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Creep is an important factor of muddy submarine channel slope instability. In this study, a sub-bottom profiler was used to monitor the continuous internal change of a muddy submarine channel slope in the laboratory to better understand the creep characteristics and mechanism of slope instability. The creep process was analyzed according to changes in the slope internal sound intensity. The results indicate a notable change of the creep characteristics during the slope instability process. Changes in the sound intensity time series decrease with increasing slope depth, and the fluctuation depth of the vertical sound intensity series varies during the slope creep process. The creep process of slope instability can be roughly divided into four stages based on the sub-bottom profile data: an expansion stage; an unstable expansion stage; a fracture stage; and a post-fracture development stage. An adjustment of the sediment microstructure in the slope is ascribed to slope creep deformation. This study highlights the prospects of high-resolution acoustic monitoring to detect and quantify the entire creep process of muddy submarine channel slope instability, which is of great significance for the evaluation and early warning prediction of channel slope instability.
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1 Introduction

Understanding muddy submarine channel slope creep behavior is of great importance owing to its close relation to slope collapse (Chang et al., 2020). Creep is a gradual slow deformation, irrespective of the cause or nature of this deformation (Baba et al., 2015). The sea water particularly acts on the submarine channel slope in the form of waves, flow, and tides (Georg, 1974). Once creep accumulates to a certain extent, triggered by natural phenomena (e.g., storm surges) and human activities (e.g., ship traffic) (Sultan et al., 2004), the channel slope may destabilize, which can change the channel geometry, block ports, and cause marine traffic accidents.

The creep of muddy submarine channel slope instability is a transient process that has a time-dependent behavior (Leynaud et al., 2009; Chang et al., 2015). The recognition of the internal creep process of channel slopes and analysis of its deformation mechanism is therefore useful to predict their instability. However, channel slope creep is difficult to investigate using fixed-point measurements owing to seawater turbidity and challenges involved in approaching the seabed. Conventional methods, such as laboratory creep tests using drilling samples (Dai and Santamarina, 2014), are impractical for interpreting and describing the internal creep process of channel slopes owing to limited samples. It is also challenging to quantify the internal creep evolution of a slope using traditional methods, such as triaxial creep tests (Tran et al., 2018).

Sub-bottom profiling is a type of seabed acoustic mapping technology that uses the propagation and reflection characteristics of acoustic waves in seawater and seabed sediments to continuously detect seabed sediments and obtain visual sub-bottom profiles (He et al., 2022). The acoustic characteristics and internal organization of sediments have certain effects on the propagation of acoustic waves (Hamilton and Bachman, 1982). When a slope creeps, the internal sediment physical properties (e.g., structure, density) change, which accordingly affects the propagation velocity, energy attenuation, and spectral composition of the acoustic waves. These changes can be delineated by an acoustic profile image composed of dot, block, or linear patterns with certain sound intensities (Mosquera et al., 2014). Few studies have investigated the internal creep process and characteristics of muddy submarine channel slope instability, thus its creep behavior remains poorly understood. To address this problem, sub-bottom profile acoustic images were used to study the creep characteristics and muddy submarine channel slope instability process. The creep mechanism was analyzed to better understand the creep properties of muddy submarine channel slope instability.



2 Materials and methods


2.1 Creep observation

The complete submarine channel slope instability process is difficult to observe in the field, thus this process was simulated in a laboratory flume (Figure 1). The experiment was carried out in the seabed exploration laboratory of Jiangsu Ocean University. The width, length, and depth of the laboratory flume were 2 m, 4 m, and 2.5 m, respectively. The depth of water in the laboratory flume was 2.3 m. A channel slope model was built at a 45° slope with a height of 130 cm using sediment from the Lianyungang channel, which is a typical deep-water navigation channel located in a muddy shoal of an open bay on the western coast of the Yellow Sea. The sediments in the main channel are primarily composed of mud (Xie et al., 2010). The main mineral components of the sediments include clay minerals (19%-54%), quartz (28%-56%), plagioclase (11%-17%), potassium feldspar (2%-6%), and calcite (up to 2%) according to the total mineral analysis (Liu et al., 2011). The undisturbed shear strength, remolded shear strength, and sensitivity ranges are 10.9-34.8 kPa, 1.6-15.8 kPa, and 1.6-8.5, respectively (Wu et al., 2020).




Figure 1 | Experimental set-up (A) slope, (B) transducer, (C) slope schematic diagram, (D) monitor (Zhang, 2022).



The creep process was continuously measured using an SES-2000 acoustic parametric array sub-bottom profiler (Innomar Technologie GmbH, Rostock, Germany), which was installed in the laboratory flume aimed at a fixed shoulder section of the slope to obtain data covering the full channel slope instability process. The transducer was mounted to the tank track using a telescopic stand, which can be adjust the height to the slope. The transducer is 0.5m above the slope. Sub-bottom profiles were collected in single frequency mode. The low frequency was set to 15 kHz. The maximum ping rate was set to the system default. The pulse duration was set to 133 milliseconds (Zhang, 2021).

Currents simulated using a submersible pump were used as hydrodynamic forces. The current velocity was 0.5 m/s. The change of internal structure of the slope under the hydrodynamic force was continuously monitored by the monitor of the SES-2000 system until a complete channel slope instability process was captured. All original data were recorded on the system memory chip.

The sub-bottom profile images are the echograms from the echo data by post processing software of the SES-2000 system. For a sub-bottom profile image of m×n pixel size, it can be regarded as a m×n matrix. Each element in the matrix corresponds to the value of sound intensity for a particular point of the slope. The change of sound intensity usually reflects the change of internal structure of the slope. The vertical axis of the slope profile image indicates depth, and the horizontal axis indicates time in order to identify the changes in the internal structure of the slope.

This study focuses on the creep process from sub-bottom profile images. To analyze variations in sound intensity as functions of both time and space, the one-dimensional components of these matrices in the temporal and vertical spatial domains were extracted. To maintain focus on the creep process occurring in the sediments, the overlying water of the sediments was clipped using post-processing software included in the SES-2000 profiler system.



2.2 Microstructure observation

The samples before, during, and after channel slope instability were collected from the channel slope at different depths (slope top, middle part of the slope, and slope bottom) using a plastic tube. The samples collected before, during, and after slope instability were from the same level. The samples collected from the slope at different depths were at the same stage (after slope instability). Then, the samples were extracted and allowed to dried naturally. After obtaining a fresh surface by breaking, the samples were cut into approximately 6 × 6 mm blocks using a sharp thin knife. The sample microstructure was investigated by scanning electron microscope (SEM, JSM-6390LA type, JEOL Company, Japan) at the SEM laboratory of Jiangsu Ocean University. The SEM observation process was as follows.

	Conductive adhesive of an appropriate size was pasted on the sample holder and prepared samples contained within it.

	The samples were placed into a vacuum ion sputtering instrument and a thin layer of gold film was deposited.

	The samples were placed in the sample chamber of the SEM for scanning from low to high magnification.

	After adjusting the focal length and contrast, SEM images of 500, 1000, 2000, 3000, and 10,000 times magnification were compared to ensure that the acquired image portrayed the target information. At lower magnification, the image was insufficiently clear for particle analysis, whereas at higher magnification, the image reflected more localized features but not overall features (Zhou et al., 2021).

	After comparison, the image with 1000 times magnification was selected for microstructural investigation.






3 Results


3.1 Creep deformation characteristics of channel slope instability

The creep characteristics acquired from the sub-bottom profile images provide abundant internal texture details of the slope. In the sub-bottom profile images, the creep process is displayed as a distinct and irregular texture with alternating strong and weak intensities. Figure 2 shows a typical diagram of the creep process, where high and low intensities are represented by yellow and blue color, respectively. The creep characteristics exhibit gradual and continuous but recognizable changes. In the initial expansion stage of creep, the creep texture features begin to deform from parallel stripes to irregularities, roughness, and fractures expressed in the width and intensity of the near-parallel stripes. Creep deformation mainly occurs in the upper part of the slope and gradually expands to the slope interior (Figure 2A). As the process develops, the creep texture extends forward in an approximately parallel state, appears increasingly fluffy, bifurcated, and fractured, continues to roughen, and the strength becomes increasingly large and uneven (Figure 2B). The extension length of the upper creep texture is larger than that of the lower creep textures. With increasing creep time, the creep texture appears increasingly wavy and the strength increases (Figure 2C). Different creep textures become crossed, separated, and merge, and the intensity increases (Figure 2D). As time proceeds, the creep textures at the upper part of the slope become discontinuous and fluctuate with intermittent intensity changes. The creep textures appear deformed in the lower part of the slope (Figure 2E). When the creep accumulates to a certain extent, the creep texture features show notable sliding fractures, bending fractures, and staggered breakage (Figure 2F). These features demonstrate that the sub-bottom profile images visually exhibit the full stages of the creep process of channel slope instability, which are not perceptible using conventional laboratory creep experiments using limited samples.




Figure 2 | Typical deformation characteristics of slope instability obtained from sub-bottom profile images. (A-F) indicate different deformation state.





3.2 Creep strength characteristics of channel slope instability


3.2.1 Sound intensity time series changes during creep

During the slope creep process, sub-bottom profile images are generated as a set of visual and continuous sound profile images comprising an ordered set of sound intensity pixels. Each pixel corresponds to the sound intensity value for a particular point of the slope. The creep evolution during slope instability can be quantitatively described by the sound intensity. Because the creep varies with depth from the top to bottom of the slope, the typical sound intensity time series of the top, middle, and bottom of the channel slope are selected to demonstrate the sound intensity variation during the creep process. Figure 3 illustrates the sound intensity time series variations during the full creep process of slope instability based on the sub-bottom profile images. The figures show that the sound intensity undergoes nonlinear changes, which decrease with increasing slope depth.




Figure 3 | Typical sound intensity time series variation during the creep process of the (A) surface, (B) middle, and (C) bottom layer of the slope.



The creep process of slope instability can be roughly divided into four stages according to the sound intensity changes: an expansion stage; an unstable expansion stage; a fracture stage; and a post-fracture development stage. During the expansion stage, the change of the sound intensity is essentially stable with increasing time. The sound intensity amplitude is small, and the change curve is generally nearly horizontal and roughly parallel to the abscissa axis. During the unstable expansion stage, the sound intensity gradual increases from 6500 s through 15,280 s. The change of the sound intensity amplitude begins to gradually increase, indicating a rapid increase of creep deformation. In the fracture stage, an abrupt rise in sound intensity appears from 15,280 s through 15,380 s. However, the rapid rise of sound intensity terminates quickly (within ~100 s). The sound intensity rapidly increases and the maximum of sound intensity amplitude change occurs over a short time, which reflects the slope fracture. Following the fracture stage, the change of sound intensity decreases and the sound intensity amplitude remains relatively stable, which indicates the creep will continue into next cycle after failure. The nonlinear fluctuation of sound intensity time series during the creep process show that the slope becomes fractured after multiple cumulative creep episodes to a certain extent.



3.2.2 Vertical sequence change of sound intensity during creep

In addition to sound intensity changes with time during the channel slope creep process, the vertical sound intensity also exhibits substantial changes. Figure 4 shows the typical vertical sound intensity variation of the three different stages during the creep process of slope instability. The vertical sequence change of the sound intensity presents multiple peaks during the creep process, with an overall decreasing trend as well as fluctuations to different depths. As is shown in Figure 4, the vertical sound intensity changes have distinct oscillation characteristics (e.g., amplitude, frequency) at certain depths and in different stages. During the expansion stage (Figure 4A), the sound intensity change is relatively small and high-frequency oscillation changes mainly occur in the shallow part of slope. In the unstable expansion stage (Figure 4B), the sound intensity increases unevenly. In the fracture stage (Figure 4C), the sound intensity continually increases and the oscillation peaks extend to the deeper part of the slope. In the post-fracture development stage (Figure 4D), the change of sound intensity becomes smaller and the oscillation depth becomes shallow. As the slope creep proceeds, the abscissa of the peak vertical sound intensity value exhibit notable changes with depth.




Figure 4 | Vertical sequence change of the sound intensity during different creep stages: (A) expansion stage; (B) unstable expansion stage; (C) fracture stage; (D) post-fracture development stage.






3.3 Microstructure changes of the channel slope

Microstructure typically refers to the size, shape, arrangement, contact, and connection of particles and the overall porosity (Xie et al., 2018). The SEM observations of the sample microstructures before, during, and after slope instability are shown in Figure 5. The size, shape, and adhesion between the aggregates and particles is found to substantially change with slope instability. Prior to creep, the samples possessed aggregates and particles of different shapes and sizes (granular and angular). The interaggregate or particle pores are observed (Figure 5A). During creep, the aggregates and particles are compacted into a denser structure (Figure 5B). Many larger aggregates disappear. After creep, the samples show a preferred parallel flocculated structure (Figure 5C). Those elongated flocs and particles are looser and relatively uniform with significant orientation. Pore enlargement is caused by the reorientation and movement of floc and particles. The microstructure changes during the creep process of slope instability are therefore manifested not only by changes of the interaggregate pores, but also the reorientation and rearrangement of flocs and particles.




Figure 5 | SEM images of samples (A) before, (B) during, and (C) after channel slope instability, and (D) top, (E) middle, and (F) bottom part of the slope.



The SEM images also show that the microstructure varies from the top to bottom of the slope. On the slope top, the sample has high porosity, is relatively loose, and large-sized interaggregate pores with various sizes of small pores are distinct (Figure 5D). In the middle part of the slope, the large-sized interaggregate pores disappear and the distribution of aggregates and particles is more intensive (Figure 5E). On the slope bottom, the flocculated structure is well developed and a dense arrangement of smaller flocs and particles is distinct (Figure 5F). With increasing depth, the change of the interaggregate pores becomes dominant and the microstructure becomes denser.




4 Discussion


4.1 Creep mechanism of channel slope instability

Several studies have shown that effective macro characteristics are an external embodiment of the microstructure, and that the macro characteristics of slope creep are affected by microstructural changes (Sun et al., 2020; Zheng et al., 2021). Muddy submarine channel slope soil is a kind of structurally soft soil, which has characteristic properties of high water content, low strength, remarkable structure deformation and longer duration (Wang et al., 2014; Wu et al., 2021). Under the action of periodic cyclic loading, a series of dynamic response processes will occur in the slope sediments and the stress will concentrate in some parts. The weakest part of the structure begins to change, resulting in relative displacement and particle rearrangement. Under the action of rotation, slipping, and squeezing, the aggregates or particles are broken into smaller aggregates or particles, and the aggregates with weak connection forces between the particles are condensed into new aggregates. The connecting force between particles can thus balance the external force. When the soil particles of the slope are rearranged, the spatial position of the internal particles is adjusted and a new skeleton structure forms through the mutual extrusion combination among particles. Part of the water between the pores is discharged and the soil is deformed. As a result, the particle contacts increase and the skeleton particles change from point contacts to aggregate overlapping contacts, thus enhancing the mutual restraint. As creep continues, the internal structure of the soil begins to be destroyed, and the soil deformation accelerates until the slope destabilizes. Figure 5 illustrates the microstructure changes before, during, and after slope creep. Flocculated structures with skeletons consisting of aggregates and particles are exhibited before creep, whereas the microstructure shows a preferred parallel flocculated structure with large-sized interaggregate pores after slope creep.

Slope instability is affected by many factors (Baba et al., 2015). In general, shear strength and pore water pressure changes are the principal factors that govern slope instability (Sultan et al., 2004), which are primarily attributed to the microstructure and porous structure changes of soil during the slope creep process. As can be seen from Figure 4, the vertical sound intensity variation has distinct oscillation at certain depths. The inhomogeneous variation constantly increases and decreases along the depth, which represent the unevenly mobilization of shear strength. Hydrodynamic forces weaken the soil shear strength and increase the pore water pressure by changing the microstructure, and the increasing pore water pressure reduces the effective stress (Lian et al., 2020). These are important factors that affect the stability of muddy submarine channel slopes.



4.2 Creep stages of channel slope instability

Both geological and rheological premises can be used to verify that slope instability is not a sudden phenomenon, but involves multi-temporal creep and requires a period of time to completely collapse (Georg, 1974). The creep process has traditionally been divided into three stages: primary creep; secondary creep; and tertiary creep (Tran et al., 2018). According to the classic interpretation, primary creep is the initial stage, secondary creep is the constant creep stage, and tertiary creep is the acceleration stage that leads to rupturing (Intrieri et al., 2019).

Figure 3 shows that the creep behavior of the muddy submarine channel slope mainly underwent a steady expansion stage, unstable expansion stage, fracture stage, and post-fracture development stage. The sound intensity varies greatly from the initial expansion stage to post-fracture development stage. The creep process of the middle part of slope is similar to that of the slope top, and resembles that of the slope bottom except for the amplitude. The creep thus undergoes a nonlinear process and cannot be described by a simple functional relationship. Various creep models proposed in previous studies (e.g., empirical models, component models, fractional viscoelastic models, creep damage models) (Gao and Yin, 2021) therefore do not accurately describe the slope internal creep. The visually and quantitatively sub-bottom profile method may be a useful alternative to understand the creep process.



4.3 Creep depth of channel slope instability

Creep depth can be an important reference for muddy submarine channel slope instability. The previously mentioned creep characteristics acquired from sub-bottom profile images indicate that creep mainly occurs in the upper part of the slope and gradually expands to the slope interior. Figure 4 show that the sound intensity peaks oscillate with depth from 0 m to 0.6 m. The deformation results (Figure 2) demonstrate that the fluctuating range corresponded well with the instability zone. The maximum peak depth may reflect the position of the potential sliding surface. Yan et al. (2017) confirmed the potential sliding surface in an experimental study based on Brillouin optical time-domain analysis.

Hydrodynamic forces reduce the effective stress of the slope by the periodic and cyclic loading of currents, waves, and tides. The inhomogeneous distribution of stress periodically increases and decreases in the vertical direction, which results in the formation of slope shear stress. The slope shear strength is unevenly mobilized depending on the cyclic load and geological conditions. The vertical sound intensity variation has distinct oscillation characteristics along the depth in Figure 4 represent the unevenly mobilization of shear strength. Creep aggravation enhances the shear strength mobilization, and the stress expands over the entire potential sliding surface. Creep depths that are closer to the potential sliding surface have a higher possibility of slope instability. This exemplifies why investigation should be pay a great attention on internal slope changes.



4.4 Creep detection of channel slope instability

All slow deformation is generally defined as creep, irrespective of the cause or nature of this deformation (Baba et al., 2015). Creep is a common phenomenon on submarine slopes (Sultan et al., 2004), but creep processes have rarely been reported on submarine slopes (Hill et al., 1982). This may be mainly related to a lack of technology to recognize the process. Traditional methods, such as borehole test (Sun et al., 2017), creep-meter (Wang et al., 2020), extensometer (Suwa et al., 2010), usually disturb slope creep by inserting a detection instrument, which seriously limits the reliability of the results (Brian, 1981). In addition, it is difficulty to investigate the internal creep process of channel slope completely using limited survey point. Those methods also usually represent one-dimensional creep, which does not provide internal two-dimensional details of the channel slope creep in space and time. However, a sub-bottom profiler can be used to obtain non-invasive, two-dimensional profile images with high resolution, which provide valuable information regarding the desired internal creep process and increases the data availability.

Visual interpretation is presently widely used to study deep-seated gravitational slope deformation (Carpentier et al., 2012). Moreover, shallow seismic method (Kühn et al., 2021), multichannel seismic method (Shillington et al., 2012), particle image velocimetry (Baba and Peth, 2012), ground penetrating radar (Gopaiah et al., 2021), and electrical resistivity tomography (Hojat et al., 2019) are proven methods that deliver the desired images. In contrast to other geophysical techniques, a sub-bottom profiler is more suitable for detecting muddy submarine channel slope creep process owing to its high resolution (Sitkiewicz et al., 2020), and its profile image is similar to a geological section map, which is convenient to interpret the internal creep process of channel slopes. To the best of our knowledge, a sub-bottom profiler has not been previously reported in the literature to investigate the creep evolution process. This study demonstrates that sub-bottom profile images can quantitatively reflect the slope creep process by internal sound intensity variations, which provides a new approach for detecting the creep of muddy submarine channel slopes.




5 Conclusions

(1) A sub-bottom profiler was introduced to analyze the creep process of muddy submarine channel slope instability in the laboratory. The visual interpretation demonstrates that creep mainly occurs in the upper part of the slope and gradually expands to the slope interior. As creep develops, creep stress textures form at the bottom of the slope and texture fractures appear. The sub-bottom profile images visually present the internal creep process of muddy submarine channel slope instability using non-invasive acoustic monitoring technology.

(2) The sound intensity time series and vertical series present nonlinear characteristics which cannot be described by a simple functional relationship during the slope creep process. According to the sound intensity changes in the internal channel slope, the creep process of slope instability can be roughly divided into four stages instead of the classic interpretation. The sound intensity variations demonstrate that creep mainly occurs at the upper slope, and gradually expands to the slope interior. The vertical sound intensity variation has multiple peaks and distinct oscillation characteristics along the depth represent the unevenly mobilization of shear strength. The depth of the sound intensity changes varies during the different creep stages, which indicates that creep undergoes multiple accumulation processes.

(3) The macroscopic properties of slope creep are significantly affected by the sediment microstructure, which adapts to changes of the external forces by continuous self-adjustment, rearrangement and reconstruction of the internal sediment structure. The internal change of the channel slope is intuitively and quantitatively connected with the creep characteristics, which provides a basis for understanding the creep mechanism of muddy submarine channel slope instability.
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