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Abstract

:

During fracturing operations, special situations are often encountered. For example, the insufficient proppant-carrying capacity of fracturing fluid can cause quartz sand or ceramsite to settle near the wellbore and form a sand plug. Alternatively, excessive sand injection intensity can lead to severe accumulation of injected sand near the wellbore and also form a sand plug. These special situations are reflected in the fracturing operation curve as an abnormal increase in oil pressure over a short period of time. If not handled promptly, they can have unimaginable consequences. Sand plugs in fracturing operations, characterized by their speed and unpredictability, often form rapidly, within about 20 s. Conventional methods for on-site sand-plug warnings during fracturing include the oil pressure–time double logarithmic slope method and the net pressure–time double logarithmic slope method. Although these methods respond quickly, their warning results are unstable and vary significantly during actual operations. This is mainly because the fluctuations in the actual fracturing operation curve are often large, and there can be sudden pressure rises and drops even during stable periods, albeit less pronounced. To address the identification of anomalies in conventional fracturing operation monitoring and warning methods, a sand-plug warning index method has been proposed for sand-plug identification. This method combines the oil pressure–time double logarithmic slope with the oil pressure increment within 5 s, the rate of change in the oil pressure–time double logarithmic slope, and the fitted oil pressure intercept as indicators. The method has been validated using Well A in Fuling as an example. The validation results show that the dynamic analysis method can predict sand plugs while reducing warning fluctuations without affecting sensitivity. Compared to conventional methods, the warning time can be advanced by about 10 s.
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1. Introduction


Due to the complexity of subsurface formations, various risks are encountered during hydraulic fracturing operations, with sand plugging being the most common [1,2,3]. This can lead to economic losses, environmental pollution, disruption of reservoir flow, and the abandonment of construction wells. Accurate data analysis is crucial for developing a sound mathematical model [4,5]. Various sensors installed in the field can collect data, forming an Internet-of-Things environment [6,7]. The purpose of analyzing the data collected in the field is to extract critical information using data mining techniques [8]. This technology can identify data trends and facilitate risk prediction. Therefore, applying data mining techniques to hydraulic fracturing construction early is of significant importance in preventing sand-plugging incidents during the fracturing process [9,10]. Relevant researchers have conducted a lot of research on fracturing and achieved certain results [11,12].



The fracturing real-time monitoring and interpretation software developed by Southwest Petroleum University is based on the research of new fracturing real-time monitoring and analysis models and new methods of pressure history inversion. The software applies the pressure history inversion method and comprehensively utilizes techniques such as the stepwise linear least-squares method and the constrained scaling method to directly fit wellhead pressure to explain key parameters of the formation and the three-dimensional expansion and extension of fractures. This system is also equipped with a portable fracturing monitor, which effectively realizes real-time monitoring of fracturing construction. The fracturing construction remote monitoring system developed by Beijing Yadan Company comprehensively applies computer network technology and audio and video technology to realize multiple functions such as the real-time collection of fracturing construction data and the real-time audio and video monitoring of on-site construction [13].



Yu et al. [12] developed a real-time fracturing monitoring and early-warning system based on the slope of the oil pressure–time and casing pressure–time logarithmic curves. Based on the investigation of fracturing data from multiple wells, three modes of pressure-time logarithmic curves were analyzed, and risks that may occur in this mode were predicted by judging in real time which model the current fracturing construction status was in. At the same time, the crack length and average crack width can be calculated based on the mature two-dimensional crack PKN, KGD, and Penny radial models, and used to determine whether the crack direction is consistent with the design; if deviations occur, it should be considered whether to reduce the dynamic parameters to change the crack direction. Field application results show that the system integrates real-time monitoring data and early warning and has good application value.



Hu and Dong et al. [11,14] proposed an early-warning method for fracturing-sand plugging based on LSTM deep learning to predict sand-plugging incidents during shale gas fracturing construction and to reduce fracturing construction costs.



Dai [15] proposed the importance of the fracturing-sand-plugging early-warning method based on data mining. By studying the sand-plugging mechanism and the changing rules of related parameters, a logarithmic curve for a fracturing-sand-plugging-risk early-warning model was established, and a time series analysis algorithm was used to make a prediction. In order to improve the accuracy of early warnings, the author also used the generalized regression neural network (GRNN) algorithm and the improved affinity propagation (AP) clustering algorithm, developed a supporting real-time monitoring and early-warning system for fracturing-sand plugging, and implemented it at Port 19. The effectiveness and stability of the system have been verified in the application of the well. The system is based on the actual needs of on-site construction, has complete functions and high accuracy, and can meet the needs of real-time monitoring of fracturing-sand plugging.



Zhang’s [16] Bayesian network is the theoretical basis of the early-warning risk model and proposes an underground-accident-safety early-warning method that integrates risk representation parameters to extract its trend characteristics as real-time risk information, and introduces a membership function for quantifying its state probability distribution and correcting the probability value of underground accidents in real time.



Liang et al. [3] introduced a fracturing-sand-plugging early-warning method based on data mining, focusing on applications in the petroleum industry. By establishing a logarithmic-curve early-warning model for fracturing-sand plugging and combining it with a time-series-analysis algorithm to predict oil pressure and casing pressure, the accuracy of early warning is improved. The authors also use the generalized regression neural network (GRNN) algorithm to optimize the prediction results of time-domain analysis, and the improved affinity propagation (AP) clustering algorithm to cluster the monitoring data, improving the coincidence rate of fracturing and sand-plugging risks. Finally, the risk-warning model was successfully embedded into a remote monitoring system, allowing city office workers to realize online, remote, intelligent monitoring of risks.



In addition, Ivan Lim Chen Ning et al. [17] utilized a neural network-based image recognition algorithm (CNN) to detect low-frequency signals in distributed acoustic sensing (DAS) data, aiming to identify precursor events of sand blockage and make predictions.



In summary, it can be seen that the main methods for early warning of fracturing-sand plugs are the oil pressure–time double logarithm slope method, the net pressure–time double logarithm slope method, and artificial intelligence methods such as deep learning for prediction. Among them are the oil pressure–time double logarithm slope method and the net pressure–time double logarithm slope method; although these methods respond quickly, in actual early warning, the warning results are unstable and there are certain differences in the warning results. This is mainly because the actual fracturing construction curve fluctuations are often relatively large, and there will be steep rises and falls in pressure during stable periods, but they are not too obvious. The originally fluctuating data will be too smooth due to denoising by taking logarithms, so some early sand-plug-curve fluctuations cannot be found in time; while artificial intelligence algorithms such as deep learning require learning a large number of curve shapes when sand plugs occur during prediction, and cannot completely provide accurate warnings. Once a misjudgment is made and not found, it can easily cause some major on-site accidents. Therefore, in order to identify sand plugs earlier without affecting the accuracy and sensitivity of fracturing-sand-plug warnings, a dynamic analysis method for fracturing-sand-plug warnings is proposed to provide a more accurate warning method for ensuring fracturing safety.




2. Fracturing Construction Curve and Characteristic Analysis


The fracturing construction curve is depicted in Figure 1. This figure represents a time-series plot with time on the x-axis and pressure on the y-axis, measured in seconds. However, on-site observations are primarily conducted using minutes as the time unit. In the figure, the red line represents wellhead oil pressure, the blue line indicates construction displacement, and the orange line represents the sand ratio. The time unit is in minutes (min), while pressure is measured in megapascals (MPa), and displacement is in cubic meters per minute (m3/min). The wellhead oil pressure curve reflects the pressure change of the fracturing fluid at the wellhead, the construction displacement curve shows the injection rate of the fracturing fluid, and the sand ratio curve shows the sand content in the fracturing fluid. The comprehensive analysis of these three curves can help fracturing commanders comprehensively understand the dynamic response of the formation during the construction process and help them make real-time decisions. During on-site operations, by monitoring and interpreting these curves, the fracturing commander can quickly judge the condition of the formation to ensure the smooth progress of the construction and make timely adjustments as needed. Therefore, these three curves play an indispensable key role in actual fracturing construction.



The oil pressure–time characteristics during fracturing site construction can be divided into the following three types, as shown in Figure 2.



2.1. Rising Type


The rising type can be categorized into two situations. The first, represented by the II form in Figure 2, shows a normal oil pressure increase. This form indicates that there is resistance in the fractures during the fracturing process, but considers a normal fracturing construction scenario. The second situation is a significant oil pressure rise, as seen in the IV form in Figure 2. In this case, it suggests that the pumping pressure exceeds the absorption capacity of the injected fracturing fluid in the formation, resulting in blocked fracture propagation and a rapid, steep increase in oil pressure. This form is a strong indicator of potential sand plugging.




2.2. Stable Type


The stable type, illustrated as the III form in Figure 2, shows a steady oil pressure. It occurs when the pumping of fracturing fluid into the formation reaches equilibrium, with the fluid entering the formation due to filtration loss and normal fracture propagation. This situation is considered a normal fracturing process. However, it should raise concerns because it may signal excessive formation filtration loss, suggesting that sand carried by the fluid has not been properly removed and could potentially deposit near the well or in preferential pathways, leading to sand plugging.




2.3. Descending Type


The descending type, as represented by the I and V forms in Figure 2, exhibits a continuous decrease in oil pressure. This decline could be due to the fracturing fluid injected into the formation connecting with large natural fractures as the fractures extend, resulting in a significant increase in filtration loss. This situation leads to the injection pressure of the fracturing fluid being lower than the filtration loss volume. A continuous decrease in pressure in this manner should be closely monitored, as excessive filtration loss indicates fluid outflow and potential sand deposition, making sand plugging highly likely.




2.4. Propose a New Fracturing Construction Monitoring Method


The fracturing construction curve is paramount in on-site operations, providing a direct window into subsurface conditions and fracture extension. The methods outlined in the preceding sections represent some of the most direct and straightforward approaches currently employed in the Chinese field. However, fracturing activities are marked by rapid and substantial fluctuations, both upwards and downwards. Relying solely on logarithmic slopes to evaluate sand-plugging situations often leads to inconsistent and unpredictable early warnings, occasionally resulting in false alerts and erratic behavior. Conventional noise-reduction methods, such as moving averages and means, can significantly diminish the responsiveness of logarithmic slopes. Therefore, this chapter introduces an oil pressure–time dynamic analysis method for sand-plugging early warnings. This method remains primarily anchored in the double logarithmic slope of oil pressure–time. In tandem, it introduces the change rate of the double logarithmic slope of oil pressure–time, oil pressure increments, and the fitted oil pressure intercept to collectively assess sand-plugging conditions. This approach effectively reduces false alarms in early warnings while preserving precision in detecting sand blockages. The specific implementation of this method is illustrated in Figure 3.



The specific steps are as follows:



1. Extract oil pressure data     P   1   ,   P   2   ,   P   3   , ⋯ ,   P   n    , Pn and corresponding time data     t   1   ,   t   2   ,   t   3   , ⋯ ,   t   n    



2. Determine whether the oil pressure     P   1   ,   P   2   ,   P   3   , ⋯ ,   P   n     is greater than the formation fracture pressure



3. Take the oil pressure and time data as the current data, and record the serial number as   i  



4. Calculate the logarithmic slope     k   ′     of oil pressure–time



5. Calculate the oil pressure–time logarithmic slope change rate     k   ″    



6. Calculate the oil pressure increment     P   Z     in the stage



7. Calculate the fitted oil pressure intercept     P   b    



8. Calculate the sand-blocking early-warning index   W I  



9. Divide the sand-blockage early-warning judgment range



10. Determine the sand-blocking situation



In summary, the dynamic analysis method is a new approach for comprehensively judging sand-plugging conditions based on the data of the fracturing construction curve, using four evaluation indicators: (1) the oil pressure–time double logarithmic slope, (2) the oil pressure–time double logarithmic slope change rate, (3) the oil pressure increment, and (4) the fitted oil pressure intercept. These four indicators are combined with weights to make a comprehensive assessment. Among them, the oil pressure–time logarithmic slope     k   ′     represents the degree of change in oil pressure over time; the slope change rate     k   ″     of the oil pressure–time double logarithm is the change rate of     k   ′    , providing an intuitive reflection of     k   ′     trends; the oil pressure increment     P   Z     is used to determine the increase (or decrease) in oil pressure over a certain time period; and the fitted oil pressure intercept     P   b     corresponds to the intercept of the one-variable linear function regressed between data points. The sand-blockage early-warning index   W I   is the product of these four standardized indicator values and their respective weights. The following section will introduce the specific calculation formulas involved in the dynamic analysis method.




	
Oil pressure–time slope









     k   ′   =     P   i   −   P   i − 1       t   i   −   t   i − 1       



(1)





	
    k   ′     is the oil pressure–time slope;



	
    P   i     is the current oil pressure, MPa;



	
    P   i − 1     is the oil pressure in the last second, MPa;



	
    t   i     is the current time, s;



	
    t   i − 1     is the last second, s.






	2.

	
Oil pressure–time slope change rate








     k   ″   =     k   i   ′   −   k   i − 1   ′       t   i   −   t   i − 1       



(2)





	
    k   ″     is the oil pressure–time slope change rate;



	
    k   i   ′     is the oil pressure–time slope.






	3.

	
Oil pressure increase








     P   Z   = M a x   P   − M i n ( P )   ( Oil   pressure   increase   within   5   seconds )   



(3)





	
  M a x   P     Maximum oil pressure within 5 s, MPa;



	
  M i n   P     Minimum oil pressure within 5 s, MPa;



	
    P   Z     is the oil pressure increase within 5 s, MPa.






	4.

	
Fitted oil pressure intercept







Fitting the oil pressure intercept first involves using the least-squares method to perform one-variable linear regression analysis on the pressure and time data of five consecutive oil pressure points to create a regression curve. Subsequently, the intercept of the fitted oil pressure is calculated using the linear equation to observe how the fitted oil pressure varies under different regression curves. The principle of the least-squares method is as follows:



Suppose   y   is a function of   m   variables     x   1   ,   x   2   , ⋯ ,   x   m    , containing   m + 1   parameters     a   0   ,   a   1   ,   a   2   , ⋯ ,   a   m   ,   that is


  y = f (   a   0   ,   a   1   ,   a   2   , ⋯ ,   a   m   ;   x   1   ,   x   2   , ⋯ ,   x   m   )  



(4)







There are currently   n   groups (  n > m  ) of data   (   x   1   ,   x   2   , ⋯ ,   x   m   :   y   i   )  ,   i = 1 , 2 , ⋯ , n  . Put the data     x   1   ,   x   2   , ⋯ ,   x   m     into Equations (4) to get the calculated value       y  ^    i    . Generally, the calculated value       y  ^    i     is not equal to the data data     y   i    , but there is a deviation     y   i    :


    ε   i   =     y  ^    i   −   y   i    



(5)







The least-squares method means that the sum of squares of the deviations is the minimum:


  Q =   ∑  i = 1   n      ε   i   2     =   ∑  i = 1   n        [ f     a   0   ,   a   1   ,   a   2   , ⋯ ,   a   m   ;   x   1   ,   x   2   , ⋯ ,   x   m     −   y   i   ]   2      



(6)







Obviously,   Q   is a function of the parameters     a   0   ,   a   1   ,   a   2   , ⋯ ,   a   m    . For this reason, it should be


    ∂ Q   ∂   a   i     = 0 ,   i = 0 , 1 , 2 ⋯ , m  



(7)







Solve     a   0   ,   a   1   ,   a   2   , ⋯ ,   a   m     from the system of Equation (7), and bring them into the functional relationship expression (4). In this way, the curve it best fits the data     x   1   ,   x   2   , ⋯ ,   x   m   :   y   i    ,   i = 1 , 2 , ⋯ , n  , After obtaining the fitting equation, find its intercept to obtain the fitted oil pressure intercept.




	5.

	
Sand-blocking early-warning index









Record the standardized value of the oil pressure–time slope as index     B   1    , the standardized value of the oil pressure–time slope change rate as index     B   2    , the standardized value of the oil pressure increment as index     B   3    , the standardized value of the fitted oil pressure intercept as index     B   4    , and then the sand-plug early-warning index   W I   (Formulas (8) and (9)) is


  W I =   w   1     B   1   +   w   2     B   2   +   w   3     B   3   +   w   4     B   4    



(8)




    w   i     i = 1,2 , 3,4     are the importance levels of each indicator, respectively.


  W I = 0.25   B   i     i = 1,2 , 3,4    



(9)







Among the four indicators,     B   1   ,   B   2   ,   B   3     are positive indicators, and the standardization process is as shown in Equation (10):


  S =   B −   B   m i n       B   m a x   −   B   m i n      



(10)







    B   4     is a negative indicator, and its normalization process is as shown in Equation (11):


  S =     B   m a x   − B     B   m a x   −   B   m i n            



(11)







A reasonable early-warning index range was obtained by consulting the on-site engineer: 0~0.5 indicates normal fracturing of the formation; 0.5~0.62 indicates a low-risk fracturing warning; 0.62~1 indicates a sand-plugging early warning.





3. Application Effect Analysis


3.1. Actual Fracturing Situation of Well A1 in Fuling


We used the newly proposed method to conduct practical application research on sand-plugging wells in the Fuling area and determine the early-warning effect of fracturing-sand plugging through practical analysis in order to provide on-site fracturing construction experts with a comprehensive grasp of construction site information, understand the sand-plugging situation, and prepare for the next step of construction. Excluding the guiding opinions, this is of great significance to assist decision-making in fracturing construction.



Taking the 4th section of Well A1 in Fuling as an example, Figure 4 shows the fracturing construction curve of the 4th section.




	(1)

	
Acid replacement stage









In the early stage of Well A1, 9.79 m3 of isolation fluid was injected, followed by the injection of 10.00 m3 of hydrochloric acid. The hydrochloric acid construction pump pressure ranged from 32.37 to 33.75 MPa, with a displacement of 1.8~1.9 m3/min. After the hydrochloric acid injection, drag-reducing water was injected to facilitate acid reduction. After the acid reduction, the displacement was rapidly increased to break through the formation, with a fracture pressure of 55.43 MPa. The acid reduction pressure decreased from 41.51 MPa to 37.21 MPa. This stage mainly uses strong corrosive acid as the prepad fluid to break through the formation.




	(2)

	
Sand-plugging stage









After the pressure stabilized, 70/140 mesh quartz sand was gradually introduced with sand ratios of 3%, 5%, and 7%. After injecting 9.84 m3, the pressure increased significantly, rising from 61.99 MPa to 74.47 MPa. The sand injection was stopped, and pressure stability was awaited before injecting fine sand for polishing. Subsequently, a stepwise addition of sand ratios of 3%, 5%, 7%, and 9% was carried out in conjunction with drag-reducing water, resulting in a continuous decrease in oil pressure from 79.52 MPa to 54.42 MPa. Sand injection was stopped, and coarse-grained coated quartz sand with a sand ratio of 3% was added in conjunction with drag-reducing water. After injecting 8.89 m3, sand injection was stopped to observe pressure changes. As the pressure remained stable, medium sand with sand ratios of 10%, 12%, and 14% was injected, totaling 26.44 m3. The pressure increased significantly, and after stabilization, medium sand with sand ratios of 13%, 10%, and 12% was injected in conjunction with drag-reducing water. After injecting 10.10 m3 of medium sand, the pressure rose steeply and the sand injection was stopped. Subsequent to sand plugging, there was an increase in pressure followed by a decrease in discharge volume. After injecting 46.15 m3 of drag-reducing water to replace potassium chloride, the pressure rose sharply to 95.99 MPa, causing the pump to shut down due to overpressure. During this stage, fracturing is mainly carried out using stepped sand injection for 45–155 min. At 155–160 min, the pressure becomes abnormal, and at around 160 min, the pressure suddenly rises and the pump is stopped due to overpressure.




	(3)

	
Blockage relief stage









Following the sand blockage, on-site jetting was performed as a remedial measure. After the jetting was completed, the pump was operated at a rate of 0.2 m3/min to conduct a test squeeze. The initial pressure during jetting was 25.32 MPa, which later dropped to 2.71 MPa. After closing the jetting outlet, the oil pressure increased to 12.50 MPa, and the jetting process concluded.



Upon completing the jetting, a test squeeze was initiated with a focus on monitoring pressure variations while increasing the displacement. After injecting 191.27 m3 of drag-reducing water, the reagent was successfully tested. To reduce surface tension and promote reverse discharge, potassium chloride was injected to replace 3.08 m3 of the lowered displacement. Subsequently, drag-reducing water isolation fluid was injected, totaling 60.29 m3, before the pump was stopped to complete the fracturing operation.



From the construction process perspective, sand plugging began around the 155th min into the operation and ceased at the 160th min, lasting for 5 min. It is evident that sand plugging occurs rapidly, underscoring the need for experienced on-site engineers to diagnose and manage the situation; otherwise, the consequences could be catastrophic.




3.2. Application of New Methods


The oil pressure–time double logarithmic slope graph is drawn according to the method introduced in Section 2, as shown in Figure 5. To more clearly illustrate the trend near the sand plug, the circled sand plug section in Figure 5 is enlarged. See Figure 6 for the enlarged trend graph of the oil pressure–time double logarithmic slope. The oil pressure–time double logarithmic slope can play a very good scaling role in fracturing operations. In logarithmic functions, the smaller the X value, the larger the Y value, and vice versa. Therefore, after taking the logarithm, the slope of oil pressure–time in the fracturing construction data can be scaled. When its change is large, noise can be reduced, and when its change is small, it can be enlarged. As can be seen from Figure 6, there are two changes in the oil pressure–time double logarithmic slope within 7–8 min before and after the sand plug. Figure 7 shows the increment of oil pressure within 5 s, which can clarify the oil pressure increment and filter out small oil pressure fluctuations, highlighting the main possible sand plugs. As shown in Figure 7, when the oil pressure rises after 100 s, the oil pressure increment also rises significantly, and many small fluctuations are filtered out compared with Figure 6 within 200–250 s, especially after 350 s. Figure 8 shows the change rate of the oil pressure–time double logarithmic slope, which mainly enhances the large fluctuations of the double logarithmic slope in Figure 6, such as within 100–150 s and 300–400 s, while also enhancing the warning range. Figure 9 fits the oil pressure intercept mainly to reduce small fluctuations without affecting the main fluctuations, maximizing the main contradiction, such as the smoothing process before 100 s, the amplification process within 100–200 s, and the amplification process after 300 s in the figure.



The first three indicators among the oil pressure–time double logarithmic slope, oil pressure increment within 5 s, oil pressure–time double logarithmic slope change rate, and fitted oil pressure intercept are standardized using Formula (10), while the last one, which is a negative indicator, is standardized using Formula (11). These standardized values are then substituted into Formula (9) to calculate the sand plug warning index. The calculation results are shown in Figure 10. By combining these four indicators, a sand-plug warning index that amplifies the sensitivity of the sand-plug segment while reducing abnormal warnings can be obtained. As can be seen in Figure 10, the red line represents the oil pressure, and the blue line represents the sand-plug warning-index line. At 91 s, the warning index exceeds 0.5, triggering a low-risk warning. As the warning index suddenly increases, its value quickly exceeds 0.62, reaching the sand-plug warning standard. However, if judged manually at this time, with an oil pressure of 75 MPa, it is difficult to determine whether there is a warning threshold. As time progresses, when the oil pressure reaches 85 MPa, a manual judgment can be made that a sand plug has occurred, with a delay of approximately 20 s. As time progresses to 289 s, the warning index exceeds 0.5 again, triggering another low-risk warning for a sand plug. As time progresses to 319 s, the warning index exceeds 0.62, reaching the sand-plug warning threshold. However, at this time, with an oil pressure of around 72 MPa, it is difficult to manually determine whether a sand plug is possible. As time progresses and the oil pressure reaches around 85 MPa, a manual judgment can be made that a sand plug has occurred, but this is already 39 s slower than the warning index judgment. Therefore, during the eight-minute sand plug period at the site, the manual identification time for a sand plug is approximately 10–15 s, while the dynamic analysis method can improve this time to 24–48 s. It can be seen that the improvement of the new method is very significant.



Sand plugging often occurs on site in about 20 s. If adjustments are not made in time, high pressure may build up and cause a blowout, resulting in a major on-site accident. If it is possible to predict 24–48 s in advance, it is crucial to propose adjustment measures on site.





4. Conclusions


In the field of monitoring and early warning, the commonly employed method is the double logarithmic slope analysis of oil pressure and net pressure over time. However, this method often yields highly fluctuating early-warning results, which do not consistently yield effective outcomes. To address this issue and enhance sand-plugging prediction, a dynamic analysis approach has been proposed. This approach combines the double logarithmic slope of oil pressure over time with additional metrics, including the oil pressure increment within a 5 s interval, the rate of change of the double logarithmic slope of oil pressure over time, and the fitted oil pressure intercept. Using a well, denoted as Well A in Fuling, as a validation case, the results indicate that this dynamic analysis method can predict sand plugging with reduced warning signal fluctuations without compromising sensitivity. Moreover, when compared to conventional methods, it provides approximately a 10 s lead time in early warnings.



This method has good guarantees in terms of accuracy and dynamic response, but there is still a lack of predictive lead time. With the increase in sand-plugging conditions, deep learning can be used for extensive training in subsequent improvements to identify what features are precursors to sand plugging. Using this as an early-warning index can better predict the warning time in advance. It is also a good way to improve this method.
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Figure 1. Schematic diagram of the fracturing construction curve. 
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Figure 2. Schematic diagram of pressure–time characteristics. 
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Figure 3. Schematic diagram of the dynamic analysis method. 
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Figure 4. The fourth stage of fracturing in Well A1 goes through the following stages. 
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Figure 5. Fracturing-sand plugging completion double logarithm slope of oil pressure over time. 
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Figure 6. Sand-blocked section of the double logarithm slope of oil pressure over time. 
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Figure 7. Oil pressure increase chart within 5 s. 
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Figure 8. Rate of change of the double logarithm slope of oil pressure over time. 
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Figure 9. Fitted oil pressure intercept. 
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Figure 10. Sand-blocking early-warning index chart. 
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