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Abstract

:

This research investigated fatigue crack propagation on the lower surface of rocket deflector troughs in offshore rocket launch platforms. Initially, a numerical model of an offshore rocket launch platform was established using ABAQUS based on the Extended Finite Element Method (XFEM). Subsequently, two variable parameters—the initial crack length and initial tilt angle—were introduced. This research systematically analysed the impact of these parameters on the fatigue crack propagation patterns in both the maximum stress and maximum deformation regions of the deflector channels under the combined conditions of high temperature and impact. Finally, the research indicated that the propagation length of surface cracks in the deflector trough exhibited an initial increase followed by a decrease with the rise in the pre-set inclination angle. Notably, the stable propagation rate of the crack in the region of maximum deformation surpassed that observed in the region of maximum stress. Through meticulous comparative analysis, it was evident that temperature loading significantly exacerbated the initiation and propagation of cracks, particularly in the upper region of the deflector channel’s lower surface.
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1. Introduction


As the frequency of space launch missions continues to rise, the deployment of rocket deflector troughs is increasing correspondingly, introducing inherent structural fatigue challenges. According to the statistics, more than 70% of the damage to marine engineering structures during their service life is caused by fatigue [1]. Consequently, the initiation and propagation of cracks due to structural fatigue have emerged as the primary causes of marine engineering structure failures. In the context of the challenging maintenance conditions of offshore rocket launch platforms, it is imperative to comprehend the trajectory from crack initiation to structural failure within the direct impact zone of rocket plumes on deflectors. This understanding holds significant importance for evaluating the remaining structural life of these platforms, particularly in light of stringent damage tolerance requirements.



The Extended Finite Element Method (XFEM), as an emerging numerical approach for simulating fatigue crack propagation, retains the advantages of traditional finite element methods. It utilises specialised crack tip enrichment functions to model the stress singularity at the crack tip, allowing the crack interface to be independent of the mesh, reducing mesh dependence, and simplifying the treatment of the crack tip refinement [2]. This makes the XFEM an effective and efficient tool for addressing crack growth problems [3,4,5]. Numerous scholars have conducted in-depth research and experimental extensions on this method. Patzak et al. [6] conducted an in-depth study on the analytical process of the XFEM. Zhang et al. [7] used the Extended Finite Element Method to study the impact of compressive stress on crack propagation under tension-compression loading, revealing a relationship between crack initiation at the crack tip and compressive stress. Menouillard et al. [8] simulated dynamic crack propagation using the XFEM based on explicit time integration techniques. Fries et al. [9] introduced three horizontally integrated functions explicitly computed to enhance the three-dimensional applicability of the XFEM, proposing a new approach that combines explicit and implicit methods for simulating crack propagation. Daux et al. [10] applied the Extended Finite Element Method to simulate crack branching. Himanshu Pathak et al. [11] used the XFEM to simulate fatigue crack propagation under cyclic thermal loads for three-dimensional linear elastic cracks with different geometries, revealing the robustness and versatility of the XFEM. Loehnert et al. [12] discussed a series of computational issues related to the three-dimensional XFEM, studying the impact of finite deformation theory on crack simulation through numerical examples. Danas et al. [13] used the XFEM to study energy minimisation in the multiple crack propagation of linear elastic solids under quasi-static conditions, proposing an alternative strategy to supplement the implementation and application of gradient descent methods within the XFEM framework.



While conducting in-depth research on the XFEM, many scholars have also applied this method to address practical problems. Through experiments applying compressive stress on notched plates, Fleck et al. [14] found that cracks originated in the residual tensile stress region near the notch root and extended, indicating that fatigue cracks are more prone to propagate under tensile stress conditions. Sahouryeh et al. [15], through experiments, observed the crack propagation behaviour under biaxial compressive stress and found that the size of crack growth was limited, with the propagation direction parallel to the loading direction. Nikfam et al. [16] simulated high-cycle fatigue tests on welded T-joints using the XFEM, validating that the XFEM predictions of crack propagation rate, life, and shape were within a reasonable range of the experimental results, with the fracture morphology of the numerical model consistent with experimental observations. Teng et al. [17] utilised the XFEM to investigate the influence of different micro-defects on macro-crack propagation. The study results not only demonstrated the XFEM’s ability to accurately capture the stress intensity factors at the macro-crack and micro-defect crack tips but also revealed that the impact of micro-defects on the macro-crack propagation path changed with their position and size.



Based on simulated rocket plume parameters, this study employed numerical simulation to investigate the influence of the rocket plume on the launch platform, especially the deflector, during rocket launch. The simulation incorporated both high-temperature and exhaust plume impact load coupling, considering the effects of temperature loads on the mechanical properties of the deflector’s metallic material. The force conditions on the deflector during the rocket’s takeoff phase were realistically simulated. Finally, the XFEM was applied to analyse the fatigue crack propagation on the lower surface of the rocket deflector with pre-existing initial cracks. This study primarily focuses on the direction, initiation length, and fatigue propagation rate of cracks in rocket deflectors with initial cracks caused by fatigue damage or material defects during their subsequent operational service. The obtained results will serve as a reference for the safety performance design of maritime rocket deflectors.




2. Models and Environmental Parameters


2.1. Rocket Launch Platform Model


The research in this paper focuses on the lower surface of a rocket deflector trough subjected to direct impingement from the rocket plume, as illustrated in the overall model of an offshore rocket launch platform shown in Figure 1a.



Given that the high-temperature and high-speed airflow during rocket launches primarily affects the launch area of the platform (the main body of the deflector trough and the connected upper deck region), and considering the symmetrical distribution of the deflector trough, the right side of the deflector trough was selected as the representation area for computational results to simplify the visualisation, as illustrated in Figure 1b. During a rocket launch, the plume jet traverses the deflector trough inlet positioned at the centre of the launch deck, exerting a direct impact on the deflector trough beneath the deflection hole. Subsequently, it follows the guidance of the deflector’s lower surface, ultimately exiting from the openings at both ends of the deflector. The dimensions of the deflector trough are illustrated in Figure 2.




2.2. Environmental Load Parameters


The external environmental parameters of the deflector are primarily divided into temperature parameters and exhaust plume impact load parameters. The conventional method to ensure the structural safety of the rocket deflector is to install heat insulation materials on the surface of the deflector, which can significantly reduce the temperature of the metal structure directly exposed to the rocket plume. By incorporating sensors beneath the insulating layer on the lower surface of the deflector, it becomes possible to capture data regarding temperature variations and exhaust plume impact loads during the initial 1.1 s of a rocket launch. Figure 3 and Figure 4 illustrate the numerical values of temperature and impact force at specific moments, visually representing these critical parameters.



The boundary conditions for the overall model were defined as an air environment with a pressure of 101,325 Pa and an ambient temperature of 20 °C. There was no heat exchange between the deflector and the external environment. The deflector walls were treated as no-slip surfaces. The boundary constraints were applied to both the symmetry planes of the deflector and the region where the deflector is connected to the upper deck of the platform, involving fixed displacement and rotation. The material chosen for the rocket deflector was grade E ordinary shipbuilding steel. The chemical composition of this steel is: C ≤ 0.17%, Mn ≤ 1.4%, Si ≤ 0.35%, P ≤ 0.035%, S ≤ 0.035%, Al ≥ 0.015%. It is crucial to note that the increase in temperature not only diminishes the elastic modulus of the metal material but also attenuates its yield strength [18]. Consequently, both these material properties are dynamically adjusted with temperature variations [19], as comprehensively outlined in Table 1 [20]. The temperature referenced for the fracture mechanics properties of the deflector metal material is above 200 °C. In comparison, this study’s maximum temperature on the lower surface was 132.2 °C. The actual temperature of the metal is lower than this, because this study measured the temperature on the backside of the insulation material. The fracture mechanics properties of the deflector material were set using room temperature parameters, as detailed in Table 2 [21].



The material parameters c1 and c2 were used to judge the crack from absence to presence and were taken as 0.5 and −1, respectively. The parameters c3 and c4 were related to the material’s intrinsic properties and were taken as 3.74 × 10−5 and 2.0994, respectively.





3. Simulation Calculation Equations


3.1. XFEM


The fundamental idea of the XFEM [22] is the method of unit decomposition, which introduces enriched functions into the displacement modes of FEM to characterise strong discontinuities in the displacement field:


   u h  =   ∑ i    N i   x     u i  + φ  x   



(1)




where    u h    is the discontinuous displacement field; standard finite elements apply the shape function;    u i    represents the degrees of freedom of regular nodes; and   φ  x    represents the enriched approximation functions associated with the method of unit decomposition.



When applying the XFEM to solve crack propagation, the software divides the material elements into three categories: standard elements, penetrating elements, and crack tip elements. For the elements experiencing crack propagation, discontinuous shape functions can be introduced to control the displacement:


       u  x f e m    x  =  u  f e m    x  +  u  s t e p    x  +  u  t i p    x       u  f e m    x  =   ∑  i ∈ I     N i   x   u i         u  s t e p    x  =   ∑  i ∈  I  s t e p       N i   x  H  x   a i         u  t i p    x  =   ∑  i ∈  I  t i p       N i   x  F  x   b i         



(2)







In the equation above,    u  x f e m    x    represents the approximate displacement field of the extended finite element;    u  f e m    x    represents the approximate displacement field of the standard finite element;    u  s t e p    x    represents the approximate displacement field of the penetrating element crack;    u  t i p    x    represents the approximate displacement field of the crack in the crack tip element;  I  is the set of all nodes in the solution domain;    I  s t e p     is the set of nodes penetrated by the crack;    I  t i p     is the set of nodes affected by the crack tip region;   H  x    is the step function for the penetrating element;   F  x    is the enrichment function for the crack tip element;    a i    represents the degrees of freedom associated with enriched nodes related to the jump discontinuity; and    b i    represents the degrees of freedom associated with enriched nodes related to the crack tip approximation function.




3.2. Crack Propagation Criteria


The Paris equation can represent the initiation and propagation of fatigue cracks [23]:


    d a   d N   =  c 3      Δ G      c 4     



(3)







In the equation above,    c 4    represents material-related constants.



The Paris law in the simulation associates the crack propagation rate with the energy release rate (  Δ G  ) at the crack tip.   Δ G =  G  max   −  G  min    ,    G  max     represents the strain energy release rate corresponding to the maximum load on the structure and the strain energy release rate corresponding to the minimum load on the structure.



The Paris law operates within the bounds of    G  t h r e s h     and    G  p l    , where fatigue cracks do not propagate below the former and rapidly propagate until failure above the latter. The intermediate region between the two represents a stable crack propagation zone for fatigue cracks.




3.3. Damage Initiation Criteria and Evolution Criteria in ABAQUS


	(1)

	
Damage Initiation Criterion: Maximum Principal Stress Criterion (Maxps Damage)








   f =        σ  max        σ  max  0        



(4)





When   1.0 < f < 1.0 +  f 1    within the tolerance range, damage initiates. Here,    f 1    is the tolerance, typically set to 0.05;    σ  max  0    is the critical maximum principal stress value; and      σ  max       signifies


         σ  max     = 0 ,  σ  max   < 0        σ  max     =  σ  max   ,  σ  max   ≥ 0      



(5)







The above expression implies that no damage initiation occurs in the element with a penetrating crack under pure compressive loading conditions.



	(2)

	
Damage Evolution Criterion: Energy-Based Damage Evolution Criterion







In ABAQUS, the overall damage of a structure is represented by D, with an initial value of 0. If a damage evolution model is defined, the value of D increases after the model undergoes further loading, gradually evolving towards 1. ABAQUS’s damage evolution law describes the degradation rate of material stiffness in each cycle once the corresponding initiation criteria are met. For ductile materials, ABAQUS assumes that stiffness degradation can be modelled using a scalar damage variable D. Within any given analysis cycle, the stress tensor in the material is determined by the scalar damage equation:


  σ =   1 − D    σ ¯   



(6)







The equation  σ  represents the effective (undamaged) stress tensor present in the material during the current incremental calculation when no damage has occurred. When D equals 1, it indicates that the material has lost its load-bearing capacity, and damage has occurred [24].



	(1)

	
Linear Evolution Damage Criterion:








   D =    s m     s  max   −  s 0       s  max      s m  −  s 0        



(7)





In the equation above,    s m  =   2 G  F   , F is the effective traction measured in MPa, and  G  is the energy released upon damage measured in J.



	(2)

	
Exponential Evolution Damage Criterion:








   D =    ∫   s 0     s m       F  d s    G −  G 0         



(8)





In the equation above,    G 0    is the energy release at the onset of damage measured in J, and  s  is the effective displacement measured in mm.





4. Experimental Validation of the Effectiveness of the Simulation Method


4.1. Experimental Setup


The material used for the fatigue crack propagation experiment was the GH4133B alloy, in the form of standard CT specimens. The stress ratio for the fatigue experiment was set to 0.02 (R = 0.02), and a sinusoidal wave with a frequency of 5 Hz was employed as the experimental loading frequency. The tensile stress direction was set as symmetrically reversed [25].



The measurement method for fatigue crack propagation was as follows: After subjecting the specimen to a certain number of cyclic stress loadings, the test machine was temporarily halted. Subsequently, the specimen’s crack was examined utilising an electron microscope, with images of the crack tip captured. These images were then juxtaposed with prior observation results to trace the path of fatigue crack propagation, concurrently documenting the associated cycle counts. The specimen parameters are shown in Table 3 and Figure 5, and the tested specimen is shown in Figure 6.




4.2. Comparison between Experimental Data and Simulation Data


The stress cycle counts obtained through experimental measurements and simulated by the Extended Finite Element Method when the crack propagated to a length of 15 mm are presented in Table 4. The relationship between the crack length (a) and the number of cycles (N) for specimens measured through experimental methods and simulated using the XFEM is illustrated in Figure 7.



Reviewing Table 4, it becomes apparent that the maximum error in the number of cycles measured by the two methods was 3.8%. Figure 7 illustrates that the crack propagation patterns of the specimens obtained through both methods generally aligned under equivalent thickness and load conditions. The observed trend indicated an increment in crack propagation rates with the number of load cycles, affirming the reliability of XFEM simulation.





5. Numerical Results and Discussion


5.1. XFEM Simulation Approach for Fatigue Crack Growth


This paper employed the XFEM to simulate the numerical growth process of cracks. The XFEM, by introducing additional shape functions into the finite element mesh, can handle the extension of cracks more naturally. In the calculation of crack propagation, the XFEM employs the concept of unit decomposition to introduce specific functions relevant to the problem into the approximation space, ensuring the convergence of results [26]. The level set method is a numerical technique within the XFEM used to determine the position of the internal interface of cracks and to track the growth of cracks. Any internal interface can be represented using its zero-level set function [27,28].



In the simulation, the release of nodes at the crack tip was based on ABAQUS damage initiation and evolution criteria. The fracture energy in the crack tip region accumulated as the load cycled continuously. When the cumulative fracture energy at the crack tip nodes reached a specific threshold, the XFEM released the fracture energy at the tip, and this released energy was used to initiate a new crack, simulating the extension of the crack. ABAQUS abandons the coupling issues introduced by two shape functions, making it unable to simulate branching cracks. However, the XFEM, utilising the unit decomposition and level set methods, can accurately simulate the extension of a single crack. Therefore, in this paper, crack propagation refers to the growth and elongation of cracks caused by cyclic loading and does not include an increase in the number of cracks.



The growth of the crack in each numerical step was determined by monitoring the stress intensity factor range at the crack tip [29]. Using empirical relationships like the Paris law, the crack growth rate was associated with changes in the stress intensity factor, allowing for the crack growth calculation in each step. This ensured that the XFEM can simulate the actual growth behaviour of cracks under fatigue loading.




5.2. Crack Area Configuration


The crack locations were chosen based on the stress–strain calculation results of the deflector’s lower surface. Two positions were selected, one corresponding to the maximum stress and the other to the maximum strain. Figure 8 indicates the specific locations of the cracks along with the results of stress/strain calculations. Position A corresponds to the location with the maximum stress, as shown in part (a). Position B corresponds to the location with the maximum strain, as indicated in part (b). The region circled in yellow represents the area designated for pre-inserted cracks. The width of the lower surface of the deflector plate was 20 m. According to the design requirements for the launch platform, the crack size could not exceed 5‰ of the deflector plate width. This paper conducted simulations under the worst-case-scenario assumption; hence, the initial crack length was set to 100 mm.



Considering that the crack propagation on the lower surface of the deflector occurred only in localised regions, a “shell-to-solid” coupling theory based on ABAQUS [30] was adopted. Figure 9 illustrates the shell–solid coupling principle. In this approach, the localised regions where cracks must pre-exist are configured as three-dimensional solids. In contrast, the overall model region is kept as a two-dimensional shell. This configuration was implemented to simplify the computational process. The form of the crack was characterised as a penetrating crack.



The cracks studied in this paper were penetrating cracks that vertically traversed the lower plate of the deflector groove. The plane coordinate system selected for measuring the initial crack’s inclination angle was located on the plane in the region where the crack was present. Figure 9b,c illustrates the configuration of penetrating cracks and the establishment of the coordinate system referenced by the inclination angle of the crack.




5.3. Crack Propagation Direction


The pre-inserted cracks on the lower surface of the rocket deflector experienced various types of stress, including tensile stress, compressive stress, torsional stress, and shear stress. Due to the non-uniformity in the motion of the rocket plume flow field, there were variations in the temperature and exhaust plume impact loads, both in terms of direction and magnitude, across different regions of the lower surface of the deflector trough. As a result, cracks at different positions and inclinations experienced differences in the magnitude and direction of the principal stress. Figure 10 and Figure 11 depict schematic diagrams illustrating the inclination and propagation of pre-inserted cracks under the propagation scenario for two operational conditions, both occurring within the same number of load cycles. In the figures, the X-axis direction corresponds to 0°, and the Y-axis direction to 90°. The counterclockwise direction represents an increase in inclination. For clarity, the crack represented by the thick line in the figure is the initially pre-set crack in the deflector groove. In contrast, the crack represented by the thin line is the newly formed portion resulting from the fatigue-induced crack propagation of the pre-set initial crack.



The deformation coefficients in the resulting figures were set to 0 for ease of observing the crack extension. According to the crack propagation results of the pre-inserted cracks on the lower surface of the deflector trough under the two operating conditions, it was evident that with the continuous increase in the pre-set inclination angle, the crack propagation length exhibited a trend of initially increasing and then decreasing. The maximum crack propagation length was attained when the inclination angle approached 70°. Comparing the crack propagation lengths in the two operating conditions, it was observed that under the same inclination angle and number of stress cycles, the crack propagation length in the region of maximum deformation was generally greater than in the region of maximum stress.



Figure 12 illustrates the relationship between the crack propagation direction and the location of the maximum principal stress at the crack tip. The black line represents the initially pre-set crack, while the thin blue line represents the newly formed portion due to fatigue crack extension. The green arrow indicates the direction of crack propagation, and the numbers above the arrows represent the element numbers penetrated by the crack. For example, “➀“ represents the number of the first unit cell penetrated by the crack. The red dots represent the positions of the maximum principal stress due to stress concentration when the crack penetrates each element, and the yellow dots represent the positions of the secondary stress (stress values just below the maximum principal stress) due to stress concentration when the crack penetrates each element. The numbers before the stress values correspond to the element numbers. For example, “1) 418 Mpa” corresponds to a red value, and the digit “1” before the numerical value indicates the maximum stress value at the crack tip and its location when the crack penetrates the first unit cell. The adjacent pairs of points arranged side by side in the figure indicate that both the maximum principal stress and secondary stress occurred at that point before and after the crack penetration.



Figure 12 shows that as the crack propagated within an element, stress concentrations occurred at the nodes along its advancement direction. The node’s position with the maximum stress determined the deviation direction of the crack tip within that element. Simultaneously, the position and stress magnitude of secondary stress nodes influenced the deflection angle of the crack propagation.



The combined analysis of crack propagation trends under both operating conditions revealed that, under certain pre-set inclination angles (50°, 60°), crack propagation was not solely oriented towards increasing the length of the crack. After a certain distance of cracking, the crack trajectories at the upper and lower ends, or one of them, tended to extend into the region where the fracture had already occurred. This indicates a tendency to detach the surrounding structure from the lower surface of the deflector. If this trend of crack propagation continued, it would compromise the integrity of the deflector trough structure, reducing the strength of the lower surface structure. Simultaneously, detached fragments of the overall structure would be ejected with high kinetic energy, accompanying the plume flow field within the deflector trough. This could result in secondary damage to the deflector trough and other structures, posing a potential threat to the rocket engine. Therefore, particular attention should be given to the 50° and 60° inclination cracks originating from fatigue damage on the lower surface of the rocket deflector trough.




5.4. Minimum Initial Crack Length for Crack Propagation


Table 5 shows that the number of load cycles required for the initiation and propagation of pre-inserted cracks at different inclinations exhibited an overall trend of initially decreasing and then increasing with the increase in the inclination angle. For condition A, the minimum initiation and propagation angle was 50°, while for condition B, the minimum initiation and propagation angle was 60°. In this section, the minimum initiation and propagation angles obtained from Table 5 for the two operating conditions were taken as pre-set angles to investigate the minimum initiation and propagation lengths of cracks at these two angles under their respective conditions.



This section explores the minimum initial length required for the continued expansion of the initial crack on the lower surface of the deflector groove. In this section, the variable being changed was the length of the initially pre-set crack on the rocket deflector groove. Regarding the practical scenario, within the service life cycle of a rocket launch platform, no more than 60,000 rocket launch missions and experiments will be undertaken. Therefore, with 60,000 load cycles as the upper limit, if no fatigue propagation occurs in the initial crack after 60,000 load cycles, it is considered that a crack of that length will not continue to propagate. This section also uses this criterion to determine whether the crack is propagating.



With the increase in the initial length of pre-existing cracks, the rate of fracture energy accumulation at the crack tip accelerates, reducing the number of stress cycle repetitions required for crack initiation. Figure 13 illustrates that, under condition A, the minimum crack initiation length was approximately 40 mm, whereas under condition B, it was around 20 mm. In the region of maximum stress, the number of cycles required for crack initiation is highly sensitive to changes in the initial crack length. As the initial crack length increases, the initiation cycles for cracks located at the point of maximum stress sharply decrease. In the region of maximum deformation, the increase in the initial crack length has a relatively weak impact on reducing the crack initiation cycles. The overall decrease remains relatively stable. From the figure, it can be observed that when the initial crack length exceeded 85 mm, cracks pre-existing in the region of maximum stress exhibited a faster crack initiation rate, whereas, for lengths below 85 mm, cracks situated in the region of maximum deformation demonstrated a faster initiation rate.




5.5. Crack Propagation Rate


Figure 14 shows that in both conditions, the crack propagation rate exhibited significant fluctuations and abrupt changes during the early stages of fatigue crack propagation. These fluctuations are attributed to variations in the crack propagation mechanism and changes in stress amplitude. Additionally, since ABAQUS cannot simulate stress concentration within the interior of elements, every crack propagation was bound to penetrate one or more element bodies completely, leading to fluctuations in the calculated crack propagation rates. However, with an increase in the number of stress cycles, both the crack propagation rate and fluctuations eventually stabilised.



By comparing the two operating conditions, it can be observed that the fluctuation amplitude of the crack propagation rate under condition A was approximately 0.0063, which is smaller than the fluctuation amplitude under condition B (0.022). Figure 14 shows that the crack propagation rate in the region of maximum deformation was higher than that in the region of maximum stress. Simultaneously, the crack in the region of maximum deformation reached the stable propagation stage faster compared to the region of maximum stress. This is because the region of maximum stress undergoes larger stress gradient changes during the loading process, leading to significant differences in stress gradients at the ends of the crack. This results in a smaller stress ratio, exacerbating the amplitude variations in cyclic stress, and thereby prolonging the time for the crack propagation rate to stabilise.




5.6. Analysis of the Influence of High-Temperature Environment on Fatigue Life


To investigate the impact of temperature on the fatigue crack propagation of the lower surface of the deflector trough, it was necessary first to study the influence of temperature loads on the stress distribution of the lower surface.



Figure 15 presents the stress contour map of the lower surface of the rocket deflector at a specific moment under the influence of temperature loads or without them. As shown in the diagram, under the action of a single impact force, the maximum stress on the lower surface of the deflector was located in the middle region directly impacted by the tail flame, with a peak value of 175 MPa. However, when coupled with temperature loads, the concentration of stress on the lower surface increased, and it was distributed more in the upper-middle region. The maximum stress value rose to 198 MPa, representing an increase of approximately 13%.



According to Table 6, it can be observed that in the early stages of rocket launch, as the launch time progressed, the impact of coupled temperature load on the increase in stress on the lower surface of the deflector trough exhibited a gradually decreasing trend. When the rocket tail flame jet’s distribution state stabilised on the deflector trough’s lower surface, the temperature load increased the maximum stress value on the lower surface of the deflector trough, which was subjected only to a single impact force, by approximately 10%. Through Figure 15, it can be observed that temperature load altered the stress distribution on the lower surface of the deflector under the action of a single exhaust plume impact load, causing the concentration of stress to shift from the central region directly impacted by the rocket’s tail flame to the upper-middle region. The maximum stress value induced by the temperature load (205 MPa) was greater than the maximum stress values under the exhaust plume impact load alone (175 MPa) and the coupled load (198 MPa). This indicates that the coupling of temperature and exhaust plume impact loads decreases the maximum stress on the lower surface, thereby enhancing the fatigue life of the deflector’s lower surface.



Applying the S-N curve method for calculating the crack initiation life on the lower surface of the deflector revealed that cyclic loading from a single impact force alone did not lead to structural fatigue failure on the lower surface. Consequently, there was no initiation or propagation of cracks on the lower surface of the deflector under the influence of an exhaust plume impact load alone.





6. Conclusions


This paper, based on the XFEM, draws the following conclusions through a study on fatigue crack propagation on the lower surface of an offshore rocket deflector:




	(1)

	
Under the coupling effect of high temperature and impact, the length of fatigue crack propagation on the lower surface of the rocket deflector exhibits an increasing trend with the increase in the pre-set tilt angle, followed by a decrease when the tilt angle exceeds 70°. The maximum crack propagation length is reached when the tilt angle approaches 70°.




	(2)

	
The node’s position with the maximum circumferential stress at the crack tip will determine the crack propagation direction. Simultaneously, the position and magnitude of secondary stress nodes will influence the deflection angle of crack propagation.




	(3)

	
Compared to the exhaust plume impact load alone, the coupled temperature load not only increases the maximum stress on the lower surface of the deflector by approximately 10% but also shifts the stress concentration region from the central area directly impacted by the rocket’s tail flame to the upper-middle region. This, in turn, promotes the initiation and propagation of cracks on the lower surface of the deflector.
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Figure 1. Schematic diagram of offshore rocket launch platform (a) and deflector trough model (b). 
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Figure 2. Diagram of deflector dimensions; (a) Overall dimensions diagram of the rocket deflector; (b) Overall profile diagram of the rocket deflector. 
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Figure 3. Temperature contour plot: (a) 0.2 s, (b) 0.6 s, (c) 1.1 s. 
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Figure 4. Impact force load cloud map; (a) 0.2 s; (b) 1.1 s. 
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Figure 5. Specimen dimensions and loading configuration. 
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Figure 6. Experimental specimen. 
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Figure 7. Comparison of experimental and simulation results. 
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Figure 8. Schematic diagram of operating condition zones; (a) Condition A: Cracks are positioned at the locations of maximum stress; (b) Condition B: Cracks are positioned at the locations of maximum deformation. 
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Figure 9. Shell-to-solid coupling schematic diagram; (a) Overall; (b) Local detailed illustation; (c) Crack configuration. 
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Figure 10. The crack propagation results under different pre-set inclinations for operational condition A. 
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Figure 11. The crack propagation results under different pre-set inclinations for operational condition B. 
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Figure 12. Diagram of crack propagation direction and principal stress locations. (a) Diagram of crack propagation in the lower region, (b) Diagram of crack propagation in the upper region. 
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Figure 13. Load cycle number diagram before initiation of cracks with different lengths. 
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Figure 14. Crack propagation rate chart; (a) Condition A; (b) Condition B. 
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Figure 15. (a) Temperature load, (b) Impact force load, (c) Coupled load. 
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Table 1. Elastic modulus and yield strength of grade E shipbuilding steel at various temperatures.






Table 1. Elastic modulus and yield strength of grade E shipbuilding steel at various temperatures.





	Temperature (°C)
	Elastic Modulus (105 MPa)
	Yield Strength (MPa)





	16
	2.032
	299.0



	200
	1.950
	245.8



	250
	1.930
	229.0










 





Table 2. The fracture mechanics properties of grade E steel at room temperature (20 °C).
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	GIC (N/mm)
	C
	m
	ΔKth (N/mm3/2)





	80.0330
	2.2644 × 10−16
	4.1987
	225.7000










 





Table 3. Specimen parameters.
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	Specimen Number
	Symmetric Load (P/kN)
	Specimen Thickness (W/mm)





	1
	7
	6.8



	2
	6.5
	6.8



	3
	8.5
	6.4



	4
	8.8
	6.8










 





Table 4. Comparison of experimental and simulation results.
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	Specimen Number
	Number of Cycles in the Experimental Method

(N/Cycle)
	Number of Cycles in the Simulation Method

(N/Cycle)
	Relative Error

(%)





	1
	135,375
	140,515
	3.80



	2
	179,672
	175,050
	2.57



	3
	50,080
	50,975
	1.79



	4
	70,806
	71,575
	1.09










 





Table 5. Crack initiation cycle numbers at different pre-set inclinations.
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	Inclination
	30°
	40°
	50°
	60°
	70°
	120°
	140°
	150°





	Condition A
	2317
	6221
	609
	2191
	1465
	3013
	5761
	19,992



	Condition B
	32,217
	31,647
	1251
	266
	2719
	3125
	1435
	23,495










 





Table 6. Influence of temperature load.






Table 6. Influence of temperature load.





	T/s
	0.14
	0.28
	0.42
	0.70
	0.85
	0.98
	1.1





	Impact Force Load (MPa)
	10.3
	32.4
	70.0
	129.0
	157
	183.0
	175.0



	Coupled Load (MPa)
	221.0
	201.0
	174.0
	182.0
	185.0
	190.0
	198.0



	Impact of Temperature Load (%)
	95.3
	83.9
	60.0
	29.1
	15.1
	3.7
	11.6







The impact of temperature load = (coupled load − exhaust plume impact load)/coupled load.
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