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Abstract

:

Shear wall structures are widely used in civil engineering, and their seismic design has been the focus of much attention. Explosions can result from the rupture and ignition of gas pipelines under seismic action, and there are currently no methods to appropriately assess the damage levels of shear wall structures under such hazard chains. Thus, this study provides a two-stage analysis method for the damage assessment of shear wall structures in an earthquake–blast disaster chain. A damage index of the structure is derived to evaluate the damage state. A 12-story shear wall structure is analyzed numerically to demonstrate the proposed assessment method. The results show that the damage state (DS) of the shear wall structure in an earthquake–blast disaster chain can be increased by one or even two levels when explosive loads are introduced following exposure to seismic actions. Therefore, the earthquake–blast disaster chain has an important impact on the response of shear wall structures and warrants further study to find ways that can better protect such structures against similar disasters.
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1. Introduction


Reinforced-concrete shear wall structures possess excellent seismic performance and are commonly used in high-rise residential and commercial buildings [1]. However, earthquakes can trigger a chain of secondary and even tertiary disasters (fires [2], explosions [3], landslides [4], flooding [5], etc.). In some cases, the wall structures survive the earthquake intact but are then severely damaged by the following chain of disasters. Therefore, there has been an increased focus of research efforts on the risk assessment of shear wall structures that are potentially exposed to multiple hazards.



The literature presents a variety of methods to analyze the performance and damage of shear wall structures when faced with multiple hazards, such as a combination of earthquakes, wind, rain, flooding, etc. Zheng et al. [6] described a multi-hazard-based framework to assess the potential of a high-risk building to be damaged when subjected to either separate or combined earthquake and wind hazards. The results demonstrated that the probability of damage induced by the dual-hazard earthquake is relatively high. Dong et al. [7] studied the joint probabilistic model of earthquakes and rain for performing the failure risk assessment of structures. Dong et al. [8] proposed a method for evaluating the failure probability of masonry structures under flood scouring and earthquakes. Kameshwar and Padgett [9] proposed the risk assessment for a variety of highway bridges subjected to earthquake and hurricane events.



Earthquakes and explosions [10,11] due to secondary causes (e.g., ignition of gas tanks) are among the most destructive hazards and should be accounted for in the design of buildings. Gas pipelines can rupture during earthquakes and cause gas to leak, which can lead to explosions when the gas concentration near a fire or spark exceeds a certain threshold. An earthquake–blast disaster chain is a low-probability, high-consequence event [12]. Although the probability of an earthquake–blast disaster chain is small, once it occurs, the structure will likely be subjected to loads that far exceed the pre-designed values. Such events can lead to great risks of structural failure, human injuries, and property damage. In recent years, many engineering structure failures during the earthquake–blast disaster chains have revealed deficiencies in conventional disaster-resistance design methods for engineering structures. For instance, in 2011, a hydrogen explosion occurred after the Great East Japan Earthquake, causing severe damage to the nearby power plant [3]. In 2017, infrastructural components caught fire and exploded during the Puebla-Morelos Earthquake in Mexico. The above-mentioned cases highlight the importance of considering the potential consequences of dual earthquake and explosion disasters. Additionally, such cases reveal that while current anti-seismic design codes work well, there is still uncertainty about whether structures can withstand the seismic-explosion disaster chain [13]. Therefore, the dynamic structural behavior, damage, failure mode, and assessment methods should be investigated to ensure structural safety during such situations.



To bridge the gaps above, we investigated the response of a shear wall structure and derived a method to evaluate the damage that the shear wall structures may sustain in an earthquake–blast disaster chain. This paper is organized as follows. Section 2 proposes a theoretical framework for the damage evaluation of shear wall structures under an earthquake–blast disaster chain. Section 3 establishes a finite element model of the shear wall structure using the explicit dynamic FE analysis program LS-DYNA [14]. In Section 3, we describe the collection of recorded field data to facilitate the simulation of the simultaneous occurrences of earthquakes and blast loads. The blast-loading cases examine the effects of having explosions occurring separately at different locations. Specifically, the locations include the corner room on the first floor, the middle room on the first floor, the corner room on the sixth floor and the middle room on the sixth floor. The earthquake–blast disaster chain consists of a random combination of ground motions and explosions. The dynamic responses of the shear wall structure under the earthquake–blast disaster chain are reported in Section 4. In Section 5, the effect of an earthquake–blast disaster chain on structural performance is evaluated in detail. Then, further discussion is given in Section 6. Finally, a summary of conclusions is provided in Section 7.




2. Methodology


2.1. Framework of Damage Evaluation


Although some studies have successfully achieved damage evaluation of shear wall structures under individual earthquake excitation [15,16] or explosion loads [17,18], there are so far limited efforts on developing analytical approaches for damage evaluation of shear wall structures in an earthquake–blast disaster chain. In this paper, an analytical method is developed for the damage evaluation of shear wall structures that experiences an earthquake–explosion disaster chain. The results of this paper should help the community to better understand the damage modes of such structures, especially in the earthquake–explosion disaster chain.



The entire framework for damage assessment of shear wall structures in an earthquake–blast disaster chain is shown in Figure 1.



	(1)

	
The finite element (FE) models of shear wall structures were established.




	(2)

	
A series of ground motion records, based on the site conditions of structure and the epicentral distance, was used for the first phase analysis.




	(3)

	
A series of blast loads at different locations with the same TNT equivalence were used for the second-phase analysis.




	(4)

	
Random combination ground motion records with explosion loads to generate scenarios.




	(5)

	
A two-stage analysis method was used for response and damage analysis of shear wall structures in an earthquake–blast disaster chain, as shown in Figure 1. The first stage was the non-linear time-history (NLTHA) for ground motion records, which was followed by blast loads without any chance for recuperation or reparation of the shear wall structures. Thus, two-stage accumulated damage effects of earthquake loading and blast loading were considered.




	(6)

	
The results from the two-stage damage analysis were used for deriving the damage index (  ξ  D R   ).




	(7)

	
Determine the damage states (DSs).




	(8)

	
Finally, as presented in Figure 1, the damage evaluation was then developed based on the damage index and the damage states.








2.2. Explosion Loads


Natural gas is also known as methane gas. The lower flammability limit (LFL) of methane is 4.6 ± 0.3%, and the upper flammability limit (UFL) of methane is 15.8 ± 0.4% [19]. The equation of methane combustion can be expressed as:


      CH 4  + 2   O 2  + 3.76   N 2   ⟶  CO 2  + 2  H 2  O + 7.52   N 2      



(1)







According to Equation (1), with a 21% oxygen concentration in the air, the volume of methane is half of the volume of oxygen (i.e., 10.5%), which indicates a complete chemical reaction can occur. In other words, the highest pressure is generated when the methane concentration is 9.5%.



Previous work has made it possible to approximate a gas explosion as a TNT explosion by the TNT equivalent method [20], which is widely used in the design of industrial buildings and the assessment of the consequences of gas explosion accidents. Based on the principle of energy equivalence, the energy released by the combustible gases in the explosion is used to estimate the amount of TNT explosives that can release the same amount of energy. The specific formula is:


      M  T N T   =   α  M m   Q m    Q  T N T        



(2)




where   M  T N T    is the mass equivalent of TNT (kg);  α  is the efficiency factor for TNT, adopted as 0.04;   M m   is the volume of methane in the cloud (m   3  );   Q m   is the heat of combustion of methane (MJ·m    − 3   ); and   Q  T N T    is the detonation energy of TNT (MJ·kg    − 1   ).




2.3. Constitutive Models


Several concrete constitutive models are available within LS-DYNA, including the Holmquist–Johnson–Cook (HJC), the Continuous Surface Cap (CSC) model, the Karagozian and Case Concrete (KCC) model, and the Brittle Damage Concrete (BDC) model. In this manuscript, the HJC model [21] is used due to its ability to simulate the behavior of concrete at large strains and high strain rates. Existing studies [22,23,24] have proven that the HJC model can describe the damage and failure of concrete materials under intensive and impact loadings. The equivalent strength model treats damage, strain rate, and hydrostatic pressure as variables. The general overview of the HJC model is given as follows:


   σ *  =  A  ( 1 − D )  + B  P  * N     1 + C ln    ε ˙  *     



(3)




where D,   P  * N   , and    ε ˙  *   are the damage parameter, the normalized pressure, and the dimensionless strain rate, respectively; A, B, and C are constants, where A is the normalized cohesive strength, B is the normalized pressure hardening coefficient, and C is the strain rate coefficient.



The HJC model incrementally accumulates damage from both equivalent plastic and plastic, which means:


  D = ∑   Δ  ε p  + Δ  μ p     D 1     P *  +  T *    D 2      



(4)




where   Δ  ε p    and   Δ  μ p    are the equivalent plastic strain and plastic volumetric strain, respectively; both   D 1   and   D 2   are material damage constants;   T *   is the normalized maximum tensile hydrostatic pressure.



In this paper, gas explosions are converted into TNT explosions through the TNT equivalent method, as described in Section 2.2. The explosion of TNT is simulated by the   * M A T _ H I G H _ E X P L O S I V E _ B U R N   material model and the equation of state   * E O S _ J W L   in LS-DYNA:


  p =  A 1   1 −  ω   R 1  V     e  −  R 1  V   +  A 2   1 −  ω   R 2  V     e  −  R 2  V   +   ω E  V   



(5)




where p, V, and E are the detonation pressure, the relative volume, and the initial unit volume energy, respectively;   A 1  ,   A 2  ,   R 1  ,   R 2  , and  ω  are the coefficients.



Assuming that the air is a non-viscous ideal gas, it is described by the empty material model   * M A T _ N U L L   and the equation of state   * E O S _ L I N E A R _ P O L Y N O M I A L  :


  P =  C 0  +  C 1  μ +  C 2   μ 2  +  C 3   μ 3  +   C 4  +  C 5  μ +  C 6   μ 2   E  



(6)






  μ =  1 V  − 1  



(7)




where P, E, and V are the pressure value, the initial specific internal energy, and the relative volume, respectively; and   C 0  ,   C 1  ,   C 2  ,   C 3  ,   C 4  ,   C 5  , and   C 6   are polynomial equation coefficients.




2.4. Damage Evaluation


Currently, there are a limited number of studies that investigate damage state thresholds for the damage assessment of shear wall structures that have experienced an earthquake–blast disaster chain. Considering the structural characteristics and the earthquake–blast disaster chain, this manuscript uses the same damage state thresholds and limit ranges as indicated in the SEAOC Vision 2000 [25], ATC40 [26], FEMA 273, and FEMA 274 [27] documents to evaluate damage levels. The performance level, corresponding damage state, and drift limits are listed in Table 1.



Generally, the maximum story drift ratio can assess the damage state during both earthquakes and blast loads. As a result, the maximum story drift ratio is critical to evaluate the multi-hazard resistance of the shear wall structures. Then, the maximum story drift ratio of the shear wall structure in an earthquake–blast disaster chain and the story drift ratio at the initiation of structural collapse are suggested as indexes for gauging the damage of a shear wall structure struck by a disaster chain:


      ξ  D R   =   D  R max    D  R  max  u        



(8)




where   ξ  D R    is the story drift ratio damage index;    D R   m a x    is the maximum story drift ratio of the shear wall structure under a disaster chain;    D R   m a x  u   is the story drift ratio of the shear wall structure, which is treated as the initiation of structural collapse specified in the codes.





3. Numerical Simulation


3.1. FE Model of Shear Wall Structure


This paper uses a 12-story building as an example case study. The building may be subjected to earthquake and explosion hazards during its service life. The shear wall structure was designed according to the Chinese Seismic Design Code [28,29]. The fortification seismic intensity of the site is 7 degrees, equivalent to the design peak acceleration (PGA) of 0.10 g. The seismic design group is the first group, and the site soil category is II. The schematic of the prototype shear wall structure is shown in Figure 2. The structure was constructed with C40 concrete, which has a standard compressive strength of 40 MPa [30]. The software ANSYS was used to establish the FE model (Figure 3), which was then imported into the explicit dynamic FE analysis program LS-DYNA for numerical simulations [31]. Arbitrary–Lagrange–Euler (ALE) and fluid–structure interaction (FSI) algorithms were used to simulate the propagation of blast waves in the air and the interaction of the waves with the shear wall structure [24,32]. The mesh sizes of the shear wall structure were determined by trial and error to optimally model damage modes and reflect the true dynamic responses of the shear wall structure. The mesh sizes of shear wall structure, air volume, and TNT were, respectively, 500, 500, and 100 mm. Note that in this study, the overall structural response was observed rather than the responses of the individual components. Thus, rebars were neglected to increase simplicity and computational efficiency. Furthermore, the seismic mass acting on the shear wall structure is 180 tons for each floor. The P-delta effect was taken into account in the FE model. The first three mode shapes of this shear wall structure are shown in Figure 4, with the first three periods being 0.54, 0.37, and 0.26 s, respectively.



Considering that the HJC model cannot simulate the spalling and crushing of concrete, the keyword   * M A T _ A D D _ E R O S I O N   was utilized to delete the excessively distorted structural elements. This function improves the chances of convergence and can accurately model structural failure and erosion. In this paper, the maximum erosion principle was set to 0.01 [33]. The parameters for modeling the concrete [21], TNT [33], and air [33] are listed in Table 2, Table 3 and Table 4, respectively.



Throughout the duration of the earthquake, the shear wall structure, which has fixed end constraints in both the earthquake and explosion stages, is discretized by the solid164 element. The keyword   * R I G I D W A L L _ P L A N A R   was used to create an infinite rigid ground. Regarding load application, two keywords   * L O A D _ B O D Y _ Z   and   * L O A D _ B O D Y _ P A R T S   were used to apply gravity loads. Furthermore, the keywords   * L O A D _ B O D Y _ G E N E R A L I E D _ S E T _ P A R T S   were used to apply the ground motions in the horizontal direction of the structure system.



At the end of the earthquake, explosive loads were applied to the structure. The full restart method provided by LS-DYNA was used to reproduce the different loading steps. The air and TNT were simulated by the solid164 element. ALE is applied to simulate the propagation of blast waves in the air and their interaction with the shear wall structure. The interaction between air, TNT, and the shear wall structure was simulated using FSI through the keyword   * C O N S T R A I N E D _ L A G R A N G E _ I N _ S O L I D  . Finally, the air domain was created appropriately, and non-reflective boundary conditions were set to save computational time. Thus, the blast wave can transmit through the boundary of the air domain without reflection.




3.2. Earthquake–Blast Disaster Chain


The three recorded seismic events, namely, the Hector Mine, San Fernando, and Imperial Valley events, were applied to the example shear wall structure. The PGA of each record was normalized to 0.1 g, which is compatible with the Chinese design response spectrum at a 5% damping ratio [34]. Figure 5 illustrates the three selected earthquake ground motions. Further details of the three used seismic events are listed in Table 5.



The simulation parameters adopted for the blast loads in this paper were as follows:




	(1)

	
The concentration of methane in the first and sixth story was assumed to be the worst possible (i.e., 9.5% [19]), and the mass equivalent of TNT can be obtained by Equation (2), that is, 150 kg.




	(2)

	
Consider that there would be many pipelines buried underground, but also that the story drift ratio of the sixth floor is the largest after the earthquake. The pipelines are prone to damage, and thus the explosion takes place in one of four locations: the corner room on the first floor, the middle room on the first floor, the corner room on the sixth floor, or the middle room on the sixth floor, as shown in Figure 6.




	(3)

	
The explosion occurs in the center of the appropriate mentioned room.









Table 6 lists 15 cases of earthquake–blast disaster chains. Cases 1–3 represent the scenarios without explosions. Cases 4–6, 7–9, 10–12, and 13–15 describe the scenarios with an earthquake combined with a blast in the corner room on the first floor, the middle room on the first floor, the corner room on the sixth floor, and the middle room on the sixth floor, respectively. In all cases, the structural responses, in terms of roof displacement, story drift ratio, and explosion overpressure, are systematically investigated and represented in the following section.





4. Results and Discussions


4.1. Overpressure Time Histories


The overpressure at multiple locations of the FE model was investigated. Figure 7 shows the blast wave overpressure time history at the geometric midpoint of the floor of the corner and the middle room on the first floor. As shown in Figure 7, at the moment of the explosion, the shock wave will reach an overpressure peak of 1.27 MPa. This value is only 4.76% less than that specified in safety regulations for blasting (1.33 MPa in [35]), which proves the reliability of the overpressure cure. It can be seen that there are multiple peaks in the overpressure time history of Figure 7. These peaks are mainly caused by wave reflections from the ground, shear walls, and floor. Additionally, the diffraction of the shear walls can also contribute to the multiple peaks. After several pressure peaks, the pressure gradually decays to a lower level. This decay is due to the overpressure wave diffusing outdoors and being absorbed by the structure.




4.2. Displacement Time Histories


The displacement–time-history curve was extracted from the top midpoint of the shear wall in the middle of the corner and the middle room. Figure 8 provides the time histories of the first, sixth, and twelfth-story displacement under the action of a Hector Mine earthquake–explosion disaster chain. During the earthquake, the top story will be displaced by approximately 1.00 cm. At the moment of the gas explosion, the explosion will dramatically alter the horizontal displacement of the shear wall structure, which will be about 4.00 cm. At this time, some structural members risk losing their bearing capacity and thus failing. Moreover, the increase in displacement will vary with the explosion location. When the explosion occurs on the first floor, the displacement of the first floor will increase instantly; on the other hand, the effects on the displacements of the sixth and twelfth floors will be relatively small. The reason for this phenomenon lies in the fact that the sixth and twelfth floors are far away from the explosion; in addition, after the initial shock wave from the explosion dissipated, the structure will enter into free vibration. The residual deformation caused by the explosion loads will be higher when the explosion occurs in the corner of the first story than when the explosion occurs in the middle of the first story.



The other two earthquake excitations yielded similar results as the above. All the maximum displacements and the residual structural deformations are, respectively, summarized in Table 7 and Table 8. The results show that the explosions would cause the structure to experience plastic deformation, which would significantly reduce the multi-hazard resistance of the structure and make future use of the structure problematic without extensive repairs.



Figure 9 and Figure 10 further show the peak displacement and the plastic deformation of each floor under an earthquake–blast disaster chain respectively. The earthquake–explosion disaster chain increased the overall displacement of the structure. It should be noted that deformations were much higher for the floor directly exposed to the explosion load than for the other floors. However, Figure 9 suggests that blasts have a stronger influence on structural performance compared to earthquakes.



Figure 11 presents the damage distribution of the shear wall structure exposed to the explosion in the corner room of the first floor after San Fernando earthquake. It can be seen that the damage caused by the earthquake is widely distributed in the shear wall structure. In contrast, the damage to the shear walls caused by the gas explosion is highly localized. According to the principle of energy conservation, the energy generated in a gas explosion disperses into the air and is absorbed by the shear walls. The absorbed energy causes large deformation and local damage of shear walls.



The corresponding stress and strain field in the x direction are shown in Figure 12 and Figure 13, respectively. It can be seen that the stresses and strains caused by the earthquake are much less than those caused by the earthquake–explosion disaster chain. This observation indicates that such a disaster chain cannot be ignored.




4.3. The Maximum Story Drift Ratio


Figure 14 shows the maximum story drift ratio (DRmax) of the shear wall structure, which was used to assess the response of the shear wall structure under earthquake–explosion chain disasters. As shown in Figure 14, the   D  R  m a x     of cases 1–3 did not exceed the elastic story drift limit (0.001 [30]), but at the onset of the blast loads, the   D  R  m a x     of all cases exceeded the elastic story limit. Using earthquake-induced damage as a baseline for comparison, an explosion in the corner room of the first floor increased the   D  R  m a x     by 20 times, and an explosion in the middle room of the first floor increased the   D  R  m a x     by 22 times. The explosion in the middle room caused more damage. This is because the middle location likely allowed the blast wave to spread over a larger area than in the cases where the explosions were confined to the corner. The story drift ratios of the shear wall structure on the top three floors were equivalent to the case in which only an earthquake occurred. This lack of blast damage was expected, as the earthquake and explosion were independent events. Thus, since the seismic load did not cause plastic deformation and the blast load did not reach the top floors, the post-earthquake explosion did not cause any plastic deformation in the top three floors.



Figure 14 also shows that an explosion on the sixth floor propagated to more areas of the structure and resulted in much more damage than when the explosion occurred in the first floor. In this case, when the explosion occurred in the corner of the sixth floor, the   D  R  m a x     increased by 21 times, and an explosion in the middle caused an increase by 29 times. However, while the story drift ratio of the sixth floor was not significantly affected, the drift ratios of the fifth and seventh floors increased appreciably. Finally, as anticipated, the blast damage was most severe at the sixth floor. Table 9 lists the   D  R  m a x     of 15 medium earthquake–blast disaster chains.



The peak accelerations of the San Fernando, Imperial Valley, and Hector Mine events were adjusted to 220 gal. Table 10 lists the   D  R  m a x     of 15 major earthquake–blast disaster chains. The hazard chain effects were equivalent to those in Section 3.2 (Table 6) and are not discussed here.



In summary, the time-history analysis demonstrated the severity of the potential damage that can result from an earthquake–explosion chain. Even though the probability of the occurrence of such a disaster chain is low, the proximity of the blast loads to fragile and critical elements of an earthquake-weakened shear wall structure that is not designed to resist blast loads can greatly increase the chances of structural failure.





5. Damage State Assessment


By substituting the displacements at the limit points of the four damage states shown in Table 1 into Equation (8), a set of story-drift-index limits shown in Table 11 can be obtained. The results show that the damage state becomes more severe as the damage index increases.



Using Equation (8), the damage indices and damage states of 30 scenarios were compared, and they are listed in Table 12 and Table 13. The tables show that the damage states of the shear wall structure under medium and major earthquakes fell in DS1, and when the gas explosion damaged the shear wall structure, the damage state mostly transitioned from DS1 to DS2. The major earthquake–explosion in the sixth-floor disaster chain caused the damage state to reach DS3. The performance of the shear wall structure after experiencing an earthquake was greatly reduced, and the high-intensity reflected tensile waves can directly or indirectly lead to the serious failure of structural components. The explosion typically inflicts massive damage to the structural system, in which a majority of the shear wall structure enters the plastic state and the anti-hazard capacity is lost.



For the present 30 earthquake–explosion disaster chain scenarios, Figure 15 further shows the distribution of damage index (  ξ  D R   ). It can be seen that at the end of the earthquake, the structures were mostly in healthy condition (i.e., DS1), indicating that the shear wall has good seismic resistance. After the explosion, the degree of structural damage increased significantly. It is worth noting that the damage states of the structure in cases 8 and 14 far exceeded those in DS2, indicating that the system of the shear wall structure may have been in an unfavorable state, and once the explosion occurred, the structural integrity further degraded into an unsafe condition.




6. Discussion


The low probability of significant disaster events, such as the earthquake–explosion disaster chain, can still significantly degrade a structure’s performance and even threaten the safety performance of the system during the design service cycle. The preliminary study shows the effect of earthquake–explosion disaster chains on the damage of shear wall structures and presents a damage assessment method. However, further studies are needed to more accurately estimate the damage extent of structures under earthquake–explosion disaster chains. A precise FE model of the shear wall structure with the consideration of reinforcements should be used in future study. The investigation on the failure mechanism of the structure under such a disaster chain effect should be carried out. To compensate for the deficiency of numerical simulations, we will conduct an experimental study on the effects of the earthquake–explosion disaster chain on shear wall structures.



Additional validation and advanced analysis methods are desirable to better understand the damage mechanisms of the earthquake–blast disaster chain. In addition, it is important to further study the risks and impacts of the earthquake–blast disaster chain on the capacity-degrading shear wall structures during their life cycle.




7. Conclusions


This paper explored the effect of the earthquake–explosion disaster chain on a shear wall structure and presented a novel damage-assessment methodology. The maximum story drift ratio under an earthquake–explosion disaster chain compared to the maximum story drift ratio when the structural collapse is imminent serves as a new damage index to evaluate the damage levels of the shear wall structures. A 12-story shear wall structure was analyzed numerically to demonstrate the proposed assessment method. The main conclusions are:




	(1)

	
The deformation of the floor directly subjected to the explosion load is much greater than that of other floors. For the case in this paper, the deformation of the sixth story of the structure was much higher than the deformation of the first story.




	(2)

	
The deformations caused by an explosion in the structural system’s middle room are much more significant than if the explosion occurs in a corner room.




	(3)

	
Under earthquake excitation, the damage state of the shear wall structure will be at level 1. After the explosion, the shear wall structure will become severely damaged, reaching level 2 or even level 3.




	(4)

	
The damage induced by an earthquake–blast disaster chain can be more severe than when only a minor or strong earthquake has occurred. The significant local damage of the explosion to the shear wall structures, especially after being weakened by seismic activity, can lead to structural failure.
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Figure 1. The framework for damage evaluation of shear wall structures under an earthquake–explosion disaster chain. 
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Figure 2. Schematic diagram of the 12-story shear wall structure: (a) elevation; and (b) plan (Unit: m). 
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Figure 3. FE model of the shear wall structure under earthquake–explosion disaster chains. 
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Figure 4. The first three modes of the shear wall structure: (a) the first order; (b) the second order; and (c) the third order. 
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Figure 5. (a) Spectra of three scaled time history records based on design spectra; and (b) comparison of the designed response spectra and the mean response spectra. 
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Figure 6. The sketch of explosion loads acting on the structure: (a) the location of the gas leak; and (b) the location of the explosion. 
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Figure 7. The overpressure time history of the selected target in series-II. 
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Figure 8. Displacement time histories of the first, sixth, and twelfth floor under different conditions: (a) case 4; (b) case 7; (c) case 10; and (d) case 13. 
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Figure 9. Peak displacement of each floor. 
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Figure 10. Distribution of cumulative plastic deformation. 
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Figure 11. The damage distribution of shear wall structures under case 4: (a) Damage caused by an earthquake; and (b) Damage caused by an earthquake–explosion disaster chain. 
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Figure 12. The stress distribution of shear wall structures under case 4: (a) x-stress caused by an earthquake; and (b) x-stress caused by the earthquake–explosion disaster chain. 
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Figure 13. The strain distribution of shear wall structures under case 4: (a) x-strain caused by an earthquake; and (b) x-strain caused by earthquake–explosion disaster chain. 
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Figure 14. Comparison of the maximum story drift ratio: (a) Hector Mine–blast on the first floor; (b) San Fernando–blast on the first floor; (c) Imperial Valley–blast on the first floor; (d) Hector Mine–blast on the sixth floor; (e) San Fernando–blast on the sixth floor; and (f) Imperial Valley–blast on the sixth floor. 
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Figure 15. Distribution of damage index (  ξ  D R   ). 
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Table 1. Performance levels, corresponding damage state, and drift limits.
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	Performance Level
	Damage State
	Drift





	Fully operational
	No damage
	<0.2%



	Operational
	Repairable
	<0.5%



	Life safe
	Irreparable
	<1.5%



	Near collapse
	Severe
	<2.5%



	Collapse
	
	>2.5%
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Table 2. Parameters of the constitutive concrete model.






Table 2. Parameters of the constitutive concrete model.





	
Concrete (*MAT_JOHNSON_HOLMQUIST_CONCRETE & *MAT_ADD_EROSION)






	
Density

	
G

	
A

	
B

	
C

	
N

	
FC

	
T

	
EPS0




	
2440 kg/m   3  

	
14.86 GPa

	
0.79

	
1.6

	
0.007

	
0.61

	
0.048 GPa

	
4

	
1 s    − 1   




	
EFMIN

	
SFMAX

	
PC

	
UC

	
PL

	
UL

	
D1

	
D2

	
K1




	
0.01

	
7

	
0.016 GPa

	
0.001

	
0.8 GPa

	
0.1

	
0.04

	
1

	




	
K1

	
K2

	
K3

	
Failure strain

	

	

	

	

	




	
85 GPa

	
−171 GPa

	
208 GPa

	
0.01
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Table 3. Parameters of TNT.






Table 3. Parameters of TNT.





	
TNT (*MAT_HIGH_EXPLOSIVE_BURN & *EOS_JWL)






	
Initial density

	
Detonation velocity D

	
Burst pressure   P  C J   

	
A

	
B

	
   R 1   

	
   R 2   

	
  ω  

	
   E 0   




	
1630 kg/m   3  

	
6930 m/s

	
21 GPa

	
373.8 GPa

	
3.747 GPa

	
4.15

	
0.9

	
0.35

	
6 × 10   9   J/m   3  
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Table 4. Parameters of air.
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Air (*MAT_NULL&*EOS_LINEAR_POLYNOMIAL)






	
Initial density

	
Initial energy   E 0  

	
Pressure cutoff

	
Dynamic viscosity coefficient

	
  C 0  ,   C 1  ,   C 2  ,   C 3  ,   C 6  

	
  C 4  ,   C 5  




	
1.29 kg/m   3  

	
2.5 × 10   5   J/m   3  

	
0

	
0

	
0

	
0.4
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Table 5. Earthquake events.
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	Record Number
	Events
	Date
	Station Name
	Duration (s)





	A_1
	Hector Mine
	16 October 1999
	San Bernardino-N Verdemont Sch
	37.80



	A_2
	San Fernando
	9 February 1971
	Maricopa Array #2
	29.48



	A_3
	Imperial Valley
	15 October 1979
	Niland Fire Station
	32.00










[image: Table] 





Table 6. Fifteen earthquake–blast disaster chains.
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Series

	
Explosion Location

	
Earthquake Record




	
Hector Mine

	
San Fernando

	
Imperial Valley






	
Series-I

	
Without explosion

	
Case 1

	
Case 2

	
Case 3




	
Series-II

	
The corner room on the 1st floor

	
Case 4

	
Case 5

	
Case 6




	
Series-III

	
The middle room on the 1st floor

	
Case 7

	
Case 8

	
Case 9




	
Series-IV

	
The corner room on the 6th floor

	
Case 10

	
Case 11

	
Case 12




	
Series-V

	
The middle room on the 6th floor

	
Case 13

	
Case 14

	
Case 15
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Table 7. Peak displacement of each floor.
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Series

	
Case

	
Floor




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Series-II

	
4

	
14.4

	
0.76

	
1.04

	
1.18

	
1.23

	
1.25

	
1.25

	
1.26

	
1.28

	
1.33

	
1.33

	
1.43




	

	
5

	
14.4

	
0.52

	
0.76

	
0.81

	
0.84

	
0.86

	
0.88

	
0.92

	
0.94

	
1.03

	
1.17

	
1.51




	

	
6

	
13.5

	
1.10

	
1.52

	
1.51

	
1.45

	
1.36

	
1.31

	
1.33

	
1.35

	
1.41

	
1.50

	
1.71




	
Series-III

	
7

	
15.0

	
0.76

	
1.26

	
1.85

	
2.43

	
2.75

	
3.02

	
3.47

	
3.85

	
4.25

	
4.48

	
4.34




	

	
8

	
14.7

	
0.77

	
1.20

	
1.74

	
2.31

	
2.66

	
2.93

	
3.37

	
3.37

	
4.12

	
4.33

	
4.16




	

	
9

	
23.6

	
1.30

	
1.54

	
1.84

	
1.98

	
1.99

	
1.98

	
2.68

	
3.47

	
4.28

	
5.01

	
5.55




	
Series-IV

	
10

	
0.83

	
1.25

	
1.31

	
1.43

	
14.2

	
14.6

	
2.49

	
1.56

	
1.67

	
1.81

	
1.99

	
2.30




	

	
11

	
0.55

	
1.20

	
1.83

	
2.16

	
14.3

	
14.8

	
2.41

	
1.66

	
1.77

	
1.90

	
2.08

	
2.39




	

	
12

	
1.86

	
1.20

	
1.35

	
1.54

	
13.4

	
3.37

	
2.94

	
1.53

	
1.63

	
1.76

	
1.92

	
2.20




	
Series-V

	
13

	
0.87

	
1.22

	
1.87

	
2.21

	
16.6

	
17.0

	
1.22

	
2.30

	
2.09

	
2.00

	
2.88

	
3.80




	

	
14

	
0.82

	
1.20

	
1.29

	
1.34

	
16.5

	
16.7

	
1.33

	
2.21

	
1.99

	
2.02

	
3.09

	
4.02




	

	
15

	
1.01

	
1.93

	
2.67

	
3.25

	
23.0

	
8.07

	
1.29

	
2.52

	
2.01

	
2.38

	
3.06

	
3.65











[image: Table] 





Table 8. Residual deformation of each floor.
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Series

	
Case

	
Floor




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12






	
Series-II

	
4

	
0.27

	
0.30

	
0.90

	
0.77

	
0.72

	
0.64

	
0.60

	
0.53

	
0.50

	
0.58

	
0.71

	
1.00




	

	
5

	
1.01

	
0.30

	
0.76

	
0.71

	
0.67

	
0.54

	
0.47

	
0.42

	
0.40

	
0.48

	
0.60

	
0.88




	

	
6

	
0.42

	
0.68

	
1.10

	
1.04

	
1.04

	
0.96

	
0.96

	
0.96

	
1.01

	
1.16

	
1.34

	
1.60




	
Series-III

	
7

	
0.93

	
0.76

	
1.04

	
1.18

	
1.23

	
1.25

	
1.25

	
1.26

	
1.28

	
1.33

	
1.33

	
1.43




	

	
8

	
2.20

	
0.44

	
0.87

	
0.81

	
0.78

	
0.73

	
0.75

	
0.78

	
0.84

	
0.98

	
1.16

	
1.51




	

	
9

	
0.51

	
1.30

	
1.52

	
1.51

	
1.45

	
1.36

	
1.29

	
1.24

	
1.21

	
1.26

	
1.34

	
1.69




	
Series-IV

	
10

	
0.83

	
1.01

	
1.15

	
0.95

	
1.07

	
0.41

	
0.57

	
0.99

	
0.97

	
0.90

	
0.95

	
1.13




	

	
11

	
0.53

	
0.68

	
0.89

	
0.81

	
1.09

	
0.67

	
0.70

	
1.19

	
1.26

	
1.31

	
1.47

	
1.75




	

	
12

	
0.80

	
1.01

	
1.10

	
0.95

	
1.14

	
0.86

	
0.70

	
1.15

	
1.18

	
1.19

	
1.29

	
1.52




	
Series-V

	
13

	
0.87

	
1.25

	
1.31

	
1.14

	
1.11

	
1.00

	
1.09

	
1.44

	
1.53

	
1.64

	
1.77

	
2.06




	

	
14

	
0.82

	
1.20

	
1.29

	
1.18

	
1.29

	
1.09

	
1.33

	
1.66

	
1.77

	
1.90

	
2.08

	
2.39




	

	
15

	
0.81

	
1.20

	
1.27

	
1.18

	
1.30

	
0.23

	
1.20

	
1.51

	
1.59

	
1.70

	
1.83

	
2.10
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Table 9.   D  R  m a x     of 15 medium earthquake–blast disaster chains.
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Earthquake Record

	
   D  R  m a x     




	
Series-I

	
Series-II

	
Series-III

	
Series-IV

	
Series-V






	
Hector Mine

	
0.0278

	
0.3987

	
0.4167

	
0.4071

	
0.4541




	
San Fernando

	
0.0106

	
0.3791

	
0.6547

	
0.3947

	
0.6173




	
Imperial Valley

	
0.0365

	
0.3993

	
0.4094

	
0.4066

	
0.4552
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Table 10.   D  R  m a x     of 15 major earthquake–blast disaster chains.
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Earthquake Record

	
   D  R  m a x     




	
Series-I

	
Series-II

	
Series-III

	
Series-IV

	
Series-V






	
Hector Mine

	
0.0600

	
0.3980

	
0.4175

	
0.4086

	
0.4530




	
San Fernando

	
0.0783

	
0.3801

	
0.6580

	
0.4037

	
0.6200




	
Imperial Valley

	
0.0233

	
0.4000

	
0.4090

	
0.4064

	
0.4554
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Table 11. Damage states, story drift ratio ranges, and damage-index-limit ranges.
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	Damage States
	Story Drift Ratios Ranges (%)
	Limit Ranges





	No damage (DS1)
	0~0.2
	0~0.08



	Repairable (DS2)
	0.2~0.5
	0.08~0.2



	Irreparable (DS3)
	0.5~1.5
	0.2~0.6



	Severe (DS4)
	1.5~2.5
	0.6~1
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Table 12. Damage indexes and damage states of 15 simultaneous medium earthquake–blast disaster chains.
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Earthquake Record

	
   ξ DR    and DSs




	
Series-I

	
Series-II

	
Series-III

	
Series-IV

	
Series-V






	
Hector Mine

	
0.011

	
0.159

	
0.167

	
0.163

	
0.182




	

	
DS1

	
DS2

	
DS2

	
DS2

	
DS1




	
San Fernando

	
0.004

	
0.152

	
0.262

	
0.158

	
0.247




	

	
DS1

	
DS2

	
DS3

	
DS2

	
DS3




	
Imperial Valley

	
0.015

	
0.160

	
0.164

	
0.163

	
0.182




	

	
DS1

	
DS2

	
DS2

	
DS2

	
DS1
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Table 13. Damage indexes and damage states of 15 simultaneous major earthquake–blast disaster chains.
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Earthquake Record

	
   ξ DR    and DSs




	
Series-I

	
Series-II

	
Series-III

	
Series-IV

	
Series-V






	
Hector Mine

	
0.024

	
0.159

	
0.167

	
0.163

	
0.181




	

	
DS1

	
DS2

	
DS2

	
DS2

	
DS1




	
San Fernando

	
0.009

	
0.152

	
0.263

	
0.161

	
0.248




	

	
DS1

	
DS2

	
DS3

	
DS2

	
DS3




	
Imperial Valley

	
0.031

	
0.160

	
0.164

	
0.163

	
0.182




	

	
DS1

	
DS2

	
DS2

	
DS2

	
DS1
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