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The seabed Cone Penetration Test (CPT) system is a common method for investigating offshore soil. This paper focuses on a new subsea CPT method for assessing physical and mechanical properties of marine sediments. The new method enables automatic docking and dismantling of the probe rods underwater. The constant-rate penetration mechanism is the basis and core component of the seabed CPT, allowing the probe rod and cone to penetrate the seafloor sediment. Double hydraulic cylinders are used to meet the high penetration force requirements. To maintain a constant penetration rate of 20 ± 5 mm/s, the model identification of the electro-hydraulic servo system is performed using Simcenter AMESim and MATLAB software, and the relevant transfer function is obtained using the PID method. Based on this transfer function, the sliding mode variable structure controller of the electro-hydraulic servo system is designed to regulate the constant penetration rate of the hydraulic cylinder against varying penetration resistance. In-situ measurements were operated using the new seabed CPT rig in Zhoushan Island. The simulation and testing results confirm that the sliding mode variable structure controller is suitable for controlling the system during actual operation.
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1 INTRODUCTION
Submarine sediments are the main research objects of marine engineering geology, which are characterized by high plasticity, high water content, looseness, and high sensitivity (McKay and Pedersen, 2008). The existing sampling means, such as gravity sampling, vibration sampling, and drilling sampling, and the stress–strain state of the sediment soil will change to some extent during the sampling process, thus affecting the accuracy of the test results (Low et al., 2011). Therefore, the technical method of in situ testing can facilitate the accuracy of the investigation of soil properties for marine sediments. The seabed cone penetration test (CPT) is a simple, economical, and efficient in situ measurement method for seabed soils with reliable measurement data, which has a broad application prospect in the offshore engineering survey and geohazard research (Wang, 1986; Tom, 2012). The CPT has played an important role in the assessment of offshore soil properties over the past decades (Lunne et al., 2002; Lunne, 2010). Undertaking seabed CPT investigations has always been a challenging task, especially in the deep-sea environment. Currently, most seabed CPT equipment used for large depth surveys adopts a straight rigid probe rod with a support frame that is several times larger than its height, resulting in inconvenience during offshore operations (Seidman and Lim, 2011; Sheng et al., 2014). The flexible probe rod method is only suitable for shallow surfaces with softer strata as the thruster assembly provides all the means of connecting the cone rod to the motor/gearbox assembly and straightening the rod as it is pushed out (Meunier et al., 2004; Jorat et al., 2014). To overcome these limitations and increase the survey depth while improving efficiency, we propose a new seabed CPT system that utilizes an innovative probe rod mechanism capable of automatic docking and dismantling underwater, allowing for a more comprehensive investigation of the physical and mechanical properties of marine sediments.
This paper begins by providing a brief introduction to the structure and working principle of the seabed CPT. Subsequently, we present the constant-rate penetration mechanism, which forms the core of the seabed CPT system. To achieve a constant penetration rate of 20 ± 5 mm/s (ISSMGE, 1999; ASTM D, 2020), we first perform the model identification of the electro-hydraulic servo system using Simcenter Amesim and MATLAB software applications, and obtain the relevant transfer function through the proportion–integral–differential (PID) method. Based on the transfer function, we design a sliding-mode variable structure controller to regulate the constant penetration rate of the hydraulic cylinder even under changing penetration resistance. The simulation results demonstrate that the method is precise and easily operable. Finally, we perform in situ measurements with the new seabed CPT rig to determine the physical and mechanical properties of the sediment at Zhoushan Island, Zhejiang, China, at coordinates [image: image] and [image: image]. The test results confirm that the sliding-mode variable structure controller is a suitable control method for the actual operation of this seabed CPT rig.
2 DESIGN OF THE SEABED CONE PENETRATION TEST SYSTEM
2.1 Structure and composition of the seabed CPT
As shown in Figure 1, the subsea CPT system studied in this paper has dimensions of 1,950 mm in width and 3,500 mm in height. It comprises an integral frame, a constant-rate penetration mechanism, a large-capacity storage mechanism, a transfer mechanism, an automatic docking and dismantling mechanism, counterweights, a ballast plate, a hydraulic drive system, and a control power supply system. The weight of the seabed CPT varies from 5 to 12 tons in air depending on the ballast plate’s weight, which can be added to the base frame to increase the system’s pushing capacity. Furthermore, the ballast plates lower the center of gravity, improving the system’s stability on the seabed. The automatic docking and dismantling mechanism is located at the top of the constant-rate penetration mechanism, while the transfer and storage mechanisms are fixed on either side of the constant-rate penetration mechanism. The overall installation places the constant-rate penetration mechanism at the center.
[image: Figure 1]FIGURE 1 | Schematic diagram of the overall structure.
2.2 Structure of the constant-rate penetration mechanism
Standard CPT data acquisition involves a constant penetration rate of around 20 ± 5 mm/s. To achieve this, a double-acting hydraulic cylinder system is utilized to drive the probe rod into the sediment with the dynamic position controller, ensuring a consistent penetration rate regardless of varying sediment resistance. The mechanism comprises a support column, two hydraulic cylinders, a clamping device, a speed sensor, a supporting frame, and a servo-hydraulic valve box, among others, as depicted in Figure 2. The clamping device secures the probe rod on the penetration hydraulic cylinder, which is then driven vertically, pushing the probe rod continuously into the seafloor. The speed sensor, comprising a support frame, fixed and movable rollers, a spring, and a speed encoder, measures the penetration rate and displacement and sends the data to the electro-hydraulic servo valve, which regulates the pressure and flow rate of the hydraulic lines to achieve a constant penetration rate. The system adopts a double-acting hydraulic cylinder driving mode to meet the need for the large penetration force, with ballast plates on the frame allowing for up to 100 KN of compressive forces to be transmitted from the hydraulic piston to the push rod. The clamping device employs hydraulic transmission, which passively increases the push–pull force (Figure 3).
[image: Figure 2]FIGURE 2 | Constant-rate penetration mechanism.
[image: Figure 3]FIGURE 3 | Speed sensor.
2.3 Design of the hydraulic system for the constant-rate penetration mechanism
Two common hydraulic transmission devices are pump-controlled and valve-controlled. In a pump-controlled hydraulic system, the actuator’s work is accomplished by adjusting the flow of the hydraulic pump. Despite its high efficiency, this method has limited control effectiveness. Open systems with valve-controlled hydraulic systems utilize proportional valves or servo valves to control the joystick. This approach features energy efficiency, low heat generation, and precise control (Ferrari et al., 2013; Ren et al., 2021). To ensure a good dynamic response performance, this paper uses a hybrid hydraulic system comprising both pump and valve controls. This approach combines the advantages of both methods. Using flow-adaptive hydraulic pumps maintain a consistent flow rate, meeting the hydraulic components’ needs, which reduces excess flow and hydraulic losses, resulting in increased system efficiency. A constant-pressure variable pump powers the hydraulic system, which not only provides a continuous supply of hydraulic oil at a constant pressure to the penetration system but also adjusts the output flow according to the workload’s required flow rate. Given the fact that the system of the seabed CPT uses two-way transmission through the cable and console in both directions, the hydraulic penetration system employs servo valves to precisely regulate the penetration rate.
The hydraulic schematic representation of the constant-rate penetration mechanism is shown in Figure 4, which is mainly composed of a hydraulic pump, deep-sea motor, electro-hydraulic proportional pressure-reducing valve, servo valve, hydraulic cylinders, probe rod, speed sensor, relief valve, and other hydraulic accessories. To achieve a precise penetration rate, the speed sensor continuously measures the actual penetration rate, and this is transmitted to the controller and compared with the target speed. The servo valve then adjusts the flow rate of the hydraulic lines using the feedback from the controller to regulate the rate deviation value.
[image: Figure 4]FIGURE 4 | Hydraulic schematic diagram of the constant-rate penetration mechanism: 1) hydraulic pump, 2) deep sea motor, 3) electro-hydraulic proportional pressure-reducing valve, 4) servo valve, 5) hydraulic cylinders, 6) probe rod, 7) speed sensor, and 8) relief valve.
3 MODEL IDENTIFICATION OF THE CONSTANT-RATE PENETRATION ELECTRO-HYDRAULIC SERVO SYSTEM BASED ON SIMCENTER AMESIM AND MATLAB
According to theoretical derivations, the electro-hydraulic valve-controlled cylinder system is a third-order system consisting of an integral link and a second-order oscillation link, without considering the dynamic process of the servo valve (XieChenGuo, 2013; Bai et al., 2014). However, due to the non-linearity of the system, its parameters vary at different operating points. A unified theoretical formula exists for the parameters of linearized models for symmetrical valve-controlled asymmetric cylinders, but deriving any position of the valve-controlled asymmetric cylinder piston requires specific parameters, resulting in a complex and laborious process. Furthermore, simplifications and assumptions applied in the establishment of the linear model can reduce the accuracy of the results. In contrast, the method of linear analysis based on Simcenter Amesim can address these technical issues and enable the simulation analysis of the characteristics of valve-controlled asymmetric cylinder systems (Ding et al, 2015; Guo et al., 2017).
For the complexity and variability of the hydraulic cylinder system model, this paper proposes an identification method of the hydraulic servo system based on Simcenter Amesim and MATLAB. The basic process of model identification is organized as follows. First, according to the actual requirements, Simcenter Amesim software is used to establish the corresponding hydraulic simulation model, as shown in Figure 5, and simulation is carried out in the linear analysis mode. A constant-pressure variable pump is utilized to power the hydraulic system through the motor. The penetration velocity of the cylinder is regulated using a servo valve. Additionally, a displacement sensor is connected to the cylinder to measure its displacement and speed. To indicate resistance during penetration, a variable force is added to the end. The displacement and speed data from the sensor are compared with the preset values. Subsequently, the PID controller governs the displacement and speed of the cylinder. The system variable setting is presented in Table 1. From the data analysis conducted through Simcenter Amesim, the relationship between the desired or actual displacement and time is obtained during the working process, as shown in Figure 6. The simulation analysis results show that the actual displacement is close to the desired displacement, and the rate is close to the target penetration rate of 20 mm/s under variable load conditions.
[image: Figure 5]FIGURE 5 | Hydraulic simulation model of the penetration mechanism.
TABLE 1 | System variable setting.
[image: Table 1][image: Figure 6]FIGURE 6 | Relationship between the displacement and rate of rod and time.
Moreover, the corresponding script file is run through MATLAB to obtain the transfer function obtained from the system model identification. The Jacobi matrix function in Amesim is loaded by the ameloadj function in MATLAB.
[image: image] extracts the continuous-state space matrix [image: image] associated with Amesim utilizing digital disturbances. In [image: image], it returns the names of states, input, and output variables. “[image: image]” contains the values of the free-state variables at the point of linearization.
In a matrix or a state space, the equation can be expressed as
[image: image]
[image: image]
where [image: image] is a vector of control inputs, [image: image] is a state vector, and [image: image] is a vector of the observer output.
Finally, the transfer function obtained from the system where model identification was used to establish a validation simulation model to verify the system identification method, as shown in Figure 7. The data analysis performed by Simcenter Amesim yielded the relationship between displacement and time during the working course, as shown in Figure 8. To more visually display the difference between the desired and actual displacement, Figure 9 presents the difference based on different simulation models. The displacement difference increases and then gradually decreases over time. The maximum difference in displacement was approximately 1.9 × 10−3 m based on the validation simulation model and approximately 1.7 × 10−3 m based on the hydraulic simulation model. The simulation analysis results indicate that the actual value is close to the target value, indicating the validity of the system identification method.
[image: Figure 7]FIGURE 7 | Validation simulation model.
[image: Figure 8]FIGURE 8 | Relationship between displacement and time.
[image: Figure 9]FIGURE 9 | Displacement difference based on different simulation models.
4 DESIGN OF THE SLIDING MODE CONTROL FOR THE CONSTANT-RATE PENETRATION ELECTRO-HYDRAULIC SERVO SYSTEM BASED ON SIMCENTER AMESIM AND MATLAB
The electro-hydraulic servo system is a common type of an uncertain non-linear system, with the weakness of parameter variation and external disturbance. Sliding mode control (SMC) is a highly effective robust control strategy that has been widely utilized (Sa et al., 2022). Using the sliding mode control method is a highly effective control strategy for the electro-hydraulic servo system (Wang et al., 2019). Sliding mode control is known as the variable structure control, which is a unique form of non-linear control. Its non-linearity mainly stems from its flexible structure that can be tailored to different control methods (Cheng et al., 2020). The sliding mode structure can be modified in response to the system’s current state, such as the phase offset and its derivatives. Because the sliding mode can be designed without being influenced by object parameters and disturbances, it has several advantages, including fast response speed and insensitivity to parameter changes and disturbances, and does not require online identification of the system. Moreover, it is easy to implement physically (Thien and Kim, 2018; Haddad and Mirkin, 2020).
The fundamental principle of the sliding mode control is structured as follows. The switching plane is designed based on the desired dynamics of the system, and the system state gradually converges to this plane through control action. When the system state reaches the switching plane, the control action will prevent the system state from leaving the plane and ensure that the system state moves along the plane until it reaches the system’s origin (Zhao et al., 2016; Ngo et al., 2017).
The motion trajectory of the sliding mode control is mainly divided into two main aspects: 1) the stage of moving to the sliding mode plane from any initial state of the system; and 2) the stage when the system reaches the sliding mode plane and slowly stabilizes. Therefore, the design of the sliding mode controller, corresponding to the two phases of the system motion, can be divided into two parts, including the design of the sliding mode plane and the design of the control law.
4.1 Setting of the sliding mode plane
A transfer function is a mathematical representation of the relationship between the input and output of a linear, time-invariant system. The transfer function of a system is defined as the ratio of the output to the input in the frequency domain, assuming that the initial conditions are zero. In other words, it describes how a system responds to different frequencies of input signals. The transfer function is represented using the Laplace transform, which converts the time-domain signal into the complex frequency-domain representation. The equation can therefore be expressed as
[image: image]
where [image: image] and [image: image] are the Laplace transforms of the output and input quantities, respectively.
The electro-hydraulic servo system simplifies it into a proportional link without considering the non-linear effects of the servo valve. Through model building and numerical analysis of the electro-hydraulic servo system, the transfer function of the servo-valve hydraulic cylinder system can be determined as
[image: image]
where [image: image] is the gain of the transfer function and the value is 0.0017, [image: image] is the damping ratio of the hydraulic cylinder and the value is 0.0088, and [image: image] is the natural frequency of the hydraulic cylinder and the value is 432.7379 rad/s.
The transfer function of the identified model can thus be given as
[image: image]
The state space equation can be expressed as
[image: image]
[image: image]
The controlled object is a third-order system, and [image: image] is the system state variable. [image: image] is the given input signal, and [image: image] is the system output signal. The system error equation can be calculated by
[image: image]
The error vector of the defined system can therefore be expressed as
[image: image]
The state-space equation of the system model can be expressed as
[image: image]
Based on the state-space equation, the state error equation can therefore be expressed as
[image: image]
The sliding mode switching function can be expressed as
[image: image]
The differential equation of the sliding mode motion can be expressed as
[image: image]
For meeting the requirements of [image: image], the differential equation of the sliding mode can be simplified as
[image: image]
The aforementioned equation determines the dynamic quality of the sliding mode; thus, [image: image] can be obtained by the method of pole configuration. Based on the model identification, the expectation points are selected as [image: image]. The values of [image: image] are 187 and 260, and the value of [image: image] is 7.58.
4.2 Design of the slide mode controller
The slide mode controller is essentially a way to change the control state by means of switching switches. It is fully robust as a discontinuous control, which is not disturbed by object parameters and external disturbances in the sliding mode region. The slide mode controller can thus be expressed as
[image: image]
where [image: image] is the equivalent control, which can realize the tracking of the system state, and [image: image] is the switching control, which makes the system state converge to the sliding mode surface and weakens the jitter of the system. The exponential convergence law will be used in this paper.
The derivation of the differential equation can be expressed as
[image: image]
The equivalent control is, therefore, given as
[image: image]
The exponential approximation law is applied to switching control. It can be determined as
[image: image]
[image: image]
If [image: image] is very small, the speed of convergence and the process of adjustment will also be slow. On the contrary, if [image: image] is very large, the system reaches the switching plane with a relatively higher speed, causing a large jitter. As for [image: image], it can speed up the adjustment time, can reach the process of sliding die surface quickly, and also weaken the jitter and improve the quality of the system. When combined with the model controller, the value of [image: image] is 60 and the value of [image: image] is 10. The switch control function can be expressed as
[image: image]
In summary, the slide mode controller can be expressed as
[image: image]
4.3 Dynamic simulation of the penetration mechanism
Due to its powerful computing capabilities, MATLAB/Simulink has widely been used in various fields. By combining simulation technology with the exceptional fluid simulation capabilities of Simcenter Amesim and the powerful digital processing capabilities of MATLAB/Simulink, optimal simulations can be achieved (Kıyan et al., 2013; Wang et al., 2017). Simcenter Amesim software was utilized to establish the required hydraulic simulation model, and an interface block was created, as shown in Figure 10, to carry out the simulation in the linear analysis mode, based on specific requirements. Figure 11 shows the model of the control system.
[image: Figure 10]FIGURE 10 | Hydraulic co-simulation mode of the penetration mechanism.
[image: Figure 11]FIGURE 11 | Model of the control system.
The relationship between the displacement and rate of the hydraulic cylinder rod over time during operation is obtained through data analysis performed by Simcenter Amesim and MATLAB/Simulink, as illustrated in Figure 12. For better visualization, the displacement difference based on different simulation models is presented in Figure 13. The displacement difference increases and then gradually decreases over time. The maximum displacement difference based on the co-simulation model is approximately 2.8 × 10−4 m. Furthermore, the displacement difference based on the hydraulic simulation model during the entire simulation process is much larger.
[image: Figure 12]FIGURE 12 | Relationship between displacement/rate and time.
[image: Figure 13]FIGURE 13 | Displacement difference based on different simulation models.
5 IN SITU PENETRATION TESTS AND RESULTS
In situ measurements were conducted at Zhoushan Island, Zhejiang, China, at the coordinates [image: image] and [image: image], using a new type of the seabed CPT rig to obtain the physical and mechanical properties of the sediment, as shown in Figure 14. The area underwent multiple sea reclamations, resulting in a vast muddy tidal flat primarily composed of flow plastic clay with thick, soft sediment, and high-water content, leading to a high initial void ratio (Ge et al., 2022). Therefore, in situ testing is essential in this area. The new seabed CPT system can be operated onshore or offshore using a crane with a lifting capacity of 3–10 tons (Figure 15). The cone penetrates the sediment at a constant rate of 2 cm/s for typical static CPT data collection. The dynamic position controller ensures a constant push speed during penetration by receiving a user-defined constant voltage signal from the software program to maintain a constant speed, regardless of the shifting sediment resistance.
[image: Figure 14]FIGURE 14 | Location of test site.
[image: Figure 15]FIGURE 15 | Seabed CPT conducting (A) onshore and (B) offshore tests.
The seabed CPT rig used in Zhoushan Island, Zhejiang, China, was equipped with a standard penetration speed of 2 cm/s and capable of penetrating to a total depth of 10 m. Geotechnical parameters are shown in Figure 16. The rig’s performance was assessed by analyzing key data obtained during the in situ testing process, such as penetration depth, penetration speed, and penetration resistance, as illustrated in Figure 17. Using the PID control method, we observed a maximum variation of 13–27 mm/s in the penetration rate under varying resistance conditions, with an error of approximately 35% compared to the standard penetration speed of 20 mm/s. The target penetration speed was reached after approximately 7 s. On the other hand, the SMC control method achieved a maximum variation of 18–21 mm/s in the penetration speed, with an error of about 10% relative to the standard speed, and the target speed was reached in approximately 3 s. A comparison between SMC and PID revealed that SMC can reduce the adjustment time of the penetration speed. In terms of accuracy, the PID control method exhibited quick convergence toward the target rate and low error. Our test analysis showed that the SMC control method could maintain a constant penetration rate that meets the standard penetration requirements. Therefore, we recommend the use of the SMC control method for motion simulation and actual operation of the seabed CPT rig.
[image: Figure 16]FIGURE 16 | Static CPT result of a 10-m penetration depth (A) tip resistance, (B) sleeve friction, (C) pore water pressure, and (D) friction ratio.
[image: Figure 17]FIGURE 17 | Dynamic monitoring data on the penetration process (A) based on the methods of PID and (B) SMC.
6 SUMMARY AND CONCLUSION
A new method is presented for evaluating the physical and mechanical properties of marine sediments using the seabed CPT. The constant-rate penetration mechanism forms the basis and core part of the seabed CPT, which penetrates the probe rod and cone into the seafloor sediment. To achieve a constant penetration rate of 20 ± 5 mm/s, a hydraulic penetration system model is established and simulated using Simcenter Amesim and MATLAB/Simulink software applications. The main results of the paper are as follows:
(1) The paper presents a new method of the seabed CPT for evaluating physical and mechanical properties of sediments in the marine realm. The method allows for automatic docking and dismantling of the probe rods underwater, and a double-acting hydraulic cylinder mechanism is used to ensure a constant push rate. This rig can be operated underwater and does not require a support frame, which increases efficiency and reduces costs.
(2) The paper presents a method for identifying the constant-rate penetration electro-hydraulic servo system using Simcenter Amesim and MATLAB/Simulink software applications. A hydraulic simulation model of the penetration mechanism is established and simulated in the linear simulation mode, and the transfer function is obtained based on the simulation results. The effectiveness of the system identification method is verified by modeling with the Simcenter Amesim system.
(3) The paper establishes and simulates the sliding mode control for constant-rate penetration based on the model identification method. This includes the design of the sliding mode plane and the control law. Comparison of the simulation results shows that the SMC control is better than the PID control for adjusting the penetration speed. The SMC control method has a smaller error and a quicker tendency to the target rate.
(4) The designed method has been tested on a tidal flat in Zhoushan Island, and the functionality and feasibility of the method have been verified. The comparison between SMC and PID control shows that SMC is a suitable control method for motion simulation and actual operation for this seabed CPT method.
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