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Abstract: Wave is a common environmental load that often causes serious damages to offshore 

structures. In addition, the stability for the submarine artificial slope is also affected by the wave 

loading. Although the landslide of submarine slopes induced by the waves has received wide at-

tention, the research on the influence of solitary-wave is rare. In this study, a 2-D integrated nu-

merical model is developed to investigate the stability of the foundation trench under the solitary 

wave loading. The Reynolds-Averaged-Stokes (RANS) equations are used to simulate the propa-

gation of a solitary wave, while the current is realized by setting boundary inlet/outlet velocity. The 

pore pressure induced by the solitary wave is calculated by Darcy’s law and the seabed is charac-

terized by Mohr-Coulomb constitutive model. Firstly, the wave model is validated through the 

comparison between analytical solution and experimental data. The initial consolidation state of 

slope under hydrostatic pressure is achieved as the initial state. Then, the factor of stability (FOS) 

for the slope corresponding to different distance between wave crest and slope top is calculated 

with the strength reduction method. The minimum of FOS is defined as the stability index for the 

slope with specific slope ratio during the process of dynamic wave loading. The parametric study is 

conducted to examine the effects of soil strength parameters, slope ratio and current direction. At 

last, the influence of upper slope ratio in a two-stage slope is also discussed. 

Keywords: Slope stability; Immersed tunnel; Solitary wave; foundation trench; numerical model-

ing 

1. Introduction 

With the continuous breakthrough of key technologies in the tunnel construction, 

underwater tunnel has gradually become an important means to cross rivers, lakes and 

seas. The immersed tube tunnel has been widely used in the submarine constructions for 

its advantages of being suitable for soft ground, short construction period and saving 

engineering cost. In general, the excavation of underwater foundation trench forms the 

temporary underwater slope, the stability of which has a significant impact on the safety 

of the whole construction.  

The stability of foundation under different environment conditions has always been 

a crucial issue in the design of offshore structures. Seismic load and wave load are two 

common types of marine environment loading. The effects of seismic load acting on the 

seabed or offshore structure has attracted a lot of attention in the past decades[1-4]. Alt-

hough the wave load is more common compared with the seismic action, the attention 

paid on the submarine slope under wave loading is not enough. A significant change in 

the pore pressure is induced in the seabed as the propagation of wave. The pressure ex-

erted on the slope increases under the wave crest and it may result in significant dis-

placements of slope [5]. Even if the artificial slope is temporary, its stability under wave 

loading needs to be guaranteed until the end of the construction. To make the slope con-

struction both economic and ecologic, the volume of earth excavation should be as small 

as possible on the premise of stability[6].  
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Wave-induced responses in the seabed and offshore structures have been widely 

studied. Some analytical studies have been performed to investigate the changes of the 

wave-induced pore pressure and stresses in seabed [7-10]. Liu et al. [11] carried out an 

experimental study of wave-induced pore pressures in marine sediments and discussed 

the influences of parameters of wave and soil on the wave-induced liquefaction. Zhang et 

al. [12] developed a 3-D finite element method (FEM) model to simulate wave-induced 

response and considered the non-homogeneous soil properties. Considering the engi-

neering applications, many investigations on the interaction between waves, seabed and 

structures have been conducted [13-18]. However, few studies have addressed the issue 

related to the slope stability of temporary foundation trench for the immersed tunnel 

under wave loading. Most of the existing works are concentrated on the regular linear 

waves such as progressive waves, neglecting the nonlinear waves [36]. 

Solitary wave is a kind of nonlinear wave often used to model the leading waves of 

storm surges such as tsunami in many studies [19-21]. In addition, the wave often take on 

the form of solitary wave near the shore in the shallow water, thus solitary wave is often 

used to model the behavior of the leading wave of storm surges. Concerning the interac-

tion between solitary waves and coastal structures, some researches focused on the pro-

cesses of solitary wave running up and running down on a uniform slope. Synolakis [22] 

measured the free wave surface of solitary wave on slope through the experiment. 

Summer et al. [23] conducted two parallel experiments of the solitary wave running up, 

breaking and falling on the sloping seabed and measured the shear stresses and pore 

water pressure. Young et al. [24] used the numerical method to predict liquefaction fail-

ure probability of slope on sandy coast caused by solitary waves and obtained the dis-

tribution of transient pressure, displacement and subsurface pore water pressure in the 

slope. Based on this, Xiao et al. [25] further investigated on the parameters that affect the 

maximum liquefaction depth, such as soil permeability, cross-shore location and offshore 

wave heights. Although the aforementioned studies concentrated mainly on the offshore 

slopes, the research on the stability of the artificial slope subjected to the solitary wave is 

still rare. 

The objective of this study is to investigate the foundation trench for the immersed 

tunnel under the solitary wave loading based on a two-dimensional (2D) integrated 

model. The Reynolds-Averaged Navier-Stokes (RANS) equations combined with k-ε 

turbulence are adopted to simulate the solitary wave. The current is realized by setting 

boundary inlet and outlet velocity. In order to assess the stability index of the elas-

tic-plastic slope, Darcy’s law and Mohr-Coulomb yield criteria is used for the calculation 

of pore pressure. With the wave model verified, the dynamic response and specific fail-

ure mode of trench slope are then analyzed. Discussion on the effects of soil strength 

parameters, slope ratio and current direction on the slope is carried out through para-

metric studies. Considering that the trench slopes in practical engineering are often the 

slope with two stages or more stages, the influence of the upper slope ratio on the whole 

two-stage slope is investigated at last. 

2. Theoretical formulations 

The model consists of two sub-models: a wave-current model and a seabed model. 

The sketch of the numerical model for an artificial submarine slope under the combined 

action of current and solitary wave is shown in Fig.1. x and z are the Cartesian coordi-

nates, h is the thickness of seabed, h1 is the thickness of soil layer 1, h2 is the thickness of 

soil layer 2, H is the height of solitary wave, W is the width of the trench, B is the height of 

the trench, d is the water depth and U0 is the initial current velocity. 
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Figure 1. The solitary wave-artificial submarine slope coupling model 

2.1 Wave-current sub-model 

In this study, FLOW-3D which uses the finite difference method to solve the Na-

vier-Stokes equation is adopted to simulate the propagation of solitary wave. The free 

surface motion is computed with a true volume of fluid (VOF) method [26,27] and the 

complex geometric regions is modeled by the fractional area/volume obstacle represen-

tation (FAVOR) technique [28]. 

2.1.1 Continuity equations and momentum equations 

The flow is assumed to be incompressible and viscous fluid, the continuity equation 

in Cartesian coordinates can be expressed as: 
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where (u, v, w) are the velocity components in the coordinate direction (x, y, z); xA , yA  

and zA  are the fractional areas open to flow in the x, y and z directions. 

The momentum equations of motion for the fluid velocity components (u, v, w) in 

the three coordinate directions are the Navier-Stokes (N-S) equations with some addi-

tional terms. The general N-S equations are described as: 







1 1
}

1 1
}

1 1
}

x y z x x

F

x y z y y

F

x y z z z

F

u u u u p
uA vA wA G f

t V x y z x

v v v v p
uA vA wA G f

t V x y z y

w w w w p
uA vA wA G f

t V x y z z







    
+ + + = − + +

    

    
+ + + = − + +

    

    
+ + + = − + +

    

       (0) 

where FV  is the fractional volume open to flow; p is the water pressure; ρ is the fluid 

density; , , )x y zG G G（  are the body accelerations, , , )x y zf f f（  are the viscous accelera-

tions. 

2.1.2 Turbulence models 

The k −  model has been demonstrated to provide reasonable approximations for 

various types of flows [29]. It consists of two transport equations for the turbulent kinetic 

energy Tk  and its dissipation T  [30] . 

The two transport equations are as follows: 
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where μ is the kinematic molecular viscosity; t is kinematic eddy viscosity; k is the 

turbulent kinetic energy; ε is the turbulent kinetic energy dissipation rate; C , 1C , 2C , 

k  and   are the empirical constants recommended in the literature [31]. The values 

in this study is as follows: =0.09C , 1=1.44C , 2 =1.92C , =1.0k  and =1.3 . 

2.1.3 Boundary conditions for solitary wave generation 

In this model, the incident wave boundary is set at the left boundary to generate 

solitary wave, as shown in Fig. 1. The solitary wave solution is based on McCowan’s 

theory [32] which has the higher order accuracy than Boussinesq’s theory [33] and is 

recommended by Munk [34] after detailed examinations. The wave height is assumed to 

be H. The reference system (x, z) is established with its origin fixed at the bottom. A cur-

rent exists and its x-component of undisturbed velocity is u . The equations for water 

elevation η, x-velocity u, z-velocity w, and wave speed c are [34]: 

 

sin[ (1 )]

cos[ (1 )] cosh( )

M
N d

Xd M
M M

d d






+

=

+ +
                    (0) 

 
20

1 cos( )cosh( )
( , , )

[cos( ) cosh( )]

Mz MX

u x z t u d dN
Mz MXc

d d

+
−

=

+
                    (0) 

 
20

sin( )sinh( )
( , , )

[cos( ) cosh( )]

Mz MX

w x z t d dN
Mz MXc

d d

=

+

                   (0) 

 0c u c= +                                   (0) 

where 0 = g( )c d H+  is the wave speed in still water; g is the absolute value of gravita-

tional acceleration; X x ct= − ; M and N satisfy 
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where H d = .  

The initial estimates of M and N are 3M =  and 2N = . The initial estimate of η 

is from Boussinesq’s solution for solitary wave [33] 
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2.2 Seabed sub-model 

2.2.1 Seepage pressure 

After the wave pressure is obtained from the wave model in Flow-3D, the seepage 

induced by the wave loading need to be calculated. In this study, the seepage pressure is 

calculated with Darcy’s law. The seepage velocity can be affected by the factors such as 

pressure gradient, fluid viscosity and the structure of porous media, thus the Darcy’s law 

can be expressed as: 

 
f

s s

k
u p


= −                                  (0) 

where fk  is the permeability coefficient of porous seabed, μ is the dynamic viscosity of 

fluid, sp  is the seepage force, su  is the seepage velocity in the seabed.  

Combine the continuity equation with the Darcy’s law, and the seepage pressure can 

be easily calculated under the solitary wave loading. The equation is as follows: 

 ( ) ( ) 0w w sn u
t
 


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
                         (0) 

where w  is the density of pore fluid, n is soil porosity. 

2.2.2 Strength reduction method for the seabed 

The seabed behavior is described by the Mohr-Coulomb constitutive model. Before 

determining the factor of safety (FOS) for the temporary slope formed by foundation 

trench excavation, the seepage pressure calculated by Darcy’s law needs to be added to 

the total tensor of seabed. The shear stress in Mohr-Coulomb mechanical model can be 

expressed as 

 ' tan 'f nc  = +                           (0) 

where 'c  and '  are the effective cohesion and effective friction angle of the soil, re-

spectively; n  is the normal stress. 

It is assumed that the seabed material is isotropic and elastoplastic. The stability of 

the slope can be calculated by 2D plane strain approximation. With the Mohr-Coulomb 

yield criterion, the associated potential can be expressed as 

 2 0 1 0F m J I k= + −                          (0) 

where F is the yield function, I1  is the first invariant stress tensor, J2 is the second invari-

ant deviatoric stress tensor. m, 0  and 0k  are the parameters related to soil material 

parameters: 

 0( ) cos( / 6) 1/ 3 sin sin( / 6), cosre re rem k c      = − − − =     (0) 

where rec  and re  are the factored shear strength parameters which are defined as a 

function of FOS of slope [35]. 
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The criterion to define the failure of slope is the non-convergence happening when 

the horizontal displacement increases dramatically in the process of calculation. 

2.3 Boundary conditions 

In order to get the accurate wave pressure, appropriate boundary conditions should 

be defined in the wave model at first. As shown in Fig. 1, the left side of the solitary wave 

model is the wave incident boundary, which is generated based on the solitary wave 

theory, and the inflow boundary is added at the same time to form the wave current inlet 

boundary; the right side of the solitary wave model is the wave outflow boundary with a 

wave-absorbing layer of 50m width; the upper boundary of the solitary wave model is 

the interface of water and air, and the air pressure is equal to a standard atmospheric 

pressure (101.3kPa); the bottom is the interface between water and soil and thus the wall 

boundary is adopted. The normal velocity of fluid on the boundary is zero. 

In the seabed model, the pore pressure induced by the solitary wave is equal to the 

pressure obtained from the wave-current model at the surface of the seabed. At seabed 

surface, the boundary is described as: 

 s bp p=                                    (0) 

where bp  is the pressure at seabed surface in the wave-current model. 

The bottom and both sides of the seabed are set to be impermeable, furthermore, 

there is no horizontal displacement, which can be expressed as 

 0n u =                                    (0) 

0su =                                (0) 

 

2.4 Integration of sub-models 

In this study, the so-called one-way coupling method is adopted to realize the inte-

gration of wave-current sub-model and seabed sub-model. FDM (finite differential 

method) is used to solve the RANS equations in the wave-current sub-model, while FEM 

(finite element method) is used to calculate the seepage pressure and the seabed re-

sponse. The size of the wave-current model is 200m×50m and the whole wave domain is 

divided into 5,024,294 cells with the cell size of 0.1m×0.1m. The aim of this model is to 

capture the wave-current pressure acting on the seabed, and then apply it to the surface 

in the seabed sub-model. The seabed sub-model is divided into triangular meshes with 

the maximum size of 2.81m and the minimum size of 0.025m. The mesh near the foun-

dation trench is refined to make the calculation more accurately.  

3. Model validation 

To validate the calculation accuracy of the solitary wave pressure, the results of the 

wave model are compared with the laboratory experiments of Synolakis [22], in which a 

series of experiments about the process of solitary wave running up on the slope with 

the gradient of 1:19.85 were performed. One of the experiments was conducted with the 

wave height up to H/d = 0.3 and the maximum water depth d of 1m. The corresponding 

wave parameters are set the same as Synolakis [22], and the wave elevation is obtained 

at different time. Fig. 2 shows the comparison between the measured free water surface 

and the present model results. It is apparent that the process of the wave running up, 

down and breaking in the experiment is in good agreement with the current model, and 

thus the wave model is reliable. 
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(a)                                     (b) 

 

(c)                                     (d) 

Figure 2. Comparison of wave surface profile between the proposed model and the experimental 

data [22]: (a) t = 10 s, (b) t = 20 s, (c) t = 25 s, (d) t = 30 s. 

4. Results and discussion 

4.1 Consolidation of the seabed 

In general, the natural seabed has a consolidation process due to the existence of self-weight. The 

seabed will reach a new stable state of consolidation after being disturbed by the excavation of the 

foundation trench. Before adding the wave-induced pressure to the seabed, the state of stress and 

strain after the adequate reconsolidation under the hydrostatic pressure and self-gravity is deter-

mined. The calculation parameters are listed in Table.1. The width of the trench bottom (W) and 

vertical height of slope (B) are 34m and 18m, respectively. Fig. 3 shows the distribution of the stress 

and displacement in the foundation trench after reconsolidation, which is set as the initial condition 

for the model. 

 Table 1. Input parameters for parametric study. 

Characteristics Value Unit 

Wave parameters   

Wave height (H) 3 m 

Water depth (d) 10 m 

Soil parameters   

Seabed thickness (h) 40.5 m 

Shear modulus (G) 6.56×106 Pa 

Soil porosity (n) 0.41  

Poison’s ratio (μ) 0.35  

Elastic modulus (E) 1.77×107 Pa 

Soil permeability (k) 8×10-6 m/s 

Density of soil grain (ρs) 2.71×103 kg/m3 

Effective cohesion (c') 15 kPa 

Effective internal friction angle (φ') 20 ° 

Trench width (W) 34 m 
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Trench height (B) 18 m 

Water parameters   

Bulk modulus (Kw) 2×109 Pa 

Density of water (ρw) 1000 kg/m3 

 

 

(a) 

 

(b) 

 

(c) 

Figure 3. Initial state of the trench after excavation: (a) horizontal displacement, (b) vertical dis-

placement, (c) stress state. 

4.2 Stability index for the one-stage slope under solitary wave loading 

To find the most dangerous moment in the whole process of solitary wave passing 

over the foundation trench, the stability indexes of the slope at different moments could 

be continuously calculated [36]. At different positions of the wave crest relative to the 

slope top from far to near, the factors of safety (FOS) for the slope are obtained corre-

spondingly. The smallest FOS corresponds to the most dangerous moment, and the cases 

of different slope ratios are investigated in this section. 

Fig. 4 illustrates the variation of FOS with D for the foundation trench slope with 

different slope ratios. Here D is denoted as the relative distance between the wave crest 

and slope top. The FOS for the slope only under the hydrostatic pressure is also obtained 

for comparison. It is obvious that the wave loading can significantly reduce the stability 

of the underwater slope. As the solitary wave crest propagates over the slope, the FOS 

decreases at first and then increases. As a result, the minimum of FOS can be determined 

for the slope with different slope ratios. Thus the minimum of the FOS (defined as FOS-

min) is regarded as the stability index for the slope with the corresponding slope ratio. It 
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is observed that FOSmin is smaller than 1 when slope ratio is 1:2.5 in this case. Therefore, 

when the slope ratio is greater than 1:2.5, the slope may lose its stability under the com-

bine actions of self-weight, wave pressure and the induced seepage force in the seabed. 

(a)                                          (b) 

 
(c)                                          (d) 

Figure 4. Variation of FOS with D: (a) slope ratio 1:2.5, (b) slope ratio 1:3, (c) slope ratio 1:3.5, (d) 

slope ratio 1:4. 

4.3 Influence of soil strength parameters on the slope stability  

Generally speaking, soil properties have a great influence on the wave-induced pore 

pressure and displacement in the slope. In this section, two important soil parameters, 

cohesion and internal friction angle, are discussed. The soil cohesion c’ taken is taken to 

be 13kPa, 15kPa, 17kPa and 19kPa, respectively. While the internal friction angle φ’ is 

taken to be 12°, 16°, 20°, and 24° respectively. Fig. 5 illustrates the influences of cohesion 

and internal friction on the displacement contour of 0.2m in the slope. It is noted that the 

increase of cohesion increases the failure depth and enlarges the area of landslide. With 

the increase of friction angle, the sliding damage area and failure depth decrease gradu-

ally. The results in this section agree well with that of the slopes on land in Cheng et al. 

[37]. 

 

(a) 
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(b) 

Figure 5. Destruction areas of the slope with different soil parameters: (a) φ’=24°, 20°, 16°, 12°; (b) 

c’=13kPa, 15kPa, 17kPa, 19kPa. 

4.4 Influence of slope ratio on slope stability 

The slope ratio of the trench directly affects the amount of excavation and backfilling 

materials, and thus has an important influence on the cost of trench excavation of im-

mersed tunnel. Obviously, the larger the slope ratio is, the more stable the slope is. Since 

the stability is not the only one factor to be considered, reasonable slope ratio should be 

achieved to ensure the balance between economy and safety in practical project. The 

wave and soil parameters are chosen from Table 1. The slope rate is set to be 1:2, 1:2.5, 1:3, 

and 1:3.5, respectively. Fig. 6 demonstrates the distribution of equivalent plastic strain in 

four different cases in the seabed. When the plastic zone develops continuously through 

the toe to the top, the landslide is likely to happen. It is shown that the maximum plastic 

strain in the seabed increases with the increasing slope ratio, as expected. 

 

(a)                                         (b) 

 

(c)                                   (d) 

Figure 6. Plastic penetration zones in the slope with different slope rates: (a) slope rate 1:2.5, (b) 

slope rate 1:3, (c) slope rate 1:3.5, (d) slope rate 1:4. 
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Fig. 7 demonstrates the actual failure deformation for the slope with four slope ra-

tios and the scale factor adopted is 1:20. The sliding area has an arc-shaped layered divi-

sion. The maximum deformation of the slope occurs at the toe of the slope and has the 

tendency to concentrate at the bottom with the increasing of slope ratio. 

 

(a)                                     (b) 

 

(c)                                     (d) 

Figure 7. Sliding displacements in the slope with different slope rates (scale factor is 20): (a) slope 

ratio 1:2.5, (b) slope ratio 1:3, (c) slope ratio 1:3.5, (d) slope ratio 1:4. 

4.5 Influence of current direction on slope stability 

The current flow can affect the propagation of solitary wave, thus has further impact 

on the failure of the slope. In this section, two different current directions are discussed, 

one is the flow and current in the same direction (+1m/s, wave co-current) and the other 

is in the opposite direction (-1m/s, wave counter-current). The deformation of both sides 

of the slope is illustrated in Fig. 8, in which Figs. 8(a) and 8(b) are the left and right slope 

deformations in the case of wave co-current (+1m/s), while Figs. 8(c) and 8(d) are the left 

and right slope deformations in the cases of waves counter-current exists (-1m/s). It can 

be observed that the FOSmin in Figs. 8(a) and 8(d) are smaller than those in Figs. 8(b) and 

8(c). This phenomenon may be attributed to the fact that when the currents propagate 

away from the slope surface, the current-induced pressure acting on the slope surface 

may reduce the stability of slope. 
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                                                  (a)                                            (b) 

 

                    (c)                                             (d) 

Figure 8. Deformation of the trench slopes under the currents in different directions: (a) left slope, 

1m/s; (b) right slope, 1m/s; (c) left slope, -1m/s; (d) right slope, -1m/s. 

4.6 Influence of slope ratio on two-stage slope 

Table 2. Input soil parameters of the two-stage slope 

Characteristics Value Unit 

Soil parameters in upper slope   

Seabed thickness 8 m 

Shear modulus 4.33×106 Pa 

Soil porosity 0.56  

Poison’s ratio 0.35  

Elastic modulus 1.17×107 Pa 

Soil permeability 1×10-9 m/s 

Density of soil grain 2.75×103 kg/m3 

Effective cohesion 12 kPa 

Effective internal friction angle 13 ° 

Soil parameters in lower slope   

Seabed thickness 32.5 m 

Shear modulus 6.56×106 Pa 

Soil porosity 0.41  

Poison’s ratio 0.35  

Elastic modulus 1.77×107 Pa 

Soil permeability 8×10-6 m/s 

Density of soil grain 2.71×103 kg/m3 

Effective cohesion 15 kPa 

Effective internal friction angle 20 ° 

Due to the uneven distribution of horizontal layers, two-stage slope is mostly used 

in the trench excavation in practical engineering [38]. In this section, the effects of the ra-

tios of upper slope and lower slope on the stability of the two-stage trench slope are in-

vestigated. The heights of the upper and lower slopes are set be the same and the soil 

parameters for the lower and upper slopes are selected from Table. 2. The ratio of the 

lower slope is set to be 1:2, 1:2.5, and 1:3, respectively. Fig. 9 shows the variation of FOS-

min with the ratio of upper slope. It can be noted that FOSmin firstly increases and then 

remain almost unchanged with the increase of the upper slope ratio in Figs. 9(a) and 

9(b). When the lower slope ratio is 1:3, the FOSmin increases slightly as the upper slope 

ratio increases. Thus, it can be concluded that the ratio of the lower slope has more sig-

nificant influence on the stability of the whole slope, compared with the upper slope. 
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                                                 (a)                                            (b) 

                        

(c) 

Figure 9. Variation of FOSmin with the ratio of upper slope with various lower slope ratios: (a) lower slope 

ratio 1:2, (b) lower slope ratio 1:2.5, (c) lower slope ratio 1:3. 

5. Conclusions 

In this study, an integrated numerical model is developed to investigate the poten-

tial for the failure of the foundation trench of the immersed tunnel under solitary wave 

loading. Darcy’law is adopted to calculate the pore water pressure and the soil behavior 

is described by the Mohr-Coulomb constitutive model. The strength reduction method is 

applied in investigating the stability index for the foundation trench under the dynamic 

wave loading. Based on the calculation, the following conclusions can be drawn: 

(1) The factor of stability (FOS) for the slope varies as the relative distance between 

wave crest and the top of the slope changes. The wave motion can significantly affect the 

stability of the slope seabed foundation. The minimum of FOS corresponds to the most 

dangerous situation of the slope with specific slope ratio under the solitary wave loading. 

(2) The soil strength parameters have great impact on the area and depth of the slope 

failure. The slope failure area and depth increase with the increase of soil cohesion, but 

decrease with the increase of internal friction angle. 

(3) As the slope ratio increases, the FOS decreases, and the maximum deformation is 

more likely to concentrate at the toe of the slope with the increasing slope ratio. 

(4) The FOS of the slope in the case that currents propagate towards the slope sur-

face is greater than that in the case the currents propagate away from the slope surface. It 

is noted that the current propagating away from the slope could increase the possibility 

of slope instability. 

(5) When the foundation trench takes the form of two-stage slope, the ratio of lower 

slope has more significant influence on the stability of the whole slope, compared with 

that of the upper slope. 
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