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Abstract

:

Historic monuments and construction capture the knowledge of civilizations of the past and are a source of pride for people of the present. Over the centuries, these buildings have been at risk from natural and man-made causes. The Alhambra, a UNESCO World Heritage Site in Granada, Spain, is one of such places. This paper aims to evaluate the structural performance of the Torre de la Vela, a tower in the Alhambra, under blast loads. The loads were based on historical records of barrels of gunpowder and were modeled as simplified pressure profiles using existing empirical equations. The effect of impulsive loading on the material properties was accounted for using dynamic increase factors, determined experimentally by previous authors. The model was created using finite element methods (FEM) and the problem was solved using explicit dynamic analysis available in Abaqus/Explicit. Using the failure volume damage index, a blast load applied outside and inside of the building would create a low damage level, which should be treated with caution given the occurrence of localized damage. The removal of elements exceeding a given damage threshold led to more visible damage patterns than the Concrete Tension Damage option in Abaqus.
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1. Introduction


The vulnerability of masonry envelopes under blast loading is critical due to the potential loss of lives. Blasts near or inside a building can damage and destroy parts of the building and can produce both local and global responses related to different failure modes within structural members. Particularly, the out-of-plane response of masonry under dynamic loading is critical due to the risk this poses on the loss of life.



In this paper, damage induced by blast loading on an earthen masonry structure is studied using the finite element method (FEM). This study demonstrates the damage distribution and the level of damage when the structure is subjected to external and internal blast explosions. The accuracy of the FEM model is ensured by comparing the eigenvalue analysis results to a previous model created and calibrated to the building using dynamic identification [1]. Under dynamic loading conditions, materials can have different behavior when compared with quasi-static conditions [2,3,4,5]. Despite this, static material properties have previously been used in research work on the structural response and damage under impact and blast loading, which can lead to an inaccurate prediction of the damage [6,7]. Few numerical studies have been conducted regarding the effect of blasts on earthen masonry structures. Thus, it is important to better understand the behavior of masonry structures under these conditions. A simplified approach using analytical equations was used in this work to determine the pressure profiles of the blast [8,9,10,11,12,13,14]. The damage from the loading conditions was also characterized using existing failure criteria [9,15,16].




2. Blast Loading Definition and FEM Modeling


Blasts are defined as sudden releases of energy, leading to gas expansion and rapid increases in volume, classified as physical, chemical, or nuclear [17]. During an explosion, the blast wave is formed in front of the gas volume with the most energy released. This is defined as the side-on overpressure, where the pressure increases above the standard atmospheric pressure,    P o   . The peak side-on overpressure,    P  s o    , relates to the free air pressure waves that have yet to encounter an obstacle [18]. The energy released in equivalent mass of TNT is the generally accepted reference standard for explosive yield and can be calculated in (1), where    W  T N T     is the equivalent charge in TNT,    W x    is the mass of a given explosive,    Q x    is the mass specific energy of the given explosive, and    Q  T N T     is the mass specific energy of TNT [19].


   W  T N T   =    Q x     Q  T N T      W x   



(1)







During the Peninsular War of 1812, many towers in the Alhambra were destroyed by means of explosives by Napoleonic troops [20]. In 1590, a gunpowder factory located below the Torre de la Vela exploded [21]. These events led to developing the scope of the work within a historical context. For this reason, the type of explosive used in this research was black powder, the commonly used gunpowder in Europe until the early 1800s, where 1 kg of black powder is equivalent to approximately 0.60 kg of TNT [22]. Four “full-barrels” of gunpowder were used in the exterior blast and one “quarter-barrel” was used in the interior blast, corresponding to 110 kg of TNT and 6.8 kg TNT, according to standard sizes of gunpowder barrels used in the 19th century [23]. The first loading scenario was based on an assumption of the number of barrels that could be transported at the same time for storage along a possible route of transportation. This charge was placed at 4 m from the entrance of the tower, which is the approximate location of the stair landing leading to said entrance. The location of the second loading scenario was based on assumptions as to a possible storage location that would minimize turning to arrive at that location and would not impede the flow of traffic. The smallest standard barrel size was selected to allow an understanding of the building response without encountering significant numerical errors during simulation. Scaling laws allow for parametric correlations between a defined explosion and a standard charge of the same substance to predict the effects of large-scale explosions using a smaller scale [24]. The Hopkinson-Cranz scaling laws are the most widely accepted (2), where  R  is the standoff distance from the center of the detonation, in m, and   W   is the charge mass in kg of equivalent TNT.


  Z = R /  W   1 3     



(2)







Blast loading on a structure can occur externally or internally. At a given distance,   R  , from the blast source, the overpressure increases almost instantaneously to the peak overpressure,    P  s o    , at the arrival time,    t a    (Figure 1). This is the beginning of the positive phase, which lasts for a duration of    t d   . During the positive phase, when the time is greater than the arrival time (  t   >    t a   ), the overpressure decreases exponentially (Figure 1). When the overpressure reaches below zero, the positive phase is finished and the load has entered the negative phase, which lasts for a duration of    t  d −    , where the overpressure asymptomatically approaches the initial value of the ambient pressure. For all explosions, the peak side-on overpressure applied to the front façade is the reflected overpressure,    P r   . For an incident angle of zero degrees, and by setting the specific heat ratio of air,  γ , to the known value of 1.4, the reflected pressure is obtained [13]. Two different approaches exist to simplify the applied pressure of the blast as a triangular-shaped load. The conservative approach considers the maximum value of the pressure and the entire duration of the positive phase. The less conservative approach keeps the same maximum pressure value as the original curve, but the duration of the load is recalculated such that the impulse of the original load and the simplification are equivalent [25]. Both of these approaches assume the effects of the negative phase on the structure are negligible. This simplification of the loading profile also assumes the blast loading is acting on a rectangular structure positioned above-ground and that the structure is being subjected to a plane wave shock front [9]. Though the negative phase of the pressure profile can affect the dynamic response of the structure [26,27], this can be neglected when the duration of the negative phase is much smaller than the natural period of a structural component.



Explosive devices placed near or on the ground can be classified as surface bursts, and equations for hemispherical surface bursts can be used to determine the peak side-on overpressure, reflected overpressure, arrival time, and duration of the pressure profile. Ullah et al. [8] compared the numerous empirical formulations proposed over the years to the charts proposed by the US Army Corps [9]. The equations proposed by Wu and Hao for the arrival time [10] and the equation by Sadovskyi for the positive phase duration [11] were closest to these charts [8]. Newmark and Hansen’s equation for the peak side-on overpressure [12] was used in a previous case study [2]. The reflected overpressure was calculated based on previously determined formulations [13]. These conclusions were used to justify the methods in this research.



Blasts occurring in an internal or confined environment have increased effects on the structure, as the peak reflected pressure will be amplified to be greater than the magnitude of an unconfined explosion, and the blast wave will have a longer duration [28,29,30]. As a result, the impulse will be enhanced, as it is defined by the area of the overpressure history, the increase in the peak overpressure, and the length of the blast. Unlike initial reflected shock wave parameters (   P r   ,    i r   ), the magnitude of re-reflected waves is more difficult to quantify, and idealizations of the shock pulse as triangular loads can be done to approximate the internal pressure time-histories. Baker et al. suggested an approach where the peak pressure is reduced by half for each re-reflection and the duration of each pulse constant, consequently decreasing the impulse by half for each re-reflection [14]. This approach also accounts for the amplification of the reflected pressure and duration of the blast wave [13]. After three reflections, the pressure of the reflected wave is assumed to be zero (Figure 2). When a blast occurs in a partially vented structure, quasi-static pressures are expected to build up as the re-reflections decrease [13,31]. However, to simplify the loading profile input into the modelling software, these quasi-static pressures were neglected from the analysis.



The exterior blast loading scenario corresponded to 110 kg of TNT placed at 4 m from the south façade of the building. All loads acting on the south façade were calculated using the reflected pressure, and the remaining loads were calculated using the peak side-on overpressure. No pressure was applied on the bell gable and on the dark gray locations in Figure 3, which correspond to boundary conditions. The interior blast scenario corresponded to 6.8 kg of TNT placed in the north room of the building (Figure 4), at 0.4 m from the north wall and 0.2 m above the ground. The loads acting on the floor were neglected as the base of the model was pinned in the vertical direction in the simplified model. For both scenarios, the standoff distance between the explosive device and the center of the surface was determined, and the scaled distance was calculated.



The accuracy of the FEM model is ensured by comparing the eigenvalue analysis results to a previously created model of the Torre de la Vela calibrated to the building using dynamic identification [1]. Though the modeling strategy was not calibrated experimentally within this work, this strategy has been previously validated experimentally by other authors, in which the numerical and experimental results were found to be consistent [18,32,33,34,35].



When acting on a structure, blast loads can produce very high strain rates in the range of 102 to 104 s−1, which alter the dynamic mechanical properties of the structure [17]. Because the dynamic mechanical properties of the material are vastly different than the static properties, dynamic increase factors (DIFs) can be used to account for this increase of strength. This work calculated DIFs for the Young’s modulus, E, and compressive strength,    σ c   , of brick masonry according to Pereira’s equations [2]. Pereira’s equations for the DIFs of the mortar were used for the Young’s modulus and compressive strength of the rammed earth and infill because the dynamic behavior of the later materials was unavailable, and their static behavior is similar to mortar [36]. The DIFs for tensile strength are also unavailable and were assumed to be the same as the compressive strength. The DIFs were calculated assuming a strain rate of 100 s−1 (Table 1), and the material properties with and without accounting for the dynamic increase factors can be seen in Table 2. The resulting DIFs are also in line with the DIFs stated by other authors [3,4,5]. As the magnitude of these factors is high, neglecting these factors in the work would result in a large underestimation of the material strength, which provides an intrinsic safety estimation of the building’s structural resistance, but does not accurately represent the behavior of the building.



The constitutive model adopted in Abaqus was the Concrete Damaged Plasticity (CDP) model, which is a modification of the Drucker-Prager model made by Lubliner et al. [37] and Lee and Fenves [38]. This model represents the inelastic and fracture behavior of the material by the concept of isotropic damage evolution combined with isotropic tensile and compressive plasticity. The CDP model also assumes that damage plasticity characterizes the failure for tensile cracking and compressive crushing of the material and allows the definition of the strain softening in tension and strain hardening in compression. Previous studies have used the CDP model for masonry buildings under blast loading [32,33], concrete members under high strain rate [39], and rammed earth constructions under seismic events [40]. The dilation angle, flow potential eccentricity, ratio of initial equibiaxial compressive yield stress to the initial uniaxial compressive yield stress, and viscosity parameter were defined according to a previous study [41]. Stress-strain diagrams were used to define the compressive and tensile behavior in Abaqus. To ensure consistency of the material properties compared to previous work on the Torre de la Vela [1], 1 × 1 × 1 cm3 elements, corresponding to each material, were meshed with a single element and compared in both compression and tension. The parabolic stress-strain law was selected for compressive behavior, and the exponential stress-strain law was selected for tensile behavior. A damage criterion was defined for all the materials in tension, and a damage parameter of 0.95 was assigned to the maximum tensile strain of each material.



Four different geometries were modelled to reduce computational time for different loading scenarios, and to better understand the local effects of the load:




	
Full building model (Figure 5a);



	
Simplified model of the south façade (Figure 5b);



	
Model of Level 2 (Figure 5c);



	
Model of a single interior wall (Figure 5d).








Throughout the different models, different mesh sizes and element types were used. In model 1, general purpose tetrahedron pyramidal elements (C3D10) were used, with the element size ranging from 0.3 m in the vaults to 0.8 m in the exterior walls, for a total of 268,000 elements and 1,228,503 degrees of freedom. Models 3 and 4 also used C3D10 elements, where Model 3 had 180,187 elements in total. The size of the elements in Model 4 varied between 0.1 m, 0.2 m, and 0.3 m to observe the effects of the mesh size. In Model 2, C3D8R elements were used with 0.125 m elements around the door and 0.6 m elements for the remainder, for a total of 20,331 elements.



Several approaches to numerically representing masonry structures exist, which include macro-modeling, detailed micro-modeling, and simplified micro-modeling [42]. Macro-modeling was used to model most of the structures in the work. In the simplified façade model of the Torre de la Vela, the simplified micro-modeling approach was used to represent the regions around the front entrance opening. Mohr-Coulomb was adopted to model the sliding failure on the frictional interfaces between the contact elements. As the interaction does not work in the plasticity framework, the model assumes non-associative flow, and the dilatancy angle in the model was automatically assigned a value of 0, in line with work by previous authors [43,44]. The cohesion was considered negligible for this problem because the cohesion using the Mohr-Coulomb failure criterion cannot be modeled in Abaqus. The normal stiffness and tangent stiffness (Table 3) were based on past studies [43]. Using the joint stiffness, the Young’s modulus of the blocks was recalculated based on [45]. The friction coefficient (Table 3) was taken as the average value of past studies [43,46,47,48].



The damage defined by the US Army Corps [9] is based on the damage on the maximum rotation at the support. This method could not be used to define the damage on the exterior rammed earth walls due to the slenderness of the walls resulting from their thickness. For this reason, this method of damage characterization was limited to the interior brick walls. For a global characterization of the damage, the Failure Volume Index was used to characterize the damage stage of the building, as this was the most accurate damage index according to Hoveidae et al. [15]. The damage index can be calculated according (3), where    V  f a i l     represents the volume of elements with damage exceeding a certain threshold, and    V  t o t a l     represents the volume of all the elements in the structure. Subsequently, the damage indices can be used to define damage levels [16]. For the tension damage defined by Abaqus, a damage threshold of 0.77 was selected [15].


  D I =    V  f a i l      V  t o t a l     × 100  



(3)








3. Effects of Blast Loading on the Torre de la Vela


Two different scenarios were implemented to determine the blast loading effects on the Torre de la Vela. The exterior blast loading scenario considered 110 kg of TNT at 4 m from the south façade of the building, and the interior blast loading scenario considered 6.8 kg of TNT in the north room of the second level.



3.1. Exterior Blast


Following the nonlinear analysis in Abaqus/Explicit, the tensile strains in the Torre de la Vela at the end of the analysis were plotted to better understand which regions in the building experienced cracking (Figure 6). Cracking can be found around the entrance on Level 3, where the blast load is being applied. Some diagonal cracks can also be observed on the east façade, connected to a crack on the roof perpendicular to the blast. Additionally, significant cracking is present at the bell gable, which indicates a local failure. With respect to the interior of the building, shear cracks can be observed on the south vaults on Level 4, and radial cracking on the east vaults. These cracks correspond to the exterior cracks on the roof and the east façade. The outer brick masonry walls closest to the entrance of the building also show signs of cracking. The locations where the tensile damage in Abaqus exceeded 0.77 are plotted in Figure 7.



Two simplified models of the south façade were created to better understand the behavior of the façade closest to the blast loading—the first using a combined micro-macro modeling approach and the second using continuum elements. For the simplified model to be representative of the full building, springs were used where the façade intersected the remaining walls and slabs. These springs were calibrated using linear analysis on both models and comparing the displacement patterns. The south façade modeled using continuum elements used the removal of damaged elements feature in Abaqus, where elements reaching a maximum degradation can be removed from the model during the analysis. In Abaqus/Explicit, the element is removed from the mesh when the degradation reaches the maximum degradation at any single integration point in the element [49]. When using continuum elements, elements exceeding a damage threshold of 0.77 were removed from the model during the analysis [15].



In the micro-macro model, the largest displacements occurred on the lower portion surrounding the door (Figure 8a). Displacement in the north-south direction can also be observed growing radially from the door throughout the whole façade. Most of the displacement occurs above the base of the door, and not below, as the pressure profile from the blast is not applied below the door due to the presence of a bridge. The maximum displacement in the direction of the blast in the contact model is 2.55 cm. As seen in Figure 8b, damage is occurring around the opening where the blast is being applied, causing a hole in a circular pattern. Only the elements closest to the opening have exceeded the allowed damage, creating the appearance of a hole, but the damaged elements do not go through the entire thickness of the external wall. When comparing the two models, the locations of maximum displacement in the micro-macro model correspond closely to the locations where damaged elements have been removed.




3.2. Interior Blast


The tensile damage in the regions of application of the blast is seen in Figure 9. A value of 0.77 was selected as the damage threshold, in line with the previous scenario [15]. When looking at the damage evolution, significant damage is noted on the wall Z1-S, just when the load is being applied. By 0.10 s, most of the elements on wall Z1-S have exceeded the tension damage threshold. In addition, the displacement on this wall is excessive, with a deflection of 2.4 m at the end of the analysis.



The wall Z1-S was modeled on its own to better understand the effect of the mesh size on the damage. Boundary conditions on this wall were selected so that the deformed shape of the wall matched the wall in the previous analysis. This wall was modeled using three different element sizes (0.1 m, 0.2 m, and 0.3 m) to understand if this impacted the damage in the wall. Figure 10 shows the displacement in all three walls occurring at a time of 0.06 s. In all three scenarios, the largest displacement occurs between the central and far-right arches, but the magnitude of the displacement is largest in the walls with a smaller mesh size. This difference in displacement directly affects the magnitude of the rotation at the center of the wall.



The previously defined explosive device was too high to properly compare the resulting damage patterns between mesh sizes. As such, an explosive device of 2.5 kg of TNT was selected. Continuum models with and without removal of damaged elements were created for the same three mesh sizes. In all three walls (Figure 11), the top of the column between the two largest arches is completely damaged, as no elements connect the base of the column to the rest of the wall. Similarly, all three walls show damage at the top of the wall, but the number of damaged elements decreases as the mesh size increases. In the walls with mesh sizes of 0.1 m and 0.2 m, significant damage is noted above the left arch, but this damage pattern is not visible in the wall with a mesh size of 0.3 m. In the model with a mesh size of 0.1 m, circular cracks can be observed between the two rightmost arches, starting above the left arch, and continuing to the top of the wall.





4. Damage Quantification and Comparison


In the exterior blast scenario, a total volume of 5087 m3 existed, with 76.8 m3 of damaged elements. Using the damage index calculation, the estimated damage index in the tower is 1.51% (Table 4), making the damage level in the Torre de la Vela small for an explosive of 110 kg of TNT at 4 m from the building.



The compressive stresses in the south façade of the tower are ideal for comparing the differences between the models (Figure 12). In the whole model and the contact elements model, the highest compressive stresses occur at the base of the wall near the supports and gradually decrease through the height of the façade. The level of compressive stress is much greater in the whole building model than in the contact model, which, again, allows the blocks to slide. With respect to the distribution of compressive stresses in the simplified continuum model, higher values of compressive stress are seen at the base of the wall, near the supports, and around the door. This distribution is slightly different from those seen in the contact model and the whole building model, but more closely resembles the distribution seen in the whole building model as compressive stresses are present around the door opening. The difference between the stress distribution around the door of the simplified models is likely due to the dissipation of energy associated with the sliding of the blocks.



For the interior blast, the damage index and damage level of each structural element were calculated as well as for the whole Level 2 model (Table 5). Overall, the Level 2 model has a small level of damage, suggesting minor cracking and no out-of-plane damage. However, when looking at individual structural elements, Wall Z1-S has a high damage level, which is expected due to the noticeable out-of-plane displacement in the wall. When looking at the other structural components individually, they all have small damage levels. Although the damage index may be appropriate when assessing the damage caused by seismic events [15], its use when analyzing the effects of localized loading conditions such as blast loading may not be appropriate, or at least some caution should be used when trying to apply these.



For the interior wall modeled on its own, three different damage parameters were considered, the first being the displacement, the second being the rotation, and the third being the failure volume index. Some authors have defined the failure of a wall under blast loading as the point at which the wall reaches a displacement equal to its thickness [50,51]. For mesh sizes of 0.1 m and 0.2 m, the maximum displacement reached the wall thickness after 0.06 s (Figure 13). The wall with a mesh size of 0.3 m has a lower displacement and does not reach a maximum value of 0.6 m at the same time as the other two walls, thus not reaching failure at the same moment. However, the wall with a mesh size of 0.3 m does eventually reach failure (Figure 13). In general, the results are too different and not converging upon mesh refinement, so the subject requires more attention. The failure of a two-way masonry wall under blast loading is defined as reusable if the rotation at the supports is exceeding a value of 0.5° and is non-reusable if it exceeds a value of 2.0° [9]. Using this criterion, the wall fails very early in the application of the load, for all sizes of mesh (Figure 14). The rotation is calculated as a function of the displacement, so the same trends in the damage due to the displacement are expected in the damage due to the rotation with respect to the influence of the mesh size. It should be noted that the displacement results are expected to converge, although some differences may be justified when operating outside the assumption of small displacements. Consequently, this comparison between the effect of the mesh size on the damage requires further investigation. The failure volume index, which uses the tension damage available as a field output in Abaqus, seems to be a more appropriate approach when comparing the damage in the wall between models of different element sizes. Figure 15 further confirms the minimal influence the mesh size has on the damage index. When the load is first applied, the walls with mesh sizes of 0.1 m and 0.3 m both have a medium damage level, whereas the wall with a mesh size of 0.2 m has a small damage level. At the end of the analysis, all the walls of different mesh sizes experience high damage.



The removal of damaged elements feature allows for better understanding of what occurs at failure when the model is subjected to severe damage [49]. The advantage of this method is that highly distorted elements are removed from the calculation. In deleting damaged elements from the model during analysis, mass and energy are also removed from the system. Thus, in the case of substantial element deletion, the accuracy of the simulation will decrease. Because the removed elements occur when the degradation reaches the maximum degradation at a single integration point, the walls with removed elements are more likely to show more extensive damage patterns than the walls using banded contour plots to show the tension damage. This occurs because the values of tensile damage in Abaqus are extrapolated from the integration points to the nodes. Nevertheless, the distribution between the damage patterns is similar, as previously observed in Figure 11. Interestingly, the walls with damage plotted using contours show damage at the top of the wall, but at the front, whereas the removed damage elements at the top of the wall occur at the back. As the damage plotted in red is extrapolated from the integration point to the node, the contours represent locations where the node exceeds the given threshold of damage. However, the elements are removed when a single integration point exceeds the damage threshold. Consequently, the difference between the locations of damage is likely caused by the way the data are interpreted in these locations.




5. Conclusions


The aim of this work was to evaluate the structural response of the Torre de la Vela under blast loading, a rare case study applying a blast analysis on an earthen masonry construction within the context of cultural heritage This work involved a literature review of the available concepts and theories related to blast loading, the preparation and validation of a numerical model, and the structural analysis of the tower under blast loading. The use of the failure volume index based on the tensile damage in Abaqus allows us to characterize the level of damage occurring in an earthen masonry structure after blast loading but should be used with caution as it does not always consider the local damage effects, as noted in the interior loading scenario of the tower. The work also utilized the disappearing damaged elements function in Abaqus to illustrate the damage, a feature rarely being utilized in the field of structural engineering. The use of contact elements causes more dissipation of energy in the facades. Finally, when characterizing the damage caused by blast loading, the mesh size did not affect the level of damage but did affect the distribution patterns.
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Figure 1. Time-history and spatial evolution of a blast adapted from [18]. 
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Figure 2. Simplification of the internal blast wave reflections adapted from [13]. 
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Figure 3. Locations of the blast on the exterior of the Torre de la Vela. 






Figure 3. Locations of the blast on the exterior of the Torre de la Vela.



[image: Civileng 02 00052 g003]







[image: Civileng 02 00052 g004 550] 





Figure 4. Zone locations for the interior blast. 
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Figure 5. Models created for the loading scenarios: (a) full building model; (b) simplified façade model; (c) Level 2 model; (d) interior wall model. 
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Figure 6. Tensile strain at 0.62 s: (a) exterior of the building; (b) interior of the building. 
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Figure 7. Damage in tension greater than 0.77: (a) exterior of the building; (b) interior of the building. 
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Figure 8. Damage in tension greater than 0.77: (a) contact element model; (b) removal of damaged elements. 
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Figure 9. Time history of the damage to the interior walls of the building. 
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Figure 10. Displacement at 0.06 s for different sized meshes: (a) 0.1 m; (b) 0.2 m; (c) 0.3 m. 
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Figure 11. Tension damage to wall Z1-S at 0.1 s: (a) 0.1 m mesh; (b) 0.1 m mesh with removed damaged elements; (c) 0.2 m mesh; (d) 0.2 m mesh with removed elements; (e) 0.3 m mesh; (f) 0.3 m mesh with removed elements. 
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Figure 12. Compressive stresses on the south façade: (a) whole building model; (b) simplified contact model; (c) simplified continuum model. 
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Figure 13. Displacement at the center of the wall over time. 
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Figure 14. Time history of the rotation of the wall for different mesh sizes. 
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Figure 15. Damage index of the wall over time. 
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Table 1. Dynamic increase factors for the brick masonry, the rammed earth, and the infill under blast loading.
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Material Property

	
DIF




	
Brick Masonry

	
Rammed Earth and Infill






	
  E  

	
1.98

	
2.65




	
    σ c    

	
1.97

	
1.76




	
    σ t    

	
1.97

	
1.76
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Table 2. Material properties with and without considering the dynamic increase factors (DIFs).
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Material




	
Rammed Earth

	
Brick Masonry

	
Infill




	
Properties

	
Level 1

	
Other Floors




	
Original

	
DIF

	
Original

	
DIF

	
Original

	
DIF

	
Original

	
DIF






	
 E  (kN/m2)

	
5.90 × 106

	
1.57 × 107

	
1.10 × 106

	
2.92 × 106

	
1.60 × 106

	
4.25 × 106

	
0.60 × 106

	
1.59 × 106




	
  ν   (−)

	
0.30

	
0.30

	
0.30

	
0.30

	
0.25

	
0.25

	
0.30

	
0.30




	
  ρ   (t/m3)

	
2.25

	
2.25

	
2.25

	
2.25

	
1.60

	
1.60

	
2.25

	
2.25




	
   σ c    (kN/m2)

	
2500

	
4390

	
2500

	
4390

	
4000

	
7020

	
2500

	
4390




	
   G  f c     (kN/m)

	
4.00

	
7.02

	
4.00

	
7.02

	
6.40

	
11.24

	
4.00

	
7.02




	
   σ t    (kN/m2)

	
300

	
527

	
300

	
527

	
200

	
351

	
300

	
527




	
   G  f t     (kN/m)

	
0.017

	
0.026

	
0.017

	
0.026

	
0.013

	
0.019

	
0.017

	
0.026
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Table 3. Interaction properties.
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	Friction Coefficient
	    Normal   Stiffness ,    K  n , j o i n t      
	    Tangent   Stiffness ,    K  s , j o i n t      





	0.73
	1.50 × 108 kN/m3
	7.50 × 107 kN/m3
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Table 4. Estimated damage level, damage index, and volume of failed elements for exterior blast scenario.
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	Damage Level
	Damage Index
	     V  f a i l     (  m 3  )    
	     V  t o t a l     (  m 3  )    





	SD
	1.51%
	76.8
	5087.7
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Table 5. Total volume, volume of damaged elements, damage index, and damage level for different structural components.
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	Volume (m3)
	Damaged Volume (D > 0.77) (m3)
	Damage

Index
	Damage Level





	Wall Z1-S
	1430.65
	33.39
	53.14%
	HD



	Zone 1 Wall Left
	42.57
	0.52
	2.29%
	SD



	Zone 1 Wall Right
	12.21
	6.49
	0.00%
	SD



	Zone 2 3 Wall Left
	3.02
	0.07
	0.00%
	SD



	Zone 2 3 Inner Walls
	3.02
	0.00
	1.61%
	SD



	Vaults Zones 1 2 3
	8.88
	0.00
	9.04%
	SD



	Outer Wall near Blast
	27.64
	0.45
	7.98%
	SD



	Whole Level 2
	822.48
	13.69
	2.33%
	SD
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