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Petroleum is the pillar industry of the national economy, but safety accidents are frequent all over the world. The government attaches more importance to the safety production management of enterprises to reduce the occurrence of accidents that infringe on personal safety. The management of emergency supplies, which can effectively respond to the occurrence of safety production accidents, is a key measure for handling emergency accidents. Rapid response to accidents means reducing accident rescue costs and protecting personal and property safety. This paper proposes a material stochastic model with the randomness of accident demand for materials. The enterprise and the government can obtain the material management scheme and the quantitative evaluation standard of accident preventive measures from the model results respectively. The model covers as many accident scenarios as possible through multi-scenario modeling to reduce the impact of accident uncertainty. Finally, the feasibility is proved by an example of a petroleum enterprise in Zhoushan City. When the accident demand fluctuates randomly between 80% and 120%, the model proposes a material management scheme that the dispatching time of materials and the cost in rescue work do not exceed 31.33 min and 11.68 million CNY respectively. With the assistance of the model, the enterprise saves the cost of safe production and improves the efficiency of rescue. The government has strengthened the supervision and evaluation of enterprise safety production management. Finally, the mission of protecting the property and life safety of the people will be realized.
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1 INTRODUCTION
The number of natural disasters in the world is increasing year by year (Boonmee et al., 2017), and China is one of the countries suffering the most natural disasters (Wang, 2021). The safety accidents in the production process of petrochemical enterprises also show the same trend in the world (Chen, 2021b; Bai et al., 2023). Chemical accidents usually cause casualties and environmental pollution, which seriously affect people’s lives. On 12 August 2015, an explosion at a dangerous goods facility in Tianjin Port killed 165 people, injured 798 others, and caused direct economic losses of 980 million dollars (Anon, 2024). Gradually, people stay away from petroleum companies for fear that accidents at any time threaten their safety. However, the petroleum industry has become one of the basic industries of all countries to improve people’s quality of life. Demand for oil in all countries has soared in recent years, with a total global consumption of 9.384 million tones of oil equivalent in 2015 (Zhu et al., 2020). For a dangerous and important industry, most countries take appropriate preventive measures to balance production accidents with economic development. In China, the production of the petrochemical industry has been strictly controlled by the government to reduce the frequency and likelihood of accidents. The inspection of emergency materials is an important part of accident prevention. Thus, equipped with emergency supplies and setting up special safety funds are all things that must be done before production through laws and regulations in China. However, enterprises always have unreasonable behavior of emergency materials, because the law is widely used and not applicable. The quantity and type of preset materials will vary with the influence of geographical location, pro-duction technology, population density, enterprise production conditions and other factors. Before an accident occurs, the location of the accident and the materials required for the accident are uncertain; After an accident occurs, the development and evolution of the accident changes greatly according to the on-site environment, resulting in the uncertainty of the accident. For example, the chemical reaction between the rescue material and the raw material caused the accident to worsen. Therefore, an emergency material management scheme, considering the accident demand of randomness and uncertainty, is essential for the enterprise to allocate materials in the pre-disaster phase.
Emergency materials management has become one of the main research directions of accident prevention. Dou et al. carried out qualitative research on emergency rescue to solve the low efficiency of cooperative dispatch of materials, and optimized emergency material management through multi-organization coordination (Dou et al., 2012). Qualitative research can point out the direction of enterprise preparation rescue work, but there is still in-sufficient guidance for practical operation. Businesses and governments are increasingly looking to quantitative studies to evaluate the effectiveness of material management and safety measures. Scholars try to optimize the management of emergency materials in the pre-disaster and post-disaster phases by quantitative methods. Knott proposed a concrete and feasible emergency material management scheme by simulating the rescue process (Knott, 1987). Zhang et al. optimized the single-objective model through a variety of algorithms to obtain further optimization for supply management in the pre-disaster phase (Zhang et al., 2011). However, the early models had some drawbacks, which more or less affected the recognition of enterprises and governments.
Many researchers have developed a series of optimization models, including objective function, constraint conditions, external cooperation, randomness, multi-period, multi-scenario and so on. Liu et al. proposed that material presetting is an important link in material management, which involves three levels of material management objects, namely rescue center, warehouse and accidents (Liu et al., 2021). Multi-level dispatch of emergency materials can help rescue workers carry out rescue operations to the greatest extent (Najafi et al., 2013; Bodaghi, 2020; Zahedi et al., 2020). Multi-objective material dispatch optimization is one of the hot spots in optimizing material dispatch after a disaster. The model takes efficiency, fairness or public expectation as the objective function, and considers the constraints of suppliers, multi-materials, multi-vehicles, uncertainty or other constraints to formulate material management schemes (Sheu, 2007; Yi and Özdamar 2007; Zhan et al., 2014; Tang et al., 2021). The material management model has gradually formed a comprehensive emergency material management model based on multi-objective optimization. However, what is most easily overlooked is the preparation of materials in the pre-disaster stage. Material preparation can optimize material dis-patching and improve rescue efficiency. Similarly, the government also requires companies to prepare a certain amount of supplies in case of a sudden accident (Tzeng et al., 2007; Rawls and Turnquist, 2010). Yang et al. optimized the distribution of emergency supplies in the pre-disaster phase. With the information shortage and demand uncertainty, the model takes time, satisfaction and cost as the objective functions to develop a reasonable logistics facility layout (Yang et al., 2022). Liu et al. also adopted the approach to deal with the occurrence of environmental accidents, which showed that the layout of materials reserves can affect the speed of accident response (Liu et al., 2016). Material management in both pre-disaster and post-disaster stages plays a vital role in emergency rescue work. Some scholars have considered the stages as a whole to achieve further optimization. Yu developed a two-stage material management model with the randomness and uncertainty of the accident. The first stage of the model determines the location of the warehouse and the quantity of materials in reserve. In the post-disaster stage, the stochastic model and robust model are used to optimize the material scheduling to get a better scheduling scheme (Yu, 2021). The material management model can closely link the pre-disaster preparation work with the post-disaster rescue work to improve rescue efficiency.
Many researchers are starting to incorporate random and uncertain factors into models to simulate real-world accidents (Boonmee et al., 2017; Chen, 2021a). Because accidents happen suddenly without a little preparation, expert predictions and empirical analysis become vulnerable when accidents happen. Wang et al. solved the problem of warehouse location in the pre-disaster stage by introducing an operational research model with uncertain parameters, which is mainly reflected in the uncertainty of the severity of the disaster (Wang, 2021). A material model presented by Barbarosoǧlu and Arda, which can represent the randomness of the accident demand, is used to deal with resource scheduling to improve the vulnerability of the transportation system and ensure the efficiency of material transportation in the post-disaster stage (Barbarosoǧlu and Arda, 2004). Salmerón and Apte takes into account the uncertain impact of the location and severity of the incident to optimize logistics issues in the post-disaster phase by expanding resources such as supplies warehouses and medical facilities (Salmerón and Aruna, 2010). Abazari et al. (2021) proposed a multi-objective nonlinear programming with uncertain parameters. A material management scheme, including the location of the rescue center, material preparation scheme and quantity of supplies delivered in the post-disaster, is derived from the model which takes the distance and cost as the objective function (Abazari et al., 2021). Whether it is the problem of warehouse location and material storage in the pre-disaster stage, or the optimization of logistics in the post-disaster stage, the introduction of randomness makes the model optimization more practical and accurate. The study of individual stages can better focus on the optimization of individual problems, but the segmented stages of material management make it impossible to optimize the model from a holistic perspective. As far as accidents are concerned, the accident scenes in which they occur are ever-changing. Especially in the post-disaster stage, the material management model usually only considers the occurrence of a single accident scenario, and then carries out optimization and analysis for the scenario. In other words, the location and the material demand of the accident are not fixed.
Many researchers conduct multiple simulations of accidents at different periods to ensure the comprehensiveness of accidents (Zhou et al., 2017; Vahdani et al., 2018; Wang et al., 2020; Yang et al., 2021). Wex et al. tried to accommodate more accident scenarios by weighting the objective function with the severity of the incident to ensure the comprehensiveness of the accident (Wex et al., 2014). Vahdani et al. (2018) developed a multi-objective mathematical model to deal with the contingencies and unpredictability of natural disasters through a multi-cycle modeling approach Vahdani et al. (2018). The time-based multi-scenario model brings light to the continuous operation of the accident, which can carry out continuous material scheduling to ensure the continuity of the rescue process. Unfortunately, the model is not a good guide for material preparation and emergency rescue in the pre-disaster phase. Nezhadroshan et al. (2021) proposed a scenario-based modeling method, trying to make the model accommodate more accident scenarios to ensure comprehensive consideration (Nezhadroshan et al., 2021). The model can improve the reliability of material preparation in pre-disaster, and the efficiency of the logistics network in post-disaster. Therefore, the scenario-based modeling method can accommodate more complex accident scenes, which is valued and recognized by most researchers.
To summarize the research on operation control methods for a material management model with stochastic conditions, a detailed review of the state of the art is performed in Table 1.
TABLE 1 | Relevant review works of the previous models and methods.
[image: Table 1]Scholars improve the mathematical model to optimize material management and improve rescue efficiency, such as the whole stage, third-party emergency force, objective function, disaster type, accident uncertainty, etc. However, different parameters have a great impact on the results of the model, so the establishment of a comprehensive mathematical model has always been the direction pursued by scholars. These studies did not fully consider the impact parameters. For example, the combination of accident demand randomness and accident site uncertainty is not even considered. In particular, the domino effect has made most of the current material management models ineffective. If the randomness and uncertainty of the accident are ignored, the application range of the model results is narrow and one-sided. Therefore, it is expected that randomness and uncertainty should be incorporated into the emergency materials management model with external coordination.
This paper presents a stochastic programming model for the pre-disaster and post-disaster stages with external coordination, aiming at optimizing emergency material management to improve rescue efficiency. The model will focus on three characteristics: external coordination, the randomness of accident demand and the uncertainty of accident scene. First of all, external coordination is considered because the military, volunteer corps and other enterprises are important forces in the rescue process. These rescue forces can reduce the cost of accident prevention without affecting the conduct of rescue operations. Secondly, the accident demand itself has randomness, that is, the accident demand is different for each occurrence. The accident scene is complex and changeable, such as the accident that occurred with the Domino scenario. The accident scenario may be an accident in one location, an accident in multiple locations, or an accident in consecutive different locations. Thus, models with randomness and uncertainty cover more actual scenarios, and reduce the impact of unexpected accidents on the model for enterprises and governments to the management of materials. Finally, through the verification of examples, this paper proves that the proposed material management scheme can not only reduce the material allocation cost for enterprises in the pre-disaster stage without affecting the priority rescue tasks, but also provide a reference for the government to evaluate the safety precautions of enterprises.
The main contributions of this paper are summarized as follows.
• An integrated material management model with external coordination in the post-disaster phase;
• Randomness and uncertainty are introduced to reduce the impact of unexpected accidents on the model;
• The model takes into account a variety of accident scenarios to ensure a more comprehensive decision.
The rest of this paper is organized as follows. In Section 2, the problem description is provided. In addition, accident background and assumptions are presented. Section 3 develops a stochastic programming model that considers randomness. In Section 4, a realistic application is introduced and analyzed. Some conclusions and future research are summarized in Section 5.
2 PROBLEM DESCRIPTION
2.1 Necessary material management
Petrochemical accidents, like natural accidents, have brought great hidden dangers to people’s lives and property. At the time of the accident, the amount of material required was random. The demand will be affected by a variety of factors (the cause of the accident, the site environment, etc.), which is also called the randomness of the accident. By analogy, the location of the accident and the occurrence of secondary disasters are uncertain. But the industry is also an important pillar industry of the national economy. Therefore, the government and enterprises must do a good job in accident control and be ready for accident rescue at any time. Emergency material management is the main prevention and rescue measures of accident rescue, including material preparation in the pre-disaster stage to improve the efficiency of material dis-patch, and material dispatch optimization in the post-disaster stage.
The occurrence of an accident is a probability event, whose probability often in-creases with the degree of danger. Many mathematical models treat the occurrence of an accident as a definite event. In the scene of multiple accidents interweaving, it is easy to ignore the possibility of other accidents by the models, such as the domino effect. The domino effect will make the accident analysis more complicated, such as the randomness of the accident location and the secondary injury caused by the accident (Li et al., 2023; Gholamizadeh et al., 2024). The accident scenario with randomness makes the previous material management model less reliable. As shown in Figures 1, 4, accidents are possible at all hazardous locations, and the probability of accidents is not the same at each risk point. The filling pattern in the figure indicates that the probability of an accident is high, but it does not mean that an accident will occur. Thus, randomness is not conducive to the establishment and decision-making of mathematical models. Enterprises cannot make accurate judgments based on the results, and the government cannot quantify the initial accident preparation work of enterprises.
[image: Figure 1]FIGURE 1 | The pre-disaster phase with random demand of the accident.
Planning for the dispatch of materials in the post-disaster phase can improve the efficiency of rescue, because it is directly involved in the rescue work. However, the diversification of accident scenarios in the post-disaster stage will weave a huge net under different accident scenarios. The dispatch of materials in different accident scenarios is not the same, and it will also affect the reserve of materials in the pre-disaster stage. As is shown in Figure 2, complex accident scenarios can be disastrous for both quantitative analysis and mathematical modeling, resulting in explosive data growth that slows down operations and weakens the credibility of the resulting scenarios. But it is extremely important. The diversity of accident scenarios will affect the dispatch and preparation of materials, which is not acceptable or lacking. Therefore, the variety of accident scenarios should be taken into account in a sound material management scheme.
[image: Figure 2]FIGURE 2 | The post-disaster phase with the uncertainty of the accident.
Multi-scene modeling is one of the effective means to deal with the diversity of accident scenes (Zhao et al., 2023). As shown in Figure 3, the black dot represents a scenario in which an accident is possible, with the red representing the scenario in which an accident occurs. The weights are used to distinguish the probability of an accident scenario and are added to the relay nodes. The relay nodes can preferentially discard the branches with the least probability to ensure the smooth operation of the model due to the explosive growth of data. The model must operate in the post-disaster phase to avoid affecting the rescue process. The whole modeling process is completed by weighting the relay nodes to the objective function in the same way. Naturally, the objective function can be multivariate.
[image: Figure 3]FIGURE 3 | Multi-scenario modeling method.
2.2 Model requirement
2.2.1 Assumptions
To improve the solution efficiency, the following assumptions are made.
• The relationship between the geographical location of external forces, warehouses and accidents does not change with time (Sheu, 2007).
• All material management units are integers (Bozorgi-Amiri and Jabalameli, 2011).
• The effect of the number of rescuers on the model is not taken into account, which means that the number of people is sufficient in any case.
• The demand for the accident is going to fluctuate randomly (Hu et al., 2016).
2.2.2 Given

• Accident information: accident theoretical material demand, accident probability.
• Rescue information: the amount and type of supplies for external coordination, and the location of pre-construction warehouses.
• Cost information: the unit price of storage, transportation and construction.
• Geographic information: the maximum transport capacity of the road, the shortest distance between the accident and the emergency response force.
• Time information: the loading and shipping time of the materials.
• Other information: randomness of demand, accident scenarios.
2.2.3 Determine

• Material preparation scheme in the pre-disaster stage: warehouse construction lo-cation and scale, the type and quantity of materials stored in advance, and wiring diagram.
• Material dispatching scheme in the post-disaster stage: material dispatching route.
• State variables: the storage capacity of the warehouse at a certain time, whether there are vehicles on the path.
3 MATHEMATICAL MODEL
The stochastic programming model with time and cost as the target is used to find the optimal scheme of material management, which integrates the characteristics of external coordination, accident randomness and accident scenario uncertainty. With the integration of these characteristics, the model can cover more accident scenarios and meet the actual demand for materials when accidents occur. The time in objective function includes two parts: material scheduling and preparation; and the cost includes three parts: warehouse construction, material storage and dispatch. In addition, more accident scenarios are considered in the model to reflect the uncertainty of the accident through multi-scenario modeling. The total time and cost are calculated in the model according to the weights of different scenarios in multiple scenarios. Storage, logistics, balance, and other constraints are applied in the model to reduce computational complexity and optimize the material management scheme.
3.1 Objective function
3.1.1 Cost
The cost objective function has two parts, as shown in formulas 1, 2: the material preparation cost in the pre-disaster stage, and the dispatch cost in the post-disaster stage ([image: image]) calculated in the total cost according to the weight ([image: image]). The warehouse construction cost in the pre-disaster stage is the product of the warehouse construction scale ([image: image]) and the warehouse status ([image: image]). Whether a certain type of warehouse is included in the total cost is determined by the construction status of the warehouse. Materials stored in the warehouse prior to the accident are counted as storage costs, which are the product of the storage unit price ([image: image]) and the expiration date of the materials ([image: image]). The material dispatching cost generated in the post-disaster stage is the product of distance ([image: image]), unit price ([image: image]) and quantity of materials ([image: image]). There are only three possible routes: the emergency force to the warehouse ([image: image]), the warehouse to the accident ([image: image]), and the emergency force to the accident ([image: image]).
[image: image]
[image: image]
3.1.2 Time
The time objective function includes material preparation and transportation, as shown in formulas 3, 4. The time of material preparation mainly includes the loading and unloading time required for materials, which is composed of the product of transportation time ([image: image]) and material quantity ([image: image]) (Gralla and Goentzel, 2013). The transportation time is the average time of the fleet ([image: image]) on each route in good traffic roads ([image: image]). Scheduling time accumulates the time of each scenario according to the weight ([image: image]) by multi-scenario modeling. Each scheme contains a maximum time on the path, which represents the slowest of all the paths.
[image: image]
[image: image]
3.2 Constraints
3.2.1 Storage constraints
The storage of materials is affected by the warehouse scale and transportation conditions, as shown in formula 5. The state variable of the warehouse ([image: image]) determines the construction scale of the warehouse, and whether the warehouse can store materials.
[image: image]
The amount of materials stored ([image: image]) should not exceed the storage capacity of the warehouse ([image: image]) at any time, that is, the scale of the warehouse determines the upper limit of the storage capacity. The relationship can be found in formula 6. The coefficient ([image: image]) is used to convert the floor space and storage space of materials, which ensures that the warehouse does not exceed its storage capacity by storing multiple items.
[image: image]
Warehouses of different scales can be freely combined to suit different needs in the model, as shown in formula 7. When an accident occurs, the emergency force ([image: image]) needs to deliver materials to the warehouse ([image: image]) and the accident ([image: image]) in time. The materials delivered to the accident and the warehouse ([image: image]) should not exceed the storage limit of the emergency force.
[image: image]
3.2.2 Logistical constraints
The maximum capacity of the road ([image: image]) is also an important indicator for material scheduling, as shown in formulas 8–10. Good road condition ([image: image]) is a prerequisite for convoys to deliver supplies ([image: image]). In the case of unimpeded roads ([image: image]), the number of materials ([image: image]) transported on the road cannot be greater than the maximum transport capacity ([image: image]).
[image: image]
[image: image]
[image: image]
When the roads are clear ([image: image]), the materials transported ([image: image]) on the roads cannot be greater than the transportation capacity ([image: image]). The relationship can be found in formulas 11–13. 
[image: image]
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[image: image]
There will be a convoy on the road ([image: image]) when the road is clear ([image: image]). The relationship can be found in formulas 14–16. 
[image: image]
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3.2.3 Balance constraints
Material balance is one of the keys to maintaining the dynamic balance of the model. The premise of running the model is that the materials from the warehouse ([image: image]) and external emergency rescue ([image: image]) to the accident can meet the accident demand ([image: image]), as shown in formula 17. The conversion factor ([image: image]) is used to evaluate the ability of the fleet to load materials.
[image: image]
This is the objective function of the conventional model. However, this model takes into account the random influence of accident probability to simulate the situation of realistic accident probability. Each accident is accompanied by different needs, that is, each accident demand is different in terms of quantity. The model can better represent the random process of accident demand through random factors ([image: image]), as shown in formula 18. After modification, the constraints are modified into the following formula:
[image: image]
The material balance in the warehouse is to ensure the unity of the whole process among the material reserves of the warehouse ([image: image]), the materials leaving the warehouse ([image: image]) and the materials entering the warehouse ([image: image]). The relationship can be found in formula 19. The consumption of materials in the post-disaster phase should not exceed the sum of materials stored in the warehouse and the emergency forces in the pre-disaster phase. The current storage of materials ([image: image]) in the warehouse is used to represent the difference between the import and export of materials, that is, the value must not be less than 0.
[image: image]
3.2.4 Other constraints
Multiple variables in the model must have the same meaning, as shown in formula 20. The unification of material transportation and path state ensures a balanced relationship between warehouse construction state ([image: image]) and material transportation ([image: image]).
[image: image]
4 CASE STUDY
4.1 Basic information
This paper carries on the verification analysis according to the actual production situation of a petrochemical enterprise in Zhoushan City. Fire and explosion accident is one of the key accidents to prevent in this industry, so only the impact of fire and explosion accident be considered in the model. The enterprise has obtained 46 dangerous sources of possible accidents, 32 alternative warehouse locations that can be built, 21 emergency rescue teams that can be called for help (5 of which are established by the enterprise organization), and 4 scales of emergency materials involved in the accident through security experts. The position relationship of them is shown in the Figure 4; Tables 2–5. The warehouse construction scale is divided into small and medium to adapt to different situations, the construction cost and storage capacity of different scales are shown in Table 6. Different attributes of emergency materials lead to different logistics time, such as space, weight and so on. Therefore, the ratio of the path to the speed of the vehicle indicates the time loss, and different kinds of materials can be accommodated in a vehicle. The driving plan is given according to the Autonavi map navigation, and the vehicle speed is determined according to the road speed limit to obtain the shortest time. The dispatching time in the post-disaster is the ratio of distance to speed, and the average speed of each path is shown in Table 7. The costs in the material management, including storage costs and dispatch costs, are shown in Table 8. Finally, due to the small amount of chemical accident case data, the accident randomness of this case follows normal distribution ([image: image]).
[image: Figure 4]FIGURE 4 | (A) The location of hazards in the park; (B) The location of the rescue force.
TABLE 2 | List of rescue forces.
[image: Table 2]TABLE 3 | The distance (kilometer) between the rescue forces (JY) and the warehouse (W).
[image: Table 3]TABLE 4 | The distance (kilometer) between the warehouse (W) and the source of the hazard (R).
[image: Table 4]TABLE 5 | The distance (kilometer) between the emergency force (JY) and the source of the hazard (R).
[image: Table 5]TABLE 6 | Scales of warehouse to be built.
[image: Table 6]TABLE 7 | The average speed of the fleet on each route.
[image: Table 7]TABLE 8 | Material storage and dispatch costs for different tools.
[image: Table 8]4.2 Flexibility analysis
When the accident demand fluctuates randomly between 80% and 120%, the time and cost of the scheme are shown in Figure 5. The cost rises in steps at intervals, and the maximum time on the path shows a continuous upward trend. The colored boxes rep-resent different warehouse schemes, including the scale and quantity of the warehouse to be built. The scheme in the purple box will construct 28 small warehouses on average whose cost is about 9.8 million CNY. And the orange box will construct 27 small ware-houses and 1 large warehouse on average whose cost is about 10.63 million CNY. The difference between the two is 0.83 million, which is just in line with the cost increase interval. The model will change the warehouse construction scheme according to the fluctuation of accident demand to cover more accident scenarios. Compared with 32 warehouses in the actual situation of the enterprise, the model scheme reduces the number of warehouses by 12.5%, which means the reduction of the number of warehouse construction and the saving of investment capital in the pre-disaster stage.
[image: Figure 5]FIGURE 5 | Maximum time on the path and cost on different accident demand.
4.3 Sensitivity analysis
The normal distribution ([image: image]) is used to represent the randomness of the accident demand, where the variance ([image: image]) represents the random interval of the accident demand. This paper focuses on the case with a variance of 0.0–5.0 to include various contingency requirements as much as possible. To simplify the calculation, the variance is set at different intervals for the model operation. The variance of 0.0–2.0 is the main interval of accident demand fluctuation, which is divided into 6 intervals. The intervals included [image: image] are called scenario 1. It is less likely that the random degree of accident demand will fluctuate in the 2.0–5.0 range, so only 5 intervals are set in the model. The intervals included [image: image] are called scenario 2.
Normal distributions with different variances were used to represent different degrees of randomness of accident demand, and the model results obtained are shown in Figure 6. With the increase of the floating range of accident demand, the frequency of extreme values (purple and red dots) and the values of the objective function in the schemes given by the model increase. If the minimum in all schemes is taken as the result of the model, then the time in the scheme is 13.25 min, 15.76 min, 12.82 min, 7.63 min, 9.48 min, 12.10 min, 8.03 min, and 11.8 min respectively with the variance increases. The results of the model will produce drastic fluctuations and affect the decisions of the enterprise. It is not appropriate to arbitrarily choose one of the many schemes as the overall scheme.
[image: Figure 6]FIGURE 6 | (A) Maximum time on the path and total cost on different randomness in scenario 1; (B) Maximum time on the path and total cost on different randomness in scenario 2.
The STD standard is used to represent the overall solution of a situation. STD-X refers to a scheme in which the amount of material stored in the pre-disaster phase can meet X% of the accident requirements. For example, STD-80% refers to the amount of materials that can effectively meet 80% of the accident requirements. This standard can effectively make up for the shortcomings of randomness that cause the scheme to be not unique and the resulting gap is large. The maximum time on the path with different random degrees and different evaluation criteria is shown in Table 9. The time increases slowly as the variance of the normal distribution increases. Since the stability of each scheme is also different, the standard deviation is used to represent the stability of a scheme. The minimum in all scenarios is 0.63 of STD-90%, which is the most stable scheme to cover 90% of accident requirements.
TABLE 9 | Maximum time on the path with different evaluation criteria.
[image: Table 9]The results of the model with degrees of randomness are shown in Figure 7. The variance factors are 0.4 and 5.0 respectively, where a larger number represents greater randomness. Scenarios with a variance of 0.4 converge into a horizontal purple line, which implies stability in the cost index and instability in the time index. When the warehouse is close to the accident, the maximum time on the path is small, and vice versa. In contrast, a scenario with a variance of 5.0 presents a vertical orange line, which implies stability in the time index and instability in the cost index. Several small warehouses are built in the vertical line, which can easily meet the small and stable demand. In the vertical case, more large warehouses are built to cope with the sudden increase in individual accident demand, resulting in greater cost fluctuations (the price of large warehouses is 3.3 times that of small warehouses). Therefore, when the number and scale of warehouses built in the pre-disaster is less than 28 small warehouses (the intersection of the orange and the purple), priority should be given to time optimization to improve rescue efficiency. On the contrary, the warehouse construction cost in the pre-disaster stage is optimized to save capital investment.
[image: Figure 7]FIGURE 7 | Maximum time on the path and cost on variance 0.4 or 5.
4.4 Economic analysis
The quantity of materials stored in warehouses with different accident demands is shown in Figure 8 (serial number of materials is W1-W32). The stars in the figure represent the amount of material stored with the STD-90%. The storage quantity of materials is mainly concentrated in 4 warehouses, 4 warehouses do not store any materials, and the remaining warehouses are distributed in small quantities. The average quantity of materials stored in W8, W20, W26 and W30 is higher than that in all warehouses: 81.92, 204.30, 145.36 and 210.94 units, respectively. The quantity of materials stored in warehouses varies greatly with different accidents, which should be paid attention to by enterprises. W5, W29, W31, and W32 do not store any supplies, which means that it is possible to save costs by not building a warehouse. With the STD-90% standard, W20 and W30 warehouses are relatively reduced by about 16.48% and 15.64%. When the material demand does not need to be 100% satisfied, W20 and W30 are the keys that can be optimized.
[image: Figure 8]FIGURE 8 | Materials stored in the warehouse with STD-90%.
The proportion of material dispatching cost in the total cost in the post-disaster stage with different accident demands is shown in Figure 9. The total cost includes the dispatch cost of materials in the post-disaster stage and the preparation cost in the pre-disaster stage. The preparation cost in the pre-disaster stage includes the storage of materials and the construction of warehouses. The difference between the orange and blue lines in the figure is the scale and number of warehouses being built. In the orange line, the accident demand and the scale of the warehouse are higher than that in blue, but the proportion of material dispatching cost of both is unchanged. In different warehouse schemes, the proportion is linearly fitted to obtain curves, [image: image] and [image: image], respectively. From the curves, the proportion of the two is similar, which helps enterprises to forecast the cost. In other words, businesses and governments can simply estimate the cost of each phase by looking at the proportion of the total cost.
[image: Figure 9]FIGURE 9 | The proportion of scheduling expenses to total cost.
5 CONCLUSION
This paper proposes a stochastic model for the pre-disaster stage and post-disaster stage with randomness. The model helps enterprises develop reasonable material management schemes, and helps the government quantify the accident prevention measures for enterprises. The adequacy of preparation determines the efficiency of accident rescue, and the model can improve the preparation to the greatest extent. However, only when an accident occurs can the location of the accident and the demand for the accident be determined. Randomness is considered in the model, which will make the scheme from the results different in each run. Similarly, the single accident scenario will cause the model to interpret the process of chemical accidents unilaterally. Therefore, this paper adopts multi-scenario modeling to eliminate the influence of the diversity of accident scenarios. In this method, the weights of various accident scenarios are given with the possibility, and then the objective functions are formed with the weights. Each accident scenario needs to minimize the two objective functions of time and cost.
A petrochemical enterprise in Zhoushan City was taken as an example to verify the usability of the model. The research shows that it takes at least 31.33 min and costs 11.68 million CNY to meet the requirement of 90% of the accident scenarios. Similarly, if 80% of the accident scenarios need to be satisfied, it will take at least 30.41 min and cost 11.68 million CNY. The scheme will build 28 warehouses, which will reduce the number of warehouses by 12.5% compared to the 32 warehouses in the actual situation of the company.
The accident randomness and uncertainty, it has contributed to the current material management model in the chemical accident scenario. However, the model proposed in this paper still has some limitations: (1) The possibility of accidents still needs to be analyzed and judged by experts, and accident data can only play a supporting role. (2) Rescue workers cannot control the traffic in real-time, lack of further optimization of the accident rescue process. The research can be integrated with computer technology (e.g., big data, neural networks) to reduce the impact of expert experience on the model, which further enhances the objectivity of the model results.
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