

  processes-12-00378




processes-12-00378







Processes 2024, 12(2), 378; doi:10.3390/pr12020378




Article



Study on Numerical Simulation of Formation Deformation Laws Induced by Offshore Shallow Gas Blowout



Zhiming Yin 1, Yingwen Ma 1, Xiangqian Yang 1, Xinjiang Yan 1, Zhongying Han 2, Yanbo Liang 2,* and Penghui Zhang 2





1



CNOOC Research Institute Co., Ltd., Beijing 100028, China






2



School of Petroleum Engineering, China University of Petroleum (East China), Qingdao 266580, China









*



Correspondence: b20020011@s.upc.edu.cn







Citation: Yin, Z.; Ma, Y.; Yang, X.; Yan, X.; Han, Z.; Liang, Y.; Zhang, P. Study on Numerical Simulation of Formation Deformation Laws Induced by Offshore Shallow Gas Blowout. Processes 2024, 12, 378. https://doi.org/10.3390/pr12020378



Academic Editor: Qingbang Meng



Received: 5 December 2023 / Revised: 22 January 2024 / Accepted: 8 February 2024 / Published: 13 February 2024



Abstract

:

To address the deformation and instability characteristics of a formation after an offshore shallow gas well blowout, a theoretical model of formation deformation caused by shallow gas blowouts was constructed, based on porous elastic medium theory and incorporating the sand-out erosion criterion. The spatiotemporal dynamics of formation subsidence were then investigated, and deformation patterns during a blowout were analyzed under various factors. The results indicate that, following a blowout, a shallow gas formation near a borehole experiences significant subsidence and uplift at the upper and lower ends, with the maximum subsidence values at 12 h, 24 h, 36 h, and 48 h post blowout being 0.072 m, 0.132 m, 0.164 m, and 0.193 m, respectively. The overlying rock layer forms a distinctive “funnel” shape, exhibiting maximum subsidence at the borehole, while more distant strata show uniform subsidence. The effective stress within the shallow gas stratum and surrounding rock layers increases gradually during the blowout, with lesser impact in distant areas. The ejection rate and sand blast volume demonstrate an exponential change pattern, with a rapid decline initially and later stabilization. Formation deformation correlates positively with factors like burial depth; shallow gas layer extent; pressure coefficient; sand blast volume; gas blowout rate; and bottomhole difference pressure. Formation pressure, ejection rate, and bottomhole difference pressure have the most significant impact, followed by sand blast volume and burial depth, while the extent of the shallow gas layer has a less pronounced effect. These simulation results offer valuable theoretical insights for assessing the destabilization of formations due to blowouts.
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1. Introduction


Marine oil and gas resources constitute a vital component of the global energy supply, with their development and utilization emerging as a prominent topic in the energy sector in recent years [1,2]. According to the International Energy Agency (IEA), from 2000 to 2016, global marine oil production comprised 29–34% of total oil extraction, while marine natural gas production represented 27–31% [3,4]. As the global energy supply-demand scenario becomes more constrained, the exploitation of marine oil and gas resources assumes significant importance for the security and stability of global energy supply. The offshore oil and gas drilling and extraction process poses various challenges, demanding enhanced stability, safety, and advancement in platform structure and equipment. In addition, the seabed is characterized by complex geological conditions and active tectonic movements, often accompanied by submarine geological disasters caused by submarine landslides; shallow gas; gas hydrates; gas escape pits; and submarine steep hurdles, which pose a serious threat to the safe and efficient exploitation of marine oil and gas [5,6,7]. Shallow gas usually refers to organic gas gathered in the shallow stratum below a 1000 m seafloor, which usually does not have mining value, and the composition is mostly dominated by methane, which can be subdivided into biogenic methane, shallow gas, and pyrogenic methane shallow gas, according to its different genesis [8,9,10]. After shallow gas forms, it is prone to accumulate in high-permeability sandy soil layers, and when covered by low-permeability silt-like soil, it forms a high-pressure gas pocket. When drilling operations encounter shallow gas layers, complex situations such as wellbore gas invasion; well kick; wellbore collapse; and wellbore instability may occur, which can lead to major accidents such as blowout and fire, and even platform collapse in severe cases [11,12,13]. The fundamental reason for shallow gas well blowout accidents is that the pressure of the wellbore fluid column cannot balance the pressure of the shallow gas layer [14,15,16,17]. Blowouts not only pose threats to on-site personnel and equipment, but can also cause varying degrees of damage to the soil around the wellbore. If natural gas escapes and encounters sparks, combustion can occur, making it extremely hazardous. A common emergency response method is to inject high-density barite mud into the well to increase pressure and halt the ongoing blowout [18,19,20].



Numerous scholars have conducted research on the identification, evaluation, and control of shallow gas blowouts, through field tests, theoretical analysis, and numerical simulation methods. Field tests consume a significant amount of manpower and resources and pose certain risks [21,22,23,24]. Theoretical analysis includes various empirical models, such as fault tree analysis, event tree analysis, fuzzy mathematics, and the analytic hierarchy process [25,26,27,28]. However, these evaluation methods are primarily suited for conventional drilling operations, and have limitations with lower accuracy when applied to complex offshore operations. In terms of numerical simulation, computational fluid dynamics (CFD) methods are widely employed for the assessment of blowout incidents. Dadashzadeh et al. exploited the FDS CFDs code, and modelled hydrogen release and dispersion with different ventilation conditions [29]. Ma et al. used the Fluent software to investigate sour gas dispersion. They found that some numerical and physical parameters, such as mesh size and leakage source style, have a significant impact on simulation accuracy [30]. Li et al. utilized a 3D CFD-based approach to study the evolution of offshore blowout accidents, integrating gas release, dispersion, and deflagration while assessing their impact on offshore platforms [31]. They also discussed the corresponding prevention and mitigation strategies based on simulation results [32]. In addition to CFD methods, other numerical approaches are used for the assessment of blowout incidents, such as the discrete element method (DEM), and the finite element method (FEM). Based on gas–water two-phase flow theory, Lei et al. established a numerical model to calculate gas invasion volume to quantify the shallow gas risk during deepwater drilling [33]. Cheng et al. proposed a semi-resolved CFD-DEM model to study the gas release and fine particle migration within gap-graded soils [34]. While these approaches help study gas diffusion and combustion behavior, some models are criticized for being overly simplified and relying on numerous assumptions.



Existing research on shallow gas well blowouts mainly centers on predicting flow rates, assessing risks, studying wellhead smoke flow, and evaluating post-fire platform stability. The substantial mud and sediment movement during blowouts deplete formations, causing wellbore vulnerability to collapse and stress concentration. This leads to overall geological deformation, impacting offshore drilling. A comprehensive understanding of post-blowout deformation and key factors influencing formation stability is crucial. In this paper, an innovative theoretical model is proposed, integrating porous elastic media theory and sand erosion criteria, to analyze post-blowout geological formation settlement. This unique approach promises valuable insights into formation instability following blowouts, enhancing our ability to assess and manage risks in such scenarios.




2. Theoretical Model for Formation Deformation


2.1. Model Assumptions


As shown in Figure 1, during a blowout, the shallow gas formation undergoes elastic deformation initially, influenced by a significant pressure gradient in the shallow gas layer. Upon surpassing the elastic deformation limit, the formation transitions into the plastic deformation stage. Once the plastic deformation reaches the critical threshold for equivalent plastic deformation, continuous ejection of mud and sediment from the formation ensues. Given the rapid nature of blowout occurrences, this study simplifies the consideration of elastic-plastic changes in the formation. Furthermore, the theoretical model in this paper operates under the following assumptions:




	(1)

	
The sand layer is only subjected to vertical pressure from the overlying rock strata, neglecting lateral pressures caused by tectonic movements, etc.




	(2)

	
The blowout formation experiences continuous sand ejection, with the rock framework considered as a uniformly isotropic porous elastic medium.




	(3)

	
The flow of sand and gas occurs at the same velocity, and the flow of the sand–gas mixture follows Darcy’s law and is treated as an isothermal process.










2.2. Seepage Field Model


Analyzing a small element taken from the geological formation, assuming that the fluid in the shallow gas formation is a single-phase fluid (gas phase), the small element contains gas, fluidized solids (flowing sand), and a rock framework. Assuming continuous sand ejection from the formation and considering the rock framework as a continuous medium, the gas phase, flowing sand, and rock framework satisfy the following continuity equations:


    ∂    ρ g  ( 1 − C ) ϕ     ∂ t   + ∇ ⋅ (  ρ g  ( 1 − C ) ϕ  v g  ) = 0  



(1)






    ∂    ρ s  C ϕ     ∂ t   + ∇ ⋅ (  ρ s  C ϕ  v  fs   ) = m  



(2)






    ∂    ρ s  ( 1 − ϕ )     ∂ t   + ∇ ⋅ (  ρ s  ( 1 − ϕ )  v s  ) = − m  



(3)




where subscripts g, fs, s represent gas, flowing sand, and the geological formation skeleton, respectively. Formation density, kg/m3, is  ρ ;  t  is erosion time, s;  ϕ  is porosity;    v s    is gas flow velocity, m/s; and C is the sand content in the pore space.



Considering the density of the formation skeleton to be constant,    ρ s  = const  , and its velocity    v s  = 0  , substituting it into Formula (3) yields as follow:


    ∂ ϕ   ∂ t   =  m   ρ s     



(4)







According to the erosion criterion proposed by Papamichos [35,36], the erosion rate of the rock framework per unit time can be expressed as follows:


  m =  ρ s  λ ( 1 − ϕ )  v s   



(5)




where  λ  is the erosion coefficient, m−1.



The flow of shallow gas follows the ideal gas state equation:


   ρ g  =    M g    R T   p  



(6)




where    M g    is the molar mass of the gas, kg/mol;  R  is the ideal gas constant; and  T  is the temperature, K. The flow velocity and pressure of shallow gas at the seabed follow Darcy’s law.


  v = −    k g   μ  ∇ p  



(7)




where  μ  is the gas dynamic viscosity coefficient, Pa·s; and    k g    is the permeability of the shallow gas formation, m².




2.3. Deformation Field Equations


The stress field equations mainly include equilibrium equations, physical equations, and geometric equations. Neglecting the effect of inertial forces, the equilibrium equation for shale reservoir deformation can be expressed as follows:


   σ  i j , j   +  f i  = 0  



(8)




where    σ  i j     is the stress component, Pa; and fi is the volumetric force component, Pa.



The geometric equation is given by


   ε  ij   =  1 2  (  u  i , j   +  u  j , i   )  



(9)




where    ε  ij     is the total strain component; and    u i    is the displacement component, m.



The constitutive equation for porous elastic media can be expressed as follows:


   ε  ij   =  1  2 G    σ  ij   − (  1  6 G   −  1  9 K   )  σ  kk    δ  ij   +  α  3 K   p  δ  ij    



(10)




where   G = E / 2 ( 1 + v )  ,   K = E / 3 ( 1 − 2 v )  ,    σ  kk   =  σ  11   +  σ  22   +  σ  33    ;  G  is shear modulus;  K  is bulk modulus;  E  is Young’s modulus;  v  is Poisson’s ratio;  α  is the Biot coefficient; and    δ  ij     is Kronecker delta. From Equations (8)–(10), the governing equation for the stress field can be derived as follows:


  G  u   i , kk    +  G  1 − 2 v    u   k , ki    − α  p  , i   +  f i  = 0  



(11)








2.4. State Equations


By substituting Formula (5) into Formula (4), the dynamic change equation of porosity in the shallow gas formation can be obtained as follows:


    ∂ ϕ   1 − ϕ   = λ  v g  ∂ t  



(12)







Separating variables in the above equation:


  ln ( 1 − ϕ ) =  e  λ  v g  t +  C 1     



(13)







By substituting the initial conditions   ϕ =  ϕ 0   ,   t =  t 0    into the Equation (13), the dynamic evolution equation of porosity in the shallow gas formation during the blowout process can be obtained as follows:


  ϕ = 1 − ( 1 −  ϕ 0  )  e  − λ  v g  t    



(14)







Assuming that the porosity  ϕ  and permeability    k g    of the shallow gas formation satisfy the Kozeny–Carman model [37,38,39], the dynamic evolution equation for permeability can be expressed as follows:


   k g  =  k 0       ϕ   ϕ 0       3        1 −  ϕ 0    1 − ϕ      2   



(15)







During the blowout process, the ejection of gas carrying a large amount of mud and sand increases the porosity, weakening the formation strength. In the porous elastic constitutive model used in this paper, the decrease in bearing capacity is mainly reflected in the change of the elastic modulus model. The dynamic evolution equation for elasticity is expressed as follows:


  E = ( 1 − 4.875 ϕ ) ×   10  9   



(16)









3. Numerical Model


3.1. Base Case Model


To study the spatiotemporal evolution of strata deformation during blowout events, we initially established a fundamental numerical model for this research. Considering the symmetry of the strata, this foundational model was a two-dimensional axisymmetric plane model as shown in Figure 2. The model included overlying rock layers, underlying rock layers, a shallow gas layer, and other interlayers. In Figure 3, the overall dimensions of the model were 300 m (length) × 1200 m (width), with the shallow gas layer buried at a depth of 600 m, having a thickness of 60 m and a length of 100 m. The mud line was located at a depth of 50 m on the seabed, and seawater pressure was applied to the top boundary of the model in the form of a uniformly distributed load, with a value of 0.5 Mpa. The bottom displacement was fixed, and the normal displacement was fixed on the left and right boundaries. To obtain more precise numerical solutions, the grid was locally refined in the area near the shallow gas layer and close to the wellbore, resulting in a total of 16,542 grids within the model. The shallow gas layer was assigned a high-pressure coefficient to simulate its high-pressure characteristics. The high-pressure coefficient was the ratio of formation pressure to static liquid column pressure, and the pressure coefficient of abnormally high-pressure formations was usually 1.2–2.0. During the blowout process, a fixed pressure or flow boundary was applied to the shallow gas layer near the wellbore boundary. For convenience in the study, as shown in Figure 3, displacement measurement lines l1, l2, and l3 were set up in the overlying rock layers, and seven measurement points, P1 to P7, were positioned around the wellbore. The relevant parameters of the basic model are presented in Table 1.




3.2. Simulation Scheme


Through previous research, it can be found that the main factor causing formation deformation is the decrease in bearing capacity of the formation, while the weakening of formation strength is mainly caused by the ejection of a large amount of mud and sand. Therefore, it is important to study the impact of different pressure differences and sandblasting amounts on formation deformation. In addition, there are other factors that can affect formation deformation, including shallow gas layer burial depth, range, bottom-hole pressure difference, and gas blowout rate. Based on the established numerical model, simulations were conducted for different factors. Two categories of factors were selected: inherent formation factors and operational factors, encompassing six parameters. Each factor was simulated with five different values. The specific factor simulation scheme is detailed in the Table 2. It should be noted that the models of different sandblasting quantities mentioned above correspond to the states after a blowout of 3.5 h, 7.5 h, 13.5 h, 21 h, and 35 h, respectively.





4. Analysis of Simulation Results


4.1. Spatiotemporal Evolution of Formation Settlement during Blowout


Figure 4 provides overall formation deformation cloud diagrams at different times (12 h, 24 h, 36 h, and 48 h) after the blowout. It can be seen that significant settlement and uplift occur at the shallow gas formation’s upper and lower ends near the wellbore after the gas blowout. Over time, deformation of rock layers near the shallow gas formation increases. The maximum settlement values at different times are 0.072 m, 0.132 m, 0.164 m, and 0.193 m, respectively. The maximum uplift values are 0.062 m, 0.074 m, 0.084 m, and 0.088 m. The settlement extends from the bottom upwards to the seabed mudline, while the uplift range increases, its degree gradually decreases.



Analysis of settlement values at different positions above the shallow gas layer was conducted at 0 m, 300 m, and 600 m along the x-axis. It can be seen from Figure 5a that the deformation curves show a distinct “funnel” shape in settlement near the shallow gas layer, with larger settlements closer to the wellbore, and minimal impact on far-field formations. After 12 h of the blowout, distant interlayers show almost no deformation. The maximum settlement values increase over time, but the rate of settlement gradually decreases. As shown in the Figure 5b,c, the upper rock layers above the shallow gas layer experience smaller settlements, especially at 600 m above the layer, showing a uniform downward movement. This is attributed to the significant mud and sand blasting near the wellbore, weakening the formation strength, resulting in a ‘cantilever beam’ structure at the bottom of the overlying rock layers. The upper formations uniformly descend due to the overall weakening of the lower layers.



Figure 6 presents the wellbore measurement points’ settlement values over time, and their final values after 48 h. As seen in Figure 6a, the settlement value at the wellbore measurement points increases with time. The settlement at the measuring point increases continuously over time, and the overall rate of change is relatively uniform. However, there are some fluctuations in human behavior, which are caused by certain fluctuations in the effective stress at the measuring point. Initially, at the outset of the blowout, the settlement rate at measurement point 1 is rapid, showing a sharp decline. In contrast, measurement points 4–7 show almost no settlement within the first 10 h of the blowout. The largest deformation occurs near the wellbore in the vicinity of the shallow gas layer, with the final settlement value reaching 0.189 m. The final settlement values at positions 400–600 m above the shallow gas layer remain relatively constant, approximately around 0.07 m, reaffirming that the upper formations above the shallow gas layer experience less settlement but demonstrate a consistent, uniform downward movement.



To further analyze the mechanism of formation settlement during the blowout process, the overall evolution laws of the geostress in the formation at different times were analyzed. Figure 7 presents the cloud diagram illustrating the variation of vertical effective stress in the formation over time. It reveals that, at the initial stage of the blowout, aside from the high-pressure shallow gas layer, the distribution of geostress in the remaining layers is relatively uniform, approximately equal to the dry weight of the formation. Following the escape of gas, under the influence of a higher pressure gradient, pressure within the shallow gas layer is released, resulting in an increase in vertical effective stress. This observation aligns with the principle of effective stress in soil mechanics. The earliest change occurs near the wellbore on the left side of the shallow gas layer. As time progresses, the area experiencing an increase in effective stress gradually expands, extending towards the right side of the shallow gas layer and both the upper and lower sides of the rock body. In contrast, regions far from the shallow gas layer are almost unaffected.



Figure 8 presents a cloud diagram depicting the variation in horizontal effective stress during the blowout process. As observed, similar to vertical effective principal stress, the horizontal effective principal stress within the shallow gas layer increases following the gas escape, with the area of increased stress continually expanding. Considering that not all the high-pressure gas within the shallow layer is expelled after 48 h, regions far from the wellbore within the shallow gas layer still exhibit high-pressure zones, where the effective principal stress is lower. The trend in the formation’s effective stress changes indicates two primary reasons for significant deformation, especially in the shallow gas layer. Firstly, the extensive expulsion of mud and sand from the shallow gas layer increases the formation’s porosity and weakens it considerably, leading to substantial deformation under the self-load of the rock. Secondly, the expulsion of a large amount of high-pressure gas from the shallow gas layer reduces the pore pressure, increasing the effective stress within the formation and further exacerbating its deformation.



A statistical analysis was conducted on the gas blowout rate and cumulative expelled gas volume from the shallow gas layer 48 h post blowout, with the results illustrated in Figure 9. It can be seen that the gas blowout rate initially exhibits a characteristic of a high initial rate followed by a rapid decline. The initial rate at the onset of the blowout nearly reaches 1.375 × 105 m3/h, then gradually stabilizes to a rate of 3.70 × 104 m3/h after 8 h. The cumulative volume of expelled gas progressively increases, although the rate of increase gradually diminishes. After two days, the cumulative expelled gas volume approaches nearly 2 million m3. It is noteworthy that the focus of this paper is on the deformation characteristics of the formation following the expulsion of shallow gas. The recorded gas blowout volume refers to the flow rate at the bottom of the well, rather than the gas blowout volume at the wellhead.



Figure 10 presents the sand blasting rate and the change in the quantity of sand during the blowout process. Similar to the gas blowout rate, the sand blasting rate exhibits a significant exponential decline over time. The initial sand blasting rate is relatively high, reaching 110 m3/h. The cumulative sand blasting volume is positively correlated with time and gradually stabilizes over two days. The main reason for this trend is attributed to the decrease in the gas blowout rate in the later stages of the blowout. This reduction lessens the erosion effect of the gas on the sand bodies in the shallow gas layer, thereby diminishing its sand-carrying capacity. The final cumulative amount of sand blasting volume over two days reaches 1600 m3. This is close to the data monitored on site, which also proves the feasibility of our simulation.




4.2. Sensitivity Analysis of Factors Affecting Geological Deformation


According to the simulation scheme provided in Table 2, the sensitivity analysis of factors was conducted. Considering the significant deformation observed at the top of the shallow gas layer and near the wellbore, which are potential areas for instability during a well blowout, the next study focuses on analyzing formation deformation along the measuring line (l1) above the shallow gas layer.



	(1)

	
Burial depth.







Figure 11 presents the overall deformation cloud diagram of formations with different shallow gas burial depths 48 h after a blowout. It can be observed from the figure that the degree of formation deformation is positively correlated with the burial depth of the shallow gas layer. This is primarily because greater burial depths result in larger overburden loads from the overlying strata. After the ejection of mud and sand, the formation strength weakens. Under the effect of a larger overburden load, the amount of formation subsidence increases, making instability more likely. Although the settlement of shallow gas layers is relatively small when buried at a shallow depth, the upward range of settlement deformation is larger. Compared with models with larger burial depths, the seabed mudline is more affected by blowout.



Figure 12 shows the subsidence above the shallow gas layers of formations at different burial depths, and Figure 13 displays the maximum subsidence at various depths. It is evident from these figures that the maximum formation subsidence occurs above the shallow gas layer near the wellbore. The maximum settlement values in different burial depth models are 0.166 m, 0.193 m, 0.207 m, 0.220 m, and 0.229 m, respectively. It is noteworthy that the maximum subsidence increases with the depth of the shallow gas layer, but the rate of increase gradually diminishes. The primary reason for this is that when the pressure of the shallow gas layer remains constant, the pressure difference with the fluid column pressure inside the wellbore decreases as the burial depth increases. Consequently, the amount of sand ejection reduces, the degree of formation weakening decreases, and although the overburden load increases, the shallow gas layer retains the capacity to withstand deformation.



	(2)

	
Pressure coefficients.







Figure 14 presents the overall deformation cloud diagram of formations influenced by different shallow gas layer pressure coefficients 48 h after a well blowout. It can be seen from the figure that the degree of formation deformation is positively correlated with the pressure of the shallow gas layers. The settlement and floor heave increase with the increase in pressure, and the range of geological deformation gradually increases. The maximum settlement of different shallow gas pressure models is 0.008 m, 0.126 m, 0.207 m, 0.289 m, and 0.373 m, respectively. The maximum settlement shows a linear increasing trend with the increase in shallow gas pressure, and the growth rate is relatively stable. The primary reason for this is that with a constant bottom-hole pressure, the greater the pressure in the formation, the higher the gas ejection velocity due to the larger pressure difference, resulting in increased sand carryover and greater weakening of the shallow gas layers. Additionally, as the pressure of the shallow gas layers increases, the magnitude of the maximum subsidence of the formation also progressively increases, indicating that variations in the pressure of the shallow gas layers significantly impact formation deformation (Figure 15 and Figure 16).



	(3)

	
Sand blasting volumes.







This study analyzed the degree of formation deformation for sand blasting volumes ranging from 300 m3 to 1500 m3. As evident from Figure 17, there is a positive correlation between the sand blasting volume and the overall deformation of the formation. The deformation amount and deformation range of the formation increase with the increase in sandblasting volume. The maximum settlement values in models with different sandblasting amounts are 0.002 m, 0.067 m, 0.102 m, 0.134 m, and 0.185 m, respectively. Compared with different gas pressure models, although the maximum settlement value also shows a linear increase trend, the increase rate is relatively low. In addition, when the sandblasting amount is small, the deformation amount of the formation in the early stage of the blowout is relatively small. The primary reason for this is that the ejection of a large quantity of mud and sand particles from the formation increases the porosity of the shallow gas layer, reduces the elastic modulus, and weakens the resistance to deformation. Under the influence of overburden load, the deformation of the formation increases. This significant deformation is mainly concentrated near the wellbore of the shallow gas layer, with the maximum subsidence being almost directly proportional to the sand blasting volume, descending at a relatively uniform rate (Figure 18 and Figure 19).



	(4)

	
Shallow gas layer range







Keeping the thickness of the shallow gas layer constant at 60 m, the range of the layer was controlled by adjusting its length, with lengths ranging from 60 m to 140 m analyzed. As shown in Figure 20, the degree of formation deformation across different ranges of the shallow gas layer is quite similar, with the maximum subsidence near the wellbore consistently around 0.2 m. The maximum settlement values in different models are 0.212 m, 0.213 m, 0.207 m, 0.207 m and 0.206 m, respectively, indicating that the shallow gas layer has a relatively small impact on the deformation at the bottom of the wellbore. This phenomenon is more apparent in Figure 21 and Figure 22, where the subsidence curves for different shallow gas ranges at 60 m to the right of the wellbore almost coincide, and the slope of the maximum subsidence curve is nearly zero. This is primarily because the gas ejection speed near the wellbore is high, resulting in significant mud and sand loss and a high degree of formation weakening. Under the same pressure difference, the gas flow speed is similar across different ranges, leading to comparable degrees of deformation.



	(5)

	
Gas blowout rate







Figure 23 presents the overall deformation cloud diagram of formations 48 h after a well blowout, influenced by different gas blowout rates. This figure shows that the overall deformation of the formation is positively correlated with the gas blowout rate. The maximum subsidence of strata in different models are 0.009 m, 0.210 m, 0.324 m, 0.354 m and 0.363 m respectively. As the gas blowout rate increases, both the subsidence and uplift of the formation increase. It is observed that the maximum subsidence near the wellbore increases with the gas blowout rate, but the rate of increase in subsidence gradually diminishes, eventually stabilizing at close to 0.36 m. The main reason for this is that at higher gas injection rates, the amount of sandblasting in shallow gas layers near the wellbore is similar, and the residual bearing capacity at that location gradually stabilizes. Under the same overlying load, the deformation of the formation also gradually becomes similar (Figure 24 and Figure 25).



	(6)

	
Pressure differences







When the formation pressure of the shallow gas layer is constant, pulling up the drill can create a suction pressure, reducing the overall pressure in the wellbore and disrupting the balance between bottom-hole pressure and formation pressure. The influence of five pressure differences of 1.26, 2.76, 4.26, 5.76, and 7.26 MPa on formation deformation were selected to analyze in this paper. As shown in Figure 26, the overall deformation of the formation is positively correlated with the pressure difference. Under the influence of a larger pressure gradient, the rate of gas blowout increases, carrying more sand and leading to greater weakening of the formation and increased deformation. The maximum settlement of models with different pressure differences are 0.113 m, 0.159 m, 0.207 m, 0.255 m, and 0.305 m, respectively (Figure 27 and Figure 28).





5. Conclusions


This paper, focusing on the formation deformation and instability disasters following shallow gas well blowouts, established a well blowout formation fluid–solid coupling theoretical model based on poroelastic theory combined with sand erosion criteria. It studied the spatiotemporal evolution of formation deformation post blowout and analyzed factors affecting the extent of formation deformation, yielding the following conclusions:




	
After a blowout, the shallow gas formation near the wellbore showed distinct subsidence and uplift, with deformation increasing over time. The maximum subsidence values at 12 h, 24 h, 36 h, and 48 h post blowout were 0.072 m, 0.132 m, 0.164 m, and 0.193 m, respectively, with a gradually decreasing rate.



	
Subsidence in the strata above the shallow gas layer formed a distinct “funnel” shape, with the maximum at the wellbore. Initially, the interlayer showed almost no deformation. Far-field formations were less affected by the blowout, exhibiting uniform subsidence, with the seabed mud line unaffected.



	
During the blowout, effective stress in the shallow gas layer and surrounding strata gradually increased, while regions far from the shallow gas layer remained almost unaffected. Both gas ejection and sand ejection rates initially decreased rapidly, then stabilized, following an exponential pattern.



	
Burial depth, pressure coefficient, sand blasting volume, shallow gas range, gas blowout rate, and bottom-hole pressure difference were all positively correlated with post-blowout formation deformation. Formation pressure, gas blasting rate, and bottom-hole pressure difference had a significant impact, followed by sand blasting volume and burial depth, while the range of the shallow gas layer had a weaker overall impact on formation deformation.



	
The numerical model in this paper was a two-dimensional model, concentrating solely on vertical formation deformation post blowout. Future work aims to develop a comprehensive three-dimensional thermal-hydraulic-mechanical coupling model. Additionally, the formation, simplified as a porous elastic body, had limitations. Future endeavors will explore plastic deformation and failure characteristics following blowouts.
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Figure 1. Schematic diagram of shallow gas layer blowout. 
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Figure 2. Schematic diagram of two-dimensional plane model. 
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Figure 3. Numerical model grid division, layout of measuring lines and points and simulation workflow. 
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Figure 4. Cloud chart of overall formation deformation at different times during the blowout process. 
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Figure 5. Settlement curves at different locations above shallow gas formation. 
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Figure 6. Wellbore settlement values (a) differenct positions (b) final sttlement values. 
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Figure 7. Cloud chart of vertical effective stress evolution during blowout process. 
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Figure 8. Cloud chart of horizontal effective stress evolution during blowout process. 
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Figure 9. Variation curves of gas blowout rate and accumulated ejection volume during blowout process. 
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Figure 10. Variation curves of sand blasting rate and accumulated blasting volume during blowout process. 
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Figure 11. Overall deformation cloud maps under different shallow buried depths of gas layers 48 h after blowout. 
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Figure 12. Subsidence curve of the stratum above the shallow gas layer under different buried depths of shallow gas. 
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Figure 13. The maximum settlement values under different buried depths of shallow gas. 
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Figure 14. Overall deformation cloud maps under different pressure coefficients 48 h after blowout. 
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Figure 15. Subsidence curve of the stratum above the shallow gas layer under different pressure coefficients. 
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Figure 16. Maximum settlement values under different pressure coefficients. 
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Figure 17. Overall deformation cloud maps under different pressure sand blasting volumes 48 h after blowout. 
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Figure 18. Subsidence curve of the stratum above the shallow gas layer under different sand blasting volumes. 
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Figure 19. Maximum settlement value under different sand blasting volumes. 
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Figure 20. Overall deformation cloud maps under different shallow gas layer ranges 48 h after blowout. 
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Figure 21. Subsidence curve of the stratum above the shallow gas layer under different shallow gas layer ranges. 
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Figure 22. Maximum settlement value under different shallow gas layer ranges. 
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Figure 23. Overall deformation cloud maps under different gas blowout rates 48 h after blowout. 
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Figure 24. Subsidence curve of the stratum above the shallow gas layer under different gas blowout rates. 
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Figure 25. Maximum settlement value under different shallow gas blowout rates. 
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Figure 26. Overall deformation cloud maps under different pressure differences 48 h after blowout. 
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Figure 27. Subsidence curve of the stratum above the shallow gas layer under different pressure differences. 






Figure 27. Subsidence curve of the stratum above the shallow gas layer under different pressure differences.



[image: Processes 12 00378 g027]







[image: Processes 12 00378 g028] 





Figure 28. Maximum settlement value under different pressure differences. 
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Table 1. Physical and mechanical parameters of the formation in the basic model.
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	Parameter
	Value
	Unit





	Molar mass of gas    M g   
	0.016
	kg/mol



	Ideal gas constant  R 
	8.314
	J/(mol·K)



	Temperature  T 
	269
	K



	Erosion coefficient  λ 
	1.5
	m−1



	Gas dynamic viscosity  μ 
	2.01 × 10−5
	Pa·s



	Elastic modulus of shallow gas layer    E g   
	0.2
	GPa



	Poisson’s ratio    υ g   
	0.25
	



	Initial porosity of shallow gas layer    ϕ   g 0     
	0.5
	



	Initial permeability of shallow gas layer    k   g 0     
	0.5
	D



	Density of shallow gas layer    ρ  gs    
	1700
	kg/m3



	Elastic modulus of overlying layer    E o   
	2
	GPa



	Poisson’s ratio of overlying layer    υ o   
	0.3
	



	Initial porosity of overlying layer    ϕ   o 0     
	0.3
	



	Initial permeability of overlying layer    k   o 0     
	0.01
	D



	Density of overlying layer    ρ o   
	2000
	kg/m3



	Elastic modulus of underlying layer    E u   
	5
	GPa



	Poisson’s ratio of underlying layer    υ u   
	0.3
	



	Initial porosity of underlying layer    ϕ   u 0     
	0.2
	



	Initial permeability of underlying layer    k   u 0     
	0.02
	D



	Density of underlying layer    ρ u   
	2200
	kg/m3



	Seawater depth
	20
	m



	Pressure coefficient of shallow gas layer
	1.6
	










 





Table 2. Factor analysis simulation scheme.
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Factor

	
Parameter

	
Lower Value

	
Base Value

	
Higher Value






	
Inherent formation factors

	
Buried depth/m

	
400, 500

	
600

	
700, 800




	
Shallow gas range/m

	
60, 80

	
100

	
120, 140




	
Pressure coefficient

	
1.2, 1.4

	
1.6

	
1.8, 2.0




	
Sand blasting volume/m3

	
300, 600

	
900

	
1200, 1500




	
Operational factors

	
Pressure difference/MPa

	
1.26, 2.76

	
4.26

	
5.76, 7.26




	
Gas blowout rate/m3/h

	
0.6 × 105, 0.8 × 105

	
1 × 105

	
1.2 × 105, 1.4 × 105

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Vertical principal

effective stressPa
00000€+00
-1.0000€+08
200008406
“3.0000£408
4.0000€+06

“5.0000E+08
“8.0000E+05
7.0000E+08
“8.0000E+05
“9.0000E+08
£1.0000E 07
£1.1000E 407
“1.2000E 07
- 130008407
Shallow “1.4000E 07
femslayer £1.5000E 407

£1.6000E 07

£1.7000E 07

“170108407

o
4
(

36h 48h






media/file4.png
Seawater pressure

, 7 N|Wellhead ‘
| Overburden
layer |






media/file52.png
Z-Disp./m

6.4624E-02
6.0000E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1.0000E-02
0.0000E+00
-1.0000E-02
-2.0000E-02
-3.0000E-02
-4.0000E-02
-5.0000E-02
-6.0000E-02
-7.0000E-02
-8.0000E-02
-9.0000E-02
-1.0000E-01
-1.1000E-01
-1.1330E-01

Z

O

1.26MPa
X

Z-Disp./m

8.1649E-02
8.0000E-02
6.0000E-02
4.0000E-02
2.0000E-02
0.0000E+00
-2.0000E-02
-4.0000E-02
-6.0000E-02
-8.0000E-02
-1.0000E-01
-1.2000E-01
-1.4000E-01
-1.5980E-01

2.76MPa

Z-Disp./m

9.8338E-02

7.5000E-02

5.0000E-02

2.5000E-02

0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.0759E-01

4.26MPa

Z-Disp./m

1.1577E-01

1.0000E-01

7.5000E-02

5.0000E-02

2.5000E-02

0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2500E-01
-2.5000E-01
-2.5595E-01

5.76MPa

Z-Disp./m

1.3363E-01

1.2500E-01

1.0000E-01

7.5000E-02

5.0000E-02

2.5000E-02

0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2500E-01
-2.5000E-01
-2.7500E-01
-3.0000E-01
-3.0559E-01

7.26MPa





media/file39.jpg
Z-Disp.m Z-Disp/m Z-Disp./m

$on £ 100m 120m 140m





media/file18.png
Gas blowout rate/m’/h

1.50x10° 2.0x10°

Gas rate 1.8x10°
1.25%x10° - Accumulated gas volume 1.6x10°
1.4x10°
1.00x10° - 1.2210‘5
1.0x10°
7.50x10% 1 8.0;05
65.0x10°
5.00x10" - 4.0;05
2.0x10°

2.50x10* — ox

0 4 8 12 162024283236404448'
Time/h

Accumulated gas volume/m’





media/file21.jpg
Al

500m

600m

700m

800m





media/file44.png
Maximum settlement value/m

S
=

——————————————————————————————————————————————————————

1
—
l

S
()
l
__,F eleo
I
__43______
f
||
-
-
-

>
s
l

S
L
|

——————————————————————————————————————————————————————

-0.5 : : '. '. a '. '. '. '.
50 60 70 80 90 100 110 120 130 140 150

The shallow gas formation range/m





media/file26.png
&
o

1
=
l

©
(]
I

-0.3 1

Maximum settlement value/m

S
L
|

—————————————————————————————————————————————————————

—————————————————————————————————————————————————————

—
h

400 500 600 700 800
The buried depth of shallow gas layer/m





media/file55.jpg
S
=

<
d

W/aN[EA JUIWA[IS WNWIXBIA!

]
T

o
=

py
S

Pressure difference/MPa





media/file7.jpg
12h

]

24h

36h

48h

Z-Disp/m
ssersea
2soo0Eaz






media/file28.png
Z-Disp./m
5.4027E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1.0000E-02
0.0000E+00
-1.0000E-02
-2.0000E-02
-3.0000E-02
-4.0000E-02
-5.0000E-02
-6.0000E-02
-7.0000E-02
-8.0000E-02
-8.4271E-02

Z-Disp./m

6.9998E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1.0000E-02
0.0000E+00
-1.0000E-02
-2.0000E-02

-3.0000E-02 &

-4.0000E-02
-5.0000E-02
-6.0000E-02
-7.0000E-02
-8.0000E-02
-9.0000E-02

i -1.0000E-01

-1.1000E-01
-1.2000E-01
-1.2675E-01

1.

4

Z-Disp./m

9.8338E-02
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01 |

-1.5000E-01 &
-1.7500E-01 ™=

-2.0000E-01
-2.0759E-01

1.

6

Z-Disp./m

1.2852E-01
1.2500E-01
1.0000E-01
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2500E-01
-2.5000E-01
-2.7500E-01
-2.8951E-01

1.

8

Z-Disp./m

1.5935E-01
1.5000E-01
1.0000E-01
5.0000E-02
0.0000E+00
-5.0000E-02
-1.0000E-01
-1.5000E-01
-2.0000E-01
-2.5000E-01
-3.0000E-01
-3.5000E-01

-3.7384E-01 '

2.0





media/file10.png
Settlement value/m

0.00

| =~
| .-.|
! ._.l-l | ".xmm
S » ',*T'“ﬂ“w
N s 77
-0.05 - g ol
et T
. A
. ® -
0.104------- ¥ ,"’ --------------------------
* | _#‘ v
P ,h" v’"' —=—12h
‘-‘A E /1" g 24h
0054 adt T —4—36ht----
A4 b4
v —wv 48h
rV”,vv
-0.20 j i :
0 50 100 150 200

Horizontal distance from the wellhead/m

(a) 0 m above shallow gas formation

Settlement value/m

Settlement value/m

0.00 1 :
HHHI-II:-l“-mll:lllﬂmmmlmn
0,05 {ensnsasessssssnsannnanssnse s NS
: — LA A AAAAAA
r"""“‘?‘Y'YTTTVTW'YTT
-0.104-----4------ o]
—=— |2h
—o— 24h
‘O. l 5 e e e e A 36h _____
—wv—48h
'020 T T I |
0 50 100 150

Horizontal distance from the wellhead/m

(b) 300 m above shallow gas formation

0.00

Hi“llllli.ll—l—.—l—.—llillll.llllml““ll

YT T T T T TN T T T T T T T T YTy TP T Y T Y SsFwmwmww Y OROF

-0.05 ~

L A A A A A A A & A & & & & & & & & & & A A A A A A & & & b b b b b b b L A J

| [
I YT T TR TTSTTRTeTUesesrrorewy
T T

-0.10 +

-0.15 -

-0.20

-FTTTTWWF*TTWWTVVE'W“'TTTTW

_____________ Fmmmmmgmmmmmmmmmmmm o= o= |k

—a— |2h
—e— 24h
36h -

R A 48h_

50

100

Horizontal distance from the wellhead/m

150 200

(c) 600 m above shallow gas formation

200





media/file49.jpg
=
=

e & 5
b o =
! h !

Maximum settlement value/m

S
=
L

&
o

0.6

0.8 1.0 12
The gas blowout rate/1x10°m*/h






media/file11.jpg
Timeh

020
0 s 10 1S 20 25 30 35 40 4
000

5

Settlement value/m

015

| messuring point 6 00

[ messuring point 7 T 0 a0 0 0 S0 6w

Different posiions bove shallow gasim
(b)

020

@





media/file6.png
Zone Group
underlying
overburden
other

shallow gas

MD=0m
Ps
Ps
P4
P
P>
1\_/IP_=_6_00 m
MD = 660 m
MD = 1200 m

| Building geometric model |

| Grid element division ‘

;

L

'

—

Setting
mitial
conditions

Selection of physical
and mechanical
parameters

Setting
boundary
conditions

| In situ stress balance l

v

Blow-out
simulation
Spatiotemporal Analysis of Deformation
evolution of sandblasting factor
formation and jet sensitivity
deformation volume analysis

[opow [eonjA[RUR

ue SuIysIqeIsy

uonn[os
puE uone[UWIS






media/file36.png
Settlement value/m

— = sand blasting volume 300m’

e sand blasting volume 600m’
-~ 4 sand blasting volume 900m’

v sand blasting volume 1200m’
------------- + sand blasting volume 1500m’

_____________

_____

_____

0 50 100 150 200 250

Horizontal distance from the wellhead/m

300





media/file15.jpg
Horizontal principal
effective stress/Pa

00000E400
1.0000E408
2.0000E 406
5.0000E+06
4.0000E406

50000E406
60000E408
7.0000E 06
8.0000E408
9.0000E408
1.0000E+07

prr FEr -

[ ' ¢ “1.1000E 407
£1:2000E407
1.3000E407
140008407
1.5000E407
1.6000E+07
1.7000E+07
“17010E407

24h 36h 48h






nav.xhtml


  processes-12-00378


  
    		
      processes-12-00378
    


  




  





media/file54.png
Settlement value/m

— preséure difference 2.26MPa
—&— pressure difference 3.76MPa

—w— pressure difference 5.76MPa

4 pressure difference 4.26MPa |

+ pressure difference 6.26MPa| |

50 100 150 200 250
Horizontal distance from the wellhead/m

300





media/file2.png
Oftshore
platform

Gas blowout

Seawater -
Drill pipe

Blowout

/ Prenventor(BOP)

Seabed mudline

IPIIIIIIIIIHIIIIIIIIIIIIIIIIII PSS!

S R RN

IPIIIIIIIIIIIIIIIIIII Y rrrrrrrrrrr e < oPY) AT T I A3
TS ee s
IFIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I IPIIIFIIHIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII BN,
s R RRRRIERIR S
gggggggggggggggggggg‘\'\\\\\\\\\\\\\\\\\\\‘\5&\ I BRER RN

3330003333000 20 2530 ettt .- 3 e
AT AT AT AT AT AT AT ATATATATATATATATATATA” A o AT AT AT AT AT AT AT AT AT AT AT AT AT ATATATATAT
T T T T R T T T R ]

-~

Drill bit





media/file53.jpg
Settlement value/m

pressure difference 2.26MPa

s pressure difference 3.76MPa
2030 4‘,." pressure difference 4.26MPa
pressure difference 5.76MPa
-0.35 pressure difference 6.26MPa
-0.40 T T T T T
0 50 100 150 200 250

Horizontal distance from the wellhead/m

300





media/file23.jpg
Settlement value/m

0.00

-0.05 4
-0.104
-0.154
-0.20
-0.254
-0.30
-0.35

-0.40

4 buried depth 600m’
v buried depth 700m

50 100 150 200 25‘0

Horizontal distance from the wellhead/m

300





media/file24.png
Settlement value/m
S
-2
>
|

-0.30 -
-0.35 1

_____

............................
#
.’I"

_______________________________________________

1 T T T I e e N

= buried depth 400m
—@— buried depth 500m

~—v buried depth 700m

———————————————— —— buried depth 600m |- - |

R e e L SRl +  buried depth 800m| -

-0.40

0 50 100 150 200 250

Horizontal distance from the wellhead/m

300





media/file29.jpg
Settlement value/m

0.00

-0.20
-0.25

_,,J"'

rvrrrrreeserseee

Pressure coefficient 1.2
Pressure coefficient 1.4

s4r e

-0.304 Pressure coefficient 1.6
..‘ Pressure coefficient 1.8
0.351.0% 1 Pressure coefficient 2.0
-0.40 T T T T T
0 50 100 150 200 250 300

Horizontal distance from the wellhead/m





media/file1.jpg
Offshore

* platform
Gas blowout &

Seawater

Drill pipe

Blowout

|_—~ Prenventor(BOP)

Seabed mudline

[

e






media/file12.png
Settlement value/m

LT

Time/h 0.20
0 5 10 15 20 25 30 35 40 45

0.189

0.00

=

—

Ln
1

-0.05
0.10 +

0.0762 0.0742 0.0734

measuring
measuring poti
measuring point
measuring point 4
measuring point 5
measuring point 6
measuring point 7

-0.10

Final settlement value/m

0.05

-0.15

0 100 200 300 400 500 600

! ! ! ! ! ! ! ! Different positions above shallow gas/m

-0.20

(a) (b)





media/file9.jpg
B e voreoersreorroreed

£ - i

3 2

P s o

-

201" 020
I E) W I £ W o a0
Horizonta distance from the wellhadm Horizontl disancefrom th welhead/m
)0 m sbove shallow gas formation 6)300 m above shallos gas formation

000

005

010

ment valueim,

Fois

s

020
o S0 w0

Horizotal distance from he wellheadim

(€600 m: sbowe shallow ges formation





media/file42.png
Settlement value/m

0.00
-0.05
-0.10 -

-0.15 1

o
2
-

—=— gag formation length 60m

025 f —e— gas formation length 80m
0304 - [ 4 oas formation length 100m| |
v gas formation length 120m
0354-------------- ¢ gas formation length 140m}---
-0.40 : R S S S S
0 50 100 150 200 250

Horizontal distance from the wellhead/m

300





media/file56.png
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

__ _,
< N )
= = S S = =

W/oN[eA JUOW[}JOS WNWIXBIA

Pressure difference/MPa





media/file47.jpg
Settlement value/m

gas blowout rate 0.6x10°m*/h
gas blowout rate 0.8%10°m*/h
gas blowout rate 1.0x10°m*h
gas blowout rate 1.2x10°m*/h
gas blowout rate 1.4x10°m*/h

EER I A |

50 100 150 200 250
Horizontal distance from the wellhead/m

300





media/file38.png
Maximum settlement value/m

S
o

1
&
|

©
(]
I

S
(P8
1

=
Lo
|

o
Lh

200

400 600 800 1000 1200 1400 1600

Accumulated sand blasting volume/m’





media/file17.jpg
£
s
g
E
3
z
2
=
o

1.50x10°

1.25x10°

1.00x10°

7.50x10*

5.00x10"

2.50x10*

Gas rate

-Accumulated gas volume

2.0x10°
1.8x10°
I1.6x10°
I1.4x10°
12x10°
l1.0x10°

0x10°

.0x10°
#.0x10°
p.0x10°
0

0

4

8

12 16 20 24 28 32 36 40 44 48

Time/h

Accumulated gas volume/m*





media/file30.png
Settlement value/m

- S = Pressure coefficient 1.2
P .~ |—® Pressure coefficient 1.4
------- ; 4? oo~ Pressure coefficient 1.6} --
‘,"’ — v Pressure coefficient 1.8
W‘* S e * IPressure coefﬁciept 2.0

0 50 100 150 200 250

Horizontal distance from the wellhead/m

300





media/file51.jpg
z
1.26MPa 276MPa 426MPa 576MPa 726MPa





media/file57.png





media/file35.jpg
Settlement value/m

0.00
-0.054
-0.10
-0.154
-0.204
-0.254
-0.304
-0.354

sand blasting volume 300m*
sand blasting volume 600m*
sand blasting volume 900m*
sand blasting volume 1200m*
sand blasting volume 1500m*

.
A
v
-

-0.40

50 100 150 200 250 300

Horizontal distance from the wellhead/m





media/file48.png
Settlement value/m

—=— gas blowout rate 0.6x10°m’/h
—e— gas blowout rate 0.8%10°m’/h
~ 4 gas blowout rate 1.0x10°m’/h|- - -
v gas blowout rate 1.2x10°m’/h
¢ gas blowout rate 1.4x10°m’/h|

50 100 150 200 250 300
Horizontal distance from the wellhead/m





media/file27.jpg
Z-Disp./m.

=

Z-Disp.m|

Z:Disp/m.

jiE

2.0





media/file3.jpg
Seawater pressure

){Wellhead

Overburden
layer

Underlying layer





media/file22.png
Z-Disp./m /-Disp./m
8.8206E-02 I 9.2738E-02
7.5000E-02 7.5000E-02
5.0000E-02 5.0000E-02
2.5000E-02 2.5000E-02
0.0000E+00 0.0000E+00
-2.5000E-02 -2.5000E-02
-5.00005-02. -5.0000E-02
-7.5000E-02 -7.5000E-02
-1.0000E-01 -1.0000E-01
-1.2500E-01 -1.2500E-01

-1.5000E-01
-1.6655E-01

-1.5000E-01
-1.7500E-01
-1.9326E-01

400m 500m

Z-Disp./m

9.8338E-02
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01 §

-1.7500E-01 W=

-2.0000E-01 -
-2.0759E-01 '

e

600m

Z-Disp./m

1.0042E-01
1.0000E-01
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2033E-01

700m

Z-Disp./m

9.0702E-02
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2500E-01
-2.2923E-01

800m





media/file19.jpg
Sand blasting rate/m*/h

120

000

Sand blasting rate 1800

-Accumulated sand volume 1600
1400
1200
1000
B0O
600
{00
OO

o0

12 16 20 24 28 32 36 40 44 48
Time/h

Accumulated sand volume/m*





media/file40.png
Z-Disp./m Z-Disp./m Z-Disp./m Z-Disp./m Z-Disp./m

1.0030E-01 9.9972E-02 9.8338E-02 9.8556E-02 9.8874E-02
1.0000E-01 7.5000E-02 7.5000E-02 7.5000E-02 7.5000E-02
7.5000E-02 | 5.0000E-02 5.0000E-02 5.0000E-02 5.0000E-02
5.0000E-02 ‘ 2.5000E-02 ' 2.5000E-02 2.5000E-02 2.5000E-02
2.5000E-02 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000E+00 -2.5000E-02 -2.5000E-02 -2.5000E-02 -2.5000E-02
-2.5000E-02 -5.0000E-02 -5.0000E-02 -5.0000E-02 -5.0000E-02
-5.0000E-02 -7.5000E-02 -7.5000E-02 -7.5000E-02 -7.5000E-02
-7.5000E-02 -1.0000E-01 -1.0000E-01 -1.0000E-01 -1.0000E-01
-1.0000E-01 -1.2500E-01 & -1.2500E-01 -1.2500E-01 -1.2500E-01 |
-1.2500E-01 . -1.5000E-01 b -1.5000E-01 -1.5000E-01 -1.5000E-01
-1.5000E-01 -1.7500E-01 -1.7500E-01 -1.7500E-01 -1.7500E-01
-1.7500E-01 I -2.0000E-01 | -2.0000E-01 ' I -2.0000E-01 I -2.0000E-01
-2.0000E-01 -2.1305E-01 | -2.0759E-01 -2.0747E-01 ; -2.0611E-01 ‘
-2.1288E-01 y /
/
60m 80m 100m 120m 140m





media/file33.jpg
Z-Disp./m|

Disp./m

600m

900m

1200m

1500m





media/file32.png
m __ m
N i <.
S S S

014
0.5

Wi/an[eA JUSW[JAS WNWIXBIA

2.0

1.8

1.6

1.4

1.2

Pressure coefficient





media/file14.png
Vertical principal
effective stress/Pa

0.0000E+00
-1.0000E+06
-2.0000E+06
-3.0000E+06
-4.0000E+06
-5.0000E+06
-6.0000E+06
-7.0000E+06
-8.0000E+06
-9.0000E+06
-1.0000E+07

-1.2000E+07

-1.3000E+07
Shallow -1.4000E+07
gas ]ayer -1.5000E+07

-1.6000E+07
-1.7000E+07
-1.7010E+07

)
)

24h 48h






media/file41.jpg
Settlement value/m

0.00

-0.054
-0.10
-0.154

-0.20 ;
2025 = gas formation length 60m
) * gas formation length 80m
-0.30 4 gas formation length 100m
v gas formation length 120m
-0.351- + gas formation length 140m|
-0.40 y

0 50 100 150 200 250 300
Horizontal distance from the wellhead/m





media/file37.jpg
Maximum settlement value/m

N
2

&
°

&

S
o

&
[

&
&

200

400 600 800 1000 1200 1400 1600

Accumulated sand blasting volume/m®





media/file46.png
Z-Disp./m
5.7292E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1,0000E-02
0.0000E+00
-1.0000E-02
-2.0000E-02
-3.0000E-02
-4.0000E-02
-5.0000E-02
-6.0000E-02
-7.0000E-02
-8.0000E-02
-9.0000E-02
-9.7652E-02

Y4

O

Z-Disp./m

9.5240E-02
7.5000E-02
5.0000E-02

~ 2.5000E-02

0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01

y -1.5000E-01

0.6 X 10°m?/h

-1.7500E-01
-2.0000E-01
-2.1050E-01

0.8 X10°m3/h

Z-Disp./m

1.3387E-01
1.2500E-01
1.0000E-01
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02

-1.0000E-01 @&

-1.2500E-01
-1.5000E-01
-1.7500E-01
-2.0000E-01
-2.2500E-01
-2.5000E-01
-2.7500E-01
-3.0000E-01
-3.2459E-01

1.0 X 105m3/h

Z-Disp./m Z-Disp./m
1.4784E-01 1.5058E-01
1.0000E-01 I 1,5000E-01
5.0000E-02 1,0000E-01
0.0000E+00 5.0000E-02
-5.0000E-02 0.0000E+00
-1.0000E-01 -5.0000E-02
-1.5000E-01 -1.0000E-01
-2.0000E-01 -1.5000E-01
-2.5000E-01 -2.0000E-01
-3.0000E-01 -2.5000E-01
-3.5000E-01 |8 -3.0000E-01
-3.5438E-01 -3.5000E-01

I -3.6380E-01
1.2 X10°m3/h 1

4X10°m3/h





media/file45.jpg
Z-Disp/m|

Z-Disp/m zmspm.l Z-Dispm| isp./m.

LOX10mYh  12X10mh 14X 10'mvh

06X10m7h 08X 10
(0] X





media/file16.png
Horizontal principal

effective stress/Pa
0.0000E+00
-1.0000E+06
-2.0000E+06

-3.0000E+06
-4.0000E+06
-5.0000E+06
-6.0000E+06
-7.0000E+06
-8.0000E+06
-9.0000E+06
-1.0000E+07
-1.1000E+07
-1.2000E+07
-1.3000E+07
Shallow -1.4000E+07

-1 5000E+07
gas layer -1.6000E+07
-1.7000E+07
-1.7010E+07

|
L _|

£ "
= |
f 2
r— "
|
L1
f ===
|
| -]

i N

12h 24h 36h 48h
O "R






media/file20.png
Sand blasting rate/m’/h

120 2000

Sand blasting rate 1800
100~ Accumulated sand volume 1600
20 - 1400
1200
60 - 1000
800
0 600
20 - 400
200
0 1 I

0 4 8 12 16 20 24 28 32 36 40 44 48
Time/h

Accumulated sand volume/m”’





media/file50.png
Maximum settlement value/m

S
o

1
—
l

©
(]
|

S
L
1

S
L
|

—————————————————————————————————————————————————————

—
Lh

The gas blowout rate/1x10°m>/h





media/file5.jpg
Zone Growp.
undeying

MD = 1200m

—]

Seting | [[Sekstonorpial | [ Setime
il || sndmechanal || boumdry
condiions || “"parncers || condiions

—

it e e

oo
sonloion

o
o

P
Cuohuionof
fomaton
lormsion

Ao
Sandbosing
ndie
e

Defomation
o
e
iy






media/file31.jpg
T

1.8
Pressure coefficient

T

1.4

o {2} =
S 9 < 3

W/AN[BA JUSWIA[1IAS WINWIXBI

2.0

1.6





media/file25.jpg
Maximum settlement value/m

&

&
S

s
[

f
o
'S

&
s

400 500 600 700 800
The buried depth of shallow gas layer/m






media/file0.png





media/file8.png
V4

12h

Z-Disp./m

6.1809E-02
6.0000E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1.0000E-02
0.0000E+00
-1.0000E-02
-2.0000E-02
-3.0000E-02
-4.0000E-02
-5.0000E-02
-6.0000E-02
-7.0000E-02
-7.1984E-02

24h

Z-Disp./m

7.3936E-02
6.0000E-02
4.0000E-02
2.0000E-02
0.0000E+00
-2.0000E-02
-4.0000E-02
-6.0000E-02
-8.0000E-02
-1.0000E-01
-1.2000E-01

-1.3183E-01 .

36h

Z-Disp./m

8.3745E-02
8.0000E-02
6.0000E-02
4.0000E-02
2.0000E-02
0.0000E+00
-2.0000E-02
-4.0000E-02
-6.0000E-02
-8.0000E-02
-1.0000E-01

» -1.2000E-01

-1.4000E-01
-1.6000E-01
-1.6423E-01

48h

Z-Disp./m

8.8675E-02
7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00
-2.5000E-02
-5.0000E-02
-7.5000E-02
-1.0000E-01
-1.2500E-01
-1.5000E-01
-1.7500E-01
-1.9334E-01





media/file43.jpg
Maximum settlement value/m

=
=

I
"

S
8]
5

.
|

|

:
‘
[
|
1
|
I
:
it

=3
o
!

&
IS
i

-0.5

50 6‘0 7‘0 8‘0 Ob l(I)O IiO léO I_;vO 14;0 150

The shallow gas formation range/m





media/file34.png
74

O

300m3
X

600m?

900m3

1200m3

Z-Disp./m Z-Disp./m Z-Disp./m Z-Disp./m Z-Disp./m
 ginniotnl 5.6653E-02 7.6374E-02 8.0930E-02 8.8912E-02
1.7500E-02 | 5.0000E-02 7.0000E-02 8.0000E-02 7.5000E-02
1.5000E-02 4.0000E-02 6.0000E-02 6.0000E-02 5.0000E-02
1.2500E-02 * 3.0000E-02 ¥ 5.0000E-02 4.0000E-02 2.5000E-02
1.0000E-02 2 0000E-02 ~ 4.0000E-02 2.0000E-02 0.0000E+00
7.5000E-03 1.0000E-02 3