng, 2001) 

indicated that the fluctuating horizontal velocity had a significant effect on the local scour 

around the pipelines. In these works, the seabed was assumed to be impermeable. However, 

for the case of permeable seabed, the mass and momentum transfer takes place across the 

interface between the water and seabed, and the seepage flow appears inside the seabed. Thus, 

it may be inappropriate to ignore the vertical parameters, such as the vertical flow velocity or 

pressure, in the analysis of the local scour around the pipeline. In the work of Francalanci et 

al. (2008), the nonhydrostatic pressure caused by vertical seepage flow was introduced to 

consider the influence of the vertical parameter on the sediment incipient motion.

Similar to the horizontal flow velocity, the water pressure acting on the seabed can be 

divided into the mean and fluctuating components. In Fig. 8, the pressures measured by 

Bearman and Zdravkovich (1978) are plotted to validate the pressures calculated by the SST 

model. For comparison, a gap ratio h/D=0.4 and a Reynolds number of 15000 are adopted in 

the simulation. The mean and fluctuating pressure coefficients Cp are calculated as follows,
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in which p0 is the reference pressure. It is shown that the mean Cp roughly agrees with the 

measured Cp, and the range of fluctuating Cp nearly covers all measured data, especially in the 

downstream zone of the pipeline.

Fig. 8 also shows two features of water pressure acting on the seabed: the non-uniform 

along the seabed and the fluctuation with time. It is shown that the negative water pressure 

only appears in the upstream zone of the pipeline, while the positive pressure mainly acts on 

the seabed surface near the pipeline and reaches its peak just under the pipeline. In the 

downstream zone, the positive pressure gradually changes to zero with an increasing distance 

away from the pipeline. Another feature is the pressure fluctuation with time due to the 

periodic vortex shedding behind the pipeline. As shown in Fig. 8, the pressure fluctuations are 

significant in the zone near the pipeline, and become much smaller away from the pipeline 

(approximately 8D). This feature of pressure fluctuation is similar to that of wave-induced 

water pressure, under which the deformation of seabed soil easily occurs, excess pore-

pressure develops, and thus the stability of bed particles may be largely changed. Therefore, 

to study the sediment incipient motion around the pipeline, both the non-uniform and 

fluctuation features of water pressure should be considered in the simulation.

3.2 Vortex shedding-induced seabed response

  In this section, the dynamic response of seabed soil will be studied first through a specific 

case. It is known that for near-bed flow past a submarine pipeline in the field, the Reynolds 

number Re generally lies in the subcritical flow regime (150 < Re < 3.0×105). Therefore, a 

pipeline diameter D=0.3 m and a free-stream velocity U0=0.6 m/s are used in this case. 

Previous experimental results (Grass et al., 1984; Lei et al., 1999) revealed that vortex 

shedding in a subcritical flow regime is strong and periodic, but is completely suppressed 

when h/D is less than approximately 0.3. Thus, h/D is set to 0.4 and all other parameters are 

given in Table. 1. By taking the water pressures calculated by turbulent flow model as the 

boundary conditions for the seabed model in section 2.2, the excess pore-pressures (both 

oscillatory and residual pore-pressures) within the seabed can be solved. The accuracy and 

reliability of the seabed model have been verified through comparing with experimental data 

(Tsai and Lee, 1995; Pan et al., 2007; Sumer et al., 2012; Liu and Jeng, 2013; Kirca et al., 

2013) and analytical solutions (Hsu and Jeng, 1994) in the works of Jeng and Zhao (2014), 

Zhao et al. (2014).
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3.2.1 Oscillatory pore-pressure

The oscillatory pore-pressure  is directly caused by the elastic volume deformation of oscP~

the soil skeleton, so  in the seabed has a feature of cyclic oscillation under the effect of oscP~

water pressure induced by periodic vortex shedding. The variations of oscillatory pore-

pressure in one period (t0→t0+5T/6) are shown in Fig. 9(a), (b), (c), (d), (e) and (f). It is found 

that the maximum  always appears on the seabed surface, and moves circularly from the oscP~

pipeline bottom to the downstream zone under periodic pressure conditions.

3.2.2 Residual pore-pressure

  Under the effect of the fluctuating flow pressure induced by vortex shedding, the residual 

mechanism works and produces the build-up of residual pore-pressure in a sandy seabed. 

Residual pore-pressure  is the result of accumulated plastic deformation of the soil resP

skeleton. Under the conditions of cyclic water pressure,  builds up in the seabed and resP

dissipates at the same time, until reaching an equilibrium state. Fig. 10 shows the 

accumulation process of the residual pore-pressure  with time (t = 50, 100, 150, 250, 500, resP

900 s). It is found that the maximum  appears at a certain location that is below the seabed resP

(z ≈ -0.04 m) and downstream of the pipeline (x ≈ 0.42 m). This is quite different from that of 

the oscillatory pore-pressure .oscP~

3.2.3 Physics on the incipient motion of a bed particle

For the sandy seabed, there is no cohesive force among sediment particles. Therefore, a 

cohesionless sediment particle resting on a porous bed is generally subjected to its submerged 

weight force W, drag force FD, lift force FL and vertical seepage force FS (for simplicity only 

the vertical component of seepage force is considered), as shown in Fig. 11. All bed particles 

are assumed to be spheres with a uniform diameter of d, and the forces are calculated as,
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where  is the unit weight of a sediment particle; CD and CL are the drag and lift coefficients d

respectively; ub is the approach flow velocity on the particle at the bed surface. The seepage 
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force FS is caused by the vertical variation of nonhydrostatic pressure p at the seabed surface 

and is expressed as,

                               (39)
3

6S
p dF
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  The driving force for the motion of a bed particle is denoted as FD, and the resistance force 

FR= fR×(W - FS - FL), where fR is the Coulomb friction coefficient. In most previous works, the 

contribution of seepage force (FS = 0) was ignored, and thus the dimensionless Shields 

number  was defined as,

                               (40) dwd
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where  is the bed shear stress. Eq. (40) is a simplified formula due to the absence of a b

seepage force FS. However, the seepage flow through a porous boundary (FS ≠ 0) may cause a 

remarkable modification to the submerged weight of bed particle. Here, a scaling factor e is 

introduced to define the ratio of seepage force to the submerged particle weight,

                               (41)
/S

d w

F p ze
W  

 
 



and then, we could have the "real" submerged weight force W' as follows,

                  (42)
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Thus, the original Shields number is modified by including the seepage contribution,

                          (43)  
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in which the scaling factor e should be less than 1. It is found in Eq. (41) that if the factor e < 

0, representing the downward seepage flow,  becomes less than 1 and will gradually  /*

reduce with an decreasing e; while the upward seepage occurs with 0 < e < 1,  exceeds  /*

1.0 and shows a sharp increase trend with an increasing e. For the factor e = 0.50,   /*

increases up to 2.0 that means the Shields number increases two times if considering the 

contribution of the seepage force. Therefore, in some cases, the seepage effect on the particle 

incipient motion may be significant and should not be ignored in the analysis. 

3.2.4 Contributions of seepage flow to sediment incipient motion

Fig. 12 shows the distributions of time-averaged, maximum and minimum shear stresses 

along the seabed surface. It has been acknowledged that the maximum bed shear stress plays a 

more important role in the development of local scour (Li and Cheng, 2001; Sumer and 
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Fredsøe, 2002). Thus, the maximum shear stress is substituted into Eq. (40) to calculate the 

Shields number, and the distribution of original Shields number (no seepage effect) is plotted 

as a blue solid line in Fig. 13. In this figure, the critical Shields number for the incipient 

motion of sediment particles on a flat seabed is also given by (Soulsby, 1997),

                    (44)]1[055.0*)2.11/(30.0 *02.0 D
cr eD 

where the dimensionless diameter of sediment particle  in which  dgD wd
3/12 ]/)1/([*   

is the kinematic viscosity of water and g is the gravitational acceleration. It is found that in the 

region beneath the suspended pipeline (-1.0D<x <2.0D), the critical Shields number is 

exceeded so that the local scour is expected to occur in this region. However, it should be 

noted that in the present model, the depicted seabed conditions only show the early times of 

the flow, before the bed is scoured.

As discussed in section 2.2, there are two mechanisms controlling the seepage flow: the 

oscillatory and residual mechanisms. Correspondingly, two seepage forces, which can be 

referred to "oscillatory" and "residual" seepage forces, appear and act on the bed particle. 

Here, two scaling factors  (oscillatory factor) and (residual factor) are used to define the e~ e

contributions of oscillatory and residual seepage forces to the sediment incipient motion,

                                 (45)
/osc

d w

p z
e

 
 







                                 (46)
/res

d w

p z
e

 
 




 As plotted in Fig. 14(a), the oscillatory factor  fluctuates with periodic vortex shedding. It e~

can be seen that obvious negative  exists in the region of –1.0D < x < 3.0D below the pipe, e~

and the minimum of  is about -0.14 at the location of 1.5D downstream of the pipeline. e~

According to Eq. (43), the Shields number at x=1.5D is reduced by 13% in this location. 

The positive  also exists in Fig. 14(a) and shows two large peaks in which the bigger one  e~ e~

= 0.18 (22% increase in ) lies just below the pipeline, and the smaller one = 0.15 (18%  e~

increase in ) exists near x = 1.5D downstream of the pipeline. Fig. 14 (b) gives the 

development of the residual factor  with time t =50, 100, 150, 250, 500, 900 s. Finally, the e
residual factor  reaches a stable parabolic-like profile with a single peak of =0.11, which e e

would increase the Shields number  by 12%. Larger  mainly lies in the region from x =  e
1.0D to 2.0D. 

As shown in Fig. 14, the oscillatory seepage contributes to affect the sediment incipient 
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motion in a wider region of the seabed than the residual seepage does. The oscillatory seepage 

force works immediately once the vortices shed periodically from a suspended pipeline, so the 

original Shields number can be modified by  in the early stage and the )~1/( e

corresponding curve is shown in Fig. 13. It is noted that the Shields number in the region 

beneath the pipeline (x= -1.0D to 2.0D) is largely increased, and the criterion  cre   )~1/(

is satisfied in a little wider region of the seabed. If including the contribution of residual 

seepage with time, the final curve for modified Shields number  is marked by ))~(1/( ee 

a red dash-dot line in Fig.13. It is shown that the residual seepage mainly increases the 

Shields number in the zone from x= 1.0D to 2.0D. In addition, it should be noticed that Diplas 

et al. (2008) and Valyrakis et al. (2010) suggested that for the oscillatory force, except for the 

magnitude of the force, its duration is also important in determining the threshold for 

sediment incipient motion. The results of oscillatory seepage force in this paper only reflect 

the effect of the force magnitude, and thus may not be accurate enough in some cases, such as 

for a quick vertex shedding.

3.3 Parametric analysis

The soil response under the influence of a periodically shedding vortex actually depends on 

many parameters of the porous seabed, such as the saturation degree Sr, permeability 

coefficient ks and shear modulus of soil Gs. In this section, quantitative comparisons will be 

made to assess the different effects of these parameters. To make the analysis clear, the so 

called "envelope curve" for the oscillatory factor  along the seabed surface is proposed to e~

represent the maximum  experienced in one period of vortex shedding. The distribution of e~

the final stable residual factor  is presented for discussion as well.e
3.3.1 Effect of saturation degree Sr

  It is believed that most marine sediments have a high degree of saturation that is close to 

1.0, but the existence of full saturation (Sr = 1.0) is rare. For comparison, saturation degrees Sr 

=1.0, 0.98, 0.96, 0.94, 0.92 and 0.90 were adopted in numerical calculations, and 

corresponding envelop curves for the oscillatory factor  are plotted in Fig. 15. It is shown e~

that with a decrease of saturation degree Sr, the maximum  on the seabed shows an obvious e~

increase, especially in the region near the two peaks of maximum  that are at about x = 0D e~

and 1.5D. At the location of x = 0D, the maximum  increases from 0.15 (18% increase in ) e~ 

to 0.35 (54% increase in ); for the location x = 1.5D, the maximum  changes from 0.14  e~

(16% increase in ) to 0.31 (45% increase in ).   
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Fig. 16 gives the effect of the degree of seabed saturation Sr on the final residual factor . e

It is shown that if the saturation degree Sr decreases gradually from 1.0 to 0.90, the peak of 

the residual factor  only has a slight increase from 0.105 (12 % increase in ) to 0.153 e 

(18% increase in ). It seems that the saturation degree of the seabed could significantly 

affect the oscillatory factor  along the seabed surface but has less impact on the residual e~

factor .e
3.3.2 Effect of the permeability coefficient ks

  The permeability of the porous seabed is also an important factor that impacts the 

development of excess pore-pressure inside the seabed. Here, different permeability 

coefficients (ks =10-4, 10-5, 5×10-6, 10-6, 5×10-7, 10-7 m/s) were used in the simulation, and 

their effects on the envelope curve of oscillatory factor  and final residual factor  are e~ e
plotted in Figs. 17 and 18, respectively. Similar to the effect of saturation degree Sr, the 

decrease of seabed permeability leads to a remarkable increase of the maximum . At the e~

peak close to x = 0D, the maximum  increases from 0.12 (14% increase in ) to 0.30 (43% e~ 

increase in ); for another peak near x = 1.5D, the maximum  grows from 0.15 (18%  e~

increase in ) to 0.21 (27% increase in ). 

It is clear that the maximum oscillatory factor  is affected by the seabed permeability, but e~

it is found that it has a greater effect on the residual factor , as shown in Fig. 18. When the e
permeability coefficient ks decreases from 10-4 m/s to 5×10-6 m/s, the residual factor  only e
increases slightly; but when the permeability coefficient ks is further reduced to be lower than 

10-6 m/s, the residual factor  shows a significant increase. In particular, when ks = 10-7 m/s, e
the residual factor  at x = 1.5D increases up to 0.67, in which case the modified shields e
number becomes three times of original shields number due to high pore-pressure variation in 

the vertical.

3.3.3 Effect of the soil shear modulus Gs

  The shear modulus Gs of soil could vary from approximately 108 N/m2 for dense sand or 

gravel to 106 N/m2 for loose sand or silt, so numerical investigations into the cases of Gs =106, 

5×106, 107, 5×107, 108 N/m2 were performed. It is found in Fig. 19, with the increase of the 

soil shear modulus, the curve of maximum oscillatory factor  only changes slightly. At x = e~

0D, the maximum  increases from 0.18 (22% increase in ) to 0.21(27% increase in ); at e~  

x = 1.5D, the maximum  changes from approximately 0.13 (15% increase in ) to 0.17 e~ 

(20% increase in ).

  However, as shown in Fig. 20, the final residual factor  shows a relatively large e
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increasing trend with the decrease of the soil shear modulus Gs. This effect of the soil shear 

modulus Gs is opposite to its effect on the maximum oscillatory factor  that is illustrated in e~

Fig. 16. When the shear modulus Gs decreases from 108 N/m2 to 106 N/m2, the residual factor 

 could increase from 0.01 (only 1 % increase in ) up to approximately 0.37 (up to 59% e 

increase in ).

4. Discussions

 As described in this paper, the vortices that shed periodically from a free spanning pipeline 

induce continuous oscillations of water pressure on the seabed. As a consequence, two types 

of excess pore pressures, oscillatory and residual pore-pressures, develop inside the seabed 

with time. For a cohesionless sediment particle resting on the seabed, its submerged weight 

will be reduced due to the vertical upward seepage force at the seabed surface. This kind of 

seepage force is caused by the variations of the oscillatory and residual pore-pressures in the 

vertical. Through detailed numerical studies, it is found that the oscillatory seepage force acts 

on a relatively wider zone of the seabed surface than the residual seepage force does. Both the 

saturation degree and permeability of the seabed obviously affect the distribution and 

magnitude of the oscillatory seepage force acting on the bed particle, but the soil shear 

modulus only has a small impact. The seabed parameters that have the strong impact on the 

residual seepage force are the seabed permeability and the soil shear modulus, and the effect 

of saturation degree is smaller. It is important to note that the above studies are based on an 

ideal assumption that these three parameters, the saturation degree, permeability coefficient 

and soil shear modulus, are independent of each other. In fact, this assumption is 

oversimplified. For a sandy seabed, the large shear modulus always appears with a low soil 

porosity and permeability coefficient, and its saturation degree in the field depends on many 

factors. Therefore, the incipient motion of bed particles around the suspended pipeline should 

be investigated on a case-by-case basis.

  This paper is an attempt to include the seepage force in the numerical analysis of sediment 

incipient motion around the suspended pipeline. Based on both the porous media theory and 

the soil mechanics, the permeable and deformable characteristics of the sandy seabed are 

considered in the simulation. To simplify the question, the effect of seepage flow on the near-

seabed fluid flow was ignored. Previous experimental studies have noted that the near-seabed 

flow velocity may be reduced due to vertical upward seepage, but test results are taken from 

qualitative analysis or phenomenal descriptions, and the physics behind it still remains 
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unclear. Therefore, only the impact of seepage on the resistance force of a bed particle is 

investigated here. In addition, the sediment particle is assumed to be alone on the porous 

seabed in this paper (Fig. 21(b)). However, the real situations in the field are quite 

complicated. As shown in Fig. 21, Liu and Chiew (2012) have presented four different 

positions of sediment particles resting on a bed surface, and pointed out that Positions 2 to 4 

did not represent a general case in the field. For the conditions of Position 1 and 3, the impact 

of the bed shear stress on particle stability is considerably less significant because of shielding 

effects. Consequently, the vertical seepage force plays a more critical role in raising such 

particles away from the underlying seabed.

5. Conclusions

  This paper proposed an integrated numerical model, coupling the SST turbulence model 

with a 2D porous seabed model, to study the effect of seepage flow on the sediment incipient 

motion around a free spanning pipeline. It was shown that the SST model could predict the 

complicated flow field around the suspended pipeline quite well. By taking the calculated 

water pressure as the boundary conditions of seabed model, two kinds of excess pore-

pressures in the seabed, which are the oscillatory and residual pressures, were investigated in 

detail. Hence, the traditional dimensionless Shields number was modified to include the 

contributions of seepage forces that are caused by vertical variations of oscillatory and 

residual pressures. Through a series of numerical studies, it is concluded when considering 

the permeability and deformability of the seabed, the mobility of bed particles around the 

suspended pipeline may be largely enhanced in some cases. Detailed conclusions can be 

drawn as follows:

(1) The oscillatory seepage force along the seabed surface generally has two obvious peaks 

(below and downstream of the pipeline), and shows a wider region of impact than the residual 

seepage force, which only increases in some specific locations downstream of the pipeline.

(2) For the decreases in both the saturation degree and the permeability of the seabed, a 

significant increase in the oscillatory seepage force is possible and thus the mobility of bed 

particles could be enhanced; conversely, a decrease in the soil shear modulus would lead to a 

slightly reduced oscillatory seepage force exerted on the particles.

(3) With a gradual decrease in the saturation degree from 1.0 to 0.9, the residual seepage 

force only increases slightly; when the seabed permeability decreases, the residual seepage 

force increases dramatically and the submerged particle weight is largely reduced; with a 

smaller soil shear modulus, the residual seepage force shows a big increasing trend that is 
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opposite to its effect on the oscillatory seepage force.

(4) In conclusion, for a permeable and deformable seabed, a smaller saturation degree and 

seabed permeability increases both the oscillatory and residual seepage forces acting on the 

bed particles, and thus obviously enhance the particle mobility; however, for a seabed with a 

smaller soil shear modulus, the magnitude of oscillatory seepage force is reduced, and the 

effect of residual seepage force becomes dominated and cannot be ignored in the 

determination of the sediment incipient motion.
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Figures

Fig. 1 The sketch of entire numerical model

Fig. 2 Comparison of the present model with experimental data (Jensen, 1987) for mean horizontal flow 

velocity Ux/U0: (a) x=1.0D; (b) x=1.5D; (c) x=2.5D; (d) x=4.5D; (e) x=8.5D; (f) x=16.5D

Fig. 3 Comparison of the present model with experimental data (Jensen, 1987) for mean vertical flow 

velocity Uz/U0: (a) x=1.0D; (b) x=1.5D; (c) x=2.5D; (d) x=4.5D; (e) x=8.5D; (f) x=16.5D

Fig. 4 Comparison of the present model with experimental data (Jensen, 1987) for horizontal velocity 

fluctuation △Ux/U0: (a) x=1.0D; (b) x=1.5D; (c) x=2.5D; (d) x=4.5D; (e) x=8.5D; (f) x=16.5D

Fig. 5 Comparison of the present model with experimental data (Jensen, 1987) for vertical velocity 

fluctuation △Uz/U0: (a) x=1.0D; (b) x=1.5D; (c) x=2.5D; (d) x=4.5D; (e) x=8.5D; (f) x=16.5D

Fig. 6 Drag and lift coefficients versus dimensionless period tU0/D

Fig. 7 Flow pattern during typical vortex shedding period: (a) t=t0+0.0; (b) t=t0+T/4; (c) t=t0+2×T/4; (d) 

t=t0+3×T/4

Fig. 8 Pressure coefficient along the seabed surface

Fig. 9 Oscillatory pore-pressure in a typical vortex shedding period: (a) t=t0+0.0; (b) t=t0+T/6; (c) 

t=t0+2×T/6; (d) t=t0+3×T/6; (e) t=t0+4×T/6; (f) t=t0+5×T/6

Fig. 10 Accumulation of the residual pore-pressure within the seabed: (a) t=50 s; (b) t=100 s; (c) t=150 s; 

(d) t=250 s; (e) t=500 s; (f) t=900 s

Fig. 11 Forces exerting on a bed particle: (a) Plain view; (b) Side view

Fig. 12 Time-averaged, maximum and minimum bed shear stresses

Fig. 13 Comparisons of critical Shields number with original and modified Shields numbers 

Fig. 14 Distributions of two scaling factors along the seabed surface: (a) Variations of oscillatory factor 

; (b) Variations of residual factor e~ e

Fig. 15 Effect of the saturation degree Sr on maximum oscillatory factor e~

Fig. 16 Effect of the saturation degree Sr on residual factor e

Fig. 17 Effect of the permeability coefficient ks on maximum oscillatory factor e~

Fig. 18 Effect of the permeability coefficient ks on residual factor e

Fig. 19 Effect of the soil shear modulus Gs on maximum oscillatory factor e~

Fig. 20 Effect of the soil shear modulus Gs on residual factor e
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Fig. 21 Positions of particles resting on the bed surface (Liu and Chiew, 2012): (a) Position 1; (b) 

Position 2; (c) Position 3; (d) Position 4
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Fig. 1 The sketch of whole numerical model
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(a) x=1.0D (b) x=1.5D (c) x=2.5D (d) x=4.5D (e) x=8.5D (f) x=16.5D

Fig. 2 Comparison of the present model with experimental data (Jensen, 1987) for mean horizontal flow 

velocity Ux/U0
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(a) x=1.0D (b) x=1.5D (c) x=2.5D (d) x=4.5D (e) x=8.5D (f) x=16.5D

Fig. 3 Comparison of the present model with experimental data (Jensen, 1987) for mean vertical flow 

velocity Uz/U0
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(a) x=1.0D (b) x=1.5D (c) x=2.5D (d) x=4.5D (e) x=8.5D (f) x=16.5D

Fig. 4 Comparison of the present model with experimental data (Jensen, 1987) for horizontal velocity 

fluctuation △Ux/U0
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(a) x=1.0D (b) x=1.5D (c) x=2.5D (d) x=4.5D (e) x=8.5D (f) x=16.5D

Fig. 5 Comparison of the present model with experimental data (Jensen, 1987) for vertical velocity 

fluctuation △Uz/U0
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Fig. 6 Drag and lift coefficients versus dimensionless period tU0/D
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(a) t=t0+0.0 (b) t=t0+T/4

(c) t=t0+2×T/4 (d) t=t0+3×T/4
Fig. 7 Flow pattern during typical vortex shedding period
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Fig. 8 Pressure coefficient along the seabed surface
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(a) t=t0+0.0 (b) t=t0+T/6

(c) t=t0+2×T/6 (d) t=t0+3×T/6

(e) t=t0+4×T/6 (f) t=t0+5×T/6
Fig. 9 Oscillatory pore-pressure in a typical vortex shedding period
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(a) t=50 s (b) t=100 s

(c) t=150 s (d) t=250 s

(e) t=500 s (f) t=900 s
Fig. 10 Accumulation of the residual pore-pressure within the seabed
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(a) Plain view (b) Side view

Fig. 11 Forces exerting on a bed particle
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Fig.12 Time-averaged, maximum and minimum bed shear stresses
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Fig. 13 Comparisons of critical Shields number with original and modified Shields numbers 
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(a) Variations of oscillatory factor e~

(b) Variations of residual factor e
Fig. 14 Distributions of two scaling factors along the seabed surface
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Fig. 15 Effect of the saturation degree Sr on maximum oscillatory factor e~
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Fig. 16 Effect of the saturation degree Sr on residual factor e
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Fig. 17 Effect of the permeability coefficient ks on maximum oscillatory factor e~
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Fig. 18 Effect of the permeability coefficient ks on residual factor e
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Fig. 19 Effect of the soil shear modulus Gs on maximum oscillatory factor e~
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Fig. 20 Effect of the soil shear modulus Gs on residual factor e
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(a) Position 1 (b) Position 2 (c) Position 3 (d) Position 4
Fig. 21 Positions of particles resting on the bed surface (Liu and Chiew, 2012)
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Research Highlights

(a) Propose an integrated numerical model to couple the turbulent flow and porous 

seabed models 

(b) Study the excess pore-pressure responses in the seabed beneath the suspended 

pipeline

(c) Quantify the effect of seepage flow on the mobility of bed particles

(d) Study the effects of seabed parameters on the flow-induced seepage force.
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Tables

Table 1 Seabed soil parameters for the numerical model
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Table 1 Seabed soil parameters for the numerical model

Seabed soil parameters values

median grain size d50 0.36 mm
total unit weight of soil s 2000 kg/m3

unit weight of pore water w 1030 kg/m3

permeability coefficient  ks 1×10-6 m/s
degree of seabed saturation Sr 0.985
earth pressure coefficient K0 0.42
soil porosity sn 0.44
void ratio rs 0.8
maximum void ratio rmax 1.2
minimum void ratio rmin 0.4
relative density of soil Dr 0.5
Poisson’s ratio s 0.33
shear modulus of soil Gs 5×106 N/m2
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