

  jmse-12-00823




jmse-12-00823







J. Mar. Sci. Eng. 2024, 12(5), 823; doi:10.3390/jmse12050823




Article



A Methodology to Evaluate the Real-Time Stability of Submarine Slopes under Rapid Sedimentation



Zehao Wang 1,2, Defeng Zheng 3,2,*, Zhongde Gu 1, Xingsen Guo 1,4 and Tingkai Nian 1,2,*





1



State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China






2



Zhoushan Field Scientific Observation and Research Station for Marine Geo-Hazards, China Geological Survey, Zhoushan 316034, China






3



Liaoning Provincial Key Laboratory of Physical Geography and Geomatics, Liaoning Normal University, Dalian 116029, China






4



Department of Civil, Environmental, Geomatic Engineering, University College London, London WC1E 6BT, UK









*



Correspondence: defengzheng@lnnu.edu.cn (D.Z.); tknian@dlut.edu.cn (T.N.)







Citation: Wang, Z.; Zheng, D.; Gu, Z.; Guo, X.; Nian, T. A Methodology to Evaluate the Real-Time Stability of Submarine Slopes under Rapid Sedimentation. J. Mar. Sci. Eng. 2024, 12, 823. https://doi.org/10.3390/jmse12050823



Academic Editor: Antoni Calafat



Received: 10 April 2024 / Revised: 2 May 2024 / Accepted: 9 May 2024 / Published: 14 May 2024



Abstract

:

Rapid sedimentation is widely recognized as a crucial factor in initiating the instability of submarine slopes. Once the slope fails, the subsequent landslide poses a significant threat to the safety of underwater infrastructures and potentially leads to severe damage to seabed pipelines, offshore foundations, and oil and gas exploitation wells. However, there is currently a lack of numerical methods to effectively assess the real-time stability of submarine slopes under rapid sedimentation. This study firstly employs a calibrated finite element (FE) model-change approach to reproduce the rapid sedimentation processes and proposes a concise method to calculate the safety factors for the real-time stability of sedimenting submarine slopes. Further, a parametric analysis is carried out to evaluate the effect of varying sedimentation rates on slope stability, and the critical sedimentation rate is numerically solved. Moreover, the effect of seismic events with different occurring times on the stability of rapidly sedimenting slopes is investigated in depth, and the most critical seismic loading pattern among various acceleration combinations is achieved. The results indicate that the presence of weak layers during sedimentation is a critical factor contributing to slope instability. The introduced rate of decrease in the safety factor proves valuable in assessing slope safety over a specific period. As the occurrence time of seismic events is delayed, the seismic resistance of the slope decreases, increasing the likelihood of shallower sliding surfaces. The findings offer insights into the mechanisms by which rapid sedimentation influences the stability of submarine slopes and provide valuable insights for predicting the potential instability of rapidly sedimenting slopes under specific seismic activity levels.
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1. Introduction


A submarine landslide is a common geological hazard that occurs on the continental shelf and is susceptible to crust–tectonic activity, earthquake effects, or rapid sedimentation [1,2,3,4,5,6,7,8,9,10]. These landslides are characterized by their large volume, high velocity, and runout distances. They can occur at low slopes (less than 5°) and have the potential to generate tsunamis [11,12,13,14,15]. In particular, submarine landslides will threaten the safety of subsea infrastructures and even cause serious damage to seabed pipelines, offshore foundations, or oil and gas exploitation wells [16,17,18,19,20]. The initiation of these landslides can be attributed to pre-conditioning factors and failure-triggering mechanisms. Compared to failure-triggering mechanisms, pre-conditioning factors affect slope stability over a long timescale and are easily influenced by climatic and environmental changes [21,22,23]. One such factor is the formation of weak layers during sedimentation processes. As a primary pre-conditioning factor that significantly impacts the stability of submarine slopes, rapid sedimentation accounts for approximately 17–25% of recorded induced submarine landslides [14,24]. This factor has gained attention within the academic community recently [25,26,27,28,29].



Rapid sedimentation often occurs in marine clays with high compressibility and low permeability [30]. When sedimentation rates are relatively high (>1 m/kyr), sediments accumulate excess pore pressure due to inadequate drainage. As pore pressure builds up in submarine geological layers at a rate faster than it dissipates, the strength of sediments diminishes, potentially leading to slope instability [31,32]. The mechanism of rapid sedimentation on slope destabilization is closely related to the mechanical properties of sediments and sedimentary environments. The phenomenon highlights the region-specific effect of rapid sedimentation, where the same region is prone to multiple submarine landslides or widespread submarine slope instability events [33]. For example, in the high sedimentation rate environment of the Saint Barbara Basin in the United States, several landslide events have been observed, whereas adjacent regions do not show clear indications of landslide movement [34,35]. Considering the documented instances of submarine slope instability events causing damage to offshore structures like platforms [16,18,20], conducting stability analyses of submarine slopes and elucidating the mechanisms underlying submarine landslides are of paramount importance for the prevention and control of such events.



The study of rapid sedimentary submarine landslides has faced limitations due to the long timescales of sedimentation processes [36]. Traditional indoor physical model experiments have not fully uncovered the processes and mechanisms behind these landslides [37,38]. Currently, theoretical analyses and geophysical surveys are the primary methods used to investigate rapid sedimentation [39,40,41,42,43,44]. Gibson [39] proposed an analytical solution for the accumulation of excess pore pressure in one-dimensional strata during sedimentation. Stigall and Dugan [40] proposed a sediment-flow model to predict changes in excess pore pressure in sediments and compared values measured in the Ursa region of the Northern Gulf of Mexico with predicted values. Hustoft et al. [41] researched the seabed pockmarks on the northern side of the Norwegian Storegga landslide. They used three-dimensional seismic data and a two-dimensional sediment flow model to show that high sedimentation rates can lead to the formation of over pressured fluids in the seabed layers. Sawyer et al. [42] obtained information about sedimentation rates and sediment shear strength based on in situ core sample data in Southern Alaska and inferred the presence of high overpressure values in the nearshore layers. Bijesh et al. [43] surveyed the Cochin offshore region, located on the southwestern continental margin of India, utilizing high-resolution multibeam bathymetry, sub-bottom profiles, and multichannel seismic reflection data. Gales et al. [44] conducted geophysical surveys of a major submarine landslide complex along the Eastern Ross Sea continental slope, situated on the Antarctic continental margin. Their research confirmed that excess pore pressure generated by rapid sedimentation is a key factor in the instability of submarine slopes. However, theoretical analyses can only be applied in very specific scenarios, and geophysical surveys are unable to quantitatively elucidate the contribution of rapid sedimentation to submarine slope instability. Consequently, there arises an imperative need for the development of novel numerical approaches.



Nevertheless, numerical methods used to simulate sedimenting processes require dynamic alteration to the geometry model, resulting in relatively limited research. Towhata and Kim [45] developed an FE program to analyze the stability of submarine slopes undergoing rapid sedimentation and increasing height with time, based on triaxial compression tests on laboratory-reconstituted samples of soft Bangkok clay. Urlaub et al. [46] simplified the sedimentation process by employing a time-varying overburden loading and observed the accumulation of pore pressure and slope instability tendencies. Stoecklin et al. [47] successfully replicated the slope sedimentation process, elucidating the underlying mechanisms triggering slope instability during rapid sedimentation and conducting regional assessments. Bellwald et al. [48] analyzed the NE Atlantic continental slope, focusing on three distinct scenarios: constant sediment loading, episodic changes in sedimentation rates, and abrupt pulses in sediment delivery. However, the employed sedimentary reenactment procedure lacks parameter calibration, posing challenges to ensuring the reliability of the results. Additionally, such simulations do not account for the real-time dynamic changes in slope stability, making them incapable of evaluating and predicting the stability of slopes during future sedimentation processes. Furthermore, there is inadequate discussion concerning the stability analysis of rapid sedimenting slopes under seismic events, neglecting the occurrence timing of seismic events on slope stability, and failing to assess the individual contributions of compound triggering mechanisms to slope instability.



Therefore, this study focuses on modeling rapid sedimentation processes and assessing the real-time stability of submarine slopes during a long timescale. This involves the calibration of parameters within the numerical method, depicting the distribution of pore pressure and variations in undrained shear strength throughout the sedimentation process, quantifying the real-time safety factors and the sliding surface depth for slope stability, and proposing an effective evaluation method for the stability of rapidly sedimenting slopes under different seismic actions.




2. Study Area


A case study for sedimentation-stability analysis was conducted in the Santa Barbara basin in the California borderland region. Recent studies [49,50,51,52,53,54,55,56] delineate that the region’s complex geology is marked by steep topographic gradients, unstable sediment layers, and active tectonic features, elevating the risk of submarine landslides. Bathymetric assessments [49,50] reveal considerable variability in the slope steepness within the basin; notably, the northern flank has an average incline of 2.5°, whereas the southern flank presents a gentler slope of 1.7°. The steepest slopes approach 20 degrees near the San Miguel Passage [51].



Sediment provenance studies [52,53] indicate that, from the Holocene (11.9 ka BP) onwards, 60% to 100% of the basin’s sediments originated from the southern slopes of the Santa Ynez Mountains, with an increased contribution during the Last Glacial Maximum (LGM) period. Glacial transport and meltwater flux have significantly contributed to sediment formation in this area. Sediment core sampling within site 893A [54,55,56] reveals that the sedimentation rates here average between 1 and 5 m/kyr, with silty clay and clayey silt being the predominant sediment types.



Moreover, the basin is situated along the North Channel (NC) fault, leading to frequent seismic activities. Recent seismic investigations [35] have highlighted the basin’s vulnerability to seismic events and the potential for tsunamis. Studies [35,49,53] have revealed numerous historical landslides within the basin, with the Goleta landslide being the most voluminous, containing an estimated volume of 1.51 km3. The Goleta landslide complex spans approximately 14.6 km in length and 10.5 km in width, descending to a depth of around 570 m depth, with an average slope angle of 2° [53]. A distinctive feature of this landslide complex is its composition from a series of episodic slope failures, which do not coincide precisely with the seismic event cycles [47]. This observation underscores the significant pre-conditioning role that rapid sedimentation plays in submarine landslide initiation [47]. The landslides within this complex are identifiable on seismic reflection data by their low reflectivity and irregular surface topography, indicating substantial mass wasting events. These landslides have been primarily active during the Holocene, with notable activity around 8 ka and 10 ka [53]. The landslide material predominantly comprises late Pleistocene and Holocene sediments, initially rapidly sedimented in a shelf-edge delta before sliding [50]. The Gaviota landslide, situated west of the Goleta complex, is another notable historical landslide. This landslide involves shallow slope sediment and has been primarily characterized by retrogressive slumping and a fissure extending from the head scarp. It covers an area of 3.78 km2 under a water depth of 400–500 m. The failure of this landslide starts on a slope of 4° and ends at 1° [53]. Seismic data [35] suggest that the Gaviota landslide is relatively young, likely a few hundred years old, and affects only the uppermost sediment layers. This landslide’s material moved northeastward and was triggered by similar mechanisms—rapid sedimentation, seismic excitation, oversteepening from structural deformation, and potential fluid mobilization [50,53].



Considering the strong correlation between the triggering of the landslide and rapid sedimentation, a sedimentary reenactment of a typical sloping seabed in the Santa Barbara basin is performed to capture the accumulation of excess pore pressure, the appearance of weak layers, and the subsequent decrease in slope stability throughout the sedimentation process. The case is based on the Multichannel Minisparker seismic-reflection survey conducted by the United States Geological Survey in 2016 [57], as depicted in Figure 1. The seismic reflection profile provides evidence of a historical mass transport event, with the headwall of the slide situated at a water depth of 380 m and the toe deposit at a depth of 406 m. The slide measures approximately 1.1 km in length, and failure initiation occurs in the upper part of the sediment deposits, on a slope with an estimated inclination of 3.9°, based on the initial sliding surface. Despite the significant downslope erosive effects during the extensive deformation and translational phase of the landslide, it can still be conceptualized as a slope-parallel landslide during the subsequent minor deformation stage post-triggering, and the sliding surface is assumed to be a planar surface parallel to the slope.




3. Methodology


Notation: Boldface donates tensors. Dots (˙) denote time derivatives. The prime symbol (′) indicates effective values for stress.



3.1. Governing Equations in the Sedimentation Process


During the sedimentation process, under the influence of gravity, the sedimentary layers gradually compress and consolidate, leading to an increase in the density of the sediment layers and a decrease in porosity, thereby enhancing the strength and permeability of the sediments. However, impeded drainage also leads to the accumulation of excess pore water pressure, which reduces the effective stress within the sediments and consequently diminishes their strength. To simulate the consolidation–seepage process in the saturated porous medium during sedimentation, a commonly used u-p-formulation is used, where the principal variables are the pore pressure, pw, and displacement of the solid phase, us. The continuity equation is applied [58,59]:


  ∇ ⋅ v +   ε ˙  v  +     p ˙  w   Q  = 0  



(1)




where v is the relative velocity between water and soil,     ε ˙  v    is the change in the volumetric strain of the soil skeleton,     p ˙  w    is the change in pore pressure (compression corresponds to pw > 0), and Q is the bulk modulus of the soil–water mixture. Assuming the fluid flow is modeled by Darcy’s law, the relative velocity between water and soil, v, can be calculated as follows [60,61]:


  v =  k   γ w      − ∇ ( Δ  p w  )    



(2)




where k is the hydraulic conductivity, γw is the specific weight of water, and Δpw is the excess pore pressure. The change in the volumetric strain of soil skeleton,     ε ˙  v   , in Equation (1) is given by the following:


    ε ˙  v  = I ⋅   ∂  ε s    ∂ t    



(3)




where I is the second-order unit tensor. The soil skeleton strain tensor is    ε s  = ∇  u s   , where us is the displacement of the solid phase. According to Terzaghi’s [62] effective stress principle, the total stress, σ, is linked to the fluid pore pressure by the following:


   σ   ′  = σ −  p w  I  



(4)




where   σ ′   is the effective stress tensor, satisfying the constitutive relationship with εs. The total stress, σ, satisfies the equilibrium equation for mechanical deformation. To simulate the seepage and consolidation process in the sediment layer, a coupled hydro-mechanical finite element (FE) approach is employed within the ABAQUS computing environment [63] The CPE4P element type is employed to replicate the sedimentary processes.




3.2. Implementation, Validation, and Calibration of the Sedimentation Process


To address the challenge of dynamically adapting the geometry model during sedimentation, the FE model-change approach is utilized. The sedimentological problem can be simplified as a gradual formation of a sediment layer on a sloping base. The specific implementation process is shown in Figure 2. The initial state comprises a series of sedimentary layers pending sequential activation (Figure 2a). In the incremental sedimentation process (e.g., from Step i − 1 to Step i), a layer of coupled pore pressure elements is activated and added on top of the existing elements in each new step, with their consolidation time determined by the sedimentation rate (from Figure 2b to Figure 2c). To account for settlement and plastic deformation during sedimentation, which can change the positions of the newly activated layers, a duplicate set of elements is introduced (Figure 2c). These duplicate elements have the same original locations as the activated layers but do not possess pore pressure degrees of freedom (CPE4). They are assigned very low stiffness and serve solely as persistent background grid duplicates. The duplicate elements help track the correct position of the pending activation elements by tying their nodes with the pore pressure elements, and the comparison without a duplicate set is shown in Figure 2d. With further sedimentation, the sediment gradually develops weak layers due to inadequate drainage, wherein certain elements, under increasing shear stress, eventually reach a critical state at step u (Figure 2e). This marks the culmination of the complete process of sedimentation-induced instability of a sloping seabed. The pre-processing for the aforementioned numerical simulation is conducted using ABAQUS scripts.



To validate the FE model-change approach for modeling slopes under rapid sedimentation, a one-dimensional deposited soil column benchmark developed by Gibson [39] is simulated. The benchmark involves a linear elastic soil column subjected to uniform sedimentation along the direction of gravity on a flat impermeable base. The sedimentation rate, r; compression modulus, Es; hydraulic conductivity, k; and effective bulk density of the soil, γ′, remain constant during the sedimentation process. The analytical solutions for the distribution of pore pressure are as follows [39]:


   p e  ( z , t ) =  γ ′  r t −  γ ′    ( π  c v  t )   − 0.5   exp   −    z 2    4  c v  t     ⋅    ∫ 0 ∞  ξ   tanh   r ξ   2  c v    cosh   z ξ   2  c v  t   exp     −  ξ 2    4  c v  t     d ξ  



(5)




where pe is the excess pore pressure; z is the vertical distance of the unit from the base; t is the time; γ′ is the effective bulk density; r is the sedimentation rate; and    c v  = k ⋅  E s  /  γ w    is the coefficient of consolidation, where γw = 10 kN/m3 is the bulk density of water.



For the numerical simulation, a one-dimensional soil column with a total heigh of    H  ACT  S    = 200 m is used, divided into a layer height of LH = 10 m each, to simulate the sedimentation process. In the analysis, the sediment is assumed to be linearly elastic, with a compression modulus of Es = 10 kPa. Duplicate grid copies with very low stiffness are employed, featuring a bulk modulus of E′ = 0.1 Pa. No creep or viscoelastic behavior is considered. Drainage boundary conditions are applied on the upper surface of the newly active sediment layers, while the nodes at the lateral boundaries are constrained from horizontal movement, and the nodes at the bottom are fixed. The parameters used for comparison are listed in Table 1. The hydraulic conductivity of the sediment is k = 0.05 m/kyr, and the effective bulk density is γ′ = 5 kN/m3. The sedimentation rate is regarded as r = 1.0 m/kyr. The comparison of pore pressure, pe, between the analytical solution and the numerical solution at various sedimentation times, t, reveals a robust agreement (Figure 3). These findings affirm the precision of the finite element (FE) model-change approach in computing the cumulative pore pressure throughout the sedimentation process. The observed discrepancies are attributed to an artificially extended drainage path resulting from the discretization of activated layers. It is evident that reducing the layer thickness can help mitigate these discrepancies. Therefore, early calibration of layer thickness parameters is deemed necessary in the proposed FE model-change approach.



Herein, to address the potential underestimation of excess pore pressure resulting from sparse artificial layer partitioning, a calibration procedure for layer thickness, LH, which is equivalent to mesh size, is implemented within the FE model-change approach. Moreover, to ensure the generalizability of the conclusions, the layer height parameter, LH, is normalized, and the activated number of layers, NL, is introduced:


   N L  =    H  ACT  S  /  L H     



(6)




where NL is the activated layer number when the failure occurs, and    H  ACT  S    is the height of the activated sediment when the failure occurs. The calibration process selects the maximum excess pore pressure, pe,max, and minimum void ratio, emin, in the sediment as evaluation parameters. These parameters provide a comprehensive assessment of the variations in the seepage and stress field, which directly influence slope stability. As the calibration parameters gradually stabilize within a certain error range, it is considered that the mesh size (i.e., the LH) at this point is sufficiently small.




3.3. The Modified Cam-Clay (MCC) Model


During the sedimentation process of the slope, to simulate the consolidation behavior of sediments, the well-established Modified Cam-Clay (MCC) model [64] was used for the representation of the constitutive behavior. It captures a strong increase in stiffness with advancing compaction and contractive behavior during the shearing of the sediments. The yield surface, f, for the MCC model is given by the following [64]:


    (  p ′  −   p ′  B  )  2  +   (  q M  )  2  =   (   p ′  B  )  2   



(7)




where p′ is the mean equivalent stress;     p ′  B    is a strain hardening parameter corresponding to a plastic component of volumetric strain,    ε v p   ; q is the deviatoric stress; and M is the inclination of the critical state line. The yield function f > 0 defines admissible stress states in an elastoplastic continuum (Figure 4). When the plastic deformation is compressive (   ε v p  > 0  ),     p ′  B    will increase, causing the yield surface, f, to grow in size. A typical sedimentation process of soil element A is shown (from Figure 2c to Figure 2e), which forms an undrained path (Figure 4) from its initial state on the K0 consolidation line (Ai) to the CSL line (Au). During the process, the yield surface hardens (fi→fu) due to the increased    ε v p   , and Au is located at the highest point of the yield function, fu. The peak deviatoric stress, qu, of Au is given by the following [47]:


   q u  = M  p ′       1 2  +    q 2    2  M 2    p ′  2       Λ   ,    Λ = 1 −  κ λ   



(8)




where Λ is the normalized parameter and represents the relative length between      A i  B  ⏜    and      A i   A u   ⏜   , κ is the log bulk modulus, and λ is the log plastic bulk modulus.




3.4. Stability Analysis Methods for Sedimenting Slopes


In order to quantify the real-time stability of slopes during rapid sedimentation processes, it is imperative to elucidate a computational method. By considering the static equilibrium of sediment layers at each instant, the following equations can be derived [64,65]:


   F S A  = min       ∑  j = 1    n j      q u j        ∑  j = 1    n j      q j         



(9)






   F S B  = min       ∑  j = 1    n j      s u j        ∑  j = 1    n j      τ g j         



(10)




where    F S A    is the safety factor based on the stress state of the soil element; j represents the jth possible failure path (out of a total of nj paths);    F S B    is the safety factor based on the ratio of resisting shear force to driving shear force; su the undrained shear strength; and τg is the gravitational shear stress, which is obtained by integrating the effective density, ρ′, over the height of the current sediment, given by the following:


   τ g  ( z ) = g sin α ⋅    ∫ z   H  DEP         ρ s  +  ρ w  ⋅ e ( z )   1 + e ( z )   −  ρ w  d z     



(11)




where z is the vertical distance of the current element from the corner of the slope; g is the gravitational acceleration, 10 m/s2; α is the slope angle; HDEP is the varying height of the deposited sediment; ρs is the soil grain density; ρw is the water density, 1 g/cm3; and e is the void ratio.



In addition, the undrained shear strength, su, in Equation (10) is multiplicatively related to the peak deviatoric stress, qu, given by the following:


   s u  =        q u   2   if               dim = 3         q u     3       if               dim = 2       



(12)




where dim is the question dimension, and dim = 2 (for plane strain analysis) or 3. It is evident that the safety factor,    F S A   , is more accurate and conservative compared to the effective stress ratio, Mp′/q (i.e., projection of Ai on the CSL) (Figure 4), while    F S B    reflects the essence of slope shear failure. The specific stability assessment metric to be employed is elaborated upon in the following sections.





4. Sedimentary Recurrence and Stability Analysis


4.1. Modelling and Parameterization


Herein, a two-dimensional plane strain infinite slope model is utilized to replicate the sedimentation process and to represent the slope-parallel landslide (Figure 5a). This simplification allows for the determination of the sliding surface depth, while reducing computational expenses and eliminating the need for a search along the slope for the sliding surface [66,67]. This simplification is more applicable to areas with gentle slopes, such as continental shelves. Based on sediment cores and geophysical data [68], the overall slope angle is determined to be a = 3.9°, and the average sedimentation rate in the research area is determined to be r = 4.24 m/kyr. The sedimentary phases primarily consist of nearshore and semi-deep-sea phases along continental margins, and the MCC model is utilized to characterize the silty clay or the clayey silt. The density of the soil grains is ρs = 2.7 g/cm3. It is important to note that, over the long timescale of the sedimentation process, the sedimentation rate and the mechanical properties of the sediment (including the initial stress state upon activation of the MCC model) remain constant [33,47]. Considering the changes in sediment permeability during the process of mechanical compaction, the variation in void ratio, e, and the hydraulic conductivity, k, can be expressed using a commonly used logarithmic relationship [69], with an initial hydraulic conductivity of k0 = 2 × 10−9 m/s and an initial void ratio of e0 = 3.8. The critical state effective stress ratio, M; log plastic bulk modulus, λ; and log bulk modulus, κ, of the sediment are calculated by the following:


  M =  3  sin  φ ′   



(13)






  λ =    c c    ln 10    



(14)






  κ =    c s    ln 10    



(15)




where φ′ is the internal friction angle, cc is the compression index, and cs is the swell index. The elements are activated with an initial stress corresponding to the initial density, ρ′, applied at the depth, h0, below the seafloor. The coefficient of static lateral pressure, denoted as K0, is defined by the following equation:


   K 0  = 0.64 + 0.001  I P   



(16)




where IP is the plastic index. Sediment parameters (shown in Table 1) are extracted from sediment cores collected at site 893 within the Santa Barbara basin [70,71].



To account for the influence of element deformation on the gravity load, a concentrated load equal to the gravity is applied at the centroid of the current layer and then distributed to the nodes of the layer using the continuum coupling approach [33,47]. For the boundary conditions of the plane strain infinite slope, the strain rate, dεs/dt, along and normal to the slope direction is 0. This is achieved by constraining the rotational degrees of freedom of all nodes and tying the translational degrees of freedom of the nodes on one side of the sediment column to the corresponding nodes on the other side (Figure 5b). A dynamically varying hydraulic boundary is consistently applied to the top of the sediments. In addition, a duplicate set of elements with a bulk modulus of E′ = 0.1 Pa are employed. To capture potential sliding surfaces, the initial total height of sediment is set at 400 m. The initial stress, void ratio (e), and hydraulic conductivity (k) are assumed to be uniform within each layer.




4.2. Calibration of the Layer Height LH


Based on the calibration method proposed in Section 3.2, numerical simulations were conducted for sedimentation-instability processes under varying parameter conditions, with sediment layer numbers NL = 10, 25, 100, and 250. The distributions of excess pore pressure, pe (Figure 6a), and the minimum void ratio, emin (Figure 6b), obtained from these simulations are utilized for calibration. It is worth noting that, due to the possibility of computational termination during the sedimentation process (attributable to excess element distortion), the activated sediment layer height at the moment of failure,    H  ACT  S   , is employed in Equation (6) instead of the total sediment layer height, H. The observed trend suggests that the utilization of the proposed discretization approach leads to a decrease in excess pore pressure results due to an artificial extension of the drainage path. When NL > 100, the discrepancies are all below 5%. The trial calculations establish    H  ACT  S    = 237 m, and the layer thickness is chosen to be LH = 1 m for subsequent numerical computations.




4.3. Result and Analysis


From the temporal distribution of excess pore pressure, pe, and void ratio, e, during the sedimentation process, it is evident that, except for the surface sediments, the sediment experiences rapid compaction, leading to an accumulation of pore pressure (Figure 7a) and a substantial decrease in the void ratio, e (Figure 7b). As compaction progresses, the permeability of the sediments decreases, thereby increasing the drainage path of the pore fluid and resulting in a greater accumulation of excess pore pressure within the sediment. The accumulated excess pore pressure, pe, partially counteracts the total stress, consequently decreasing the effective stress and significantly increasing the likelihood of slope failure.



From the results of the slope stability analysis, we can see that all three indicators representing the stability of slopes (   F S A   ,    F S B   , and     M  p ′   / q   ) generally show a downward trend during sedimentation (Figure 8a). This phenomenon can be attributed to the reduction in actual effective stress within the geological strata compared to the current effective sediment load during sedimentation (Figure 7a). Furthermore, the under-consolidated state of the sediment contributes to the weakening of the submarine slope’s stability. Conversely, in the early stage of sedimentation, there is a temporary increase in both effective stress and strength due to relatively higher permeability. This leads to a temporary rise in    F S B    before it subsequently declines. Additionally, the rate of decrease in the safety factor, m, remains consistent over time (R2 = 0.99), allowing it to be used for evaluating slope stability during future sedimentation processes (Figure 8a). In conclusion, considering that    F S A    reflects a more conservative and reliable estimate of stability and is simpler to use in predicting stability,    F S A    was selected as the criterion for assessing the stability of rapidly sedimenting slopes (Figure 8a). Based on the temporal distribution of    F S A   , the precise depth, de, of the expected slide is indicated, and de is substituted by ds (the actual depth of the sliding surface) when a failure occurs (   F S A    < 1) (Figure 8b). The results demonstrate that the de undergoes a linear descent throughout the sedimentation process. These findings provide valuable insights into predicting the expected depth of landslides that may occur during future sedimentation processes.



Herein, the spatial variation in the undrained shear strength, su, within the sediment throughout the sedimentation process is analyzed (Figure 9). As the sedimentation progresses, the distribution of strength transitions from a linear pattern (t = 14 kyr) to a weakened state in the lower layers (t = 55 kyr) (Figure 9a). This implies that the sedimentation process leads to the formation of a weak layer (compared to a linear increase) within the sediment, which can significantly contribute to slope instability. This is evident from the close match between the depth of the weak layer, dw, and the expected depth of failure, de. Furthermore, the variation in the increasing rate, n, of su in the z-direction is depicted and analyzed (Figure 9b). During the early stages of sedimentation (Stage I, 0–4 kyr), the strength of submarine sediments increases, which is consistent with the    F S B    results (Figure 8a). Moreover, the slope failure can be further divided into three stages based on a safety factor of FS = 1.5 [72].





5. Parametric Analysis on the Stability of Rapidly Sedimenting Slopes


In order to account for the uncertainty in sedimentation rate parameters, a comprehensive parametric analysis was conducted specifically for sedimentation rates. Furthermore, considering the long timescale of the sedimentation process, it is more likely that slope instability is triggered by short-term events such as earthquakes rather than solely by sedimentation [73,74]. Therefore, it was crucial to perform stability analyses on rapidly sedimenting submarine slopes under the influence of earthquakes. In our study, a parametric analysis of the loading pattern of seismic events and the timing of seismic events was undertaken.



5.1. Sedimentation Rate, r


Based on a variable parameter analysis for sedimentation rates, it is observed that there was no failure for a sedimentation rate of r = 1 m/kyr within the given    H  ACT  S    (approximately 100 kyr), as indicated by    F S A    > 1 (Figure 10a). However, the time to failure can still be predicted using the proposed reduction rate, m. In addition, without considering variations in sediment type and over long timescales, an increase in sedimentation rate leads to a decrease in slope stability, a reduction in the depth of the sliding surface, and a diminution in sediment strength (Figure 10a–c). Based on extensive simulation results covering a range of sedimentation rates from 0.1 m/kyr to 10 m/kyr, an exponential relationship is observed between the sedimentation rate and both the expected sliding surface depth, de, and the sediment strength, m. A distinct impact pattern is identified when the slope is stable, indicating a stable slope condition (Figure 10d). These conclusions allow for the determination of the critical sedimentation rate, rcrit (1.33~1.82 m/kyr), that corresponds to slope stability for a specific period of approximately 100 kyr in this case. The findings also enable the simultaneous prediction of the sliding surface depth and the rate of increase in sediment strength, n, for a given sedimentation rate.




5.2. Loading Pattern of Seismic Events


To account for seismic effects, a horizontal acceleration impulse, ah, is applied. This simplified earthquake loading representation was commonly used in previous studies [74,75,76]. This approach allows for the quantification of variations in excess pore pressure during seismic events and changes in the slope’s safety factor. Specifically, an earthquake loading step is introduced at 14 kyr after sedimentation, where the slope is subjected to a horizontal acceleration impulse of ah = 0.1 g for a duration of 10 s (Figure 11a). It is important to note that the specific duration of the seismic activity has no influence on the results in comparison to the prolonged temporal scale of pore pressure dissipation. To account for the uncertainty in the direction of vertical loads during earthquakes, various vertical acceleration patterns (Cases A–C) are considered (Figure 11b). For the seismic analysis, the gravitational shear stress,    τ ′  g   , is updated to incorporate the seismic loading. The updated seismic shear stress can be calculated based on the following relationship:


    τ ′  g  ( z ) = ( ( 1 +  a v  ) sin α +  a h  cos α ) g ⋅    ∫ z   H  DEP         ρ s  +  ρ w  ⋅ e ( z )   1 + e ( z )   −  ρ w  d z     



(17)




where av is the current vertical seismic acceleration, and ah is the current horizontal seismic acceleration. The parameters of the MCC model for the sediments are consistent with those listed in Table 2. The stability of slopes under three distinct loading patterns is presented (Figure 11d,e).



It is observed that when the vertical acceleration of the seismic loadings aligns with the direction of gravity (Case B), there is a more significant increase in excess pore pressure (Figure 11c), causing a more severe decrease in sediment strength and an accelerated destabilization process. The findings indicate that, compared to the compaction effects that result in looser sediment (upward vertical acceleration, Case C), the impact of downward acceleration, av, on the increase in downslope force (downward vertical acceleration, Case B) is more pronounced, making it the most unfavorable condition among the various seismic load combinations (Figure 11c,d). As    F S A    effectively captures differences between various loading patterns and provides more conservative results, it is considered an indicator for evaluating the seismic stability of rapidly sedimenting submarine slopes. In all three cases, the slope safety factor,    F S A   , rapidly decreases to 1.0 within 10 s, with a rate of decrease in the safety factor during the seismic event, mseismic = 0.143/s (Figure 11d). The obtained acceleration combination (Case B) is considered the most critical condition and will be applied in further analyses considering different seismic trigger times.



Additionally, to evaluate the individual contributions of seismic events and pre-processing factors to slope instability, a relative rate of decrease in the safety factor m* is established:


  m * =    m  seismic    m   



(18)







A larger value of m* indicates a greater contribution of the seismic activity in triggering instability. The evaluation of the relative rate of decrease in the safety factor provides insights into the contributions of seismic events and pre-conditioning factors in triggering slope instability.




5.3. Occurrence Timing of Seismic Events, t*


To accurately assess the stability of rapidly sedimenting submarine slopes under earthquakes with different trigger moments, it is important to consider the timing of seismic events. In this study, a dimensionless parameter, t*, is used to quantify the ratio of the earthquake moment to the overall duration of slope sedimentation. Building upon the previously obtained most critical load combination, the effects of different trigger times for seismic events (Cases B, D, and E) on slope stability are analyzed and presented (Figure 12a,e). The analysis reveals that, as the occurrence time of seismic events is delayed, weak layers gradually form within the slope, leading to a decrease in slope stability. This is reflected in the reduced seismic resistance of the slope (Figure 12b–d). Moreover, it is noted that earthquakes interrupt the downward movement of the sliding surface during sedimentation (Figure 12e), leading to shallower sliding surfaces in comparison to slopes unaffected by seismic activity. During an earthquake event, the sliding surface undergoes no significant changes within a short duration. As a result, the post-earthquake sliding surface depth remains consistent with the expected sliding surface depth obtained through the static sedimentary analysis (Figure 12f–h). The observations presented in this study aid in the prediction of the depth of the sliding surface following an earthquake. Additionally, the critical horizontal acceleration, which represents the minimum acceleration required to induce slope failure, gradually decreases with the increasing time delay and exhibits an approximately linear correlation with the occurrence time, t* (Figure 12i). The critical horizontal acceleration values obtained in this study are in good agreement with those reported by Lee et al. [77], further validating the reliability of the proposed approach. These findings provide valuable insights for predicting the potential instability of a slope under specific seismic activity levels and also have significant implications for identifying past seismic fault events in the area.





6. Conclusions


The study proposes a methodology that combines the calibrated FE model-change approach with a real-time stability analysis method to effectively assess and predict the stability of submarine slopes under rapid sedimentation processes. The following conclusions are drawn:




	
To evaluate the reliability of the FE model-change approach, a crucial dimensionless number, NL, is proposed as a calibration metric, and the method is deemed accurate when NL > 100. The calibrated numerical approach effectively replicates the sedimenting process of submarine slopes and accurately captures the accumulation of excess pore pressure, the reduction in strength, and the instability of the submarine slope.



	
   F S A    is proposed as a conservative metric for assessing the stability of submarine slopes during rapid sedimentation, and its decreasing rate, m, is introduced to predict the slope stability within a specific period. The distribution of strength transitions from a linear pattern to a weakened state, which is considered a key factor triggering slope instability.



	
Through a variable parameter analysis of sedimentation rates, it is concluded that an increase in the sedimentation rate makes shallow landslides more prone to occurrence. A further analysis of the sediment strength and sliding surface depth yields a method for calculating the critical sedimentation rate.



	
In assessing the stability of rapidly sedimenting slopes under seismic action, the most critical condition compared to other load combinations is determined. To quantify the individual impacts of seismic events and rapid sedimentation on slope instability, a relative rate of decrease in the safety factor, m*, is proposed.



	
During the sedimenting process, earthquake events prematurely interrupt the downward movement trend of the sliding surface, leading to a shallower sliding surface. Additionally, a method for calculating the critical horizontal seismic acceleration of the slope is proposed. Furthermore, the relevant results help to identify potential historical seismic fault events.
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Figure 1. The Santa Barbara Basin as the study area, and the sloping seabed near the Gaviota slide, where the sedimentation process will be replicated [57]. 
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Figure 2. The FE model-change approach for slopes under rapid sedimentation: (a) layers pending sequential activation as the initial state of modeling; (b) slope in step i − 1, with numbers (1, 2, …, i − 1) indicating the activation sequence; (c) slope with duplicate elements, and a newly activated element A in step i; (d) slope without duplicate elements in step i; and (e) slope and element A in step u for the critical state. 
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Figure 3. The comparison result of pore pressure, pe, between the analytical solution [39] and the numerical solution at different sedimenting times, where HDEP is the varying height of the deposited sediment, t is the sedimenting time, γ′ is the effective bulk density of the sediment, and z is the height coordinate of the sediment column. 
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Figure 4. Yield surface of the MCC model and a typical stress path for a sedimentation process [47,64], where qu is the peak deviatoric stress at step u; fi is the yield surface at step i; fu is the yield surface at step u; Ai is the element A at step i; Au is the element A at step u; B is the stress state with the biggest deviatoric stress at step i; CSL is the critical state line; KCL is the K0 consolidation line; M is critical state effective stress ratio; and p′ and q are effective mean stress and deviatoric stress, respectively. 
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Figure 5. The numerical model for the replication of sedimentation on an infinite slope: (a) The two-dimensional plane strain infinite slope, with numbers (1, 2, 3, …, i, …,     400 /  L H     ) indicating the activation sequence, where α is the slope inclination, z is the height coordinate of the sediment, and LH is the layer height. (b) Details of layer i in the numerical model, where g is the gravity. 
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Figure 6. The calibration of the activated numbers of layers, NL: (a) Effect of different discretization of the sediment process on the vertical distribution of excess pore pressure, pe, and the extended drainage path (dash line) over time. (b) Effect of the activated number of layers, NL, on the minimum porosity and maximum pore pressure within the sedimentary layer. 
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Figure 7. Distribution of excess pore pressure (pe) and void ratio (e) within the sedimentary layer at four different moments (t) during the sedimentation process, shown by height, HDEP: (a) excess pore pressure, pe; and (b) void ratio, e. 
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Figure 8. Stability analysis of the sedimenting slope: (a) Safety factors, Fs, and the expected depth of the sliding surface, de, as they change over time, t. (b) Distribution of    F S A    during sedimentation, where HACT is the varying height of the activated sediment, calculated based on the sedimentation rate, r;    H  ACT  S    is the total height of the activated sediment when the failure occurs;    H  DEP  S    is the height of the deposited sediment when the failure occurs; de is the expected sliding depth; ds is the sliding depth; and m is the rate of decrease in    F S A   . 
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Figure 9. Changes in the undrained shear strength, su, of the sediment during the sedimentation process. (a) Variation in undrained shear strength, su, with the height of the sedimentary layer, HDEP, where n is the rate of increase in su during sedimentation. (b) Changes in n over sedimentation time, further divided into four phases based on different safety factor thresholds and values of n. 
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Figure 10. Discussion on the effect of the sedimentation rate r on the safety factor,    F S A   ; sliding depths, ds and de; and the vertical increase rate, n, of sediment strength of the sloping seabed: (a) Safety factor,    F S A   , as it varies with the number of activated layers i, where m is the rate of decrease in safety factor. (b) The variation in the local safety factor qu/q at the final sedimentation time with the height of the sediment layer, also indicating the expected sliding depth, de, and the real sliding depth, ds (   F S A    < 1). (c) Distribution of undrained shear strength, su, with height in the sediment layer, HDEP, where n is the rate of increase in su. (d) Effect of sedimentation rate, r, on sliding depths (ds and de) and the rate of increase in su, and the determination method of the critical sedimentation rate, rcrit (the maximum sedimentation rate that can maintain the stability of a sloping seabed over a period of time) for failure. 
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Figure 11. Stability analysis of the sloping seabed under different combinations of seismic loads: (a) Three loading patterns (Cases A, B, and C) of applied horizontal seismic acceleration, ah, and the duration of the earthquake, t′ (the outer side of the slope is designated as positive). (b) Three loading patterns of the applied vertical seismic acceleration, av (same sign as z-direction). (c) During the time period from 14 kyr to 14 kyr + 5 s, variation in maximum excess pore pressure, pe,max, over time under seismic effects (solid line), and without seismic effects (dashed line). (d) During the seismic event, the variation in safety factor,    F S A   , in the three different cases, where mseismic is the rate of decrease in short-term safety factor under seismic conditions. (e) During the seismic event, variation in safety factor,    F S B   , in the three different cases. 
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Figure 12. Effects of different occurrence timings, t*, of seismic events on slope stability: (a) Seismic triggering times corresponding to three different cases (Cases B, D, and E), where Case B is t* = 0.25 and the earthquake occurs at sedimentation time t = 14 kyr, and seismic pulses applied for three different triggering times, where ah is the horizontal acceleration, av is the vertical acceleration, and t′ is the seismic duration. (b–d) Temporal variation in safety factor under seismic effects (solid line) and static conditions (dashed line) for cases B, D, and E, respectively. (e) Expected sliding depth, de, as a function of sedimentation time, t. (f–h) Variation in sliding depth, ds, for Cases B, D, and E during the earthquake, respectively. (i) The effect of the dimensionless timing of earthquakes [77], t*, on the critical seismic horizontal acceleration, αcrit, and depth of sliding surface, ds. 
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Table 1. Hydraulic coupling parameters of the replicated elastic sediments used for validation.
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	Parameter
	Value (Unit)





	Sedimentation rate, r
	1.0 m/kyr



	Compression modulus of the sediment, Es
	10 MPa



	Poisson’s ratio, υ
	0



	Bulk modulus of duplicate grid copies, E′
	10 Pa



	Hydraulic conductivity of the sediment, k
	0.05 m/kyr



	Effective bulk density of the sediment, γ′
	5 kN/m3



	Bulk density of water, γw
	10 kN/m3



	Layer height, LH
	10 m



	   Total   height   of   the   column ,    H  ACT  S    
	200 m










 





Table 2. Parameters of the sediments based on the Modified Cam-Clay model used for the replication of the sedimentary layer [70,71].
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	Parameter
	Value (Unit)





	Slope inclination, α
	3.9°



	Initial void ratio, e0
	3.8



	Internal friction angle, φ′
	30°



	Initial hydraulic conductivity, k0
	2 × 10−9 m/s



	Compression index, cc
	0.6



	Swell index, cs
	0.15



	Average sedimentation rate, r
	4.24 m/kyr



	Density of the soil grains, ρs
	2.7 g/cm3



	Initial stress-required height, h0
	0.3 m



	Plastic index, IP
	35



	Hydraulic conductivity, k
	   k = 2 ×   10     e − 3.6   0.4   − 9    m / s    
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