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A B S T R A C T   

Submarine landslides are a major offshore geohazard posing increasing threat to offshore and coastal de-
velopments. A submarine landslide may usually involve multistage failure triggered by the first failure. During 
submarine landslide evolution, the emergent sliding mass may act as an impact load on the downslope seafloor 
potentially leading to surficial erosion of sediments or deeper ploughing failure with the presence of a weak 
layer. The study presents a comprehensive analysis of seafloor instability and post-failure behaviors subjected to 
the first slide mass impact, using a large deformation finite element (LDFE) method. Different failure patterns are 
investigated and the corresponding critical impact loads for triggering the seafloor instability are analyzed. The 
parameters controlling the strain softening behaviors of soils and the undrained shear strength in the weak layer 
have significant effects on the critical condition for the seafloor failure. The dynamic inertia of the slide mass, 
however, has little effect on the results. An empirical equation for assessing the seafloor instability subjected to 
the first slide impact, with respect to the impact load from the initial slide and the gravity stress relative to the 
shear strength in the weak layer, is proposed based on a parametric study.   

1. Introduction 

Continuing offshore exploitation of traditional hydrocarbons, such as 
oil and gas, as well as renewables suggest a necessity to fully understand 
submarine landslide geohazard. Submarine landslides are often 
considered as a major geohazard posing significant threats to offshore 
infrastructure and coastal communities (Piper et al., 1999; Randolph 
and White, 2012; Liu et al., 2015; Casalbore et al., 2012). Drawing from 
typical geological survey findings, exemplified by events like the Baiyun 
Slide and Brunei Slide in the South China Sea, analysis suggests that 
submarine landslides are also recognized as significant contributors to 
tsunamis (Z. Ren et al., 2019, 2023; Sun et al., 2022; Løvholt et al., 
2015). The submarine landslides can occur in very gentle continental 
slopes and are of large scale compared to their subaerial counterparts. 
Their morphologies and potential causes have been considerably 
observed and discussed in the literature, for example for the Storegga 
Slide in the Norwegian Sea (Bryn et al., 2005; Bugge et al., 1988; 
Haflidason et al., 2005) and the Canary Slide in the West African con-
tinental margin (Krastel et al., 2001). 

Progressive failure that may occur both onshore and offshore, is 

considered a major reason for the occurrence of enormous landslides 
(Bernander, 1978; Locat et al., 2011; Puzrin et al., 2017; Zhang et al., 
2017), which can be hardly explained with the classical limit equilib-
rium method. Particularly, the translational progressive failure with 
shear band propagation (SBP) along a weak layer has been extensively 
studied during the last two decades (Dey et al., 2015, 2016b, 2016c; 
Puzrin et al., 2015b; Zhang et al., 2016). The weak layer is defined as an 
embedded soil layer where the soil shear strength relative to the over-
burden pressure is lower than that of adjacent layers. Recent site in-
vestigations have revealed that the existence of weak layer might be a 
pre-conditioning factor for progressive failure in many large-scale sub-
marine landslides (Dan et al., 2007; Kvalstad et al., 2005; Locat et al., 
2013, 2015; Sultan et al., 2010). With a certain external trigger, the 
shear stress in the weak layer might reach the peak shear strength fol-
lowed by strength reduction with further shearing. After accumulation 
of a considerable amount of plastic deformation within the weak layer, 
catastrophic SBP might occur followed by slab failure and retrogression 
(Zhang et al., 2019, 2021). 

Submarine landslides may originate from different external factors 
such as earthquakes (Puzrin et al., 2015a), toe erosion (Dey and 
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Hawlader, 2015; Locat and Jostad, 2013; Quinn et al., 2012), rapid 
sedimentation (Martorelli et al., 2016; Moernaut et al., 2017; Stoecklin 
et al., 2017), volcanic eruption (Casalbore et al., 2020; Watt et al., 2012) 
and human construction activities (Bernander et al., 2016; Dey and 
Hawlader, 2016b). A submarine landslide often involves multistage 
failure including retrogression upslope and ploughing downslope (Puz-
rin and Gray, 2017), after initial failure. It has been widely accepted that 
submarine landslides can be initiated locally, typically at the steepest 
point within a weak layer, and that upward retrogressive failure can 
expand their scale (Zhang et al., 2021). Two downslope seafloor 
post-failure mechanisms, i.e. frontally confined and frontally emergent, 
have been commonly observed in historical events (Frey-Martínez et al., 
2006; Madrussani et al., 2018). The post-failure criteria and their re-
lationships with the first failure, however, have not been fully under-
stood. Meanwhile, during submarine landslide evolution, the emergent 
sliding mass may act as an impact load on the downslope seafloor 
potentially leading to surficial erosion of sediments or deeper failure 
with SBP along a weak layer. The present study focuses on the latter 
consequence. Landslides or avalanches triggered by sudden impact loads 
are not rare, e.g., snow avalanches caused by skiers and snowboarders 
observed in some footages. Folded basin-filling sediments observed in 
some historical events, e.g., the Storegga Slide (Bryn et al., 2005; 
Haflidason et al., 2005) and the Ritter Slide (Watt et al., 2019), may 
suggest subsequent failure of downslope seafloor caused by an initial 
smaller slide. 

Given that the source area of submarine landslides, such as the 
Storregga slide, can encompass the region below the initiation point, 
reaching flat terrain, we believe that progressive downward failure by 
the first (initial) failure is likely the cause. The present study aims to 
propose a novel failure mechanism involving the subsequent failure of 
the downslope seafloor triggered by an initial smaller slide, providing a 
reference to explain the failure mechanism of ancient large-scale land-
slides, such as the Storegga event. Both static and dynamic models were 
employed to validate this proposed mechanism by using a large defor-
mation finite element (LDFE) analysis, and introduced a method for 
quantitatively assessing the impact of sliding masses on seabed stability. 

2. Problem definition 

The whole process of a submarine landslide generally involves 
disintegration of failed blocks from solid to fluid, debris flow with a 
possible evolution to turbidity, and final deposition (Boukpeti et al., 
2012; Masson et al., 2006; Rui and Yin, 2019; Zhang and Randolph, 
2020), as shown in Fig. 1. With a short travelling distance from the 
source, the sliding mass might remain intact with shearing mainly taking 
place at the frictional shear surface. After entrainment of ambient water, 
the solid sliding mass may evolve into a debris flow, travelling for 
several to thousands of kilometres before re-stabilization (Boukpeti and 
White, 2012). 

Typical characteristics, such as the maximum run-out velocities and 
travel distances, of some reported historical submarine landslides are 
summarized in Table 1. The slope angles of these historical events are 
usually small (1◦–5◦) compared with the onshore landslides, which, 
however, may lead to very large scale of spread failure (Hance, 2003; 
Masson et al., 2006). The thickness of the sliding mass is usually in a 
range of 2–50 m (Elverhøi et al., 1997; Kopf et al., 2016; Laberg and 
Vorren, 1995; Masson et al., 2006; Migeon et al., 2012), though the 
thickness of the Storegga slide deposit can be up to 430 m (Haflidason 
et al., 2004). The run-out velocity of the submarine sliding mass is 
estimated in a range of 0.7–60 m/s while the run-out distance can be up 
to thousands of kilometres (Gue, 2012; Talling, 2014). The first failure of 
a large submarine landslide can cover a much smaller volume, which 
may further trigger subsequent failures under certain conditions leading 
to an enormous submarine landslide complex (Longva et al., 2003). 
Multi-stage failure is commonly observed in submarine landslides such 
as the Finneidfjord Slide offshore Norway (L’Heureux et al., 2012), 
though its mechanism especially the downslope progressive failure has 
been less understood. The mechanisms of the subsequent failures are 
diverse depending on the role of the first failure. The release of the first 
failure may lead both to retrogression upslope and the ploughing or 
erosion of intact sediments downslope. The present study focuses on the 
latter process: with the impact of the upstream sliding mass or slide, the 
downslope seafloor collapse (representing a second failure) with SBP 
along the weak layer and global slab failure, as shown in Figs. 1 and 2. 
Here, for the second failure, the impact load from the initial slide is an 
external factor which suddenly alters the stress state of the downstream 
seafloor while the presence of the weak layer is an internal factor which 
determines the locus of the shear surface. 

First, the sliding mass is assumed in a quasi-static state which is 
relevant to the steady flow phase with constant velocity or near- 
deposition stage with negligible velocity, such that the dynamic 
impact is ignored. The dynamic effect will also be simulated and dis-
cussed later in the study. Although the configuration of the sliding mass 
is related to the breakup, water entrainment and hydroplaning (Mohrig 
et al., 1998), a simplified rectangular sliding mass is considered in the 
present study, as shown in Fig. 2. Therefore, the simplified problem is 
somewhat analogy to the embankment failure caused by the sudden 
surcharge (Early and Skempton, 1972). The impact load of the initial 
slide on the seafloor comprises two components: the pressure perpen-
dicular to the seabed surface (p) and shear stress along the seabed sur-
face (τ) (Acosta et al., 2017; De Blasio et al., 2004; Iverson and George, 
2019; Mohrig et al., 1998; Yin and Rui, 2018). The value of p is given by 

p= γ′h cos θ (1)  

where θ denotes the seafloor inclination, h the thickness of the sliding 
mass, and γ′ the buoyant unit weight of the sliding mass; while the shear 
stress is given by 

Fig. 1. Sketch showing the whole process of a submarine landslide.  
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τ = γ′h sin θ (2) 

Note that the shear resistance (or skin friction) between the seabed 
and slide mass increases with the travel velocity of the slide mass and 
reaches the maximum (balancing the shear stress calculated by Eq. (2)) 
in a quasi-static state. It should be smaller than the undrained shear 
strength of the sliding mass; otherwise, the shear failure occurs within 
the sliding mass like a slump. The undrained shear strength of the sliding 
mass is reported in a range of 0.01 kPa–100 kPa at different flow regimes 
(Elverhoi et al., 2010; Marr et al., 2002; Whipple, 1997). 

3. Numerical modelling 

3.1. Finite element model 

The numerical models used in the study are shown in Fig. 3. Two 
models were employed with one for the quasi-static and small- 
deformation condition (see Fig. 3(a)) and the other for the dynamic 
and large-deformation condition (see Fig. 3(b)) taking advantages of the 
Coupled Eulerian-Lagrangian (CEL) method in ABAQUS (Dey and 
Hawlader, 2015; Wang and Hawlader, 2017). The dynamic model is 
more realistic considering the dynamics of the sliding mass and the 
inertia effect of the seafloor sediments. The static model, however, di-
vides the whole dynamic sliding process into different transient 

Table 1 
Characteristics of some typical submarine landslides.  

Name of historical 
event 

Slope angle 
(◦) 

Impacted area 
(km2) 

Sliding mass thickness, h 
(m) 

Velocity, v (m/ 
s) 

Run-out distance 
(km) 

Reference 

Messina slide 3 – 20 6.0 – Mohrig et al. (1998) 
Orleansville slide 15 – 20 19.5 – 
Sandnessjoen slide 5 – 2.0 0.7 – 
Grand Banks slide 3 20000 50 16.7–27.7 1000 Fine et al. (2005); Mohrig et al. 

(1998) 
Finneidfjord slide 18 – 1~2 – 1.6 Longva et al. (2003) 
Nuuanu slide 0~5 23000 200a 50 230 Satake et al. (2002); Moore et al., 

1989 
El Golfo avalanche 1~10 1500 0~200a – 65 Masson et al. (2006) 
Storegga slide 0.05–1.4 95 000 0~430a 25–30 810 Haflidason et al. (2004) 
Saharan slide 0.05–1.6 48 000 5~40a – 700 Gee et al. (1999) 
Canary debris Flow 0.0–1.0 40 000 0~20a 50 600 Masson et al. (2006) 
Afen slide 0.7–2.5 38 0~8a – 12 Wilson et al., 2004  

a measured from the mass transport deposits. 

Fig. 2. Sketch showing the studied problem.  

Fig. 3. FE model used in the analysis: (a) static model (Model – I, Lagrangian elements are utilized); (b) dynamic model for the sliding mass propagation (Model – II, 
the sliding mass filled with Euler elements, while the remaining soils are designated as Lagrangian). 
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quasi-static stages and the seafloor stability at each transient stage is 
simulated separately, saving the computational time. Both models 
comprise a seafloor with a length of 900 m and a thickness of 30 m, 
inclined at a slope angle of 3◦ (for the base case) with respect to the 
horizontal direction. An embedded weak layer of a thickness of 1 m was 
assumed at a depth of 10 m from the seabed surface. The weak layer is 
surrounded by stronger materials and truncated at a distance from the 
left boundary of 300 m. The weak layer was intentionally set to be 
concentrated in a finite area beyond which the seafloor is sufficiently 
strong such that the sliding mass may have little impact on the seafloor 
but with surficial erosions only (Alves, 2015; Alves and Cartwright, 
2009; Leshchinsky et al., 2019). While a realistic weak layer may cover a 
wider area, this setting ensures clear investigations of the initiation of 
the second failure with or without a weak layer by moving the slide mass 
from a stronger seafloor segment to a weaker seafloor segment. The 
origin of the coordinate was put at the end of the weak layer with the 
downslope direction being positive. The two out-of-plane boundaries 
were not allowed to move along the out-of-plane direction, simulating 
the plane strain condition. The bottom boundary was fixed in all di-
rections while the side boundaries were fixed in the slope parallel di-
rection but free to move along the direction perpendicular to the seabed 
surface. 

For the static model (Model-I), 8-noded brick elements of 1 m × 1 m 
× 1 m were used, and the interface between the seafloor and the sliding 
mass was considered rough simulating a non-slip boundary condition. 
The thickness of the sliding mass was set constant as 3.0 m, and the unit 
weight of soils was various among cases to reflect the effect of different 
magnitudes of impact from the initial slide. 

For a dynamic analysis, the slide mass was released to move along 
the seafloor surface in a designated velocity with a slip boundary 
considered. Hereafter, the front of the moving slide mass is denoted as 
X0. Different from the static analysis, Eulerian 8-noded brick elements 
(EC3D8R) were adopted for the slide mass domain in the dynamic 
analysis, and the inflow Eulerian boundary was used at the right 
boundary of the slide mass to simulate an infinite slide mass. 

3.2. Material parameters 

The strain softening behaviour of soils plays a key role in SBP and 
slab failure in submarine landslides. For the sediments within the top 
layer and weak layer, a nonlinear post-peak degradation rule was used, 
given by Einav and Randolph (2005). 

su =
[
δrem +(1 − δrem)e− 3δ/δ95

]
sup (3)  

where su is the current undrained shear strength; sup is the initial (peak) 
undrained shear strength with the subscriptions ‘t’ and ‘w’ denoting the 
top layer and weak layer, respectively; δrem = 1/St = sur/sup (sur is the 
residual shear strength) is the inverse of the soil sensitivity; δ is the 
accumulated plastic shear displacement; and δ95 is the value of δ at 
which the undrained shear strength is reduced by 95%. The value of δ95 
is in a range of 0.02–1.0 m (Dey et al., 2016a), and was set to 0.2 m for 
the base case in present study. 

The relationship between the plastic shear displacement δ and the 
plastic shear strain (γp) is given by 

δ= γpt (4)  

where t is the thickness of the shear band. The shear band thickness 
approximates to the mesh size as only one layer of mesh was set in the 
weak layer. Therefore, mesh dependency caused by strain softening can 
be eliminated by fixing the value of δ95 = γ95t (0.2 m for the base case 
here) in spite of the shear band thickness t (Zhang et al., 2015). 

No plastic failure was allowed for the sliding mass to maintain its 
shape. For the seafloor, the initial undrained (peak) shear strength was 
assumed uniform over the depth and valued at sup,t = sup,w = 10 kPa. 

Therefore, the strength ratio, sup/σ′
v0, is 0.14 in the weak layer and 

averaged at 0.28 in the overlying layer, ensuring the shear band initia-
tion within the weak layer. The Poisson’s ratio was set to υ = 0.495 to 
warrantee undrained conditions. The submerged unit weight of seafloor 
sediments was fixed to γ’ = 7.84 kN/m3; while different values were 
considered for the sliding mass to achieve different magnitudes of 
impact force. In the dynamic analysis, the viscous damping is incorpo-
rated using the Rayleigh method. The mass damping was nil and the 
stiffness damping with β = 0.000375 was used, which is in accordance 
with Wang et al. (2019). Main soil parameters used in the numerical 
modelling are listed in Table 2. 

3.3. Model verification 

To verify the numerical model, the problem described above was 
modified by removing the sliding mass and introducing a pre-softened 
zone at the middle of the weak layer to trigger failure, whereby the 
critical length of the pre-softened zone for catastrophic failure is given 
by (Zhang et al., 2015) 

lcr =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − r(1 − ln r)

√ 2lu

r
(5)  

where lcr is the critical length of the pre-softened zone, r is the shear 
stress ratio, and lu is the characteristic length given by (Puzrin et al., 
2004; Zhang and Wang, 2015) 

lu =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Epsδ95hw

3
(
sup − sur

)

√

(6)  

where Eps = E/(1-υ2) is the plane strain modulus, hw the depth of the 
weak layer, and υ the Poisson’s ratio. The shear stress ratio is calculated 
by 

r=
τg − sur

sup − sur
(7)  

where τg = γ′hwsinθ (hw = 9.5 m is the sum of the thicknesses of the top 
layer – 9 m, and half of the weak layer – 0.5 m) is the averaged gravi-
tational shear stress within the weak layer. 

The formation of the pre-softened zone might be due to external 
factors such as existence of an artesian aquifer (Zhang et al. 2020), 
which may finally lead to SBP in the weak layer and global failure in the 
overlying layer upon critical length given by equation (5). With pa-
rameters listed in Table 2, the values of r and lu are 0.238 m and 25.08 m, 
respectively, and the critical pre-softened zone length is hence lcr =

136.7 m based on Eq. (5). 

Table 2 
The basic soil parameters used in the analysis.  

Parameters Downslope seafloor Sliding 
mass 

Top layer Weak layer Bottom 
layer 

Peak undrained shear 
strength sup: kPa 

10 10 – – 

Thickness, m 9 1 25 3 
Young’s modulus, E: kPa 3000 3000 3000 +

300za 
750 

Poisson’s ratio, υ 0.495 0.495 0.495 0.495 
Submerged unit weight, 

γ′: kN/m3 
7.84 7.84 7.84 2.4–13.7 

Strain softening 
parameters (St and δ95) 

– (St = 5.0, δ95 

= 0.2 m) 
– – 

Rayleigh damping 
parameter (–dynamic 
analysis), β 

0.000375 0.000375 – – 

Note. 
a means the value of E increases with the depth z. 
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As shown in Fig. 4(a)–a numerical slope with the slope angle of 3◦

and length of 500.0 m was used. The pre-softened zone was gradually 
increased until obvious SBP and hence catastrophic failure were 
observed in the numerical modelling. In the pre-softened zone, the soils 
were assumed at the residual state. 

As shown in Fig. 4(b), when the length of the pre-softened zone, L0, is 
135 m, the slope remains stable even for a large analysis time of t = 100 
s. However, as the length of the fully softened zone increases to 136 m, 
the shear band propagates along the weak layer both upslope and 
downslope, and a global slab failure with failure propagation to seafloor 
surface occurs at the final state as shown in Fig. 4(c). The good agree-
ment between the numerical and analytical results in terms of the crit-
ical pre-softened zone length indicates that the used numerical model 
can simulate the submarine landslide initiation with SBP. 

4. Numerical results and discussions 

4.1. Seafloor failure mechanisms under impact of initial slide 

Subsequent failures might follow the initial slide with retrogression 
upslope or ploughing downslope (Zhang and Wang, 2019). A particular 
downslope seafloor failure, with new SBP along an underlying weak 
layer under the impact of the sliding mass, is presented here. As a first 
step, the sliding mass impacting the intact seafloor is simplified as a total 
impact load ignoring any inertia effect (see the static model in Fig. 3(a)), 
which corresponds to the stages when the sliding mass moves in a steady 
velocity or re-stabilizes at the final phase of the slide. A few factors, such 
as the sliding mass weight and position, the seafloor inclination, and the 
soil parameters of seafloor sediments, may affect the subsequent failure 
initiation and mechanism. A parametric study was conducted to explore 
the controlling parameters as shown in Table 3. 

For the case study, the thickness of the sliding mass (h) was set to 3 m 
which results in the total impact load (unit-area load) of W = γ′h = 24.5 
kPa. As the sliding mass moves from X0 = − 50.0 m to 10m, the plastic 
strain in the weak layer is limited although gradually developed, and the 
seafloor remains stable, as shown in Fig. 5. 

When the sliding mass front arrives at X0 = 50.0 m, however, the 
shear band propagates catastrophically in the weak layer with the length 

increasing to about 100 m within 20 s, followed by slab failure in the top 
layer of the seafloor as shown in Fig. 6. The slab failure with SBP is 
extended both downslope and upslope with the failure length exceeding 
300 m at t = 29 s. By this time, large deformation has been accumulated 
in the top layer, which is deemed resulting in a larger landslide. Thus, 
the sliding mass of W = 24.5 kPa is sufficient to trigger a significant 
downslope seafloor failure with the presence of a weak layer as depicted. 

To further investigate the failure mechanism for the case with the 
sliding mass front at X0 = 50 m, Fig. 7(a) shows the evolution of the 
shear stress in the weak layer, while Fig. 7(b) presents the evolution for 
the degree of softening which is calculated as (sup,w-su)/(sup,w-sur,w). At 
the initial state, the gravity shear stress (τg) is constant over the weak 
layer and less than the peak shear strength. Hence, there is no strain 
softening observed at the beginning. With the sliding mass moving 
downward, the shear stress in the weak layer is gradually increased. The 
peak shear stress is mobilized at X0 = 50 m, even with a reduced tran-
sient impact of 0.73W. With the increase of the transient load (by 
increasing the submerged density of the sliding mass) to the target W, 
the plastic displacement is gradually accumulated in the weak layer with 
a concentration at X0 = 50 m, where the shear strength and hence the 
shear stress begin to reduce from the peak strength (sup,w) towards the 
residual strength (sur,w). Thereafter, the shear band propagates pro-
gressively along the weak layer. Once the sliding mass has fully landed 
on the seafloor with the total impact load of W, the SBP becomes cata-
strophic and the global slope failure is formed. 

A different seafloor failure mechanism might be apparent when the 
sliding mass unit weight increases to W = 41.2 kPa as shown in Fig. 6(b). 
With a thicker sliding mass, the global seafloor failure might occur even 
without the presence of the weak layer, and the failure is localized at the 
front of the sliding mass with a wedge shape. This failure mechanism is 
analogy to the embankment failure in a uniform clay ground as dis-
cussed in many previous studies (e.g., Andresen and Jostad, 2007; Dey 
and Hawlader, 2016b; Wang and Hawlader, 2017), which is referred to 
as the erosion failure mechanism in the remaining of the paper. 

Fig. 4. The verification of the numerical model with respect to the SBP in an 
infinite slope (Zhang et al. 2020): (a) the initial numerical model (by using 
Lagrangian elements); (b) the SBP with the pre-softened zone length L0 = 135.0 
m (c) the SBP with L0 = 136.0 m at different times. 

Table 3 
Valus used for the parametric study in the analysis.  

Model 
type 

Downslope seafloor Sliding mass 

Slope 
angle, θ 
(◦) 

sup,w/ 
sup,t 

St δ95 (m) Load 
boundary, X0, 
(m) 

Velocity, 
v (m/s) 

Static 3 1 5 0.2 − 50, − 40, 
− 30, − 20, 
− 10, 0, 10, 20, 
30, 40, 50, 150 

0 

3 0.5, 
0.6, 
0.7, 
0.8, 
0.9, 
1.0 

5 0.2 50 0 

3 1.0 3, 5, 
8, 
10, 
20 

0.2 50 0 

3 1.0 5 0.02, 
0.2, 
0.4, 
0.8, 
2.0 

50 0 

2, 3, 5, 
7 

1 5 0.2 − 50 - 
changeable 

0 

Dynamic 3 0.5, 
0.6, 
0.7, 
0.8, 
0.9, 
1.0 

5 0.2 − 50 - 
changeable 

0.5, 5  
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4.2. Critical impact load from the sliding mass 

According to the above analysis, the failure mechanism of the 
downslope seafloor impacted by the initial slide might be different with 
different magnitudes of the impact load from the sliding mass. For a 
thicker (or heavier) sliding mass, seafloor failure is in a similar way to 
the embankment failure regardless the presence of a weak layer. For a 
thinner (lighter) sliding mass, however, seafloor failure is accompanied 
by progressive SBP in the underlying weak layer. It is therefore 

important to understand the critical impact load for each of the failure 
mechanism. The critical impact load was determined here by gradually 
increasing the unit weight of the sliding mass until the global seafloor 
failure was triggered. This was fulfilled by adjusting the density of the 
sliding mass but fixing the thickness (h = 3.0 m). 

The critical impact loads against different positions of the sliding 
mass front are presented in Fig. 8. For the erosion failure mechanism 
without the presence of the weak layer, the critical impact load from the 
sliding mass (or the critical weight per length, Wcr) needs to be as high as 

Fig. 5. SBP for the sliding mass front at different positions of the seafloor (total impact load from the sliding mass, W = 24.5 kPa).  

Fig. 6. Different failure mechanisms for cases of St = 5.0 and δ95 = 0.2 m at the critical load condition: (a) SBP along the weak layer with the sliding mass front X0 =

50.0 m (Wcr = 24.5 kPa); (b) erosion failure mechanism with the sliding mass front X0 = − 50.0 m (Wcr = 41.2 kPa). 
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41.2 kPa. For the failure with SBP when the sliding mass is above the 
seafloor with the weak layer, the critical weight (Wcr) reduces to 24.5 
kPa. For the cases with X0 various from − 10 m to 20 m, the critical 
impact load gradually decreases from 41.2 kPa to 24.5 kPa, as the failure 
mechanism transits from the surficial erosion to the SBP dominant. The 
minimum critical impact load, corresponding to the failure mechanism 
with SBP, is hereafter referred to as the critical impact load unless 
otherwise specified. 

4.3. Controlling factors for seafloor failure impacted by initial slide 

In this section, the factors controlling the seafloor failure and the 
critical impact load are discussed. The failure with SBP is inherently 
related to the strain softening parameters (i.e., the soil sensitivity St and 
the residual plastic shear displacement δ95 according to Eq. (3)). In 
addition, the failure is influenced by the driving force, as opposed to the 
resistance in the weak layer (acting as the basal shear surface), governed 
by the overlying layer soils and the sliding mass. As an additional driving 
force, the impact load from the sliding mass is normalized as the tran-
sient shear stress ratio on the weak layer, given by 

rw =
W sin θ

sup,w − sur,w
(8)  

4.4. Strain softening parameters 

The effects of the strain softening parameters, i.e., the soil sensitivity 
and residual plastic shear displacement, are first studied. The marine soil 
sensitivity usually ranges between 3 and 6 (Randolph and Gourvenec, 
2011) and is reported to be less than 20.0 (Y. Ren et al., 2019). Fig. 9(a) 
shows the critical impact loads and the critical apparent shear stress 
ratios at different values of soil sensitivity from 3 to 20. Note that, in all 
cases, other parameters are the same with the base case. With the soil 
sensitivity falling in the normal range (i.e. 3 - 6), the critical impact load 
required for secondary failure decreases with the increase of the soil 
sensitivity. When St is greater than 6, however, the critical impact load 
and the transient shear stress ratio are little affected. 

The residual plastic shear displacement, δ95, is a parameter related to 
the soil brittleness and in a range of 0.02–1.0 m for Canadian quick clays 
(Quinn et al., 2011). As shown in Fig. 9(b), the critical impact load and 
the transient shear stress ratio increase with the increase of δ95 implying 
that more brittle marine sediments are more prone to collapse. 

4.5. Weak layer strength 

As observed above, the presence of the weak layer has a significant 
effect on the seafloor instability under the impact of the initial slide. The 
seafloor stability therefore depends on how ‘weak’ the basal shear sur-
face is compared to the adjacent layers. A parametric study was con-
ducted with respect to the ratio of strengths between the weak layer and 
overlying (top) layer, i.e. sup,w/sup, t. With the ratio increasing from 0.5 
to 1, the critical impact load, Wcr, is significantly increased from around 
5.4 kPa–24.5 kPa as shown in Fig. 9(c). Correspondingly, the critical 
transient shear stress ratio increases from 0.07 to 0.16. 

4.6. Seafloor inclination 

Weak layers are usually observed or assumed parallel to the seafloor 
surface due to the geological sedimentation history. The seafloor incli-
nation, which affects the gravity shear stress in the weak layer, hence 
influences the seafloor stability. A parametric study was conducted with 
the seafloor inclination ranging from 2◦ to 7◦. The critical impact loads 
and transient shear stress ratios at different seafloor inclinations are 
presented in Fig. 9(d). As observed in the figure, the seafloor inclination 
has significant effects on the critical impact load and transient shear 
stress ratio. The value of Wcr decreases from 33.4 kPa to 3.0 kPa as the 
inclination increases from 2◦ to 7◦. The value of rw slightly increases as 
the inclination increasing from 2◦ to 3◦, but decreases from 0.16 to 0.05 
with the inclination further increasing from 3◦ to 7◦. 

Fig. 7. Evolutions of (a) the shear stress distribution; and (b) the degree of softening (with the value zero and unity mean the no softening and full softening, 
respectively) during SBP for a typical static case with the sliding mass front X0 = 50 m. 

Fig. 8. The critical loads (Wcr) at different positions of the sliding mass 
front (X0). 
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4.7. Seabed skin friction 

In the above sections, a non-slip interaction between the sliding mass 
and the seafloor surface was assumed. The shear resistance increases 
with the travel velocity and reaches the maximum equalling the shear 
stress (calculated by Eq. (2)) from the slide mass in the quasi-static state 
where the travel velocity is the constant. Such that, the values of the 
overburden pressure and shear resistance are coupled by τ = ptanθ. 
However, the skin friction might be less than the value calculated by Eq. 
(2), due to either the existence of a slip interface or lower shear strength 
than the gravity shear stress in the sliding mass. With the latter, the 
shear failure occurs inside the sliding mass with a boundary shear layer 
of certain thickness. 

To analyse the respective effects of the two stress components on the 
seafloor stability, a simplified static model was used in this section 
where the two stress components (p and τ) were decoupled as shown in 
Fig. 10(a). To verify this decoupled model, in the first analysis, the 
values of p and τ were calculated based on equations (1) and (2), 
respectively. Fig. 10(b) shows the distributions of shear stress on the 
weak layer by different loading scenarios, which implies that: a) the 
increase of shear stress at the sliding mass front is mainly caused by the 
overburden pressure p; b) the component τ dominantly affects the weak 
layer shear stress behind the sliding mass front, and c) the shear stress 
distribution in the decoupled model with separate contributions from p 
and τ is identical to the rigorous static model with a non-slip interface. 

To study the contribution of τ, two situations, i.e., non-slip and slip 
boundary conditions, were considered in this section. The shear 

resistance or skin friction was set to zero for the slip boundary condition. 
Fig. 10(c) presents the critical impact loads against different values of 
sup,w/sup,t for these two limits. The critical impact load increases with the 
value of sup,w/sup,t in spite of the interface boundary condition, and the 
interface boundary condition has a limited effect on the critical impact 
load. The value of Wcr with the slip interface is up to 19.7% larger than 
that with the non-slip interface. 

4.8. Criterion for downslope seafloor instability by sliding mass 

According to the above parametric studies, the value of sup,w/sup,t 
have a significant effect on Wcr; while the soil sensitivity (St) has little 
effect on the results. This indicates, to assess the seafloor instability by 
the initial slide, accurate measurement of strength profiles is of impor-
tance. Based on the collective numerical data shown in Fig. 11, an 
empirical relationship between the critical transient shear stress ratio 
(rw,cr, representing the additional driving force from the sliding mass) 
and the shear stress ratio (r, representing the initial driving force from 
the seafloor gravity) in the weak layer can be expressed by 

rw,cr =
Wcr sin θ

sup,w − sur,w
= 0.2 − 0.17r

(
R2 = 0.79

)
(9) 

From Eq. (9), the higher the shear stress ratio (r, for pessimistic 
seafloors) is, the lower the critical transient shear stress ratio is required 
for triggering seafloor instability. One of the advantages of the proposed 
empirical equations lies in their easy application in practical seabed 
instability analysis. Subsequent failure within the downslope weak layer 

Fig. 9. Parametric studies of controlling factors for downslope seafloor failure by the initial slide: (a) St (δ95 = 0.2 m); (b) δ95, m (St = 5.0); (c) strength ratio (sup,w/ 
sup,t) (St = 5.0, δ95 = 0.2 m); (d) slope angle (θ, ◦) (sup,w/sup,t = 1.0, St = 5.0, δ95 = 0.2 m). 
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is expected to occur if the driving force parameter rw exceeds the critical 
resistance parameter rw,cr. The values of rw and rw,cr can be computed 
based on the geometry and soil properties of the first slide and the 
downslope weak layer, respectively, as shown in Fig. 12. 

4.9. Dynamic effects 

In the above ideal static analysis, the total impact load of the sliding 
mass was applied on the seafloor, whereby the failure is initiated at the 
current front of the sliding mass. The footprints (accumulated plastic 
strains) of the travelling slide mass are ignored. Meanwhile, the static 
model does not take any inertia effect into account. In this section, the 
seafloor stability with SBP under the impact of the initial slide is further 
discussed with respect to the dynamic effects of the moving sliding mass, 
employing the CEL approach as shown in Fig. 3(b). 

In the first case, the sliding mass is virtually put at the seafloor with 
the front at X0 = 50 m, which is the same with the base static case. The 
critical impact load is Wcr = 23.85 kPa which is only 2.6% smaller than 
the static case, verifying the CEL model. Then, in the following cases, the 
sliding mass front is initially set at X0 = − 50 m and the sliding mass is 
forced to move along the seabed surface with a constant velocity. 

With a velocity of v = 0.5 m/s, the critical impact load with the 
dynamic effects is Wcr = 20.7 kPa, which is considerably (around 13%) 
lower than the static case. Fig. 13(a) and (b) present the evolutions of the 

Fig. 10. The effect of the seafloor surface – sliding mass friction on downslope seafloor failure by the initial slide: (a) the simplified model; (b) the shear stress 
distributions in the weak layer with W = 17.66 kPa; and (c) critical loads (Wcr) for both no-slip and slip interfaces against different strength ratios. 

Fig. 11. Critical values of the normalized impact load (rw,cr) from the sliding 
mass against shear stress ratios in the weak layer of the seafloor. 

Fig. 12. Procedure to estimate if the subsequent downslope failure can be triggered in practical slope stability assessments.  
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shear stress distribution and the degree of softening, respectively, during 
the movement of the sliding mass. The accumulation of the plastic strain 
along the weak layer at different stages is indicated in Fig. 14. 

When the sliding mass travels along the stronger seafloor segment (i. 
e. X0 < 0), the seafloor remains intact although the transient shear stress 
at the sliding mass front approaches the peak value. Once the sliding 
mass moves into the weak layer region, the transient impact load 
(concentrated at the sliding mass front) results in plastic failure and 
strength reduction within the weak layer. When the sliding mass front 

reaches X0 = 50 m, a considerable amount of plastic strain has been 
accumulated behind the sliding mass with the current shear strength less 
than the peak behind the sliding mass front. This certainly makes the 
seafloor more prone to collapse compared to the static model where the 
seafloor sediments remain intact before applying the sliding mass 
impact load. 

With the sliding mass moving forward, the plastic strains are 
continuingly accumulated, and the strain softening becomes significant 
in the weak layer. A fully softened zone forms with the shear strength 

Fig. 13. Evolutions of (a) the shear stress distribution and (b) the degree of softening (with the value zero and unity mean no softening and full softening, 
respectively) during shear band propagation in the weak layer for the dynamic case of v = 0.5 m/s and Wcr = 20.7 kPa. 

Fig. 14. Shear band propagation along the weak layer at different times (and hence different positions of the sliding mass front) based on the dynamic model (Model 
II), the case with v = 0.5 m/s and Wcr = 20.7 kPa. 
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reduced to the residual when the sliding mass front arrives at X0 = 152 
m. Thereafter, catastrophic SBP dominates the slab failure when the 
sliding mass front is at X0 = 154 m. As shown in the bottom sub-plot of 
Fig. 14, the downslope failure extent because of SBP is far ahead of the 
sliding mass front forming a much larger scale of failure. 

To analyse the effect of the speed of the sliding mass on the seafloor 
stability, two series of numerical cases were conducted with the sliding 
mass velocity being v = 0.5 m/s and 5.0 m/s, respectively. The critical 
impact loads against different values of gravity shear stress ratio, r, are 
presented in Fig. 15 for both series. The critical loads with v = 0.5 m/s 
are only up to 2.4% smaller than those with v = 5.0 m/s, which shows 
that the velocity of the sliding mass has little effect on the result. 
However, compared to the data from the static model, the critical impact 
loads with the dynamic model are around 15% lower, which means the 
footprint of the slide mass has a significant influence on the seafloor 
stability. 

5. Conclusions 

The huge volumes of many submarine landslides have suggested 
subsequent failure of upslope and downslope seafloor caused by an 
initial smaller slide. The study has focused on the second failure and 
post-failure behaviours of the downslope seafloor with the presence of a 
weak layer impacted by the initial slide. The sliding mass from the first 
failure may act as an impact load on the seafloor that it comes across 
which may potentially leads to collapse of the seafloor, especially when 
a weak layer is embedded. This second and/or the subsequent failure 
may hence escalate the scale of a submarine landslide. A large defor-
mation finite element (LDFE) modelling has been carried out to observe 
the progressive seafloor failure by the impact of the slide mass. The 
strain softening phenomenon has been considered for the marine sedi-
ments in the weak layer. The failure mechanisms and controlling factors 
of downslope seafloor impacted by the first failure have been revealed, 
and an original criterion has been proposed for assessing the secondary 
failure of downslope seafloor. Main conclusions are drawn below. 

Two failure mechanisms of downslope seafloors impacted by the 
slide mass of the first failure have been proposed. The seafloor remains 
stable if it is impacted by a light initial slide mass (a low-density 
turbidity or slender debris flow) potentially resulting in surficial 
erosion. Impacted by a heavy slide mass (a thick slide or debris flow), 
however, the concentrated shear stress at the slide mass front may 
exceed the peak shear strength in the weak layer, leading to strength 
reduction during further shearing. Subject to sufficient accumulation of 
plastic strains or a very heavy slide mass, the soils in the weak layer 
might be fully softened with catastrophic shear band propagation (SBP). 
Seafloor collapses with extensive compression and thrust, forming failed 
blocks. This failure mechanism may help explain some large-scale sub-
marine landslides with multistage failure. 

The impact load from the initial slide can be divided into two com-
ponents: the pressure normal to the seafloor and the shear stress parallel 
to the seafloor. It is found in the study that the potential seafloor 
instability is mainly caused by the normal pressure which causes a stress 
concentration at the slide mass front. The critical condition for the SBP 
caused seafloor instability is governed by both the impact load from the 
initial slide and the gravity load relative to the shear strength in the 
weak layer. An empirical equation (see Equation (9)) for assessing the 
SBP caused seafloor instability subjected to the initial slide, with respect 
to these two factors, has been proposed based on the numerical data. 

A parametric study has been conducted to study the controlling 
factors for the seafloor instability under the impact of the initial slide. 
The numerical modelling shows the strain softening parameters and the 
shear strength in the weak layer relative to that in the overlying seafloor 
have far-reaching effects on the seafloor instability. The weaker and 
more brittle the materials in the weak layer are, more prone to failure 
the seafloor is. Meanwhile, the critical impact load of the slide mass for 
triggering the seafloor instability decreases with the increase of the soil 

sensitivity. However, the dynamic inertia has little effect on the critical 
impact load. 
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