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Abstract

:

This paper presents an investigation into the design of ammonia tanks for long-duration and high-pressure blast loads. The focus is on cylindrical steel tanks that apply as outer pressure-tight containers for double-walled tanks storing refrigerated liquefied gases. Based on limited empirical data, it is known in the tank industry that these tanks can withstand an explosion pressure up to a peak overpressure of approximately 10 kPa and 100 ms positive load duration. However, there is a growing need to design tanks for higher peak overpressures in order to establish a higher safety standard and accommodate unforeseen future requirements. This paper explores the concept of adapting established steel tank designs to handle high-pressure and long-duration overpressure due to blast events. Numerical analysis is conducted on a representative steel tank geometry subjected to a triangular blast load of 30 kPa with a 300 ms positive load duration. Various load application and calculation options are analyzed numerically. Considering the challenging nature of analyzing tank structures under blast load, the paper addresses controversial aspects discussed in the literature and presents a suitable analysis concept for a deflagration blast scenario for cylindrical tanks. The results provide insights into the expected structural behavior of the tank under high-pressure and long-duration overpressure. The main finding is that the calculation method developed in this study demonstrates the feasibility of utilizing steel tanks in scenarios involving long-duration and high-pressure blast loads. Furthermore, the paper provides recommendations to guide future studies in this area. The findings have implications for the design and construction of tanks in critical infrastructure and offer valuable insights for engineers and researchers in this field, improving safety standards and ensuring adaptability to future utilization concepts.
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1. Introduction


Renewable energies are of the utmost importance in tackling the global energy challenges the world is facing today. The transition towards clean and sustainable energy sources is essential to mitigate climate change, reduce greenhouse gas emissions, and secure a sustainable future for generations to come. While the establishment of LNG (liquefied natural gas) capacities, including LNG terminals, has been instrumental in diversifying energy sources and reducing reliance on fossil fuels, it is crucial to acknowledge that LNG cannot be considered as climate neutral. Although its life cycle emits fewer greenhouse gases compared to traditional fossil fuels, LNG still contributes to carbon emissions. As a result, the focus is shifting towards alternative energy sources that have the potential to be truly climate neutral. Hydrogen and ammonia are emerging as promising candidates. In particular, ammonia has gained considerable attention as a future energy source and hydrogen carrier due to its high energy density, ease of storage, and potential for zero-carbon emissions [1]. Ammonia can be produced using renewable energy sources such as wind, solar, or hydroelectric power, making it an attractive option for achieving a sustainable energy mix. Moreover, ammonia can be used as a fuel, providing opportunities for clean energy applications in transportation, power generation, and other sectors. Currently, in Europe, ammonia import terminals are planned, for example, in Rotterdam [2] and Brunsbüttel [3]. Furthermore, the planned LNG terminal in Stade shall be designed and implemented in a way that is ammonia-ready, allowing for a modular approach to accommodate the market ramp-up of hydrogen [4]. However, there are still challenges and open questions related to the use of ammonia as an energy source. For example, the infrastructure for the production, transportation, storage, and utilization of ammonia needs to be developed. Safety aspects particularly in terms of storage must be considered as ammonia is highly toxic.



Ammonia storage tanks can be designed as single, double, or full containment tanks. Well-known tank design standards are API 625 Standard [5] in combination with API 620 Standard [6], Annex R, and EN 14620 Part 1 to 5 [7,8,9,10,11]. It should be mentioned that European standardization committees are already developing a new EN 14620 Part 7 that will specifically address requirements for ammonia storage tanks [12]. In addition to such tank design standards, national or local requirements are frequently applying for the safe handling and storage of ammonia. One example of such national regulations is the PGS-12 regulation [13], newly developed by the Dutch government. The PGS-12 [13] will define minimum safety standards such as defined impact loads of an explosion or flying object. In addition, Belgium has implemented a directive [14] that also specifies minimum requirements. Regarding the design, the tanks typically consist of a supporting structure to securely hold the container, an insulation layer to control temperature, and an external protective layer. Insulation is particularly important to minimize the loss of ammonia through evaporation. The specific choice of tank type depends on various factors, including location, safety assessment, regulatory requirements, and risk level. A safe and economic design for such tank structures can be provided by the cylindrical double wall steel tank: the inner tank holds the liquid ammonia and acts as the primary container. The outer tank as the secondary container provides an extra layer of protection in case of any inner tank failure, containing the ammonia and holding the vapor pressure. The outer tank is designed to be structurally robust and capable of withstanding inner pressure and external forces, such as blast overpressure.



For cylindrical steel tanks, explosion pressure safety—provided it has been considered in the design—for a peak overpressure of approximately 10 kPa is recognized as common value by the industry. Clancey [15] gives overpressure values from 14 to 20 kPa as estimation for rupture of oil storage tanks. The TNO Green Book [16] assumes the roof of a storage tank will collapse at 7 kPa, while cracking in empty oil tanks occurs at around 20 to 30 kPa. Furthermore, in Chapter 2, Section 7.2.2, of [16], a positive load duration equal to 100 ms is adopted for blast studies in industrial facilities. Based on these data, steel tanks can be accepted as a reliable containment system against a blast load of 10 kPa overpressure with a positive load duration of 100 ms. However, tank designers should consider site- and project-specific requirements for verification of the blast resistance of the tank structure.



In future planning processes, the design of ammonia storage tanks for significantly higher peak overpressures will become important. There are two main reasons for this: firstly, the design of tanks for high blast overpressure is intended to establish a higher safety standard. This is particularly important because tank structures are components of critical infrastructure. A failure not only affects the tank and its immediate production environment but also often has far-reaching consequences. A higher safety standard in the design, especially against accidental loads such as explosion pressure, can lead to lower failure probabilities. Secondly, the design of a tank for today’s requirements should not result in any limitations for future projects with requirements that are not yet foreseeable. In the ever-faster changing world, it is also necessary to design industrial sites and in particular receiving terminals for future changing utilization concepts.



To date, prestressed concrete external tanks have usually been used when a risk of high explosion pressure loads exists. Nevertheless, the construction of concrete tanks, especially as an outer shell with an internal steel tank, is more elaborate than the installation of steel tanks. The authors of [17] estimate that utilizing a double steel full containment tank instead of a full containment tank with a pre-stressed concrete secondary liquid container may result in a potential reduction in overall tank system cost ranging from 20% to 40%. However, it is important to note that the actual cost savings will vary depending on factors such as the tank size and geographical location. In addition to considering construction costs, it is also important to assess the long-term maintenance costs associated with different types of tank systems. Maintaining pre-stressed concrete structures is more complex compared to steel structures. Regular inspections, specialized repair techniques, and environmental considerations are necessary for concrete structures. The expertise and training required for pre-stressed concrete maintenance are higher compared to steel structures. While steel structures also require maintenance, it is generally less intricate and maintenance costs are therefore lower. It is generally known that cement production constitutes a significant share of the total CO2 emissions worldwide. From this perspective, steel tanks may be interesting as well looking at the latest developments in climate-neutral steel production.



The aim of this publication is to address the following two issues in the context of steel tanks: (i) the feasibility of utilizing steel tanks in scenarios involving long-duration and high-pressure blast loads and (ii) introduction of an appropriate methodology for the analysis of blast-loaded steel tanks. Therefore, this paper presents the results of a study that investigates the potential for effectively adapting existing steel tank designs suitable for ammonia storage to withstand high explosion pressure loads over a prolonged duration. A representative steel tank geometry of an ammonia tank was numerically investigated for a peak overpressure of 30 kPa and 300 ms positive phase load duration. The load scenario was selected based on its inclusion as a requirement for safe tank design in both the Belgian and Dutch guidelines [13,14]. It can be anticipated that these requirements will be widely adopted as a global standard in the future.



Since the investigation of tank structures under detonation load is still a challenging topic and not subject of regular engineering work, a suitable analysis concept is presented considering the special aspect of a triangular shape of the pressure–time curve. Furthermore, some aspects in the analysis of blast-loaded tanks—such as load application and distribution around the tank’s circumference and onto the roof as well as the handling of blast load due to vapor cloud explosion—are controversial; these aspects will be discussed in a short literature review. These problems will be presented, and recommendations will be given. Finally, an overview of the performed simulations with different levels of computational precision and the corresponding results is given. With the proposed analysis concept for ammonia tanks—but also for cylindrical (LNG) tanks made of steel in general—an evaluation of the expected structural behavior at high-pressure and with long-duration blast loads is provided.




2. Simulation of Blast Events


The structural response to blast loads can be analyzed in several ways. Hydrocodes offer the possibility to perform complex computer fluid dynamic (CFD) analyses where the blast wave and the structure interact directly by calculating the blast wave propagation and the structural response coupled in a global computational model. However, such procedures are very computationally (time) intensive. Next to a coupled CFD, simplified procedures are suitable. These methods vary from the decoupled dynamic analysis of the pressure propagation and the structural response in two different calculation models to simplified dynamic methods that only calculate the structural response using a semi-analytically determined blast pressure load. The latter is a method that is frequently adopted in the blast analysis of building structures. Here, the pre-calculated blast pressure load is applied to the simulation model as a load time history without considering the effect of the structural deformation on the pressure propagation and distribution. Then, the structural response is determined. Due to the very short load duration of usually a few milliseconds, hydrocodes can also be efficiently employed for such simplified methods. However, static methods are used as well, in which the dynamic characteristics of the load and structural response are taken into account in a highly simplified manner using so-called dynamic increase factors.



In this research, a simplified dynamic approach is applied with the hydrocode LS-DYNA [18]. The reason for choosing a simplified method and not the fully coupled CFD analysis is that this method is reproducible in practical engineering applications, and it is relatively easy to implement. Furthermore, the focus is also on finding an answer to the question of whether steel tanks are generally suitable for sustaining high-pressure and long-duration blast loads. Of course, this requires an adequate application of the pressure load, but the focus is less on blast wave propagation and more on the structural response. In addition, in chemical industry plants or LNG process unit design, an explosion pressure load is usually specified as a pressure–time history and less via a reacting quantity of explosive, whose pressure propagation must first be determined using CFD.



The key challenge of the simplified dynamic calculation approach is to apply the adequate blast load to the overall tank structure as well as to capture the material behavior in a proper way. Finally, a static approach is used to evaluate the most suitable analysis method for tank design practice.



2.1. Characteristics of Blast Load and Pressure Wave Propagation


Blast loads are generally defined by the peak overpressure, the positive phase duration, and the shape of the pressure versus time curve. Although ammonia process units and import terminals with storage tanks for ammonia are already in operation [19], there are no specific codes or industry standards for specifying the blast load for ammonia tank design. A look at LNG process units or even the entire chemical or petroleum industry as well as storage areas shows the same normative regulatory gap. Only guidelines such as the TNO Green Book [16] contain specifications for industrial buildings, for example. The definition of the applicable blast load is typically derived from a project specific risk assessment that considers explosion sources within and outside the battery limit of the new facility. Since ammonia has a relatively high minimum ignition temperature, the risk of an explosion within an ammonia plant is considered very low. However, due to the high toxicity of the ammonia product and the circumstance that new ammonia projects are approaching storage sizes in the range of world-scale LNG facilities, authorities intend to define minimum blast and impact loads to be considered by design [13,14]. The minimum blast load requirements only specify the peak overpressure and positive phase duration. But the information regarding the shape of the time curve or the cause of the explosion is missing, which is necessary for accurately specifying the overpressure time history.



When discussing accidents caused by explosions in tank farms, the Buncefield event is often the first to come to mind. In 2005, a vapor cloud explosion occurred at Buncefield Oil Storage Depot, UK, generating significant blast pressures, which is reviewed, e.g., in [20]. Further reviews of accidental explosions in tank storage facilities can be found in the literature. The authors of [21] studied 242 accidents of storage tanks that occurred in industrial facilities. Their finding is that most of those accidents would have been avoided if good engineering had been practiced. A further summary on explosion events in a tank farm was carried out by Taveau [22]. This article gives an overview of accident frequencies of atmospheric storage tanks and past accidents described in the open literature to show the possible accidental sequences, underline the most frequent causes involved in explosions of atmospheric storage tank, and highlight the potential consequences of such accidents [22]. In general, within the wide range of accidental explosion types, vapor cloud explosions are a major concern in the petrochemical and petroleum industry [20,23,24,25,26]. The same applies to LNG process units [27,28,29] and can therefore be adopted to ammonia process units as the main cause for the blast overpressure analysis and design. Furthermore, there is a growing threat of terrorist attacks targeting tank structures, which are considered critical infrastructures. These attacks typically involve the use of explosive materials like TNT to cause significant damage [30,31,32]. While the latter event is characterized by an instantaneous increase in pressure and is referred to as detonation with a propagation velocity of the shock wave above the speed of sound, an explosive event due to a vapor cloud explosion can show different characteristics. An extremely energetic vapor cloud explosion can, in the same way, propagate in the form of shock waves in the near and far field [23,33]. But most vapor cloud explosions are characterized by slow deflagration and propagate in the form of pressure waves that usually travel below the speed of sound, which is slower in comparison to shock waves. In special cases, it is also possible that a pressure wave caused by a vapor cloud explosion transfers while propagating to a shock wave, the so-called deflagration-to-detonation transition (DDT) [23,33,34]. However, the possibility of DDTs is lower than the one of deflagrations.



Shock waves differ from pressure waves by the higher propagation velocity and considerably higher peak overpressure. In addition, the duration of the positive and negative phase is much shorter than that of pressure waves. In this contribution, an explosion blast load with high peak pressure and long duration shall be analyzed. A high peak pressure tends to correspond to a detonation scenario with a shock wave loading. However, the long pressure duration corresponds more to a slow deflagration scenario, which also matches the basic hazard in an ammonia plant. Considering the order of magnitude of pressure and duration (30 kPa and 300 ms proposed in [13,14]), the source of an explosion is assumed to be from outside the plant boundaries rather than inside of them, i.e., in principle, it can also correspond to a solid explosion followed by a blast wave. Indeed, the analysis of detonation scenarios with shock wave loading has been investigated quite often, as the literature review in Section 2.3 will show. Dealing with a blast wave from slow deflagration scenarios is a more challenging task and has hardly been analyzed so far. Therefore, a slow deflagration scenario is mainly analyzed in this contribution. To provide an understanding of the analysis approach derived in Section 3.5, some basic aspects of blast load, shock and pressure waves are explained first.



In general, an explosion event—solid detonation or slow deflagration—is characterized by a rapid release of energy and a propagating incident blast wave Pinc. If the incident wave strikes a target, it rebounds with greater amplitudes as the reflected blast wave Pref. For detonation events, the pressure time histories of both incident and reflected pressure show an instantaneous pressure increase followed by decay behavior with an exponential rate until they reach the ambient value P0. Slow deflagration events are characterized by a gradual increase in pressure leading to a peak overpressure (either incident Pinc or reflected Pref), followed by a gradual decrease in pressure and a negative phase. The corresponding period of both pressure time histories for solid detonation and slow deflagration time is known as the positive phase duration td. Furthermore, the pressure value drops below the ambient pressure P0, creating suction, and finally grows once more until it reaches the ambient value after a duration, which is referred to as the negative phase duration. Figure 1 shows a simplified representation of such pressure time histories, also defined as a shock wave for solid detonation (Figure 1a) and pressure wave for slow deflagration (Figure 1b). The incident and correspondingly reflected impulse Iinc and Iref for each of the two phases is defined and calculated as the area between the pressure curve of incident and reflected pressure and the time axis.




2.2. Determination of Shock Wave Parameter


The intensity of the shock wave and thus the peak overpressure, but also the positive and negative phase duration, depend on the distance to the position of the explosive charge. The farther a target is from the source, the smaller the peak overpressure, but the longer the positive and negative phase duration.



Various blast load equations that enable the calculation of the parameter of the shock pressure time history curve are available in the literature. The Kingery–Bulmash [35] equation is the most widely used. It has been adopted by UFC 3-340-02 [32] and is referred to, for example, in [32]. It provides rules to determine the blast parameter depending on the scaled distance Z to the explosive charge:


Z = R/W1/3,



(1)




where R is the distance from the explosive charge and W is the equivalent TNT weight of the charge. Blast parameters considered in Kingery–Bulmash [35] and in comparable research to determine the pressure time history are the maximal incident and reflected blast overpressures, the corresponding impulses, the arrival time of the shock wave, the duration of positive (and negative) pressure phase, and the velocity of the shock wave. To sum up, the blast load application should consider the following aspects:




	
The velocity of propagation of the shock wave is considered; elements located farther from the explosive charge are loaded later than elements located at a shorter distance; the velocity and the arrival time of the shock wave are the relevant parameters.



	
The peak pressure decreasing with the distance from the detonation source is considered; elements located farther from the explosive charge have a lower peak pressure than elements at a shorter distance; the determination of the maximal incident and reflected blast overpressures and their corresponding impulses is relevant.



	
The loading duration of the applied shock wave is considered; elements located farther away from the explosive charge are loaded for a longer time than elements located at a shorter distance; the determination of the positive (and negative) pressure phase duration is relevant.








In the simplest way, the time-dependent decay behavior of the incident and reflected blast overpressures of free field detonations can be described by Friedlander’s equation [36]:


  P   t    = P  ·   e     − b   t     t   a            1    −   t     t   a       ,  



(2)




where P is the pressure, td is the positive phase duration and b describes the decay behavior of the curve (see also Figure 1a). The blast load applied to a structure is defined as the effective pressure. When the blast wave crosses a target surface at an oblique angle of incidence θ, the effective pressure Peff is given using the following equation:


Peff = Pref · cos2θ + Pin · (1 + cosθ − 2 cos2θ),



(3)




with the angle of incidence θ as depicted in Figure 2. This approach, described in [37], for example, can be summarized as follows:




	
Structural parts that are oriented perpendicular to the blast wave direction receive the maximal reflected pressure: θ = 0°: Peff = Pref.



	
Structural parts that face away from the charge receive only the incident pressure: 90° ≤ θ ≤ 180°: Peff = Pinc.








Further explanations and definitions of the blast load and its wave propagation are given in the literature [23,30,32].



The described phenomena of shock wave propagation and their effect on structures can be modelled in LS-DYNA (smp d R13) [18] software by means of several techniques. In particular, the command *load_blast_enhanced (LBE) allows the specification of a TNT mass, distance, and the target structural elements; the load resulting from the propagating shock wave is applied automatically on the target elements according to Equations (1)–(3). This type of analysis then corresponds to a simplified dynamic analysis frequently adopted in the blast analysis of building structures. However, the feature is limited to explosion phenomena whose blast wave propagation follows the shape and laws of a shock wave (Figure 1). The implementation of the command is based on [37]; the model was originally developed for the study of vehicle response due to the blast from land mines.




2.3. Determination of Pressure Wave Parameter


Methods for determining the blast propagation for a pressure wave resulting from a vapor cloud explosion can be found in [33]. Ideal explosion sources, such as high explosives like TNT, can be characterized by a single parameter, namely their explosion energy. In Equation (1), this is represented by the mass of TNT. Consequently, the relationship between blast parameters and distance for ideal explosion sources can be represented by a single curve in energy-scaled coordinates. However, when dealing with non-ideal explosion sources like vapor cloud explosions, the situation changes. Non-ideal sources cannot be solely defined by explosion energy alone; both the explosion energy and the energy release rate are necessary to characterize these sources accurately [33]. Therefore, a set of curves describes the relationship between blast parameters and distance for vapor cloud explosions. The two predominant sets of blast curves are the Baker–Strehlow–Tang (BST) method [38,39] and TNO multi-energy method (MEM) [40], but other methods also exist [33]. For a long time, the TNT equivalence method [33] was used, which is very simple since the only parameter needed to represent the vapor cloud explosion includes the explosion energy, from which the TNT charge weight is calculated. In [33], it is stated that the TNT equivalence methods are not well suited, since blast effects from vapor cloud explosions depend not only on the explosion energy but, more importantly, on the combustion rate. Therefore, methods like BST or TNO MEM have replaced the TNT equivalence method.



If a vapor cloud explosion scenario is defined and specified in ammonia process units, the described curves of BST or TNO MEM can be used to determine the blast load. The procedure is complex and requires various input parameters. For the blast analysis in tank design, however, often, only the resulting overpressures are specified, which stress the tank structure and must be considered in the design. A risk analysis does look at specific underlying scenarios for a potential blast load. However, often—as already mentioned in the introduction (Section 1)—tank structures and entire process plants are built in such a way that future risks not yet foreseeable at the planning stage are also taken into account. Accordingly, the scenario in which a blast load is applied is secondary for the analysis of tank structures.



Although the scenario is in principle relevant for the calculation approach developed in Section 3.4, it is derived from the relationships of shock wave propagation inspired by the TNT equivalency. Therefore, the methods BST or TNO MEM for determining the blast propagation for a pressure wave are not relevant for this research and are not explained further.




2.4. State of the Art on Blast Load Analyses of Tank Structures


Due to some severe explosion events in tank farms with sometimes far-reaching negative effects, a blast load analysis should be part of the design of tanks, especially for tanks as part of critical infrastructure or for hazardous fills. However, because tanks have long been designed based on simplified rules and many years of experience, and because finite-element analysis has only been the state of the art for more complex tank analysis problems in the last two decades, blast load analyses of tank structures are still challenging and part of the current research. A large proportion of the analyzed literature uses the simplified dynamic method based on the shockwave propagation described in Section 2.2, which can be applied in LS-DYNA [18] by means of the already mentioned feature *load_blast_enhanced, for instance [24,26,41]. In contrast, there are several works that adopt a different approach. The most relevant sources are discussed in the following.



In [23], a very simple approach is proposed. Although initially suited to structures in chemical plants, it can be applied in general: in determining overpressures, the closest point of the structure to the blast source can be used as a reference for the determination of the scaled distance and corresponding blast parameter. The resulting peak overpressure can be used for the entire structure, which is quite conservative especially for blast loads in closer distances to structures and/or larger structures since the distance-related decay behavior of the overpressure is neglected. For larger structures, considering the average overpressure on the surface or the overpressure at the centroid of the surface can be less conservative. The advantage of this method lies in the user-friendliness of the application, as the same load is applied to each structural element in a simplified manner. However, the propagation velocity of the blast wave is neglected.



Here, the TNO Green Book [16] proposes a procedure that considers the time span required for a blast wave to reach the back face of a building. Furthermore, the decrease in the pressure amplitude acting on the back face of a building is considered. The procedure primarily applies to buildings. Especially for industrial buildings, values for the blast load are specified: the walls subjected to possible reflection must be designed for a reflected overpressure of 30 kPa and the roof must withstand 20 kPa with a positive phase duration equal to 100 ms each. Additionally, control buildings shall be designed for a shock wave with a reflected peak overpressure of 300 kPa for walls and 100 kPa for the roof with a positive phase duration of 15 ms. It must be mentioned that the proposal of [16] applies to buildings. It is stated that data for industrial installations other than buildings are scarce and insufficient. An application to tank structures is therefore questionable.



The work of Mittal et al. [31] considers the blast pressure time history applied to a cylindrical tank depending on scaled distance (Equation (1)) using a modified Friedlander equation. The resulting shock wave time history is applied normally and uniformly to one half of the cylindrical tank surface as shown in Figure 3.



The tank side facing away from the blast source is not loaded. With this type of load application, maximum overturning loads can be determined for the tank. However, the one-sided load only on the side facing the blast source seems rather conservative. The inherent advantage of the shell load-bearing capacity of a cylindrical tank, even with non-uniform loads, is completely neglected by taking one half of the shell unloaded. Furthermore, the decay behavior of the peak overpressure with increasing scaled distance to the blast source is not considered. The tank studied is not provided with a roof and the pressure distribution acting on the free liquid surface is not discussed.



Zhang et al. [27] perform a fully coupled CFD analysis using the arbitrary Lagrange–Eulerian approach for shock wave propagation. They derive a fitting formula for overpressure as a function of scaled distance, which shows good agreement with blast equations from general literature for shock waves. Furthermore, they analyze the overpressure acting on a cylindrical concrete tank at three positions along the tank circumference at the height of the explosion source. The maximum value results at the position directly perpendicular to the explosion source, while the peak overpressure decreases to about 50% at the side and rear of the tank. Details about the pressure distribution acting on the roof are not provided or discussed. The authors highlight the time effort required for the fully coupled analysis.



Further fully coupled CFD analyses are available in the literature. Timofeev et al. [42] investigated the three-dimensional shock wave interaction with an oblique cylinder. They found out that the shocked flow around the cylinder is truly three-dimensional with the quantitative parameter differing from a plane and axisymmetric case. Ding et al. [43] investigated the interaction of planar shock wave with multi-dimensional convex and concave bubbles and analyzed physical processes such as the jet or vortex formation. Further research on specific problems is available [44,45]. However, these works are important to understand the interaction of blast wave with the 3D structure but less suitable for practical engineering applications, as methods other than fully coupled CFD analyses are preferred here.



Yasseri [46] proposes a method based on an experimental background by considering a TNT-caused shock wave. Here, the general pressure time history depends on several values, which in turn vary according to the tank’s circumferential angle from the incident wave. The pressure time history rises to the peak reflected overpressure P1. Vortex formation causes a pressure drop to P2, which is then followed by a further increase in the so-called stagnation pressure P3. From then on, the pressure decays with a time-dependent drag coefficient. The pressure values, drag coefficient and duration times depend on the angle of circumference of the tank to the incident wave. When the angle equals zero, i.e., where the blast wave first strikes the tank, the maximal peak overpressure occurs, but for larger angles, its value decreases. In small-scale experiments, the pressure distribution around a tank was measured: based on the experimental results, a cosine-shaped fitting curve was developed to describe the angle-dependent behavior of the pressure values and the drag coefficient. Further diagrams are provided for the times t1, t2, and t3 that describe the points of the pressure time history, at which the peak pressures P1, P2, and P3 are reached. While the latter two are constant, the first shows angle-dependent behavior for an angle θ larger than 90°. The approach is quite complex and not easy to apply. Furthermore, since the value t1 equals zero for circumferential angles from the incident wave of 0° to 90°, it is obvious that a shock wave approach is considered and not a vapor cloud explosion in slow deflagration scenarios. However, it can be taken as general information about a pressure distribution around a cylinder that the most relevant peak pressure P1 does not drop below zero even for circumferential angles larger than 90°, i.e., on the side facing away from the tank, but it has always a positive (overpressure) value. The pressure distribution acting on a roof has not been analyzed in [46], but a recommendation is given to consider suction forces on the roof and corresponding damage to the roof and anchorage.



Research on the effects of long-duration blast loadings induced by the explosion of flammable vapor clouds on tank structures is rare. Roetzer and Douglas [47] provide a static calculation approach considering the dynamic characteristics of the deflagration blast load due to vapor cloud explosion by means of an increasing factor, the dynamic load factor (DLF). The use of the DLF concept, also described in the TNO Green Book, Chapter 2, Section 4.3 [16], allows the estimation of the structural response for a dynamic blast case simply by performing a static analysis. The DLF reflects the increase in response to the dynamic load with respect to an equivalent static load. It depends on the positive phase duration td of the blast loading in relation to the natural period Tn of the tank structure. The ratio td/Tn can be taken from diagrams, e.g., in [16,47], and indicates whether the loading can be treated as impulsive (td/Tn < 0.4), dynamic (0.4 ≤ td/Tn ≤ 2) or quasi-static (td/Tn > 2). Roetzer and Douglas [47] use the DLF concept to estimate the value of the peak overpressure. The corresponding blast load distribution around the tank circumference is shown in Figure 4. This pressure distribution shows a peak at an angle of circumference of 60°, while the tank side facing away from the blast source experiences reduced but still positive overpressure.



Jiang et al. [25] provide gas blast experiments as well as numerical and theoretical models to investigate the response and energy absorption mechanism of steel tanks. The experimental equipment, however, only offers the possibility of applying blast pressure to a small area of the tank. Similarly, in the numerical model, only a small circular area is subjected to uniform time-dependent blast pressure. The blast pressure distribution around the tank or on the roof is not analyzed.



The most comprehensive research so far on the blast load distribution around circular cylinders was conducted by Duong et al. [48]. A small-scale gas explosion test was developed: a rigid PVC cylinder fitted with a flat cover at the top was equipped with pressure sensors around its height, circumference, and top cover to evaluate the reflected pressure field around the whole cylinder. The pressure sensor distribution consists of three sensors along the height of the cylinder and radius of the top side, which are installed every 15° along the circumference. The pressure distribution showed the following characteristics: the peak pressure reaches a maximum at the point with a circumferential angle of 0° (directly perpendicular to the pressure source) and decreases with an increase in the circumferential angle. The time at which the peak pressure occurs at any position of the cylinder shifts backwards in time as the circumferential angle increases. The positive load phase increases as the circumferential angle increases. The negative pressure phase decreases and approaches approximately zero as the circumferential angle increases. Unfortunately, the exact explosion characteristic for pressure distribution is not provided. Although pressure gauges on the roof are applied, no information about the resulting pressure distribution is available. However, the investigations confirm that a distance-related pressure distribution occurs along the cylinder.



Furthermore, in [48], a numerical simulation was performed to evaluate the different responses of flexible or rigid cylinder walls under blast loading. These analyses were performed using LS-DYNA software with a weakly coupled approach: the blast wave of a solid explosive (TNT)—since gaseous detonation is not supported in LS-DYNA—is mapped on a coupled 3D Euler–Lagrange mesh under some simplifying assumptions. The selected case is performed on a real scale and refers to the explosion of 1 ton of TNT at a 40 m distance from the tank [48]. The numerical analysis provides the following characteristics of the pressure distribution along the circumference of the tank (rigid and flexible): the maximum peak pressure is located at the position with a circumferential angle of 0° (directly perpendicular to the pressure source) and decreases as the circumferential angle increases. The same applies to the negative peak pressure, which is in fact a plateau rather than a peak, as the circumferential angle increases. The time at which the positive peak pressure occurs shifts backwards in time as the circumferential angle increases. The positive load phase decreases as the circumferential angle increases. The last aspect is notably in contradiction with the phenomena observed in the experiment and may be due to the simplifications in the blast load application. In [48], numerical analysis is primarily used to show that neglecting fluid–structure interaction leads to an error in the evaluation of the maximum reflected positive overpressure that is lower than 5% around the tank until the separation angle and lower than 1% in the most solicited region. Therefore, this simplification might be considered a valid assumption.



Design criteria for tank structures exposed to explosion pressure are not discussed in the literature. Recognized normative verification methods such as the methods of DIN EN 1993-1-6 [49] for steel shell structures only apply to static load conditions or dynamic loads that are considered quasi-statically. In [23], it is stated that in conventional design, stresses are limited to the elastic range. In blast design, however, yielding should be acceptable and in fact desirable for economic reasons. Therefore, the adequacy of a blast-loaded component hinges on the maximum deformation rather than stress level [23]. In [23], Annex 5, deformation limits are proposed for structural members in industrial facilities. Although cylindrical shells are not particularly mentioned, the relevant criteria are mentioned here due to the lack of appropriate values for tank structures. First, a distinction is made between three damage levels—low, medium, and high. A low damage ratio comprises localized component damage with the building being usable, although repairs are required to restore the overall integrity. The description corresponds to general buildings but offers the possibility to be adopted to tank structures whose integrity should be ensured after a blast event. Next, for each damage level, a limit ductility ratio μ is specified. For steel components, low-damage-level ductility values of 1 to 5 are specified depending on the structural type [23], with the ductility ratio μ being defined as


μ = (ϵelast + ϵplast)/ϵelast,

ϵelast = fyk/E,



(4)




where ϵelast is the elastic strain, ϵplast is the plastic strain, fyk is the characteristic yield strength, and E is the modulus of elasticity.




2.5. Discussion of State of the Art on Blast Load Analyses of Tank Structures


The literature review in Section 2.4 shows that there are no specific rules for load distribution around the cylindrical shell and on the roof, nor general rules for evaluating adequate design criteria. Although many tank explosion studies can be found in the literature, a general design approach is not yet available.



There is widespread consensus that the position of the tank wall directly perpendicular to the blast source experiences the greatest peak overpressure, while, toward the tank sides, the overpressure decreases. Additionally, the application of overpressure (no suction or zero-overpressure) on the tank side facing away from the explosion source seems to be common. The experimental study presented in [48] shows that the time at which the peak pressure occurs shifts backwards in time as the circumferential angle increases and, furthermore, the positive load phase increases as the circumferential angle increases. This load approach is congruent with the load distribution as a function of both the scaled distance and the angle of incidence presented in Section 2.2, which applies for shock waves resulting from high explosives. Here, the minimal pressure applied to the tank would be the incident pressure at the tank’s backside with the longest load duration consistent with the largest scaled distance. There is no similarly simple method for the propagation of slow deflagration pressure waves that depends only on the scaled distance (see Section 2.3), but the general propagation behavior is comparable.



Therefore, in the present study, a simple approach is developed to consider the following: the combination of a distance-related pressure distribution with a distribution depending on the angle of incidence corresponds to a pressure load being applied on the overall tank structure, with varying amplitudes over the tank height and circumference and roof. This method allows the relevant correlations to be put into a formula-based context and, thus, prepared for systematic application. Section 3.4 introduces the approach in detail. The approaches of [31], displayed in Figure 3, and [47], given in Figure 4, are also examined in the present research in order to investigate the advantages and disadvantages of the individual methods for comparative analysis.



Special attention is paid to the load direction of the blast load acting on the roof surface. The approach presented in Section 2.2 and in Figure 2 states that the ordinate of the pressure load depends on the angle of incidence. When applying this approach, it results in a compression load for the entire roof surface. A non-uniform compression load can severely damage the thin-walled roof membrane. In addition, the explosion load acting as a compression load on the roof is transferred to the tank shell as axial compression load and increases the already existing axial compression load. Since thin-walled shells are typically susceptible to buckling, which can lead to critical shell loads.



However, as discussed in [46], a roof suction load introduced by blast wave propagation can occasionally damage tanks due to roof uplift. The roof to shell joint may tear and peel away the roof plate, or the roof structure may be dislodged by distortion of the shell. Additionally, the anchorage of the tank is heavily stressed due to the uplift load.



There are now two completely contradictory recommendations for load application on the roof. Following the general application of wind loads on dome roof structures according to Eurocode’s approach [50], the sign of the pressure coefficient (compression or suction) is determined depending on the relation of the tank height to diameter or roof height to diameter. For the usual dimensions of storage tanks with dome roofs, wind load is always applied as the suction load to the total roof. At this point, reference is made to DIN EN 1991-1-4, Figure 7.12 [50]. Of course, a blast pressure load is only slightly comparable to a wind load, but analogies should still be present. Thus, without further numerical CFD or experimental investigations, no clear general statement can be made about load application on tank roofs based on the current state of the art.



Therefore, in order to be able to make a reliable estimate of the performance of the tank due to a blast, two different load cases for the roof blast load are analyzed within the scope of this study: on the one hand, the load is applied as a compression load according to the relationships presented in Section 2.2. On the other, the sign of all load values is reversed while the value of the load remains identical in order to also analyze a suction load based on the recommendation from [46] and the Eurocode wind load approach on dome roofs [50].



A look at the available design criteria reveals regulatory gaps. The specification of damage ratios in [23] seems reasonable, but these must be adapted more to the consequences of damage to tank structures. Therefore, for the observation of the possible impact to a tank structure withstanding a significant blast load event, it should be considered to define the performance level of the tank structure in the way it is described in European and American standards for seismic design classification. There are two main performance levels, which can be derived from the seismic design consequence criteria:




	
OL (operating level)/OB (operating basis): After impact by a blast load event, the tank structure will remain operational.



	
CL (contingency level)/SS (safe shut-down): After impact by a blast load event, the tank structure may be damaged but without the loss of overall integrity and containment.








As the event of a blast load impact is considered a singular event in the design lifetime of a tank system, the adoption of the consequences defined for the contingency level (CL)/safe shut-down (SS) should be considered. The limit values for the ductility ratio μ proposed by [23] can be used for this purpose. As no values are explicitly given for tank structures, the lowest suggested value (μ = 1) should be conservatively adapted.





3. Simulation Model for Numerical Analyses


The tank structure investigated in this study represents a typical geometry of a double-walled cylindrical steel system containment with a dome roof that has been proven to store ammonia safely.



3.1. Representative Geometry


The shells of the inner and outer tank of such a system are usually not connected and the inside of the outer tank is freely accessible for inspection and maintenance work. Hence, the blast load mainly hits the outer tank structure, so the object of this study is exclusively the outer tank with its roof stiffener system. The geometry is shown in Figure 5. Tanks are usually designed economically as a stepped tank wall: the tank wall thickness increases towards the bottom, and it absorbs the increasing loads from the tank’s dead weight and filling. In this study, however, a constant wall thickness of 20 mm is considered: despite this simplification, it is possible to draw conclusions on the performance of steel tanks that are subjected to long-duration and high-pressure blast loading. Only the top section, which forms the compression ring, is thicker, in accordance with the requirements for the design of ammonia tanks. The tank wall is stabilized by several ring stiffeners (T-profile 220 × 150 × 20 mm3). The self-supporting tank roof consists of 64 rafters (I-profile 260 × 260 × 15 mm3), 2 girder rings (radius 16 m and 10 m), the crown ring (radius 3 m) and the compression ring. A roof plate with a 6 mm thickness is continuously welded to the rafters. The tank bottom plate is constructed with an annular plate that is continuously welded to the tank wall. The tank is placed on a concrete foundation plate to which the tank is anchored in the vertical direction using 64 anchor straps (170 × 11 mm2) to prevent uplift.




3.2. Numerical Model


The representative tank is examined via transient analysis using the explicit solver LS-DYNA [18]. A three-dimensional simulation model consisting of shell and beam elements is generated. The tank wall, roof plate and annular ring are idealized by reduced integration shell elements (type: Belytschko-Tsay), while the roof system, wall stiffeners and anchorages are modeled with beam elements (type: Hughes Liu). In total, 5440 beam elements were added to the model. The shortest beam is 300 mm long. Five layers of shell elements are adopted in order to capture the bending behavior in a proper way. A total of 49,652 shell elements have been used in the mesh model. Shell elements have the following dimensions: 300 × 300 mm2. The foundation is represented by an ideal-rigid plate modeled with 1936 solid elements.



Lifting of the tank wall at the tank base due to overturning moments induced by the detonation load would, in principle, be possible. For the simulation, it is assumed that uplift can occur over the entire width of the annular ring. At the center-bottom plate, however, uplift is prevented by the restraining effects of the inner tanks’ weight and the filling. This is represented by the following boundary conditions (see also Figure 6):




	
On the inside radius of the annular plate, the nodes are fixed in the three directions of translation. This represents the fixing effect of the bottom plate between the rigid foundation and the load of the inner tank.



	
A contact definition between the ground and the other node of the annular plate allows uplift of the nodes but not penetration.



	
The upper end of each anchor strip is connected to the tank wall via congruent nodes. The displacement degrees of freedom of the lower nodes of the anchor strips are locked in the three translational directions.









3.3. Material Constitutive Models


The construction material of the representative tank is defined as steel with the designation P355 NL2, a fine-grained, weldable steel, normalized material with high toughness at cold temperatures, used, for example, for highly stressed welded joints and pressure vessels. The mechanical properties, which are considered for the material of all components of the representative tank structure, are summarized in Table 1. Nominal material values according to DIN EN 10028-3 [51] at room temperature are considered.



The force–displacement behavior of the steel can be described using a simple bilinear material formulation. A bilinear material constitutive model represents the behavior of steel by dividing the stress–strain curve into two linear segments. The first segment represents the elastic behavior of the steel until it reaches the yield point. The second segment represents the plastic behavior of the steel after the yield point is exceeded (Figure 7). The simplified model uses these two segments to accurately simulate the nonlinear response of steel structures under varying loads. Hardening effects are considered with the tangent modulus that can be determined using the following equation:


  E t =     f   u k   −   f   y k     (   ϵ   B   − 0.002 ) −     f   y k     E     ,  



(5)




with the parameters being explained in Table 1. Such a bilinear material formulation is one of the simplest ways of mapping nonlinear material behavior. A further formulation captures the transition from the elastic to the plastic region with multiple points of the load-deformation curve. It also considers strain rate effects, where materials exhibit higher resistances at faster loading rates. Especially for highly dynamic loads that generate structural responses in the yield limit range, material formulations that take strain rate effects into account are often used. This approach is more complex but provides a more accurate representation of the material’s behavior than the bilinear formulation and can lead to higher utilization of the material properties in the simulation for loads that stress the steel around the yield point and into plastic deformation ranges.



One widely used example is the simplified Johnson–Cook model that determines the yield stress σy according to Equation (6):


    σ   y    =     A + B   ·       ε ¯      p   n          1 + C   ·   ln     ε ˙   *    .  



(6)




A, B, N, and C are material parameters,       ε  ¯    p     is the effective plastic strain, and      ε ˙   *    is the normalized plastic strain rate. Material failure is defined by a critical plastic strain. If the plastic strain exceeds the critical strain, the correspondent element has no further strength. In the current problem, the load level is below the threshold for failure. The beam and shell elements of the finite-element model consider a linear equation of state to the describe the pressure state:


  p = K · V , K =   2 ·  G       1 + ν       3      1 − 2 · ν     , G =   E    2       1 + ν      ,  



(7)




with p being the pressure, K the elastic bulk modulus, V the element volume, G the shear modulus and ν the Poisson’s ratio. Several studies have utilized the Johnson–Cook plasticity model to investigate the structural response of materials for various applications such as metal cutting, welding, ballistic impact, and blast, as these processes are associated with large strains and high strain rates [52]. The authors of [53] provide a review of the model and its implementation into several software packages. Application examples are given, e.g., in [54,55].



In order to show the differences between both approaches, the bilinear material formulation (*Mat_Plastic_Kinematik, *MAT003) as well as a material formulation including strain rate effects (*Mat_Simplified_Johnson_Cook, *MAT098) will be investigated. The adopted parameters used for the bilinear as well as for the simplified Johnson–Cook model are reported in Table 1 and Table 2.




3.4. Blast Load


In the present study, an idealized equivalent time-dependent pressure wave according to Figure 8 representing a high pressure and long duration over pressure is considered. The maximal peak reflected pressure acting on the tank is set to 30 kPa. The overpressure function is set as a linear function with the same gradient in increasing and decreasing parts. As already mentioned in the introduction, the load scenario was selected based on its inclusion as a requirement for safe tank design in both the Belgian and Dutch guidelines [13,14].



In contrast to shock waves for a triangular pressure wave according to Figure 8, rules to determine the blast parameter like the ratio of reflected to incident pressure, pressure wave velocity and time of arrival of the pressure wave depending on the scaled distance Z are not available. The pressure wave velocity could be determined using appropriate formulas that would also allow determining the time of arrival. However, the ratio of reflected to incident pressure remains unknown. The current state of knowledge precludes the determination of the distance- and time-dependent pressure distribution along both the tank circumference and height without having specific information about the source of the blast pressure.



In [30], it is proposed to adopt the blast parameter of a shock wave in order to transfer their distance-related behavior to the triangle pressure shape. With impulse equality, a pressure wave can be transferred to a shock wave and vice versa. That means that each ideal pressure wave can be converted to a corresponding shock wave with congruent impulse and peak pressure [23,30], as depicted in Figure 9. This method is inspired by the TNT equivalence method of blast prediction for vapor cloud explosions. As already mentioned in Section 2.3, this method is considered inaccurate [33]. However, the points of criticism relate to the fact that the conversion of the explosion source of highly flammable substances into the corresponding TNT equivalent is difficult to capture and prone to error. However, since the resulting pressure has already been determined in the present research (Figure 8) and only the missing blast parameters are to be determined, the points of concern regarding TNT equivalence appear negligible.



With the maximal peak reflective pressure specified in Figure 8, a fictive scaled distance can be determined, for example, by using the Kingery–Bulmash [35] or similar equations. From the impulse equality, it is possible to derive the scaled distance, then an equivalent TNT mass and a distance according to Equation (1). Furthermore, the blast equations allow the determination of blast parameters like the shock wave velocity and time of arrival, which can be adapted for the impulse-equal pressure wave.



Since the Kingery–Bulmash equations [35] are quite advanced for practical application, in this study, the modified blast equations proposed by Jeon et al. [56] are used. The following procedure to determine the resulting distance-related, time-dependent pressure load acting on the tank is developed:




	
The maximal peak reflected pressure is set to 30 kPa; the positive phase duration of the pressure wave is defined with 300 ms. The impulse amounts to 4500 kPa ms.



	
With the maximal peak reflected pressure of 30 kP, the scaled distance is calculated as Z = 8.365 m/kg1/3 according to Jeon et al. [56].



	
With impulse equality (Iref = 4500 kPa ms), the blast equation of [56] and Equation (1), a distance R and equivalent TNT-mass W can be determined: R = 785 m, W = 826.44 to.



	
An explosion scenario is therefore established. In this contribution, the blast source is set to a point in the positive x-direction as seen from the center of the tank (Figure 10). In relation to the height of the tank, a position halfway up the cylinder is selected. For each element of the tank structure, the corresponding scaled distance Z is determined.



	
For each element of the tank structure, the angle of incidence is determined.



	
For each element of the tank structure, the peak reflected pressure, peak incident pressure, time of arrival of the pressure wave and positive pressure phase duration are determined according to the modified blast equation proposed by Jeon et al. [56]. The effective pressure for each element is determined according to Equation (3).









3.5. Calculation Approach


A multi-step simulation method with explicit time integration is selected. In the first step, the static loads (dead load and internal design pressure of 50 mbar-g) are applied, linearly increasing within a time range of 300 ms. The control of the energy balance shows that with this slow load increase, no undesired dynamic effects are inserted into the system. After that, the structure remains in the loading condition for 200 ms to further control the quasi-static state. Afterwards, the blast load is applied as a pressure time history. At time 608 ms, the blast load hits the first element of the model; at time 719 ms, the last element starts being loaded. After 1022 ms, the pressure wave leaves the last elements of the tank model. The calculation continues until a total duration of 1.1 s. According to the recommendation outlined in [23] (paragraph 6.4.1), elastic material damping is conservatively ignored in the blast analyses. This is justified by the short time in which the structure reaches its maximum response. Thus, damping effects have little influence on peak displacements.



A comprehensive numerical dynamic study that reflects the behavior of the tank at different levels of computational acuity is performed. This may provide guidance for future studies to choose the optimal and most efficient calculation approach. The underlying basics of the different calculations are explained in detail below.



Two calculation runs are performed to comprehensively capture the roof stress and overall uplift loading (see Section 2.5):




	
Roof compression load;



	
Roof suction load.








Additionally, two calculations each are performed considering different load applications with the idealized pressure wave according to Figure 8:




	
A uniform peak pressure amplitude of 30 kPa to one half of the tank model. In this easily applicable approach, pressure wave propagation effects related to the decrease in the peak pressure explained in Section 2.2 are neglected. The peak pressure of 30 kPa is applied to each shell element of the blast-loaded side of the simulation model according to the proposal of [31] depicted in Figure 3. The rear side remains unloaded.



	
Consideration of varying pressure amplitude depending on scaled distance and angle of incidence according to the procedure is described in Section 3.4. In this more accurate but also more elaborate approach, the peak reflected pressure, peak incident pressure, and positive phase duration are determined for each shell element of the simulation model. The effective pressure according to Equation (3) is applied to each shell element.








Next, two different material approaches will be investigated (see Section 3.4):




	
A simplified bilinear approach (BL);



	
A Johnson–Cook material formulation (JC) considering strain rate effects.








Furthermore, an analysis is also carried out using a shock wave approach. The blast scenario with an equivalent TNT mass of W = 826.44 to and a distance R = 785 m is applied using LBE in LS-Dyna. A spherical air burst without amplification of the initial shock wave due to interaction with the ground surface and without negative phase duration is considered. The results of this impulse-congruent shock wave load are compared with the results of the pressure wave load to quantify differences in the structural response. Since, in this approach, the roof loading follows the approach depicted in Figure 2, compression of the roof load will result.



Finally, a static implicit analysis is performed with the same numerical model according to the proposal of [47]. In addition to an explicit dynamic analysis, LS-Dyna software also allows implicit and static calculations to be carried out. In some cases, adjustments to the element and/or material selection are required. In the present research, however, the selected elements and material formulations are equally suitable for an explicit and implicit analysis, so no adjustments need to be made. Since simulations with static equivalent loads are still widely used in engineering practice due to their simple application, such an analysis based on the method of [47] by use of the DLF concept is carried out here. Depending on the ratio td/TN, the dynamic load factor DLF has to be determined with the diagram given in [16,47]. An implicit modal analysis was carried out to calculate the natural period as TN = 0.3694 s. With td = 300 ms, DLF = 1.52. This factor serves as a scaling factor for the pressure distribution applied to the tank shell. According to Figure 4, the pressure distribution around the circumference of the tank depends on the angle of circumference. Reference values for the circumferential angles θ of 0°, 60°, 90° and 180° are specified with the maximal value at θ = 60°, pmax = 57 kPa. As no further information is given in [47], the curve between the four points is approximated linearly. This circumferential distribution is assumed for each height node of the tank. As [47] does not provide any information on the loading of the tank roof, the roof remains unloaded in the static analysis. The static analysis is performed primarily as a comparison and to classify the dynamic analyses with respect to the behavior of the tank shell.



In summary, a total of 11 simulation runs were performed on the tank structure (Table 3). Figure 11 shows the distribution of the peak pressure over the tank circumference for the various simulations. Considering the mentioned mesh size (see Section 3.2), a simulation run takes about 2.5 h on an eight-core workstation with double precision.





4. Results


4.1. Static Simulation


A statically non-linear, implicit analysis does not provide convergence and thus provides no result. A static linear analysis by use of an elastic material formulation (*MAT001 keycard in LS-Dyna) yields the stresses shown in Figure 12 in the axial direction, circumferential direction, shear, and the von Mises equivalent stress. The von Mises equivalent stress with a maximal value of 150 MPa is below the plastic limit of 345 MPa. However, a linear bifurcation analysis results in a load factor of 0.81 and the eigenmode given in Figure 12. This can be used in combination with the maximal von Mises equivalent stress for a buckling safety verification according to DIN EN 1993-1-6 [49] in accordance with the LBA/MNA method [57]. DIN EN 1993-1-6 [49] applies to the design of steel shells under actions, which may be treated as quasi-static. It therefore generally cannot be used for structures subject to explosion loads, but it can be used for the static analysis presented here. The LBA/MNA method combines a linear bifurcation analysis (LBA) with a material non-linear analysis (MNA; alternatively, the equivalent stress value can be used [57]) and produces a verification result of 0.37 for the problem at hand, which is unsafe. A positive verification would require values above 1.0.




4.2. Dynamic Simulations


Table 4 summarizes the results of the dynamic simulations. The maximum von Mises equivalent stresses and plastic strains of the cylindrical shell, roof dome, ring and roof stiffeners and rafters (beam) and anchors are evaluated. In addition, the deformations of the cylindrical shell and roof as well as the maximum uplift height are analyzed. Furthermore, Figure 13 displays the stress distribution of the overall tank while Figure 14 depicts the displacement figures of the cylindrical tank shell. The description of the results uses the following location descriptions along the tank circumference:




	
Frontal tank wall: the tank wall in the direction of the explosion source.



	
Tank wall sides: the tank wall parallel to the direction of the explosion source.



	
Tank rear wall: the tank wall on the side facing away from the explosion pressure wave.








Figure 13 shows the von Mises equivalent stress for the various configurations of the dynamic calculation. For all figures, the color scale is selected so that the maximum value is at the nominal yield point of 345 MPa. This means that areas showing stress values of this order of magnitude or higher are displayed in red and are easily comparable. As expected, the different load profiles and material formulations used in the analyses show different results.



Applying a uniform surface pressure to half of the cylinder and the roof (Simulation 1.1a/-b) results in high stresses in the order of magnitude and above the yield on the tank wall sides, where the loaded tank shell presses against the unloaded shell. This results in plastic strain (Table 4). Maximal lifting heights of 79 mm in Simulation 1.1a and 61 mm in Simulation 1.1b and plastic strain of the anchorage are also observed. When using the Johnson–Cook (JC) formulation with the more accurate modeling of the material at the transition to the plastic region, strain rate effects are taken into account, which lead to smaller plastic deformations overall; for instance, in the tank shell, the plastic strains are only 63% compared to bilinear (BL) material formulation (ϵpl,shell,JC = 0.904%, ϵpl,shell,BL = 1.444%, ϵpl,shell,JC/ϵpl,shell,BL = 0.63; for further values, see Table 4). The pressure distribution used in Simulations 1.2a and 1.2b, on the other hand, generates von Mises equivalent stresses far below the yield point (Figure 13). The maximum stresses in the roof are 233 MPa, approximately two thirds of the nominal yield point of 345 MPa. The variation in the material formulation therefore shows no effect here; the results are identical. The anchorage remains elastic while a rather low lifting height of 6 mm at most occurs.



The approach of shock wave loading using LBE (Simulations 1.3a/-b) generates a stress distribution that reaches the yield limit in the elements of the roof, ring stiffeners and anchorage and causes plastic strains (Figure 13, Table 4). However, these are far below those from Simulations 1.1a/-b (see, e.g., in Table 4, Simulations 1.1a and 1.3a: ϵpl,roof,1.1a = 0.249% ≫ ϵpl,roof,1.3a = 0.067%). At the maximum lifting height of 11 mm, the anchorage undergoes minimal plastic deformation.



When applying a suction load to the roof, the stress distributions are essentially qualitatively comparable to the simulations with roof compressive load. Simulations 2.1a and 2.1b show, analogous to Simulations 1.1a and 1.1b, high stresses on tank wall sides in the area and above the yield strength (Figure 13). For both material formulations, slightly lower or equal values result when applying the roof suction load (Table 4) in comparison to compression. Additionally, the stresses of the anchors and the uplifting heights are slightly lower, even though the roof suction load should induce higher uplifting forces.



A look at the deformation plots in Figure 14 shows deformations congruent with the stress results. The analyses with the application of the uniform pressure load to half the tank circumference and roof (Simulations 1.1a/-b) show heavily deformed areas on the tank wall sides. The maximum deformations are approximately 1 m. Nearly the same applied to Simulations 2.1a/-b, indicating that the roof load does not influence the tank shell’s deformation. Significantly smaller deformations result in Simulations 1.2a/-b; here—with purely elastic material behavior (the minimal plastic strain of the anchorage ϵpl,anchor,2.1a = 0.005% can be neglected)—maximum deformations of 11 mm result in the tank shell and similarly on the tank wall sides, but with the location of the maximal value being moved a little more to the tank front. The equivalent analyses with roof suction load (Simulations 2.2a/-b) show different behavior here: the maximum deformation of 17 mm is concentrated on the compression ring, which forms the transition to the roof.





5. Discussion


Compared with the results of the more precise dynamic analyses, the analysis with static equivalent loads leads to very conservative results. Using the static equivalent calculation method, a steel tank cannot be qualified for the blast scenario, which is in contrast to the results of the other analyses. This method should therefore not be used for the economic design of tank structures of any kind of material subject to blast loads.



The load behavior in all dynamic analyses follows a similar approach: maximum stresses and deformations occur along the tank wall sides parallel to the direction towards the explosion source. If the highly stressed sides of the tank are taken together from all analyses, this corresponds to a range of approximately 60° to 120° of the circumferential angles. This structural response is mostly well reproduced by all analyses. Only the analyses with a roof suction load and varying compressive load (Simulation 2.2a/-b) show the tank wall–roof transition as the area subject to the highest stress and deformation.



The simplified load application with uniform pressure over half of the tank seems to produce very conservative results. The unloaded side facing away from the explosion source neglects the shell load-bearing behavior due to the supporting effect inherent in a cylindrical shell under full circumferential pressure, which is also present in the case of non-uniform circumferential pressure (different pressure amplitudes along the circumference). The stress level is calculated to be relatively high. Here, it is to be expected that an adequate design of the tank based on this approach either leads to higher material consumption (thicker shells or more wall stiffeners) or the use of steel with a significantly higher yield strength. For the latter, it should be noted that [23] advises to avoid the use of high-strength materials (greater than a nominal 350 MPa yield) in most blast applications to prevent problems with decreased ductility. Alternatively, the use of a steel construction could be completely discarded in favor of a concrete construction when using this simple calculation approach.



The consideration of a more precise load application (Simulations 1.2a/-b, 1.3a/-b, 2.2a/-b) shows that a steel construction is basically suitable to withstand long-duration and high-pressure blast loads. Qualitatively, the results are very comparable, both when applying a pressure wave load (Simulations 1.2a/-b) and a shock wave load (Simulations 1.3a/-b). However, the latter leads to higher stresses and higher deformations. Plastic deformations occur.



Using the design criteria CL/SS proposed in Section 2.5 inspired by [23] with a limit ductility level of μ = 1, using Equation (4), the plastic deformation can be qualified. With ϵelast being determined with the nominal material values according to Table 1 to ϵelast = 0.163%, an allowable plastic strain of ϵplast = 0.0813% is obtained. A look at the plastic strains listed in Table 4 for Simulations 1.3a/-b shows that this limit value is exceeded for beam elements of Simulation 1.3a (ϵplast = 0.114%).



In contrast, the structural response is purely elastic when a pressure wave load according to the developed concept is applied. The difference between a shock wave and a pressure wave is the way in which the blast waves propagate in the surrounding environment. A shock wave is a fast, abrupt blast wave that moves at supersonic speeds. In contrast, a pressure wave is a slower wave that propagates at the speed of sound. In the present research, the approach of applying the pressure wave to the structure uses blast parameters of an impulse congruent shock wave; see Section 3.4. This also adapts the propagation velocity of the shock wave for the pressure wave. For the scenario under consideration, the propagation velocity of the wave is 360.5 m/s according to the blast equation of [56] and is therefore above the speed of sound. Strictly speaking, the Simulations 1.2a/-b and 2.2a/-b therefore consider a pressure wave with a propagation velocity that is too high. It is important to note, however, that despite the high propagation velocity, the simulations considering a pressure wave result in elastic behavior, while the comparable Simulations 1.3a/-b considering a shock wave result in plastic deformation. This is because the instantaneous and abrupt pressure increase in the shock wave leads to rapid loading of the structure, while the pressure wave causes a slower rise in pressure. Therefore, in terms of structural response, a shock wave usually generates higher stresses than an impulse and peak pressure congruent pressure wave, less because of the velocity of wave propagation and more because of the instantaneous increase in pressure.



The selection of an appropriate scenario is crucial for accurately simulating the structural response. It has been observed that a shock wave scenario tends to yield conservative results, implying a higher level of safety in comparison to the impulse-congruent pressure wave scenario. However, it is important to note that this observation is based on a single calculation example. Furthermore, it raises the question of whether pursuing conservative results, which may potentially lead to a design with excessive material usage, is advisable in times of limited resources. In addition, the present work assumes a constant tank wall thickness over the tank height. This is an accurate hypothesis for a representative structure. The construction of a real tank can be planned with a graduated wall thickness with thinner sheets in the upper tank area. The developed calculation method implies material reserves so that thinner steel sheets can also withstand the stresses.



A further controversially discussed topic is roof loading. The simulation results show that the side of the tank roof that is oriented frontally towards the explosion source exhibits the highest stresses in the tank roof. Both in the case of roof compression and roof suction loading, this part is subjected to the highest load, as the largest compression/suction coordinates occur here. For the roof panel itself, higher stresses result when a compressive load is applied than when a suction load is applied despite the static preload due to internal design pressure (Table 3, e.g., comparison of Simulations 1.2a and 2.2a). The reason for this is as follows: the tank wall/roof corner of steel tanks is always designed as a so-called compression ring in accordance with current design regulations. It can be up to twice as thick or thicker than the tank wall and the roof plate. This results in a kind of restraint for the tank wall and the roof at this point. Compressive loads on the tank wall and roof produce bending deformation with strong restraints, as illustrated in Figure 15a, while a compressive load on the tank wall with simultaneous roof suction load causes less restraint, a smoother bending figure (Figure 15b), and a smaller stress level.



As expected, the anchor forces are larger when a roof suction load is applied compared to when a roof compression load is applied.




6. Recommendation and Outlook


Analyses with static equivalent loads are easy to carry out, as no special software must be used that meets the requirements for simulations in the field of high-speed dynamics. However, the results are strongly on the conservative side, so an economic design cannot be achieved.



The TNT scenario derived in this work, which is congruent to the triangle blast load, can be used to perform an analysis with the *load_blast_enhanced feature integrated in LS-DYNA. Other software products offer comparable implementations. However, it should be noted here that the results are also slightly conservative compared with the more precise calculation.



It is therefore recommended to use the calculation method derived in this paper, which applies a time- and distance-dependent triangular pressure load for each element of the tank. The approach uses an approximate TNT equivalence but should not be confused with the TNT equivalence method for determining the effect of a vapor cloud explosion. The shortcoming of the method is that a slightly too high blast wave velocity is considered. Future work could investigate the extent to which the blast wave velocity influences the results. Future research should then deal with this specific aspect. For example, complex CFD analyses can investigate the pressure propagation onto cylindrical tanks with roofs depending on the blast scenario, tank height–radius–roof height ratios and relative position of the blast source to the tank. However, future research directions should include experimental work to support and validate the numerical analyses. The challenge here is the appropriate implementation of a slow deflagration event, as experiments are mainly conducted with explosives that represent shock wave scenarios.



The type of roof load to be considered for the design cannot be conclusively clarified with the present research. One recommendation is to consider a compression load for the design of the structure but a suction load for the design of the anchoring. This covers both cases and ensures reliability. Future work in the field of CFD simulation or experimentation is also necessary.



Design criteria for blast-loaded tanks should be based on deformation rather than on stress limits. As a blast event is considered a singular event in the design lifetime of a tank system, the adoption of the consequences defined for contingency level (CL)/safe shut-down (SS) should be considered. The allowable ductility should be chosen conservatively to μ = 1 if no further research on this is available. Consideration should be given to whether larger deformations can be permitted for the anchoring.




7. Conclusions


Tanks play a critical role in various industries, including oil and gas facilities, chemical plants, and storage terminals. This research paper focuses on the analysis of blast-loaded cylindrical steel tanks, specifically addressing long-duration and high-pressure blast events. Traditionally, steel tanks have been designed to withstand medium explosion pressures. However, the need for higher safety standards and future requirements necessitates the exploration of higher peak overpressures as well as longer duration times; understanding the structural response to blast pressure is essential for ensuring structural integrity and safety.



The study reviewed research approaches to blast load calculation and application with a focus on slow deflagration events since long-duration blast pressure typically results from slow deflagration rather than solid detonation events. The literature search revealed gaps in the analysis and design of cylindrical tanks under blast load. Therefore, a calculation concept was developed based on the results of the literature search. It enables a finite-element simulation for a triangular blast load, taking into account the time- and distance-dependent propagation of the pressure wave. Numerical analysis using the developed method is conducted on a representative ammonia steel tank geometry exposed to an explosion with a peak overpressure of 30 kPa and a 300 ms positive load duration. Furthermore, different calculation approaches have been investigated to first understand the structural response of cylindrical steel tanks subjected to long-duration and high-pressure blast loads and then qualify the individual calculation methods with respect to their usability.



The main finding reveals that steel tanks can be effectively utilized under such blast loading. The research findings suggest that steel tanks can now be considered as a viable alternative to pre-stressed reinforced concrete tanks for high explosion loads. This research thus provides a numerically verified reference for the design and verification of steel tanks subjected to explosion loads with high overpressures and long durations. This presents several advantages. Firstly, the use of steel tanks can lead to cost savings during installation and maintenance. Secondly, in light of developments in climate-neutral steel production, steel tanks offer an environmental advantage over concrete structures with high CO2 emissions. The adoption of steel tanks aligns with the goal of achieving climate neutrality and reducing the industry’s carbon footprints in terms of the latest developments in climate-friendly steel production.



In addition, the research addresses aspects controversially discussed in the literature and provides recommendations for improving the analysis and design of cylindrical steel tanks subjected to blast loads. Particularly, design criteria for blast-loaded steel tanks based on deformation limits could be derived. The recommendations have implications for the design and construction of tanks in critical infrastructure, improving safety standards, and ensuring adaptability to future utilization concepts.



In conclusion, this contribution presents a comprehensive exploration of the challenges associated with determining the distance and time dependent blast pressure distribution on tank circumference and height. The study highlights the complexity of the problem, fills a knowledge gap in existing methods, and provides a basis for future research to further improve the blast load analysis of cylindrical tank structures. The publication results might help stakeholders to achieve a reliable selection of materials and design of tank structures exposed to the risks of high-pressure and long-duration blast loads.
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Figure 1. Explosion pressure propagation in free air: (a) characteristic shape of a shock wave; (b) characteristic shape of a pressure wave. 
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Figure 2. Definition of angle of incidence. 
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Figure 3. Blast load profile and distribution for a cylindrical tank used in [31]. 
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Figure 4. Shape of blast loading suggested in [47]. 
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Figure 5. Tank geometry of representative ammonia tank for numerical simulation. 
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Figure 6. Boundary condition in the numerical simulation at the base of the tank. 
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Figure 7. Material plastic kinematic: l and l0 are the undeformed and deformed lengths of uniaxial tension specimen while the tangent modulus Et is the slope of the bilinear stress strain curve. The adopted values are reported in Table 1 and Table 2. 
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Figure 8. Idealized pressure load time history for numerical simulation. 
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Figure 9. Transfer of pressure wave to shock wave via impulse equality. 
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Figure 10. Assumption of blast load source in simulation model. Different colors of the tank model indicate different model parts with different sections (red: tank wall, green: tank roof panel, blue: compression ring of wall and roof, grey: base plate, black: beam elements of ring stiffeners, rafter, and anchorage). 
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Figure 11. Peak pressure distribution along the tank’s circumference at the height of the explosion source, z = 14.5 m. 
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Figure 12. Results of implicit, static analyses; stress results in (Pa). 
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Figure 13. von Mises stress of tank elements as a result of the various simulations, in Pa. Note: Simulations 1.2a and 1.2b as well as 2.2a and 2.2b result in the same stress distribution. 
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Figure 14. Displacement of tank shell elements as a result of the various simulations, in m. Note: Simulations 1.2a and 1.2b as well as 2.2a and 2.2b result in the same shell deformation figure. 
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Figure 15. Approximation of the bending deformation of the tank wall and roof due to (a) roof compression load and (b) roof suction load. 
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Table 1. Mechanical properties of steel P355 NL2.
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	Name
	
	Value





	Tensile strength
	fuk
	490 MPa



	Yield strength
	fyk
	355 MPa 1

345 MPa 2



	Ultimate strain
	ϵB
	22%



	Modulus of elasticity
	E
	212 GPa



	Density
	ρ
	7.82 t/m3







1 Plates with thickness t ≤ 16 mm. 2 Plates with thickness 16 mm < t ≤ 40 mm.













 





Table 2. Values adopted for constitutive models for numerical simulation.
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	Name
	
	Value





	Hardening parameter
	β
	0.5



	Material parameter
	A
	345 MPa



	Material parameter
	B
	51 MPa



	Material parameter
	N
	0.26



	Material parameter
	C
	0.014










 





Table 3. Simulation overview.
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	Simulation
	Roof Load
	Load to the Overall Structure
	Material

Formulation





	0
	-
	Varying pressure amplitude depending on

tank’s angle of circumference, static
	Linear

(*MAT001)



	1.1a
	Compression
	Uniform pressure amplitude of 30 kPa

to one half of tank shell and roof
	Bilinear

(*MAT003)



	1.1b
	Compression
	Uniform pressure amplitude of 30 kPa

to one half of tank shell and roof
	Johnson–Cook (*MAT098)



	1.2a
	Compression
	Varying pressure amplitude depending on scaled distance and angle of incidence
	Bilinear

(*MAT003)



	1.2b
	Compression
	Varying pressure amplitude depending on scaled distance and angle of incidence
	Johnson–Cook (*MAT098)



	1.3a
	Compression
	Shock wave, load application via LBE
	Bilinear

(*MAT003)



	1.3b
	Compression
	Shock wave, load application via LBE
	Johnson–Cook (*MAT098)



	2.1a
	Suction
	Uniform pressure amplitude of 30 kPa

to one half of tank shell and roof
	Bilinear

(*MAT003)



	2.1b
	Suction
	Uniform pressure amplitude of 30 kPa

to one half of tank shell and roof
	Johnson–Cook (*MAT098)



	2.2a
	Suction
	Varying pressure amplitude depending on scaled distance and angle of incidence
	Bilinear

(*MAT003)



	2.2b
	Suction
	Varying pressure amplitude depending on scaled distance and angle of incidence
	Johnson–Cook (*MAT098)










 





Table 4. Summary of results of tank structure simulations.
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Maximal von Mises Stress (MPa)

	
Maximal Deformation (mm)

	
Maximal Plastic Strain (%)




	
Sim

	
Shell

	
Roof

	
Beam

	
Anchor

	
Shell

	
Roof

	
Uplift a

	
Shell

	
Roof

	
Beam

	
Anchor






	
1.1a

	
352

	
346

	
356

	
362

	
1089 b

	
109

	
79

	
1.444

	
0.249

	
1.510

	
1.919




	
1.1b

	
493

	
431

	
503

	
505

	
1044 b

	
106

	
61

	
0.904

	
0.156

	
1.160

	
1.160




	
1.2a

	
115

	
233

	
124

	
121

	
11

	
57

	
6

	
0

	
0

	
0

	
0




	
1.2b

	
115

	
233

	
124

	
121

	
11

	
57

	
6

	
0

	
0

	
0

	
0




	
1.3a

	
175

	
345

	
345

	
345

	
34

	
82

	
11

	
0

	
0.067

	
0.114

	
0.049




	
1.3b

	
173

	
402

	
386

	
395

	
36

	
82

	
11

	
0

	
0.028

	
0.003

	
0.019




	
2.1a

	
350

	
228
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a Maximal uplift height of annular plate. b Timestep of simulation at 1022 ms, when the pressure wave leaves the last elements of the simulation model.



















	
	
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
Tensile strength
Yield strength

Ultimate
strain

=0, kinematic hardening

=1, isotropic hardening





media/file4.png
Blast source

Incident blast wave

Angle of
incidence

Normal to surface





media/file30.png
9.422e-01

1.004e+00 ‘ - . 4 1.707e-02
8.480e-01 - y

9.032e-01 1.539e-02

8.029e-01 TN 1.371e-02

7.026e-01 4 L5000 1.202e-02

6.022¢-01 | 8.854¢-01 1.034e-02
5.019e-01 Y 4.712e-01 8.653e-03
4.015e-01 3.769e-01 6.969¢-03
3.012e-01 _ , 2.827¢-01 5.284e-03 _
2.008e-01 _ ‘ 1.885e-01 _ 3.600e-03 __
1.005e-01 _ - g 9.429e-02 _ 1.916e-03 _8
1.5100-04 ; 7.905¢-05 I ¢ 2.318¢-04 | )






media/file18.png
Pressure wave <« Adaption , Shock wave
_ Equivalent idealized Shock loading P(t)
l:: Idealized blast E shock loading with ]1 acc. Friedlander with
loading with Py ty and 1 o Py to, Tand b
Pp.—_-;.k = Ppﬂﬂk’ td and | F[wk .. pak

Lo

ImPUIS’E: I = Ppeak . td_jz

Lo

-y

Impulse: I = Ppeqi * tgq/2

La

ATk

ty

Duration t; acc. to

blast equations






media/file21.jpg
60

0-90°
-

50 .

T 0 =180

-
0 P
g
g3
£
20

~
10
~

0

0 20 4 6 80 10 120 140 160 180

Angle of circumference of tank 6 [°]

——Effective pressure ——Reflected pressure

—— Incident pressure Uniform pressure half tank

— - -Static calculation approach





media/file26.png
1.2a and 1.2b

3.450e+08 _
3.105e+08 _
2.760e+08 _
2.415e+08 _
2.070e+08
1.725e+08
1.380e+08
. 1.035e+08
6.900e+07
| k 3.450e+07

Y 0.000e+00 _

2.2a and 2.2b






media/file27.jpg
132 13b

s

21a 21b 22aand 22b





media/file3.jpg
Blast source

Incident blast wave

Normal to surface





media/file22.png
Pressure [kPa]

60

40

30

20

10

Angle of circumference of tank 6 [°]

—— Effective pressure

Incident pressure

— . =Static calculation approach

Reflected pressure

Uniform pressure half tank

o\
-
-
-/. \
7 \
\
\
\
\
\
\
.\.
\-
\-
\-
B — \.
\.
\I
\o
\-
'~
20 40 60 80 100 120 140 160 180





media/file19.jpg
145m

145m

785m





media/file7.jpg
125p

Blastload

10p
Blastsource






media/file10.png
34.4 m

Htom]

Im

Hslmll =29.0m

4'“_] 5m |
T

il
|-|-|

rl--

7 m | 6 m L6m |

Rmﬂf =40 m

6mml

D=40m






media/file32.png
Approximation
/ of bending shape

(b)





media/file28.jpg





media/file14.png
Tensile strength
Yield strength |- P —
t

Ultimate
strain

=0, kinematic hardening

=1, isotropic hardening






media/file11.jpg
Inner radius of annular plate
ixed i three spatia directions

Anchor staps upper node
connested otant wall

Tankshel

B Annuiar pate

B Archorsraps

ot Tdesl g pored

e phte






media/file6.png
Blast load

VAV

Blast source






media/file15.jpg





nav.xhtml


  applsci-14-03465


  
    		
      applsci-14-03465
    


  




  





media/file29.png
1.1a

1.2a and 1.2b

1.066e+00 1508+00 1.066e-02

9.591e-01 9.044e-01 9.599e-03 ]

8.526e-01 8.039¢.01 8.538¢-03 _|

7.462e-01 7.0340-01 _ 7.477e-03 _

6.397e-01 6.029-01 _ 6.415e-03 _

5.332e-01 5.025e-01 _ 5.354e-03 _

4.267e-01 4.020e-01 _ 4.292e-03 _

3.203e-01 3.015e-01 _ 3.231e-03 _

2.138e-01 2.010e-01 2.170e-03

1.073e-01 1.006e-01 1.108e-03

8.289e-04 | 9.664e-05 | 4.698e-05 |
1.3a 1.3b

3.444e-02 3.562e-02

3.104e-02 ] 3.210e-02

2.763e-02 _| 2.858e-02 _

2.422¢-02 _ 2.506e-02 _

2.081e-02 _ 2.153e-02 _

1.740e-02 _ 1.801e-02 _

1.399¢-02 _ 1.449e-02 _

1.058e-02 _ 1.097e-02 _

7.171e-03 7.450e-03

3.762e-03 3.929¢-03

3.530e-04 | 4.078¢-04 |

2.1b 2.2a and 2.2b






media/file16.png
ty; =300 ms






media/file2.png
e Reflected shock wave
= = = Incident shock wave

It(-—
t=0 b ta*wtaﬂdﬂa
to 'd t:
‘Timeof  Positive ative phase
arrival uration
uration

(a)

~— Reflected pressure wave
===+ Incident pressure wave

I;’o
t=0
t | d t,
Time of Positive ative phase
arrival S¢ uration
uration

(b)





media/file20.png
Blast source

f

! Uk T

14.5m

14.5m

785 m

Y.






media/file23.jpg
Axial shell stress Circumferential shell stress Shear shell stress






media/file5.jpg
Blast load






media/file24.png
