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Abstract

:

This paper presents a comprehensive review on subsea jet trenching technology via a critical analysis of its principle, mechanism, devices, modeling approaches, as well as properties of subsea sediments. This review shows that the success of jet trenching operations is closely related to some key factors including the soil conditions, trencher specifications, and characteristics of pipelines or cables. Three case histories are presented to demonstrate the importance of these key factors and their interrelationships. This paper also points out a number of challenges pertaining to the implementation of the jet trenching method in carbonate sediments, as well as some limitations and gaps in the existing modeling approaches. Future perspective researches that are recommended to develop: (1) promising theories, like turbulent submerged flow, and (2) robust numerical approaches, such as the smoothed particle hydrodynamics (SPH) and material point method (MPM) to substantiate the experimental experience and reveal possible hidden mechanisms.
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1. Introduction


With the development of offshore systems (wind farm, oil, gas, etc.), subsea cables and pipelines have become important communication channels through the maritime domain. The demands for such channels keep increasing, and hence the needs for trenching operations have grown rapidly in recent years [1,2,3]. The practice of subsea trenching was initiated in the early 1950s [4] with the aim to reduce the risk of hazards to subsea installations [5,6,7]. The concept of subsea trenching has been developed over the years through the improvement of design and implementation techniques. Nevertheless, given the nature of the channeled area (marine environment), it is still challenging to capture some mechanisms associated with trenching process.



It is acknowledged that when subsea cables are not properly protected, they can be damaged, due to the seabed relief [8], ship anchors [9,10,11], icebergs [12], industrial fishing activity [13], and even shipping containers that sporadically fall from vessels [10]. A statistical analysis conducted by the United States Department of Energy on 1061 submarine cable faults and accidents in numerous sea areas revealed that 82% of cables were harmed due to external activities, while the remaining damaged portion (i.e., 18%) was induced internally [14]. Figure 1 presents the results of a recent survey on submarine cable faults, which confirm the hazards due to the external aggressions [15].



Although different burial techniques have been devoted to risk reduction for seabed installations [2,5,16], the selection of the appropriate trencher equipment depends on a number of factors. Among them, the properties of the soil from which the trench is to be excavated is the most critical for all the trenching tools [17]. The mechanical systems generally represent the best option for stiff to hard clays and coarse-grained materials. They still have some difficulties to be implemented under certain conditions [11,18]. Jet trenching tools represent the "go-to" tools, which have advantages for sands and very soft clays [17]. For instance, the remotely operated vehicle equipped with jets can operate in deep water, steep topography, and soft sediments, which are unfavorable for the other methods. Understanding the complex interaction between soft sediments and jet trenchers is vital for trenching operations. Nozzle distribution and water-jet properties have a direct influence on the construction performance, particularly, the trench geometry and excavation speed. This leads to the demand for construction optimization (efficiency of jetting devices) and robust soil-waterjet interaction analysis methods. These aspects have remained unclear to some extent. An inclusive overview of jet trenching technology and modeling is urgently needed to emphasize current research gaps and set the strategy for future development [19].



Another non-negligible aspect of trenching technology is the trenching efficiency in deep water. Indeed, as the water depth of the working area increases (deep sea), the performance of these trenchers tends to be hampered by the low vehicle maneuverability [20]. In such circumstances, an approach that guarantees the stability of the trenching operations is required, namely the jet trenching technique. Furthermore, due to its efficiency and cost-effectiveness, this method is increasingly adopted to meet the requirements of offshore operations (in soft soils) in both shallow and deep water. Hence, the different facets relating to this technology should be systematically understood.



This study presents the state-of-the-art review on jet trenching technology, with the objectives of: (i) providing a theoretical foundation for the application of the subsea jet trenching method; (ii) reviewing the essence of the accumulated experience as well as later engineering prototype development; and (iii) revealing the current gaps and discussing the future tendencies in terms of technological developments and waterjet–seabed interaction analysis.




2. General Overview


In general, on the basis of the operation mode, the trenching machines can be grouped into four major categories, including: (i) burial sleds, (ii) burial remotely operated vehicles (ROVs), (iii) tracked burial machines, and (iv) burial ploughs [21] (see Table 1).



2.1. Background


The origin of the aforementioned trenching machines can be traced back to several decades ago [22]. Specifically, their developments were initiated in the 1970s with the construction of the first jet sled prototype, which was successfully applied to numerous trenching operations in the Gulf of Mexico [17]. In spite of its large popularity (it was the only system operated in deep water until the early 1980s) [4,23], the practice of the jetting technique became infrequent in favor of ploughs and mechanical systems in the late 1990s. This change occurred in response to dissatisfactions arising from its limited protection and high operation cost. Indeed, between the late 1980s and early 1990s, extensive research resulted in the development of ploughs which were found to be quite cost-effective in hard ground. Importantly, in recent years, there has been a resurgence of interest for both jet trenching and mechanical systems. The resurgence of jet trenchers is mainly due to the development of remotely operated vehicle (ROV) technology; while the interest for mechanical systems arises from the construction of inter-array cables in hard ground conditions, where jet trenching is not practicable and where cable ploughs are less suited for a variety of reasons. Moreover, this regaining of interest is symbolized by the gradual competitiveness of jet and mechanical trenching machines on the trenching market.




2.2. Technical Challenges


Subsea burial projects are rarely achieved using a single trenching approach, since the seabed conditions vary greatly with depth and along the project route. In such circumstances, different burial technologies are adopted according to their different ranges of applications. Figure 2 gives a synoptic of the capabilities of different trenching methods [17]



2.2.1. Suitability for Soft Soils


Soft soil behavior can be very complex [24,25,26,27]. Empirical evidence suggests that in very soft soils, the rotating mechanism of mechanical cutting tools can be damaged when they get stuck in sand or clays soils, inducing a relatively high maintenance cost [11]. Generally, the lack of mobility of certain trenching machines requires repositioning and recovery operations which affect the quality of trenches and leads to time loss. Moreover, in very soft sediments, the seabed surface can be too much disturbed, which may disable the normal progress of the trencher right after the first pass. The authors of reference [18] have carried out a terra-mechanics-orientated investigation that substantiates these field experiences.




2.2.2. Efficiency in Deep Water


The ROV-based jet trenchers are often preferred to the other trenching methods in deep-sea soft soils regions, due to their excellent versatility and operability. In reality, except for some trenching tools such as cable ploughs and pipeline ploughs [28,29], conventional trenching devices are heavy and complex machines (with several moving units), which makes them difficult to be controlled in deep-water conditions [30].




2.2.3. Risk to Cable


The risk of cable damage is another critical challenge usually faced during cable or pipeline burial processes [31,32,33,34,35]. This risk is more significant for mechanical trenchers, but damages can also occur while operating other approaches like ploughing. For instance, the authors of reference [36] reported an issue of this type during the implementation of a pipeline plough in soft soil. It was observed that the plough being placed on the pipeline caused a buckle as a result of its self-gravity loading the pipeline. The relevant repairs were carried out by hyperbaric welding, the operation of which is not only expensive but also risky. Jetting systems are more effective alternatives for the various reasons that will be discussed in the following context.





2.3. Environmental Impact


Although essential for the protection of subsea cables and pipelines, the trenching processes tend to cause significant (but recoverable) disturbances to the subsea soil. To some extent, these disturbances also tend to induce the reconsolidation of soil as observed in tunneling [37,38,39,40,41,42,43,44,45,46] and deep excavation dewatering [47,48]. Subject to water depth, sediment mobility, and soil type, the recovery from the waterjet trenching method can take place in several days to almost never. Compared to mechanical burial systems like ploughing, this recovery rate is slower and can be ascribed to the relatively high degree of disturbance caused by the jetting method. The recovery rate is largely reliant on the sediment supply as well as the capacity of currents and waves to erode transport and deposit seabed sediments. Then again, the availability of the sediments is dependent on the location of the trenching zone (nearshore, continental shelf, continental slope, etc.). An inclusive discussion on seabed recovery following trenching operations can be found in recent literature [49,50,51].





3. The Jet Trenching Method


3.1. Principle


The jetting approach modifies the initial seabed matrix with high-speed water jets so that the heavier pre-laid ‘products’, cables, or pipelines sink to a pre-determined depth, dragged by their own weight [52,53,54,55]. As shown in Figure 3, this modification is usually achieved through erosion/fluidization or cutting and relies on specific methodologies.




3.2. Jetting Approaches


A synopsis of jet trenching approaches is given in Table 1. This section intends to provide complementary information on implementation processes. In reality, depending on the soil properties, the planned trench depth, the operating depth, and the operating distance, a variety of trenching procedures can be adopted, including sled and ROV jetting as well as mass flow excavation. Figure 4 illustrates some of these techniques.



(i) The ROV jetting approach is usually conducted on shorter operation distances, limited to clays and sands, and can be executed in a water depth of 10 to 2500 m. The trenching vehicle (usually equipped with jetting arms) is first positioned on the soil in such a way as to straddle the pre-laid cables or pipes. Then, the jetting arms are deployed in a quasi-vertical position, where the water jetting is initiated. With the advance of the trencher, the erosion or fluidization mechanisms of the soil takes place along the leading edge of jetting arms, due to the high pressurized water (3~15 bars). The trenching machine is generally piloted (via using sonars, cameras, and sensors) by an operator installed on the vessel, which is also responsible for controlling and optimizing the construction efficiency according to the prevailing conditions [59,60,61,62]. Moreover, the trench clearance is controlled by low pressure waterjets injected from the back lower side of the jetting arms, as illustrated in Figure 4a. The cutting ability of waterjets is mainly generated by powerful pumps installed on the trencher. With a total power fluctuating between 750 kW (Trencher T1000, Deep Ocean) to 2100 kW (Trencher UT-1, Deep Ocean), some ROV trenching machines can ensure the burial operations in one or more passes.



(ii) The burial by jetting sleds (Figure 4a) is often carried out in shallow waters and on seabed conditions ranging from clays, sands, gravels, and sandstones. This approach works on two main principles. The first involves breaking up the soil via high speed water from jet nozzles; while the second involves the pumping of air into the pipe to enable the lifting of suspended materials away from the trenched location [52].



(iii) The mass flow excavation process involves no physical contact between the seabed and the trenching tool (Figure 4b), allowing pipelines to be exposed without risk of damage. This technique was initially introduced for non-contact dredging operations. Indeed, apart from trenching operations, this approach is also popular for backfilling as well as freespan and sandwave rectification. Generally limited to sand and very soft clays, the breaking mechanism in this case mainly relies on a large hydraulic flow that scours the seabed [58]. Moreover, due to the requirement of a very high flow rate water jetting, the mass flow excavators are, as a rule, powered from the surface. In other words, this system is not fitted for deeper operations, due to the loss of hydraulic power.



This paper puts a particular focus on the ROV jetting devices, as they are increasingly adopted for trenching operations. Their major advantage is that they (some models) can perform both pre- and post-lay trenching, as well as direct cable lay and burial.




3.3. Jet Trenching Devices


Jet trenchers are large machines of variable dimensions, depending on the manufacturers and the requirements of operators. For example, a typical ROV equipped-jet machine (T1200, operated by Helix offshore) has a width over tracks of 5.60 m, a length of 9.15 m and a height of 5.16 m. Their weight in air (when they are equipped with tracks) can vary from 21,772 kg (Trencher T1000, Deep Ocean) to 57,153 kg (Trencher UT-1, Deep Ocean). However, once in the water, their weights are more significant and govern the buoyancy needed on the base trencher. Figure 5 shows some recently developed jet trencher prototypes. In fact, the hydrodynamic, shape, and submerged weight of these jetting systems are continuously enhanced to provide optimal performances in difficult terrains. Using UT-1 Ultra trencher (Deep Ocean) as an example here. It is considered as one of the world’s most powerful jetting ROV, due to its 2.1 MW of total power, as well as its effective water pumps (up to 4 × 375 kW). Moreover, the UT-1 oscillating sword design allows a satisfactory performance in sand and clay. Table 2 summarizes the main specifications and performance indicators of some commonly used waterjet burial machines. It should be noted that this inventory is not exhaustive, the principal objective of this section being to show some machines’ specifications and their range of application.





4. Properties of Subsea Sediments


The jet trenching vehicles are often deployed in shallow and or deep waters, where their efficiency applies to a wide variety of seabed materials [66,67,68,69,70,71,72]. Nevertheless, soil conditions vary substantially according to the geographic regions (Asia Pacific, Europe, Middle East and Africa, Latin America, and North America). The soil index properties often fit into two main categories including the soil grain properties (grain size, mineralogy, geometry, and crystal structure) and soil aggregate properties (microstructure). This section discusses the properties of subsea sediments by stressing their influence on the jet trenching mechanism.



4.1. Classification and Behavior Characterization


Numerous offshore soils are formed in an analogous fashion as onshore soils, i.e., as an integral part of the rock cycle [73]. To understand their behavior and basic properties [74,75,76,77], engineers routinely adopt the unified soil classification system (USCS) described either in the standards BS 5930 [78], ASTM D 2487, or ASTM D 2488 [79]. However, Thusyanthan has shown that some quantitative and qualitative differences may exist between these standards and result in cumbersome inconsistencies for very similar soils [80]. These discrepancies are fundamental, as they may influence the reliability of design, per se, and should be given proper attention.



In theory, the behavior of the seabed sediment can be defined using a number of geotechnical parameters that include the particle size distribution, drainage conditions, soil state (normally consolidated/over-consolidated), stress history, and water content [81,82,83,84]. Figure 6 presents the offshore soils’ particle size distribution based on the BS 5930 classification system. This spectrum distribution is a representative of soil types prevailing in different subsea regions. However, merely relying on these parameters for setting up the trenching operation or performing related analysis can be sometimes misleading, due to the presence in these soils of some constituents that may affect their properties.




4.2. Geochemical Composition


The carbonate content is a critical index property for the performances of burial operations. Investigating the properties of the West Africa carbonate rich seabed sediments, the authors of reference [86] have stressed an urgent need to integrate the determination of the carbonate content into the traditional seabed characterization routine. Similarly, Brunning and Machinremarked that carbonate materials are quite prevalent in the Asia Pacific [17], but due to the lack of relevant expertise, associated trenching operations are still challenging. Indeed, in some cases, these materials can be very stiff and require the intervention of mechanical trenchers [87,88]. As a matter of illustration, Figure 7 depicts a micrograph of a high carbonate clay specimen extracted in the West Africa region [89]. The composition analysis infers that the soil structure is a random to dispersed, densely packed arrangement of silt-, clay-, and sand-sized minerals. It is suggested that the calcium carbonate acts as a cementitious agent among these elements and contributes to the enhancement of the material properties.



Empirical evidences have demonstrated that the carbonate content index can affect the properties of offshore soils in several ways. For example, Demars et al. state that the strength parameters of clay increase along with carbonate content [86]. Their conclusion was substantiated by the work of [90] that found some meaningful correlation between the effective cohesion of Marly clay and the carbonate content. From a general point, the soil behavior varies with increasing carbonate content from cohesive soils to granular soils.




4.3. Soil Breaking Profiles


As illustrated in Figure 6, the effect of a high-pressure waterjet on the seabed can result in different trench profiles, depending on whether the trenching takes place in cohesive or non-cohesive soils. In cohesive soils, for example, the excavation slopes tend to be stable for high injection pressures, and U-shaped trench profiles are commonly obtained. With reference to the advance rate of the trenching machine, this excavation speed is, however, susceptible to be hindered by the soil resistance. On the contrary, V-shaped profiles are typical of non-cohesive soils. The slope collapse potential of the excavated trench is significant, even when a low waterjet pressure is applied. In this case, the construction efficiency can be usually enhanced and a wider trench geometry can be obtained, as illustrated in Figure 8 [91]. The effect of the waterjet on different subsea soil conditions by analyzing trench profiles in stiff clays, loose sands, dense sands, layered sediments can be found in [51].



In reality, non-cohesive soils are relatively more susceptible to erosion than cohesive soils, due to the weak bonding between the soil grains. Owing to the high cementation force between the soil particles [73,93], high plasticity clays tend to be more difficult to be eroded than gravel soils. These clays generally break into lumps and pieces, in lieu of individual small particles, as is the case for granular soils [94,95,96,97]. This also explains the observation of the suspended soils being dispersed or deposited at various distances (100 to 2000 m) from the trench during the jetting [51]. It also somehow implies the mechanism that affects the seabed recovery [50].





5. Mechanisms of Jet Induced Trenching Operations


This section presents the water jetting, soil breaking process, and product sinkage mechanisms, which underpin the jetting-induced burial procedures.



5.1. Typical Design of Jet Arms


A typical design of ROV jetting devices fundamentally adopts two jetting arms, three jetting directions, and three cavities, as illustrated in Figure 9 [64,92]. The twin jetting arms are considered for straddling cables or pipelines and breaking the soil along with the advance of the trenching vehicle. The inner width between the arms should thus be larger than the diameter of the cable to be buried. It is also observed that the jetting nozzles arranged on the ‘arms’ typically conform to three-directional configurations. High-pressure cutting nozzles are regularly placed on the principal face of the jet arms, while their inner side is equipped with a large flow-breaking nozzles and the bottom side with large flow-conveying nozzles. The corresponding nozzles in each direction are denoted as (1), (2), (3), respectively, in the section view A-A’ (see Figure 9). Furthermore, the three-cavity design of the jet arms is to fulfill the function of soil breaking at different levels by supplying (independently) each type of nozzle with water. It should, however, be emphasized that the cross-sectional area of the water supply chamber is normally designed to match the pressure, flow rate, and number of nozzles required by the jet arm. In the sectional view B-B’ (see Figure 9) that shows the water supply chamber, the cavities of interest are respectively labelled as I, II, and III.



In addition to the functional design features discussed above, the balance of reaction forces is another critical performance-reliant feature of the jetting tools. In this vein, Adamson and Kolle proposed a rearward-firing jets system to consider the reaction forces resulting from the cutting jets [98]. In their system, oscillating nozzles were adopted to enhance the trenching performance in cohesive soils. Subsequently, Jones and Hirai developed a malleable thrust system and moving buoyancy structure to tackle the same issue [99].




5.2. Soil Breaking Process


Generally, the burial depth is defined according to the severity of hazard risks to subsea installations [101,102]. On the other hand, the trench depth is largely dependent on the efficiency of jetting devices like the twin jetting arms. Figure 10 shows an illustration of a mechanism involved during the jet trenching. Along with the erosion process, the mass of soil affected by the action of waterjets can be divided into three areas, namely (i) the cutting, (ii) crushing, and (iii) sediment transport areas [103,104]. (i) In the cutting area (zone I in Figure 10), the action of waterjets is carried by the soil body directly in front of the jetting arms, whereby, the soil is initially undisturbed with a relatively high strength. To reduce friction resistance between the jet arms and the cutting wall, the design of the nozzles generally adopts a systematic inclination towards the inside and the outside of the cutting arm [98]. (ii) The crushing area (zone II in Figure 10) corresponds to the soil mass formed between the two arms, as a result of the cutting process. To be more specific, the original structure of the soil is destroyed by the cutting process, occasioning a rather large amount of suspended sediment and the reduction of soil strength. Furthermore, compared with the first stage, the breaking pressure is lower and the jet flow rate is higher. (iii) In the sediment transport area (zone III in Figure 10), the soil volume stripped by the actions of cutting and crushing tends to drift behind the jet arms and settle under the gravity effect. Because this may adversely affect the installation of submarine products into the trench, large-flow jets are thus used to clear the trenched area. At this stage, the soil is completely disturbed.




5.3. Sinkage of Products in the Trench


The sinkage of a cable or pipeline in the trench is the key to using jet trenchers successfully. This mechanism depends on the bending stiffness and submerged weight of the products. As an example, Figure 11 shows an illustration of the current generation of subsea cables [21,105].



Empirical evidence from manufacturers suggests that lighter cables rarely sink exactly to the required depth after the first passage of the trenching machine. The solution is to choose a conductor material (Element #1 in Figure 11) with enough weight. In this case, the substantially higher specific weight of copper material (8900 kg/m3) compared to aluminum (2760 kg/m3) gives it a prominent advantage: sinking appropriately and more quickly into the location in the fluidized seabed.



It is clear that the behavior of the soil undergoing the action of the high-speed waterjet is, as well, greatly accountable for the success of the jet-induced burial process. In non-cohesive sediments, the injection of water into the soil matrix tends to increase the pore water pressure and diminish the effective stress. This explains that when the density of the pre-laid product is greater than that of the fluidized sediment, the cable or pipeline will sink into the trench. This principle also applies to the cohesive soils which, however, are characterized by a completely different breaking mechanism. It should be recalled that in this case, the trench construction involves a combination of three sediment matrix failures, including: (i) The shear failure of the seabed surface caused by the action of water jet, (ii) the bearing pressure failure induced by stagnant water from the injection process, and (iii) the hydro fracturing caused by the cavitation of sediment material and concomitant increase in water pressure [51]. Complementary details will be provided in Section 7 that discusses the waterjet-seabed interaction modeling.





6. Case Histories of Jet-Induced Burying Operations


6.1. Trenching Operation in Sand


6.1.1. Offshore Gas Project, Vietnam


The objective of this project was to install 107 km gas transport facilities in the South China Sea [36]. The pipeline had a total diameter of 406 mm, including the walls and coating thickness. The operating depths ranged from 9 m to 46 m, while the burial depth was assumed to be the pipeline diameter added to one half. Geotechnical investigations revealed the presence of coarse sand overlying a stiff clay layer. This clay layer was very dense in place, with an undrained shear strength of approximately 70 kPa. Originally planned to be entirely trenched by the ploughing technique, the project finally incorporated the jetting approach for more challenging sections, mainly characterized by sand-wave spans. Yet, prior to the implementation of these methods, a pre-sweeping jetting sled (supported by a 1200 HP pump) was undertaken for reducing the sand wave size and allowing the smooth pipeline installation. Indeed, sand wave spans are disadvantageous for this process, as they can cause excessive bending which may result in the pipeline buckling. Regarding the jet-induced post-lay burying operation, the jetting sled mentioned above was found satisfactory through the project, with a trenching rate of about 1.5 km/day. Though, as the trenching sled sporadically encountered limestone and compacted coral layers, it was considerably slowed down, as this technique is not well suited for this type of sediment.




6.1.2. Control Cables Burial Operation, Australia


The reported case involves the burying of a control umbilical to a target depth of 1 m along the Australian shelf [17]. The cable had a specific gravity of 1.9 and an outer diameter of 115 mm. Due to the variability of soil properties along the project route, it was divided into different zones corresponding to different trenching approaches. The jetting approach was implemented via the T1 trenching machine [64] in zones that were found to have more favorable conditions for such operations. Nevertheless, these zones were dominated by carbonate sandy silt or silty sand layers with a relative thickness of 10 m. These sediments were found at water depths of approximately 80 m to 100 m, corresponding to the operation depth. The combination of all of these conditions allow achieving a successful trenching operation, with an average trenching speed of 200 m. Although satisfactory along the trenching route, the burial performance was found rather poorer in areas presenting carbonate sediments.





6.2. Trenching Operation in Clay: Sheringham Offshore Wind Farm, United Kingdom


The Sheringham Shoal offshore wind farm is a green energy project that was implemented in the United Kingdom during 2009–2011 [106]. The jet trenching approach was undertaken by different contractors to bury the inter array network of cables connecting the wind farm turbines. The water depth at the wind farm ranged approximately between 15 m and 22 m, while the maximum burial depth was set to 3 m. The geological profile of the site was mainly composed of medium sand and clays, which share some common characteristics such as high stiffness and high shear strength [106]. Moreover, the densely compacted state of the sand and the heavily over-consolidated state of clays dictate the behavior of these soils [107]. One section of the project was carried out by the “Contractor #1” that adopts the tracked T1200 waterjet trenching system (see Figure 5b) for the cable burial operations. This jetting system has the advantage of maximizing the water pressure and flow distribution at the nozzles (Figure 12). This prototype successfully achieved the trenching of a distance of 49.97 km in 62 days, i.e., an average speed of 805 m per day.



However, as previously mentioned, more than one contractor worked on the Sheringham Shoal project rather than just Contractor #1. The other contractor (“Contractor #2”) encountered issues whilst trying to jet in the stiff clays (London clay has a strength of about 100 kPa and very plastic). The surface fed jet trencher which was used in turn scoured large holes in the seabed when sandier conditions were encountered, resulting in issues associated with the creation of freespans [108].




6.3. Discussion


Depending on the prevailing subsea conditions, i.e., the presence of sand waves, stiff carbonate sediments, hard soils, or very soft sediments, pipelines and/or cable burial projects are routinely divided into different sections to be trenched using the appropriate technique. In this vein, the engineers involved in the above discussed case histories remarked that the accurate soil characterization is essential to define the most suitable equipment [17,36,92]. With values of undrained shear strength that can reach, for example, ~100 kPa in clay, subsea soils can be considered as very stiff. In particular, the second case study stresses the need to enhance the understanding of carbonate sediments given their determinant role in the success of jet trenching operations. Besides, there is no doubt that such operations require adequate tools.



Regardless of the operating depth, the jetting sled (shallow water) and ROV equipped jet (deep water) could achieve the successful trenching of pipelines (case 1) and cables (cases 2 and 3). Specifically, the hydrodynamic-based design of the shape of T1200 jet trencher gives it an enhanced stability in high currents. Additionally, the high-pressure jets produced by this prototype can enable a satisfactory performance in soils with strength up to 150 kPa. It should be noted that the implied burial speed of 805 m/day or 33 m/hr (in the last case study) is not representative of a typical trenching vehicle, which would normally trench at around 200–400 m/hr in sands. In fact, this was the first project for T1200, so it can be inferred that some initial issues associated with the machine operation have been addressed. Regarding the sinkage of the products in the trench, the choice of a pipeline with a specific gravity of 1.9 (case 2) was found fairly judicious given the conclusions of recent experiments [109,110,111,112]. Experimental studies had speculated that the specific gravity of the disturbed soil behind the trenching machine varies approximately between 1.6 and 1.8, with the minimum safe requirement being the lower values [17].



Overall, the jet trenching operations should be carefully tailored in a manner to satisfy not only the project requirements but also the industry standards. Indeed, these codes are quintessential, as they provide acceptance criteria and technical provisions for general use by the industry, enabling an efficient risk management. The widely adopted industry standards for subsea trenching include the Det Norske Veritas—Germanischer Lloyd (DNVGL) [113], American Petroleum Institute (API) [114], and International Organization for Standardization (ISO) [115] standards. By bridging cutting-edge theory with hands-on experience, these standards allow practitioners to benefit from an all-inclusive understanding of the subsea systems. Concomitantly, it is urgently required to lift the curtain on the modeling of the relevant mechanisms involved during the jetting process, with the goal of providing robust optimization alternatives to jet trenching procedures.





7. Jet Trenching Modeling


Although the relevant information pertaining to the trenching mechanism can be gathered via monitoring the trencher operations, the visualization and analysis of the sediment motion have remained challenging in real conditions. A number of studies have attempted to fill this gap by performing physical experiments and establishing some performance models. It should be noted that the existing modeling approaches pertaining to the jet trenching mechanism are essentially analytical. This section presents some of these methods without detailing the adopted experimental settings which can be found in the original papers [116,117,118,119,120,121].



7.1. Sand Models


The existing experimental studies on the trenching process in sand have shown a consistency regarding the mechanisms involved [116,117,118]. In fact, the erosion/fluidization of sand was found to be related to its relative density, while the transport of sand and resedimentation processes were associated to the grain size. In particular, the authors of reference [117] found that the travelling jet creates a dynamic (as it evolves with time t) cavity with a diameter d and a depth hd at its opening. They estimated the diameter d and depth hd as follows:


   h d  = 2.18    (    1.5   ( s − 1 ) g    )    0.34   ⋅       (  v j   ⋅  d j  )   0.68   ⋅  D s  − 0.02    



(1)






  d = 1.62    (    1.5   ( s − 1 ) g    )    0.42   ⋅       (  v j   ⋅  d j  )   0.84   ⋅  D s  − 0.26    



(2)




where  s  represents the specific gravity of the seabed material,  g  is the acceleration gravity,    v j     stands for the jet velocity,    d j    is the jet diameter, and    D s    is the representative size of the sediment.




7.2. Clay Models


Similarly, laboratory and field investigations on stiff clay [16,71,119,120,121] have exhibited convergent conclusions regarding the jet trenching mechanism. The jet cutting process was found to be governed by the undrained shear strength. Besides, the breaking and transport of clay lumps were related to the soil plasticity, while their (clay lumps) deposition was found to be influenced by the soil unit weight. Acknowledging the following empirical assumptions: (i) Stagnation pressure causes bearing failure), (ii) exposure time governs the depth of cut for the static jet and (iii) traverse velocity governs the depth of cut for the moving jet, the authors of reference [119] proposed a simple jet impingement model. Basically, they combined the equations of the bearing capacity    q c    and the stagnation pressure   Δ  p i   . This model attempts to predict the penetration at which the traveling jet will induce the material failure. These equations are given as follows (see Equations (3) and (4)), where    N c    is a function of the impinging jet diameter and penetration.


   q c  =  s u  ⋅    N c  +    p o   



(3)






  Δ  p i  =  {       ρ w  ⋅  v j 2   2  ,   f o r    z   r o    < 10        ρ w  ⋅  v j 2   2    140      (   z   r o     )   2    ,   f o r    z   r o    > 10      



(4)




where    s u    represents the undrained shear strength of the sediment,    N c    is the bearing capacity factor,    p o    stands for the overburden pressure,    ρ w    is the water density,    v j     represents the velocity at the nozzle,  z  is the penetration, and    r o    is the radius of the nozzle.



Unlike the previous approaches, which were mainly based on the bearing capacity theory, the authors of references [16,110] proposed a solution founded on the erosion failure mechanism. To predict the ultimate trench depth in clay, they proposed first computing the jet-soil interface trajectory, and then, evaluating its associated distribution of boundary shear stress. The ultimate depth is subsequently taken as the point where the critical shear strength is equal to the wall shear stress. This yields the following equation (Equation (5)), where  y  is the unknown to be found:


   {    y /  d 0  = k   ( p /  c u  )  a    (  v j  /  v  n z   )  b    ( x /  d 0  )  c      ( a )     l =    ∫ 0 x     1 +   ( y ′ )  2           ( b )     f ⋅  c u  =  C f  ( 2 l /  d j   π  )  ρ w  ⋅  v j 2      ( c )      



(5)







In this equation,    d 0    is the nozzle diameter,  f  is a coefficient obtained through experiments,    v j    represents the jet velocity,    v  n z     correspond to the nozzle translational speed,    ρ w    is the density of water and   a ,   b ,   c   are coefficients. More details can be found in the original paper.



In general, although being relatively complex and non-straightforward, the aforementioned models can still provide satisfactory guidelines to the engineering practices. However, engineers should keep in mind that a concern often associated with empirical models is that they do not perform well out of their calibration spectrum [122,123,124,125,126]. In addition, it is believed that numerical simulations [83,127,128,129,130] can be engrafted to these procedures for providing substantiation to the relevant theories [131,132], offering insights to experimental results [109,110,133], and being helpful in the clarification of new phenomena.




7.3. Perpectives: Paricles-Based Numerical Methods


Jet trenching modeling lies in the realistic description and quantification of the waterjet-seabed interaction. While it is true that the analytical methods can provide acceptable approximations of the trench characteristics, it is also true that under certain circumstances, they may deliver suboptimal solutions owing to some intrinsic limitations. Indeed, the analytical models cannot simulate the incremental construction process of trenches, i.e., they are not able to fulfill the non-uniform strain state of the soil undergoing the action of high-pressure waterjet. Moreover, the analytical models treat the soil as a continuum, and consequently, they cannot simulate some fundamental behaviors of the soil that arise from its particulate nature. Accordingly, numerical simulations are usually adopted for supplementing the analytical models [134,135,136,137,138].



At present, very few studies have focused on the numerical simulation of waterjet-seabed interaction for optimizing trenching operation (efficiency of jetting devices) and understanding hidden physics (e.g., hydro-fracturing or fluidization) associated with this mechanism. The existing methods [91] are mainly based on computational fluid dynamics (CFD). However, for real cases like subsea trenching, the reliability and suitability of CFD-based models can be questioned, due to several shortcomings. These limitations include the non-convergence of the model, strong discontinuities of the domain, and the non-consideration of real variabilities (the pore water pressure fluctuation, soil particulate nature, multiphase soils, etc.). For instance, it is critical to model the soil as a two-phase material given the conditions within which the trenching operations are conducted (fully saturated). This modeling scheme enables the water and the soil skeleton to move according to the constitutive behavior and the interactions between them. Therefore, promising numerical computation paradigms such as the smoothing particle hydrodynamics (SPH) [139,140] and material point method (MPM) [141,142] could be ideal alternatives.



7.3.1. Smoothed Particle Hydrodynamics (SPH)


The smoothed particle hydrodynamics [143,144,145,146,147,148,149] is a particle-based numerical method increasingly utilized in fluid and soils mechanics to predict highly strained motions. One of the main attractive features of the SPH is its consistency with Lagrangian mechanics in terms of conservativity. The method relies on the use of a smoothing ‘kernel’ function that is particularly suited for discretizing the derivatives of continuous fields. The fundamental idea behind the SPH formulation is that numerical results rely on an interpolation process to describe both the space and time evolution of a given system. Basically, the domain of interest is discretized into a collection of macroscopic particles, each of which independently carries the system properties (density, velocity, mass, stress tensor, etc.). The behavior of a particle i is determined through an interpolation process with respect to its neighboring particles j within a given influence domain (Figure 13). The particles have a spatial distance h (usually termed smoothing length), over which their properties are approximated by using the aforementioned ‘kernel’ function W. The intrinsic Lagrangian attributes of the SPH allows the simulation of complex hydrodynamic problems that involve large deformations and discontinuities, such as the soil erosion by high pressure waterjet. The SPH-based analysis of water-soil interaction was pioneered by [139], but an enhanced modeling approach was later proposed by [140]. This paradigm particularly suits for the jetting-induced trenching operation because it enables the modeling of saturated soils at a particulate level, as well as the interaction among particles. Besides, this realistic modeling approach has the prominent aptitude to allow the qualitative and quantitative motoring of the phenomenon variabilities [150,151,152,153,154,155,156,157,158,159,160].




7.3.2. Material Point Method (MPM)


The material point method (MPM) [141] is another particle-based method that discretizes the material domain into a group of particles, and enables them to deform according to Newton’s laws of motion. As illustrated in Figure 14, the MPM uses moving material points (or particles) and computational nodes on a background mesh. The hybrid nature of the MPM (Eulerian–Lagrangian) allows the Cartesian grid to mechanize the treatment of fracture and self-collision. The MPM procedure can generally be decomposed into four main steps [161]: (i) The problem domain is first represented by a finite number of particles characterized by state vectors (velocity, volume, mass, etc.), which are projected to the nodes of the computational grid (Figure 14a). (ii) Then the governing equations are solved onto the nodes, providing updated nodal positions and velocities (Figure 14b). (iii) Subsequently, the updated nodal kinematics are interpolated back to the particles (Figure 14c). (iv) Afterwards, the particles state is updated, and the computational grid reset (Figure 14d). Characteristic of both the Lagrangian description and the Eulerian description, the MPM represents the go-to modeling approach for hypervelocity impact problems which involve extreme large deformation. Besides, recent studies have demonstrated its prominent aptitude to model two phase materials, i.e., water-soil mixtures [161,162,163].



Comparatively speaking, due to the lack of explicit connectivity between the particles, the topology change of MPM is as easy as that of SPH. Yet, in terms of computing performances, these two methods are comparable and believed to be suited for the analysis made upstream of the jet trencher performance enhancement effort. For a thorough comparison of these two approaches, the reader can refer to [164]. Besides, the combination of these two powerful methods has been recently explored by Ma et al. [165].






8. Concluding Remarks


This review presents the state-of-the-art jet trenching technology for the construction of seabed facilities. A comprehensive overview of the subsea jet trenching technology is presented, followed by a systematic discussion on the modeling and future development perspectives. The main conclusions are as follows:



(1) The jet trenching operations are usually undertaken to achieve the protection of subsea facilities. The latter depends mainly on the trenching procedures (jetting-ROV, jetting-sled, and mass excavator flow) that involve different mechanisms, depending on whether the operation takes place in sands (erosion/fluidization) or in clays (cutting).



(2) The performance of the jet trenchers on product burial is greatly dependent on the operation depth, soil conditions, the machine, and products specificities. When operating at a very large depth (1500–3000 m), most available models can achieve a maximum burial of 3 m within soils ranging from sand to stiff clays.



(3) The success of jet trenching operations also depends on the ability to accurately characterize the seabed sediments. More importance should be given to the microstructural/geochemical characterization of the seabed materials, especially to define their carbonate content. The case histories, as well as some studies, have shown that carbonate materials are susceptible to hampered trenching operations, due to a lack of expertise.



(4) The jetting arms represent the prominent unit of the jet trenching machine, given its importance in controlling the general characteristics of the trench. Their optimization has a determinant impact on the construction efficiency and has been a focus of recent technological efforts (waterjet–seabed interaction modeling).



(5) The modeling of the jet-induced trenching mechanism is still challenging and needs to be explored. Although performing satisfactorily, the available models are indirect and empirical. The SPH-based and MPM-based analyses of the waterjet–seabed interaction are bound to provide meaningful insights into the investigation of subsea soil erosion and cutting processes.
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Abbreviations




	API
	American Petroleum Institute



	ASTM
	American Society For Testing And Materials



	BS
	British Standard



	CFD
	Computational Fluid Dynamics



	DNVGL
	Det Norske Veritas Germanischer Lloyd



	DSV
	Dive Support Vessel



	EPR
	Ethylene Propylene Rubber



	HP
	Horsepower



	ISO
	International Organization For Standardization



	MPM
	Material Point Method



	ROV
	Remotely Operated Vehicle



	SEM
	Scanning Electron Microscopy



	SPH
	Smoothed Particle Hydrodynamics



	USCS
	Unified Soil Classification System







Nomenclature




	  d  
	diameter of dynamic cavity



	    d 0    
	nozzle diameter



	    D s    
	representative size of the sediment



	  f  
	experimental coefficient



	  g  
	acceleration gravity



	    h d     
	depth of the cavity



	    N c    
	bearing capacity factor



	    p o    
	overburden pressure



	    q c    
	bearing capacity



	    r o    
	radius of the nozzle



	  s  
	specific gravity of the seabed material



	    s u    
	undrained shear strength of the sediment



	  t  
	injection time



	    v j    
	jet velocity



	    v  n z     
	nozzle translational speed



	  z  
	penetration depth



	   Δ  p i    
	stagnation pressure



	    ρ w    
	water density
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Figure 1. External aggression faults on subsea cables for all water depths (adapted from Kordahi et al. [15]). 
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Figure 2. Range of capabilities of different trenching technologies (adapted from Brunning and Machin [17]). 
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Figure 3. General principle of the jet trenching method: (a) Conceptual illustration (adapted from Warringa et al. [56]) and (b) observed cavity formation along with the fluidization or cutting process (adapted from Machin and Allan [57]). 
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Figure 4. Schematic illustration of: (a) Simultaneous cable laying and burying process and (b) mass flow excavation tool (adapted from Zhang et al. [58]). 
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Figure 5. Popular remotely operated vehicles (ROVs) equipped jetting systems used for cable burial operations: (a) Jet sled machine (photograph source: www.eta-ltd.com (ETA) [63]); (b–d) Self-propelled jet trenchers (photographs source: www.helixesg.com; www.deepoceangroup.com (Deep Ocean) [64]; www.smd.co.uk (SMD) [65]). 






Figure 5. Popular remotely operated vehicles (ROVs) equipped jetting systems used for cable burial operations: (a) Jet sled machine (photograph source: www.eta-ltd.com (ETA) [63]); (b–d) Self-propelled jet trenchers (photographs source: www.helixesg.com; www.deepoceangroup.com (Deep Ocean) [64]; www.smd.co.uk (SMD) [65]).



[image: Jmse 08 00460 g005]







[image: Jmse 08 00460 g006 550] 





Figure 6. Particle size classification of seabed sediments based on BS 5930 classification (adapted from Thusyanthan [80]) and subsea soils erodibility characteristics (adapted from Burke [85]). 
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Figure 7. SEM image at 10,000x magnification of high carbonate clay (depth = 15.85 m) (adapted from Brant et al. [89]). 
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Figure 8. Influence of soil properties during flexible pipes or cable burying; (a) Trench geometry, (adapted from Na et al. [91]), (b) digital terrain mapping of a post trench survey in soft clay and (c) jet trench profile in soft clay (adapted from Offshore Helix Canyon [92]). 
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Figure 9. Schematic illustration of nozzles configuration on a jetting sword (adapted from Wang [100]). 
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Figure 10. Schematic illustration of the mechanisms involved during jet trenching (adapted from Wang [100]). 
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Figure 11. Schematic illustration and description of a typical subsea cable: (a) Image of an ethylene propylene rubber (EPR) insulated cable (adapted from Colla et al. [105]) and (b) section view. 
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Figure 12. Nozzles configuration on the jetting arms embodied on the T1200 jet trencher: (a) Front view, (b) back view (adapted from Offshore Helix Canyon [92]). 
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Figure 13. Schematic illustration of the general principle of the smoothed particle hydrodynamics (SPH) method (adapted from Liu and Liu [147]). 
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Figure 14. Basic principle of the material point method (MPM) approach (adapted from CB–Geo. [161]). 
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Table 1. Overview of subsea trenching technologies (Data from BERR [21]).
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	Burial Systems
	Available Configurations
	General Characteristics





	Sleds
	● Jetting systems

● Rock wheel cutters

● Chain excavators

● Dredging systems
	They are routinely deployed from jack-ups or barges and either possess subsea power or utilize power systems which are installed on the said barges.



	Free swimming ROVs
	● Jetting systems

● Dredging systems
	Free swimming ROVs are generally conducted and controlled from a barge or a host vessel such as Dive Support Vessel (DSV). They normally work in post lay burial fashion, and are mainly suited for shorter distance with operating depths that can reach approximately 2500 m.



	Tracked Machines
	● Jetting systems

● Rock wheel cutters

● Chain excavators

● Dredging systems
	Tracked machines are controlled via a tether connected to the host vessel. Interestingly, not all these machines operate in post lay; few exceptions such as the LT1 have the ability to achieved cables laying and burying process concomitantly. Their efficiency can be extended to water depths up to 2000 m.



	Ploughs
	● Conventional narrow cable ploughs

● Advanced cable ploughs

● Modular cable ploughs

● Rock ripping ploughs

● Vibrating share ploughs
	Cable ploughs are towed systems usually operated from a host vessel with enough bollard pull to allow a continuous cable burial progress. In principle, the cables are buried along with the laying process. Cable ploughs are suited to a wide variety of soils and are typically deployed for longer distances of operation. Ploughs can operate in shallow and deep-water conditions (up to 1500 m).
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Table 2. Specifications and performance indicators of jet trencher machines.
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Jet Trencher Systems

	
Available Models

(Year)

	
Jetting Specifications

	
Machine Capabilities

	
Operators




	
Pump (kW)

	
Flow Rate (m3/h)

	
Pressure (bar)

	
Operation Depth

(m)

	
Soil Condition

	
Burial Depth (m)

	
Burial Speed (m/h)






	
Jetting Sled

	
Bantam III

	
4

	
-

	
-

	
25

	
Sands and clays

	
3.2–5.2

	
-

	
Global marine

systems




	
Dragon and Viper

	
7.5

	
-

	
-

	
250

	
Sands and clays

	
3.2–5.2

	
-

	
Global marine

systems




	
JS1

	
-

	
800–

1000

	
5–10

	
100

	
Sands and clays

	
3

	
-

	
Modus Ltd.




	
Self-Propelled

ROV

	
Q-1000 (2015)

	
2 × 300

	
1000

	
8

	
1500–3000

	
Fine Sand to firm clays

	
3

	
400

	
Global marine systems




	
UT-1 (2015)

	
4 × 375

	
4800

	
7

	
1500

	
Sand to soft clays

	
0.75–3

	
1000

	
Deep ocean




	
T-1200 (2012)

	
3 × 375

	
1050–

1800

	
8–16

	
3000

	
Sand to stiff clays

	
3

	
780

	
Canyon helix offshore




	
CBT-2100

	
2 × 300

	
1200

	
7–15

	
1000

	
soft to hard ground
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