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Abstract

:

The complex nonlinear behaviour of unreinforced masonry (URM), along with the interaction between structural elements, still represents a challenge for the seismic assessment of existing URM buildings. A large variety of mathematical tools have been developed in the last decades to address the issue. The numerical work herein presented attempts to provide some insights into the use of FEM models to obtain reliable results from nonlinear dynamic analyses conducted with explicit methods. Through plane stress elements, two in-plane mechanisms were studied to identify optimal parameters for unreinforced masonry elements subjected to dynamic actions. The results were then compared with outcomes generated by an implicit solver. Subsequently, these parameters were used in nonlinear dynamic analyses on a building section for the seismic assessment in both unreinforced and reinforced conditions. The element type, hourglass control, damping, and bulk viscosity influence the dynamic response, mainly when the nonlinearities become larger. The hourglass control techniques employ a scaling factor to suppress the occurrence of spurious modes. Values ranging from 0.01 to 0.03 have shown effective results. When the stiffness-damping parameter for Rayleigh damping is of a similar order of magnitude or lower than the time increment without damping, the time increment remained in feasible ranges for performing analysis. Additionally, the bulk viscosity can stabilise the response without causing substantial alterations to the time increment if the values are under 1.00.
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1. Introduction


Masonry is a widespread material that has been employed for centuries in various types of structures around the world, ranging from monuments and historical construction to ordinary buildings like houses, many of them settled in earthquake-prone areas. Unreinforced masonry (URM) buildings, while capable of withstanding gravitational loads, are highly vulnerable to horizontal dynamic loads. Therefore, existing URM buildings, including historical buildings and monuments, are susceptible to damage involving cracks or the partial or total collapse of the structure, even under moderate ground motion. Masonry is a composite material made of units and joints. Units comprise a wide range of materials, such as natural stones, bricks, adobe, and others. Joints can be dry or made of cement-, lime-, or mud-based mortar.



The poor performance of unreinforced masonry under lateral loads, particularly seismic excitations, arises from the low tensile and shear strength of the material. The damage of masonry during earthquakes are normally classified into two types: in-plane failure and out-of-plane failure. The three basic in-plane (IP) damage patterns are flexural failure, shear-diagonal failure, and shear sliding (see Figure 1). This type of response is more ductile [1]. Geometry, boundaries, loading conditions, and mechanical properties govern the load capacity and failure mode. On the other hand, openings affect the IP behaviour creating points of weakness [2].



In the case of out-of-plane (OOP) damage, vertical, horizontal, or diagonal (or a combination of) flexural cracks develop, resulting in partial or complete collapse [3], as shown in Figure 1. This type of damage is fragile, being the first collapse mechanism and more frequent in existing URM buildings when no prevention is taken [4]. OOP mechanisms require less energy compared to IP mechanisms for activation. This implies that even a small seismic action can induce OOP damage or even lead to collapses [5,6]. Consequently, OOP mechanisms have a higher risk for both the stability of the building and human life. OOP mechanisms are more likely to occur when there are weak connections with other structural elements, such as transversal walls, floors, and roofs. Moreover, flexible floors and roofs can contribute to the collapse of walls in the OOP direction. The geometrical layout (in elevation and horizontal plane) of the building and load conditions play a key role [7,8].
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Figure 1. IP failure modes (adapted from [9]): (a) flexural failure; (b) shear-diagonal failure; (c) shear-sliding failure. Examples of OOP failure modes (adapted from [10]): (d) mechanism in long walls; (e) mechanism in short walls; (f) mechanism of the corner; (g) mechanism of the tympanum (gable). 
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Over time, builders in earthquake-prone areas have implemented empirical strengthening techniques by trial and error to enhance the performance of URM structures, such as ties, buttresses, and timber skeletons [10]. However, it is in recent decades that the scientific community has begun to systematically study these techniques with a scientific approach. Additionally, advancements in technology have enabled researchers and builders to develop methods using contemporary materials. A brief review of the main strengthening techniques is presented in Section 2.



The accurate prediction and assessment of the damage evolution in existing URM buildings under seismic actions remain challenging tasks due to the complexity of the material and the interaction between all the structural elements, along with the nature of the earthquakes [11]. Researchers have developed a wide variety of mathematical models and strategies for this type of structure, aiming to provide more efficient procedures while ensuring reliable results [12]. The selection of mechanical properties depends on the chosen modelling strategy and applied analysis method [13]. Section 3 presents an overview of different modelling strategies and types of analyses, as well as time integration methods used to solve the system of equations, i.e., implicit and explicit solvers. For the sake of brevity, the most important features of these methods are highlighted, while mathematical formulations are not described.



The comparison between implicit and explicit methods in FEM modelling has been explored in several fields including metal forming, impact, and contact problems. In the case of masonry structures, explicit methods have been applied to study the effects of blast loadings on both unreinforced and reinforced conditions [14]. Pereira and Lourenço [15] used a FEM model with an explicit solver to study explosions in a historical masonry building. A similar approach was carried out by Tse et al. [16] to evaluate the response of a historical structure built with earthen masonry to blast loads. Nevertheless, the studies and applications of explicit methods for the seismic assessment of URM buildings are scarce. Tarque et al. [17] created a FEM model using shell elements of a house made of adobe, simulating the results from an experimental campaign conducted on a shake table test. Yang [18] developed a FEM model of a URM building using DIANA FEA 10.3 software to compare the results of implicit and explicit methods. The nonlinear dynamic analyses demonstrated that both approaches yielded similar responses. Finally, Noor-E-Khuda [19] studied the OOP behaviour of masonry walls employing shell elements, exploring variations in openings and boundary conditions. The FEM model was then subjected to a lateral incremental load (nonlinear pushover analysis).



FEM modelling requires meticulous consideration, including the selection of suitable elements for the specific problem at hand. For example, linear elements that are fully integrated can exhibit shear locking, while linear elements with reduced integration are susceptible to hourglass distortions (Section 6). In the FEM modelling of URM buildings, particularly in explicit solutions, critical aspects such as shear locking, hourglass effects, and hourglass control techniques, among others, have not been addressed in prior works. Therefore, the present study aims to provide some insights into the application of explicit methods in 2D FEM modelling. Its primary objective was to conduct a comparative study between implicit and explicit methods, specifically addressing in-plane behaviour to simulate two frequent failure types observed in masonry walls under seismic loading. This can provide the users with a practical understanding of the effect of each parameter used in an explicit method, specifically in Abaqus/Explicit.



Four models were generated to perform a parametric analysis. Two of these models focused on reproducing IP behaviour, targeting shear-diagonal failure and flexural failure, using 2D FEM elements, particularly plane stress elements. This type of element is related to states where the stress component normal to the element plane is negligible. Although masonry can undergo triaxial stress, plane stress elements are frequently used to simulate structural elements with small thickness where the loads act in the plane, such as masonry walls [20,21,22].



The other two models represent a section of a URM building (employing 1D and 2D FEM elements). The geometrical characteristics of the models are detailed in Section 4. The concrete damage plasticity model is adopted to account for the nonlinear properties of the masonry (Section 5). A key objective of this work was to compare the simulations conducted for masonry piers using both implicit and explicit methods with the Abaqus/CAE 2019 software [23]. The influence on the results of the element types used for modelling the structural problem, along with other parameters (discussed in Section 6), was considered. Initially, the IP mechanisms allowed the assessment of the performance of each parameter used in the explicit solver. Subsequently, through the explicit method, the parameters that exhibited better performance were used in the seismic assessment of the building section, considering both the unreinforced and reinforced conditions (Section 7).




2. Strengthening Techniques


The strengthening techniques for existing URM buildings can be classified into three categories [3]. The first group focuses on local interventions to improve the tensile and shear capacity of the most vulnerable elements. The second category aims to enhance the global response by inducing the so-called “box behaviour”, where all the structural elements are tied together to act as a single body. Finally, the most recently applied techniques target the reduction of seismic demand through base isolation and enhancement of energy dissipation using dampers [3]. It is common to employ a combination of techniques in the strengthening interventions.



2.1. Local Strengthening


Due to the masonry’s limited tensile and shear strength, most techniques address this issue by adding specific types of reinforcements on the external surfaces of the walls or within the interior. This reinforcement is capable of withstanding tensile stresses, delaying the occurrence of cracks, restricting their propagation, and increasing the deformation capacity of the material [3].



When a wall loses its mortar and contains voids, the most common repair method is the repointing and injection of a fluid with some type of binder agent, such as cement- or lime-based grouts [3,24,25]. It is important to note that compatibility must be considered, since this is an irreversible intervention [25]. the presence of multi-leaf (two or three leaves) walls in historical buildings is frequent. If the leaves are weakly connected, the carrying capacity of the wall under lateral and axial forces decreases. The strengthening of these walls is carried out using grout injection or introducing transversal metallic bars (sometimes post-tensioned) or fibres to connect the leaves [3,24,25,26,27,28].



Applying a reinforcing layer to the surfaces is another frequently employed technique. One of the typical reinforcements comprises a steel mesh embedded in mortar or concrete [3,24,29]. This technique increases the IP and OOP resistance capacity of the element [3]. The mass increment, irreversibility and possible mechanical incompatibilities are considered factors when applying concrete layers.



In recent years, fibre-based materials have gained popularity as a reinforcement applied to surfaces given their high tensile strength [3,30]. The most frequent fibres are made from a variety of materials, including carbon, glass, basalt, aramid, polymers, and even natural fibres [3,31]. Two primary systems are commonly used for reinforcement. Fibre-reinforced polymers (FRP) are fibre sheets or strips where the fibres are embedded in a resin matrix, which are then bonded to masonry using an epoxy binder [3]. In textile-reinforced mortar TRM, fibres are arranged to form a mesh that is applied to masonry with cement- or lime-based mortar [3,30]. These systems significantly improve the OOP and IP response of these structural elements [3,30,32,33,34].



Internal reinforcement serves as an alternative when surface interventions are not permitted due to concerns about their impact on the structure’s aesthetics [3]. This technique involves drilling vertical holes along the height of the wall to introduce steel bars. The bars can act as passive elements or be post-tensioned (active elements) [35]. If properly executed, the wall can resist both IP and OOP actions [3].




2.2. Global Strengthening


The primary weakness of existing masonry buildings lies in the lack of effective connections among their structural elements, causing the OOP overturning of facades and parapets [7]. In general, the solution is to tie all the elements together, ensuring that the inertia forces are uniformly transferred and distributed throughout the entire structure. Techniques to achieve this behaviour include the construction of RC elements, stiffening of floors and roofs with rigid connections to walls, and the incorporation of ties and timber elements [3,36].



The construction of RC collar beams at floor/roof levels can induce box behaviour. A complete confining effect is achieved if RC columns are also built in intersections and midspan of walls [3]. However, this procedure is also complicated to apply and invasive [3]. Timber and steel are also used to build collar beams on top of the walls, which are reversible and less invasive [10,24,37]. An alternative is to transform flexible floors and roofs into stiff diaphragms, which can be used in conjunction with collar beams (RC or timber) [3,24]. Stiffening methods involve, among others, the addition of wooden planks or sheathing, horizontal diagonal bracing made of metallic elements or FRP strips, RC layers, and even the complete substitution of the floor/roof by a RC slab [7,38,39]. The diaphragm must be properly connected to the surrounding walls to ensure the effective transfer of lateral loads [26]. The reader is referred to [40] for further information regarding connections.



Ties, often made of steel rods, serve as a technique to connect structural elements and restrain their outward motion [3]. They work only under tension and can tie together walls (normally parallel), arches, vaults, and domes [3,10,24]. This technique is considered a reversible intervention and does not considerably increase the mass of the building. They are preferably placed at the levels of floors and roofs, or close to the impost line in arches and vaults. In the case of earth-based structures, ties and collar beams made of timber are more common [10,41]. Ties are one of the most applied strengthening techniques, as they effectively reduce the likelihood of OOP collapses [42]. The reader can refer to Gkournelos et al. [3] and Ortega et al. [10] to extend the knowledge.




2.3. Reduction of the Seismic Demand and Energy Dissipation


The techniques used to reduce the seismic demand and dissipate energy include base isolation and passive energy dissipation devices (PED), also known as dampers. These methods are rarely used in existing URM buildings, although researchers are currently assessing and developing more suitable devices for URM buildings. Among these solutions, base isolation has been the most frequently applied technique to this type of structures [43]. Base isolation aims to decouple the building from the ground to decrease the seismic excitation transmitted to the structure by placing a flexible layer between the foundation and the structure [44,45].



There are five types of PEDs, namely friction, yielding, phase transformation, viscous fluid, and viscoelastic devices. Friction devices dissipate energy when two or more surfaces slide one on top of the other [46]. In yielding devices, the energy is dissipated through the plastic deformation of a metal element and should be changed after a strong earthquake if it is yielded [47]. Special friction and yielding connectors have been developed to fix floors to walls [48], to link planks to each other for timber floors [49], or as a part of the anchoring systems to tie perpendicular walls [50]. Phase transformation devices normally use wires made of shape memory alloys, which also yield but with the capability of recovering the original shape [51]. One end of the device is attached to a rigid roof, while the other end is anchored to the walls. The devices can also be introduced into post-tensioned vertical ties in slender structures such as towers [52]. Viscous fluid (VF) devices dissipate energy when a solid body (usually a piston with holes) moves in a viscous fluid [46]. These devices have been implemented as a connection point between the wall and the steel rod in tie systems [53]. Viscoelastic (VE) devices draw on the shear deformation of viscoelastic layers bonded to steel plates that move one with respect to the other [46]. Nochebuena-Mora et al. [43] furnish detailed information regarding energy dissipation devices for historical constructions.





3. Modelling Strategies


3.1. Modelling Strategies for Material


The modelling adopted depends on the level of accuracy and simplicity. Three strategies are commonly used, namely detailed micro-modelling, simplified micro-modelling, and macro-modelling [12]. In detailed micro-modelling, the real texture of the structural component (wall, arch, vault, etc.) is replicated [11]. Units and mortar are continuous elements, and the interface in between is a discontinuity, representing the plane of failure (Figure 2a). In simplified micro-modelling, units are expanded continuous elements, while the mortar is represented by an interface, which is a discontinuity, and, thus, the line of failure (Figure 2b). In this case, part of the accuracy is lost [12]. However, these two strategies are a time-consuming task when assembling the model and demand a high computational effort, which limits their application to larger scales [11]. In macro-modelling, masonry is considered a deformable homogenous continuum [11]. There is no distinction between units and mortar, which are smeared out in only one body (Figure 2c). This generally reduces the computational effort. Given the complexity of the material, the selection of a suitable constitutive law is challenging [11]. The macro-modelling approach is more suitable for large models such as complete buildings [36].




3.2. Strategies for Numerical Models


The analysis of URM buildings can be performed by adopting four numerical modelling approaches, namely the finite element method (FEM), discrete element method (DEM), rigid macroblocks, and equivalent frame model (Figure 3). A general description is given in the following. Modelling strategies for URM buildings are treated in more detail in [11,54,55,56,57,58,59,60].



In FEM models, the continuous domain is discretized into small and simpler subdomains called elements, which are connected by nodes to form a mesh. These models represent structural problems using various types of elements, such as 1D, 2D, 3D, springs, interfaces, etc. [11]. FEM models are versatile and can solve both static and dynamic problems with linear or non-linear solutions. While implicit methods are commonly used for solving nonlinear problems, explicit solutions can also be applied when needed. Currently, FEM models, combined with a macro-modelling approach, are extensively used for the overall seismic assessment of unreinforced masonry (URM) buildings [36].



DEM is a collection of numerical techniques used to analyse the dynamics of a set of particles or bodies treated as a discontinuous material. In the seismic evaluation of unreinforced masonry (URM) buildings, DEM models typically consist of blocks representing individual units or larger portions of the structure, and their interactions are defined through contact points with specific contact properties [11,36]. These blocks in DEM models can be treated as either rigid or deformable bodies [61]. DEM models employ explicit solutions to address highly nonlinear geometric problems, enabling the simulation of collapse mechanisms with large displacements [36]. For more comprehensive details, refer to Lemos [62].



The equivalent frame method consists of the simplification of the building by identifying its main load-bearing components, such as piers and spandrels. The discretization process becomes a challenging task when the building has a complex geometry where openings are irregularly distributed [11]. Subsequently, these components are typically replaced with nonlinear columns, beams, or blocks, which are connected using rigid nodes, plastic hinges, interfaces, or springs [63]. The formulation captures the shear-diagonal deformation, flexural response, and shear sliding of the components [64]. The global response is only related to the IP behaviour of the walls and floors, and no information is provided regarding the OOP performance [11].



In the last strategy, the building is idealized as a structure composed of rigid macroblocks, which are delimited by the expected collapse mechanisms. These mechanisms can be defined according to the observed damage in similar structures during an earthquake, experimental campaigns, or experience [36]. It is noted that the adopted discretisation dominates the response and can be overestimated if the mechanism with the lowest capacity is neglected. The limit analysis is generally used to evaluate the seismic response.




3.3. Type of Analyses


Numerical models can be used to perform different types of analyses, which are selected based on the desired outputs. The common analyses used in the seismic assessment of buildings include limit analysis, linear static analysis, nonlinear static analysis (pushover analysis), linear dynamic analysis in the time domain, linear dynamic analysis in the frequency domain, and nonlinear dynamic analysis in the time domain (nonlinear time history analysis) [11,36].



Limit analysis implements solutions based on either static or kinematic theorems, requiring minimal input information (geometry and load conditions) and low computational power [11]. Seismic assessment with macroblocks normally employs this analysis type. It provides results on collapse mechanisms and seismic load capacity [36]. All types of linear analyses are inadequate for capturing the dynamic response of URM buildings [11]. Masonry exhibits a high nonlinearity and low tensile strength, making linear analysis unsuitable even for moderate ground motions [36].



Nonlinear static analysis is a very common and standardised analysis to evaluate the seismic capacity of existing URM buildings [11,36]. In this case, seismic action is incrementally applied as a lateral force [36]. The analysis accounts for the nonlinear material properties. The nonlinear differential equations are normally linearised and solved by iterative methods, using, for example, the Newton–Raphson method. Implicit solvers may encounter convergence problems when the response is highly nonlinear. However, this approach offers a suitable balance between accuracy and computational demand since it can find the post-peak behaviour [11].



On the other hand, in nonlinear dynamic analysis, the structure is subjected to time-dependent actions, and the response accounts for the inertia and damping forces [11]. The actions are either recorded earthquakes or artificially generated signals. It is the most advanced and complex type of analysis since it requires time integration methods to solve the differential equations in the time domain [11,36]. Implicit solvers are commonly used in FEM models, while explicit methods are more frequently applied in DEM models [36]. The computational demand for the implicit solvers is high due to the solution of differential equations, nonlinear behaviour, and convergence issues.




3.4. Numerical Solvers: Explicit and Implicit Methods


Time integration methods are numerical techniques developed to approximate the equations of motion using a step-by-step direct integration procedure. Equations (1) and (2) are the linear and nonlinear equations of motion of a discrete structural, respectively [65]:


  M  U ¨  + C  U ˙  + K U = R  ( t )   



(1)






  M  U ¨  + C  U ˙  + N  ( U )  = R  ( t )   



(2)




where  M  is the structural mass matrix,  C  is the viscous damping matrix,  K  is the linear stiffness matrix,  N  is the vector of nonlinear internal forces related to the current vector displacements  U  at time  t , and   R  ( t )    is the vector of time-dependent external forces. The subscript    ( · )    indicates time derivatives of the displacement vector  U . The problem consists of finding the time history solution for   U = U  ( t )   , with the defined initial conditions   U  ( 0 )  =  U o    and    U ˙   ( 0 )  =   U ˙  o   , which for seismic actions are equal to zero. Direct numerical integration methods discretise the time  t  into time intervals   Δ t   and assume that Equations (1) and (2) are solved for each time interval considering variations in displacements, velocities, and accelerations at each time step. Therefore, the total response is a sequence of independent problems, where the conditions change from one step to another [66]. Depending on the assumptions made about these variations, different integration schemes are derived, which can be further classified into explicit and implicit methods [67].



In the explicit methods, the solution at time   t + Δ t   is calculated considering the equilibrium conditions at time  t , using the known values of  U ,   U ˙  , and    U ¨    found in the previous step. The vector displacement (at the end of the time interval) is not a function of the loads or stiffness (at the end of the time step). As a result, no iteration is needed, and the method can directly proceed to the next time interval [66,67]. The approach allows for the incorporation of very complex constitutive laws and does not require the inversion of the stiffness matrix, resulting in a low computational cost per time step. Nevertheless, explicit methods are conditionally stable, meaning that the time increments should be small enough to ensure numerical stability. The time interval depends on the highest frequency of the discrete system without damping [67]. The introduction of damping affects the time step, reducing its length (Section 5). The main explicit solvers include the second-order central difference methods, which are suitable for large-scale models in stress-type analysis, and the fourth-order Runge–Kutta method [67].



In implicit solvers, the solution for displacements at the current increment   Δ t   requires the velocities and accelerations of the current time itself, so trial values are assumed and refined by an iterative process [66,67]. This implies that the stiffness matrix should be inverted at each time step for the calculation of displacements. Implicit methods are normally unconditionally stable, where the maximum time interval is determined by the desired accuracy [67]. Conversely, the time step may be much larger than in explicit methods, and, thus, fewer intervals are required. The implicit time integration schemes include the Newmark methods, Wilson-θ method, and Houbolt methods [68]. Among these, Newmark methods have better accuracy in structural problems. A generalized form of Newmark methods is the Hilber–Hughes–Taylor (HHT) method. It introduces the parameter  α  in the original Newmark formulation to improve the stability with larger steps. This approach has no effect on the response of low frequencies, which are of interest in structural problems, while it damps out the spurious highest modes that arise from the discretisation of the system [68]. Due to this improvement, the HHT method is used in most commercial software packages.



For nonlinear problems, either static or dynamic, the internal force vector   N  ( U )    is a nonlinear function of displacement  U , which corresponds to the constitutive law of the material. To find the solution, numerical approaches such as Newton–Raphson methods (regular, modified, and linear) or Quasi-Newton (secant stiffness) method are applied [20,69]. There is extensive literature on these subjects; interested readers are referred to [20,66,67,69,70] as a first approach to nonlinear static and dynamic analyses.





4. Case Studies


4.1. Piers of Gaioleiro Buildings (Portugal)


Two masonry piers of a Portuguese building typology (Gaioleiro buildings) were selected and modelled, aiming to evaluate first the performance of the numerical tools at the structural element level. Gaioleiro buildings, built in Portugal during the late 19th and early 20th centuries, typically consist of four to six levels [26,71]. The interstory height varies between 2.7 and 3.7 m, with the ground floor usually being higher than the other levels. To provide ventilation and light, these buildings have central or lateral shafts (Figure 4). The foundations and façades are built using rubble masonry, while lateral walls are often made of brick [71]. The thickness of the façades ranges from 0.50 to 1.00 m on the ground floor, and reduces as the elevation increases [72]. The inner walls can be made of brick (walls parallel to the façades) or timber planks with plaster (walls perpendicular to the façades). Floors are flexible diaphragms composed of timber joists and timber planks, or metallic profiles and jack arches. Joists and metallic profiles are set perpendicular to the façades with a spacing of 0.35–0.40 m, and are simply supported on the walls. As for the roofs, they are simple timber structures that cannot be considered trusses [71,72].



Figure 4c highlights two specific piers of the façade selected to be subjected to IP dynamic actions, aiming to induce shear-diagonal and flexural failures. Pier 1, which is located on the ground floor, is 1.90 × 1.80 × 0.70 m (length × height × thickness). Due to its geometry and loading condition, shear-diagonal failure is likely to occur in this panel. On the other hand, Pier 2, at the top of the façade, measures 1.55 × 2.55 × 0.45 m. This panel is used to simulate flexural damage since it is slender, and its level of compression is considerably lower than that of Pier 1. For the simulation, equivalent masses were placed on top of the panels to represent the weight of the structural elements they carry. The normal stress applied at the top of Pier 1 and Pier 2 is equal to 328.75 kPa and 21 kPa, respectively. The numerical models were generated in Abaqus [23], using quadrilateral plane stress elements with a characteristic length of 0.05 m. The elements have the real thickness of the piers. The mechanical properties of the masonry are detailed in Section 4.




4.2. Viceregal Dwellings (Mexico)


Figure 5 depicts a typical viceregal dwelling constructed during the 17th and 18th centuries in various cities across Mexico during the Spanish colonial period. The building comprises two floors with interstory heights ranging from 4.95 to 5.10 m. The architectural layout features rooms surrounding two patios, with doors and windows aligned. The wall thicknesses are 0.90 m for the façade, 0.80 m for the inner walls on the ground floor, and 0.60 m for the inner walls on the upper floor [73,74].



Rubble masonry was employed for constructing the foundations and walls, whereas columns and arches were built with dressed stones. The building features flexible flat slabs for both floor and roof, consisting of a large array of timber joists with a cross-section of 0.15 × 0.20 m. These joists are arranged perpendicular to the façade, with a spacing of 0.30 m, providing support for a layer of brick, compacted earth, and pavement. There is no mechanical connection between the joists and walls; their stability relies only on frictional resistance to prevent any sliding of the joists [75].



The numerical model used in this study focuses on a specific section of the building, as highlighted in Figure 5. To simulate the OOP and IP responses, the model comprises a portion of the façade and a transversal wall with two doors (denominated as WWO) (Figure 6a). Additionally, a variant of the model was generated to study the response of a fully solid transversal wall without any openings (denominated as SW) (Figure 6b). To ensure consistency with the models of the panels and apply the same criteria, a 2D simplification was employed. Both numerical models consist of quadrilateral plane stress elements, where the width of the elements corresponds to the real dimensions of the walls. The façade section is discretized into seven elements throughout the thickness to enhance result accuracy. Beam elements with equivalent cross-sections represent the floors and roof. Equivalent masses in the beams account for the weight of all floor/roof components. To simulate more realistic interactions, the beams are connected to the walls using nonlinear connectors. These connectors permit sliding under tension to enable the free outward motion of the walls while ensuring zero relative displacements under compression to prevent any penetration of the beams in the inward direction. The timber used for beams and lintels (at the doors) exhibits elastic properties, with a density of 610 kg/m3, Young’s modulus of 8800 MPa, and Poisson’s ratio of 0.3. For masonry, the mechanical properties are as described in Section 4.





5. Masonry Mechanical Properties and Constitutive Law


5.1. Mechanical Properties of the Unreinforced Masonry


Masonry is a composite material that exhibits an orthotropic behaviour due to the composition of its individual units and joints. In FEM models, however, the treatment of the material as a homogeneous continuum for macro-modelling is widely accepted when simulating large structures. In this case, a careful selection of material properties and a suitable constitutive law are crucial for accurately representing the nonlinear behaviour of unreinforced masonry [20]. Table 1 presents the mechanical properties adopted in the present work, which are the values recommended by the Italian Code [76] for irregular masonry. The tensile strength    f t    is assumed to be 10% of the compressive strength. The compressive fracture energy was calculated in terms of the compressive strength    f c    as [20]:


   G c  =   32  f c    10 +  f c     



(3)








5.2. Constitutive Material Law for Unreinforced Masonry


Unreinforced masonry, like other quasi-brittle materials, exhibits strain-softening in tension and an initial strain-hardening and subsequent softening in compression, which leads to a loss of loading capacity [22]. The concrete damage plasticity (CDP) model captures this behaviour and is suitable for quasi-brittle materials undergoing cyclic and/or dynamic actions [77]. It has been successfully used for conducting nonlinear dynamic analyses of unreinforced masonry structures subjected to seismic actions [17,78,79,80,81,82]. The CDP constitutive law in Abaqus/CAE 2019 [23] is based on the work by Lubliner et al. [83] and Lee and Ferves [84]. The model assumes that the material is isotropic and describes its behaviour through four parameters: the damage evolution, hardening/softening law, yield criterion, and flow rule.



Based on the classical plasticity theory, the CDP model decomposes the total strain  ε  into elastic strain    ε  e l     and plastic strain    ε  p l     [85]:


  ε =  ε  e l   +  ε  p l    



(4)




and simulates the elastic stiffness degradation with an isotropic scalar damage variable   0 ≤ d ≤ 1  , where zero corresponds to an undamaged state and one to a completely damaged condition. The stress state  σ  is then related to the damage variable through:


  σ =  (  1 − d  )   D 0  e l   :  (  ε −  ε  p l    )   



(5)




where    D 0  e l     is the initial elasticity matrix and  ε  and    ε  p l     are the total strain and plastic strain tensors, respectively.



The hardening/softening behaviour of the material is characterized by the uniaxial stress–strain curves under tension and compression. Considering the model’s assumption of isotropy, these behaviours can be further extended to multiaxial loading conditions [77]. The degraded stiffness is then defined by two independent uniaxial damage variables, namely    d c    for compression and    d t    for tension. These variables are related to the stress in compression    σ c    and tension    σ t    through the following relationship:


    σ c  =  (  1 −  d c   )   E 0   (   ε c  −  ε c  p l    )      σ t  =  (  1 −  d t   )   E 0   (   ε t  −  ε t  p l    )    



(6)




where    E 0    is the initial Young’s modulus. The CDP model assumes that the elastic stiffness starts degrading right after the material reaches its maximum strength, i.e., when it is unloaded from any point along the softening branch [77], as shown in Figure 7. Thus, the values for    d c    and    d t    are a function of the plastic strains. However, values between 0.9 and 0.95 are chosen as maximums to avoid numerical issues [22].



For this study, the nonlinear compressive behaviour of masonry is described by a stress–strain curve (Figure 8). Table 1 provides the values used to construct the curve using the equations proposed by Feenstra [86], which transforms the fracture energy    G c    into strains for the softening branch. When a stress–strain curve is used as input for tension, the response is highly sensitive to the mesh refinement. The fracture energy proposal overcomes this problem. With this approach, the brittle behaviour is characterized by a stress–displacement response rather than a stress–strain response. In this case, Abaqus transforms the fracture energy    G t    into a stress–displacement curve with a linear loss, applying Equation (7) [83,87]:


   u  t , u   =   2  G t     σ  t , m a x      



(7)




where    u  t , u     is the ultimate displacement. The stress–strain approach for tension is more suitable for material sections with rebars or another type of local reinforcement. Moreover, the CDP model incorporates the stiffness recovery in the transition from tension to compression, due to the crack closure [77].



In a complex stress state, the yield surface defines the limit at which the plastic deformations begin. The yield surface in the CDP model is expressed in terms of effective stress, which denotes the increment of stress caused by the reduction of the load-carrying area as the damage propagates. To fully characterize the surface, the formulation requires the ratio between initial biaxial and initial uniaxial compressive stresses    σ  b 0   /  σ  c 0    , along with the parameter  K  that defines the shape of the cross-section of the yield surface in the deviatoric plane in a triaxial stress state [83,84]. The flow rule describes the magnitude and direction of the plastic deformations [85]. The CDP model uses the hyperbolic Drucker–Prager function to describe the change in volume of the material in terms of the dilation angle  ψ , the uniaxial tensile stress    σ  t 0    , and eccentricity  e .



Table 2 presents the assumed values for the yield criterion and flow rule. Although they were initially for concrete, these quantities have also demonstrated satisfactory performance when applied to masonry structures [22,88].





6. Evaluated Parameters


6.1. Parameter 1: Element Types


Different element types have been developed for FEM, such as trusses, beams, planes, and solids, among others. As mentioned before, plane stress elements were chosen for the 2D FEM models. These elements can be either linear or quadratic, with full or reduced integration (see Figure 9). Quadratic elements can follow complex curves, but the computational cost is much higher than for linear elements. A similar situation occurs for full and reduced integration points, as more points require more computational effort. A more detailed discussion of the advantages and disadvantages of each formulation is provided in [20].



Two numerical effects should be highlighted for plane (and solid) elements: shear locking and the hourglass effect. Quadrilateral elements with linear interpolation (four nodes in plane stress) and full integration (Figure 9a) are affected by shear locking. This spurious behaviour occurs when, under bending, the elements become stiffer than they should be since the linear shape function induces an unreal shear at the integration points [20] (Figure 10a). Increasing the number of elements may limit shear locking but not totally avoid it. On the other hand, quadrilateral elements (plane or solid) with linear interpolation and reduced integration have a single integration point located at the centroid (Figure 9b). The advantage of these elements is that shear locking disappears and the computational time reduces [89]. However, they exhibit a spurious behaviour, called the hourglass effect, that can easily propagate in coarse meshes, producing meaningless results. When the element is subjected to certain deformations, the neutral axes remain unchanged in length and rotation, so any variation in the stress–strain field is calculated at the integration point [20] (Figure 10b). As a result, the element is free to distort because no strain energy is produced to counteract such deformation. The hourglass effect can be minimized by mesh refinement, for example, using at least four elements through the thickness when structures carry bending loads [89]. Additionally, the software can introduce artificial stiffness to avoid large deformations. It is worth noting that shear locking and the hourglass effect occur in both explicit and implicit methods. Finally, quadratic elements, whether fully or reduced integrated (Figure 9c,d), do not exhibit these issues. However, their high computational cost becomes problematic when used for large models.



For the implicit solution, the four types of elements were selected: linear (full and reduced integration) and quadratic (full and reduced integration). Regarding the explicit solution, Abaqus only provides linear elements with reduced integration.




6.2. Parameter 2: Hourglass Control


For a system that is initially static, the energy balance is expressed by the energy conservation equation as


   E I  +  E V  +  E K  −  E W  =  E  t o t a l   = 0  



(8)




where    E I    is the internal energy,    E V    is the energy dissipated by damping mechanisms (including the material damping),    E K    is the kinetic energy, and    E W    is the work done by external loads. Internal energy    E I    is the sum of recoverable elastic strain energy, the energy dissipated through plasticity, the energy dissipated through viscoelasticity or creep of the materials, the energy dissipated through damage, and artificial strain energy [87].



When linear elements with reduced integration are used, the software introduces artificial forces to counteract the hourglass effect that may arise in certain regions of the model during deformation. These artificial forces are converted into artificial energy, which can progressively accumulate throughout the analysis, eventually reaching levels comparable to physical energies [90]. Consequently, this phenomenon becomes one of the main sources of errors in the results. A commonly used criterion to assess the reliability of the analysis is to ensure that the artificial energy remains below 1% of the internal energy [91]. However, this rule is more appropriate for quasi-static analyses where the loading rate is relatively slow. For dynamic analyses that involve faster deformations and higher loading rates, this criterion may not be suitable. In structural dynamic analyses, some researchers consider more reasonable a range of 5–10% [92,93].



To mitigate the formation of the hourglass modes, numerical solvers often adopt viscous damping or elastic stiffness added to the stiffness matrix [93]. Abaqus, in particular, provides several numerical techniques to suppress the initiation and propagation of the hourglass effect [87]. Some of these techniques are the relax stiffness and Kelvin viscoelastic approach. The Kelvin viscoelastic approach is defined by the linear combination of an elastic component (pure stiffness) and a viscous component (pure viscous). Pure stiffness is related to the nodal displacements, while pure viscous introduced an artificial force proportional to the nodal velocity. The amount of artificial force introduced by these techniques is controlled by a scaling factor. Based on preliminary tests, three numerical techniques were applied, namely, relax stiffness, (pure) stiffness, and combined (stiffness plus viscous).




6.3. Parameter 3: Rayleigh Damping in the Explicit Method


Rayleigh damping assumes that the damping matrix  C  is expressed as a linear combination of the mass  M  and stiffness  K  matrices [65], with the form


  C = α M + β K  



(9)




here,  α  and  β  are the mass-damping and the stiffness-damping parameters, respectively. For each angular frequency    ω a   , the damping ratio  ξ  is related to the Rayleigh damping as


  ξ =  α  2  ω a    +   β  ω a   2   



(10)







When considering damping in explicit solvers, the time increment   Δ t   is determined as follows [94]:


  Δ t ≤  2   ω  m a x      (    1 +  ξ 2    − ξ  )   



(11)




where    ω  m a x     is the highest frequency of the system. If    ω  m a x     is high, the term associated with  α  has a negligible effect on the time increment. Conversely,  β  can significantly reduce the time step, and it may even make the analysis unfeasible for large models. To address this issue and minimize the computational cost, it is usually to set  β  to zero and only  α  is applied [94,95]. This decision is based on the assumption that the structural response is mainly dominated by low frequencies, which are associated with the mass [67]. On the other hand, if  β  is applied, it is recommended that its value is either of the same order of magnitude or less than the time increment without damping [87]. It is noticed that Abaqus automatically calculates the time increment. The damping ratio was assumed to be 3% for all the models. For the analysis of the piers, three damping conditions for  β  were tested: equal to zero, with the value calculated according to Equation (10), and a reduction of that value to 10%.




6.4. Parameter 4: Bulk Viscosity in the Explicit Method


In Abaqus, bulk viscosity is used as another method to damp out the structural response [87]. This type of damping is associated with volumetric strain and is intended to control numerical oscillations occurring at the highest frequencies. Bulk viscosity  p  is defined as a linear function of the volumetric strain rate     ε ˙   v o l   ,   and is expressed as:


  p = b ρ  c d   L e    ε ˙   v o l    



(12)




where  b  is a damping coefficient,   ρ   represents the current material density,    c d    is the current dilatation wave speed, and    L e    denotes the element’s characteristic length. Six values for  b  were investigated: 0.01, 0.06 (default value), 0.50, 1.00, 5.00, and 10.00.





7. Seismic Analysis


7.1. Seismic Action


All the models followed the same loading protocol. In order to simulate a quasi-static analysis, the gravitational load was applied with a low velocity using a smooth function. Then, the dynamic analysis was performed by applying the seismic action at the base of the models. In the case of the explicit method, it is more efficient when the dynamic loads are introduced as velocities [87]. The Emilia Romagna earthquake, which is considered to be impulsive, was selected for this work [96]. Figure 11 shows the North–South component in terms of velocities recorded in the seismic station in Mirandola (Italy) on 29 May 2012. The load was incrementally applied until the models exhibited damage.




7.2. Results of the Piers Models


In the initial phase, the implicit method was used to solve the nonlinear dynamic problem, in Abaqus/Standard. Abaqus’ implicit solver offers four element types for plane stress simulations, i.e., linear elements with full (LF) and reduced integration (LR), and quadratic elements with full (QF) and reduced integration (QR). Therefore, the performance of these four element types was evaluated in this stage. Specifically, for the linear elements with reduced integration, three different hourglass control techniques were selected: relax stiffness, (pure) stiffness, and combined. For all three controls, the scaling factor was uniformly set at 0.01.



In the second phase, the explicit solver (Abaqus/Explicit) was used to reproduce the results obtained from the implicit solver. As Abaqus exclusively offers linear elements with reduced integration for plane stress scenarios, this particular element type was uniformly employed throughout all mesh configurations. During this stage, an evaluation of the three hourglass controls was conducted. Subsequently, a third set of analyses allowed an evaluation of the influence of the Rayleigh damping coefficient  β  on both response and time increment. Finally, the bulk viscosity was tested to evaluate its performance, including its impact on the time increment. The analyses were considered valid if the near-collapse (NC) limit state was attained within the 5% tolerance for artificial energy. A damping ratio of 3% was adopted for all the models.



7.2.1. Pier 1: Shear-Diagonal Failure


Based on preliminary analyses, an amplitude of 75% was determined as a suitable dynamic input for conducting the analyses. In accordance with Eurocode 8 guidelines, two critical limit states based on structural drift are recommended: significant damage (SD) and near collapse (NC). For primary structural elements, the SD limit corresponds to a drift of 0.40%, while the NC limit is set at 0.53% [97]. The drifts were calculated at the midpoint of the top of the pier.



In the first set of analyses, the four element types were tested through the implicit solver. For linear elements with reduced integration, the three hourglass controls were implemented. The fundamental frequency of the model was 7.58 Hz. The time increment was set to 0.005 s and the calculated Rayleigh damping parameters were  α  = 2.26981 and  β  = 2.596 × 10−4. All the models exhibited similar drift responses before the onset of large plastic deformations at approximately 4.5 s (see drifts in Figure 12). Notably, linear elements seemed to be stiffer, particularly the LF model (full integration), which never reached the limit states. The mass on top of the wall also imposed some degree of flexural behaviour on the pier. Therefore, the LF model underestimated the displacements, since linear elements with full integration are stiffer against this deformation type. The employment of a greater number of elements did not alleviate the shear locking effect. Regarding the three models with reduced integration (LR), their behaviour was identical irrespective of the hourglass control applied.



In the CDP constitutive law, the concept of damage energy represents the dissipated energy due to the reduction of material strength, whereas plastic energy refers to the energy required to induce plastic deformations. As seen in Figure 12, when the NC limit was attained, LR models dissipated more energy through plasticity but less through damage compared to QF and QR models. The damage patterns at the NC state, expressed in terms of maximum strains, are depicted in Figure 13. The damage in all the models started at the corners of the base, indicating an initial flexion. However, the predominant failure mode was the abrupt initiation of a diagonal crack, as expected.



The next series of analyses were carried out using the explicit solver. Nine models were created to assess the three selected hourglass controls: relax stiffness, (pure) stiffness, and combined, each with three different scaling factor values: 0.01, 0.02, and 0.03. It is noted that only the  α  damping parameter was used. The initial time increment automatically calculated by Abaqus was 3.697682 × 10−5 s.



Figure 14 presents the time history results for these nine models, and for comparison, the responses of the LR and QF models are also included. In this work, it is assumed that the results from quadratic elements with full integration are the more accurate and thus the reference. Models with a scaling factor of 0.03 generated more artificial energy, while the models with 0.01 were more efficient. In nearly all the cases, the NC limit was reached before the artificial energy achieved 5%.



Independently of the hourglass control, the response of the nine models is conservative compared to the implicit solution. Before the material nonlinearities increased considerably at 4.2 s, the drifts were similar to the implicit solution, in particular to the LR model (see drifts in Figure 14). Models with combined hourglass control dissipated more energy through plasticity and damage.



Figure 15 illustrates the damage patterns at the NC state, expressed in terms of maximum strains. The type of hourglass control and the scaling factor value influence the distribution of damage. Nonetheless, the primary failure mode remains consistent: the initiation of a diagonal crack, which aligns with the outcomes from the implicit analyses. For the subsequent analyses, the relax stiffness control with a scaling factor of 0.01 was selected. It is noted that either stiffness or combined controls with the same scaling factor value could have been selected since, overall, their behaviour was similar.



The subsequent phase involves three models to evaluate the influence of the damping parameter  β  on the solution and time increment. These models were created using the previously selected hourglass control. Three values for  β  were assigned as follows. Using the Rayleigh formulation, a first value for  β  was calculated as  β  = 2.596 × 10−4. The model is denoted   α + β  . The second value was set to  β  = 2.596 × 10−5, which is a reduction of 10% (denoted   α + 0.1 β  ). This value also aligns with the same order of magnitude of the initial time increment without damping (  Δ t   = 3.70 × 10−5) [87]. Lastly,  β  = 0 was applied, in line with common practice. This model is referred as  α .



The time history results of the three models are shown in Figure 16. For comparison, the results from the QF and LR are also included. The introduction of the damping parameter  β  delayed and controlled the increase in artificial energy. Nevertheless, when  β  is not reduced, the response in terms of displacements is significantly diminished and the initiation of damage is delayed. The models with  β  = 0 and   0.1 β   exhibited comparable levels of energy dissipation (plastic and damage energies) at the NC state.



The primary failure mode in the model with   0.1 β   and  β  = 0 remains consistent with the previous analyses, consisting of the occurrence of a diagonal shear crack, as seen in Figure 17. It is noted that the image corresponding to the model   α + β   belongs to the last step just before numerical problems arose. Based on these outcomes, the subsequent set of analyses was conducted using the value of   0.1 β  .



The time increment for  β  = 2.596 × 10−4 was considerably small (see Figure 18). Indeed, using this value not only increases computational time but also yields an unrealistic response (Figure 16). Regarding the model with   0.1 β  , there was a minor reduction in the time increment, from   Δ t   = 3.70 × 10−5 to   Δ t   = 2.01 × 10−5, while the response became closer to the QF model of the implicit method.



In the last series for diagonal shear failure, the effect of the bulk viscosity parameter was assessed, assigning five values: 0.01, 0.06 (by default in Abaqus), 0.50, 1.00, and 5.00. The models were generated using the previously selected relax stiffness equal to 0.01 and  β  = 2.596 × 10−5. Since bulk viscosity is a type of damping, it has an impact on the time increment. The reduction became more evident as the value increased, as seen in Figure 18.



In terms of displacements, models with bulk equal to 1.00 and 5.00 behaved similarly to the LR model of the implicit solution. Nevertheless, the onset of the diagonal crack and the subsequent behaviour align more closely with the QF model, as they both approach the NC state nearly simultaneously. Despite the similar responses of both models, the one with a bulk value of 1.00 demonstrated greater stability in terms of artificial energy and computational time. This model reached the NC state before the artificial energy achieved 1.00% (see Figure 19).



Figure 20 depicts the damage patterns at the NC state, where the main failure mode is the abrupt onset of a diagonal shear crack as the one observed in the implicit solution. The model featuring relax stiffness (scaling factor = 0.01), a damping parameter of   0.1 β  , and a bulk viscosity equal to 1.00, appears to align more closely with the implicit solution.




7.2.2. Pier 2: Flexural Failure


In this work, the drift values recommended by Eurocode 8 were considered, in which the damage limit states for flexural failure are determined based on the slenderness of the wall. For primary structural elements, the drift is defined as   0.8  (   H 0  / D  )    for the SD state, and as   1.06  (   H 0  / D  )    for the NC state, where    H 0    is the height of the wall and  D  denotes its horizontal dimension. The values for the analysed pier are 1.32% and 1.75% for SD and NC states, respectively.



To streamline the analysis and reduce the number of studied parameters, the created models only included the features with the best performance in the previous analyses in both implicit and explicit solvers. In the implicit method, linear elements with full integrations (LF) were excluded due to their inaccuracy in simulating bending problems. Thus, both quadratic elements (QF and QR) and linear elements with reduced integration (LR) were employed. The three hourglass controls (relax stiffness, stiffness, and combined) were applied using a scaling factor of 0.01. The fundamental frequency of the wall was 14.16 Hz. The time increment was set to 0.005 s, and the calculated Rayleigh damping parameters were  α  = 4.79667 and  β  = 6.826 × 10−5.



For the explicit solver, the hourglass modes of the three created models were controlled by the relax stiffness method with a scaling factor of 0.01. The first model featured a damping factor of  β  = 0 and a bulk value of 0.06, as commonly used in practice. The second model included the damping of   0.1 β   and a bulk viscosity value of 0.06. For the third model, the damping was set at   0.1 β   with a bulk viscosity value of 1.00, which was the combination with better performance in the shear failure analyses.



Figure 21 shows the time history response of all the models. A key observation is that LR models (implicit solver) exhibited identical behaviour in terms of artificial energy, displacements, and damage distribution, irrespective of the applied hourglass control. These models exceeded the NC limit earlier in the analysis. Although the displacements of QF and QR models were similar during almost all seismic loading, the QR model never reached the NC state. Regarding the explicit solution, the artificial energy generated by the three models was negligible. Nevertheless, the hysteretic energy (plastic and damage) at the NC state was considerably larger compared to the implicit models. In terms of displacements, the model with   0.1 β   and a bulk viscosity value of 1.00 behaved more similarly to the LR models in the implicit solution.



The damage pattern of all the models is depicted in Figure 22. A uniform and unique crack propagated throughout the base of the wall. Due to the low pre-compression level and the aspect ratio of Pier 2, the failure modes correspond to an IP rocking failure without crushing in the corners. As is evident from both the time history and damage distribution, the models with reduced integration elements reached the NC state in the opposite direction of the models with quadratic elements.



Finally, six additional models were created by varying the hourglass control (stiffness and combined with a scaling factor of 0.01) and using the same variations for  β  and bulk viscosity. The results showed insignificant differences in terms of artificial energy, with the same response for displacements. Therefore, it can be concluded that, for this case, any of the three hourglass controls can be used to obtain consistent outputs.





7.3. Results of the Viceregal Building Models


The FEM models of the Viceregal building were generated using linear elements with reduced integration, as Abaqus offers this element type specifically for 2D models within the explicit method. The initial choice for hourglass control was the relax stiffness technique, with a value set at 0.01. Additionally, the value of  β  was reduced to 10%, and bulk viscosity was assumed to be 1.00. These parameters were selected based on the outcomes of the previous analyses. To validate the results, artificial energy was used as a criterion, and a maximum tolerance of 10% was set for this more complex model.



The seismic input was applied in an incremental procedure in all the models until it caused severe damage or numerical problems related to the artificial energy, thereby ensuring the analysis covered a range of loading conditions and dynamic responses.



The damage states of OOP collapses were determined by the method proposed by Doherty et al. [98] for parapets and simply supported walls as deformable bodies, which relies on experimental tests. This approach accounts for the conservation state of the mortar joints at the pivot points. For moderate degradation, the displacements in a trilinear curve are defined by    Δ 1  = 0.13  Δ u   ,    Δ 2  = 0.40  Δ u   , and    Δ u  = 2 / 3 t  , where  t  is the thickness of the wall. The displacements    Δ 2    and    Δ u    can be then related to the significant damage (SD) and near-collapse (NC) limit states, respectively. For this particular case, the values are    Δ 2  = 0.24   m and    Δ u  = 0.60   m. Several control points were used for the assessment; however, for sake the of brevity only the displacements at the top of the façade are presented here.



7.3.1. Unreinforced Model


In the preliminary analyses of the Viceregal FEM models, it was observed that the use of relax stiffness had a poor performance in terms of artificial energy. Therefore, relax stiffness control was replaced with stiffness (set at 0.01), as both techniques exhibited similar responses during the shear-diagonal analysis. The stiffness control demonstrated better performance for this more complex dynamic problem. The first mode of vibration corresponded to the OOP motion of the façade. The fundamental frequencies were 1.22 Hz and 1.40 Hz for the model WWO (transversal wall with openings) and for the model SW (solid wall), respectively.



The seismic action was applied with amplitudes ranging from 25 to 75%. At amplitudes below 65%, both models behaved within the elastic range, showing minimal damage, particularly at the base of the façade. Nevertheless, when the amplitude was increased to 75%, the main damage observed was the OOP collapse of the façade (at 6–7 s). The red zones in Figure 23a,b highlight the areas where damage occurred due to tensile stresses at 6.00 s, which, in the CDP model, are defined as the regions where the material experienced a reduction in tensile strength, in this case by 90%. As shown in Figure 23c, the artificial energy remained below 10%, even after the collapse of the façade occurred in both models. Thus, the results can be considered valid. The façades exhibited only outwards OOP displacements, which aligns with the expected behaviour during a real earthquake and highlights the influence of the beams on the direction of the collapse.




7.3.2. Reinforced Model


Steel tie rods and rigid connections between beams and walls were used to strengthen the structure, since both techniques are considered less invasive and enhance the global seismic performance. The steel components are assumed to behave elastically, with a Young’s modulus of 210 GPa. To limit stress concentrations, steel plates measuring 0.30 × 0.30 m were added at each end of the tie rods. For the reinforced models, the initial amplitude was 75% and gradually increased until considerable damage was caused. As in the previous case, a 10% tolerance in the artificial energy was accepted for the validation of the results.



First, the results of the model representing the façade and the transversal wall with openings (WWO) are discussed. The increment of the fundamental frequencies demonstrated that rigid connections (4.66 Hz) and tie rods (3.44 Hz) increased the stiffness of the model. These frequencies corresponded to the OOP motion of the façade. Figure 24 presents the results at a 75% amplitude for the model WWO. The model strengthened with rigid connections exhibited a numerical problem concerning the artificial energy, and thus the results are assumed to be valid up to 7.50 s. Conversely, the model with ties performed consistently throughout the analysis, below the 10% limit. Tie rods seemed to have a better performance in terms of energy and residual displacements (approximately 0.15 m). This technique induced less damage to the spandrel of the lower level. Although both techniques prevent the OOP collapse of the façade, the inertia forces were transmitted to the transversal wall, resulting in greater base shear forces (see Figure 25).



Further analyses were conducted on the WWO model by increasing the amplitude. At 100%, both models were validated based on the artificial energy criterion. In Figure 25, the tensile damage contours at 6.00 s are presented for amplitudes of 75%, 100%, and 112.5%. The time history results in Figure 26 show that the damage induced by the ties was larger than that caused by the rigid connection of the floor and roof. However, the ties exhibited better control over the OOP displacement of the façade. Additionally, by the end of the analysis, the rigid connection led to more local damage in the façade, resulting in an increase in the damage energy similar to that observed in the case of the tie rods.



In the case of the 112.5% amplitude, the model strengthened with ties maintained stability throughout the entire analysis. In the model with rigid connections, the OOP collapse of the façade occurred before surpassing the energy tolerance at 17.50 s. Hence, the results of both models can be considered reliable. In the model with rigid connections, vertical cracks developed in the spandrels, leading to the complete detachment of the transversal wall from the façade, culminating in its subsequent collapse. The extent of the damaged zone was larger when using rigid connections compared to ties.



For the 112.5% amplitude scenario with ties, the shear-diagonal damage did not appear. This was due to the façade’s damage occurring before the full transmission of the inertia forces to the transversal wall could take place. At the end of the analysis, both spandrels collapsed and the façade exceeded the significant damage limit state with a residual displacement of 0.37 m. Finally, it is worth mentioning that both strengthening techniques induce large shear forces in the transversal wall.



Next, the seismic performance of the model featuring a solid transversal wall (SW) is explained. The first mode of the model corresponded to the OOP motion of the façade with a frequency of 5.55 Hz for the model with rigid connections and 3.62 Hz for the model with tie rods. Figure 27 depicts the comparison between the unreinforced with the reinforced models subjected to an earthquake with 75% amplitude. The low levels of artificial energy ensured the reliability of the results. Although the rigid connections led to damage over a larger area, both techniques exhibited good performance by substantially limiting the OOP motion of the façade, resulting in a residual deformation of less than 0.10 m at the end of the analysis. In the two strengthening scenarios, the tensile strength was reduced by 90% in the transition area between the transversal wall and the wall parallel to the façade (see Figure 28).



The seismic action was gradually increased until achieving an amplitude of 125%. The results are accepted as reliable based on the artificial energy criterion. In all the seismic scenarios and regardless of the adopted strengthening technique, the façade exhibited minimal damage. However, this fact implies that the inertia forces were transferred to other structural components, leading to a degradation of the tensile strength (by 90%) in the intersection of the transversal wall with that parallel to the façade (depicted in Figure 28). The damage caused by the ties is relatively less (for 100% amplitude) or similar (for 125% amplitude) compared to rigid connections, while still providing more effective control on the OOP motion of the façade, as shown in the plots (Figure 29). By the end of the analyses, cracks developed around the beams in the cases where rigid connections were used. For the applied amplitude of 125%, irrespective of the technique, the inertia forces transmitted from the façade triggered severe shear cracks along the entire length of the transversal wall, close to the base (Figure 28).






8. Conclusions


Implicit solvers may encounter convergence issues, especially with materials exhibiting softening behaviour. Furthermore, nonlinear dynamic analysis can be computationally demanding. Explicit solvers offer a solution to these challenges, but their application in seismic analysis, especially for URM structures, is limited. Therefore, the sensitivity analysis herein presented intends to aid users in the framework of explicit solutions. It offers insights into the parameters applicable to dynamic analysis and their impact on the results.



In this work, several models were created using only plane stress elements. Subsequently, a large set of numerical analyses was conducted within the explicit solver of Abaqus. The solutions were then compared with outputs generated by the implicit solver. The findings showed that the nonlinear dynamic response is significantly affected by the element type (quadratic or linear with full or reduced integration) rather than by the specific time integration solver (explicit or implicit method) applied to solve the equations, mainly when strong nonlinearities start to rise.



In the explicit method, the models with damping parameter  β  = 0 are conservative. A response more aligned with the implicit solution can be achieved by setting the damping to   0.1 β  , and by increasing the bulk viscosity value to 1.00. In this regard, the bulk viscosity has less impact on the time increment than the  β  damping parameter. When using elements with reduced integration for dynamic analyses, assessing the increment of artificial energy plays a key role. The tolerance range of 5–10% appears to be acceptable. For models in the explicit solver, the three hourglass controls performed better in terms of artificial energy when their scaling factor was set to 0.01. No notable difference was observed for simple models. However, for models with more complexity, stiffness hourglass control seemed to be more efficient than relax stiffness and combined controls. It is worth noting that these conclusions are only applicable to plane stress elements. Future works should consider a reliability analysis that includes other variables, such as seismic actions with diverse characteristics, OOP response, and 3D models built with solid elements. Furthermore, a validation of the parameters through the simulation of experimental campaigns, especially shake table tests, should be considered.



With the onset of high nonlinearities (crack formation, material softening, and large displacements) all the numerical techniques started to diverge. However, a majority of these techniques were able to simulate the damage patterns at the NC state. Explicit methods are a promising tool for studying complex buildings that require extensive nonlinear dynamic analyses. In this regard, the reduction in computational time becomes more noticeable as the size of the model increases.
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Figure 2. Modelling strategies for material (adapted from [12]): (a) detailed micro-modelling; (b) simplified micro-modelling; (c) macro-modelling. 
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Figure 3. Numerical models: (a) finite element method (FEM); (b) discrete element method (DEM); (c) equivalent frame method; (d) rigid macroblocks [36]. 
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Figure 4. Gaioleiro building: (a) ground floor; (b) upper floors; (c) main façade; (d) cross-section. 
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Figure 5. Viceregal building, Mexico: (a) ground floor; (b) upper floor; (c) main façade; (d) lateral façade; (e) beam-to-wall connection (adapted from [65]). 
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Figure 6. FEM model: (a) transversal wall with openings (WWO); (b) solid transversal wall (SW). 
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Figure 7. Hardening/softening behaviour of the CDP model for [22]: (a) uniaxial compression; (b) uniaxial tension. 
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Figure 8. Masonry nonlinear behaviour for: (a) hardening-softening uniaxial compression (stress–strain curve) and (b) softening branch of the uniaxial tension (stress–displacement curve). 
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Figure 9. Plane elements [89]: linear with (a) full integration and (b) reduced integration; quadratic with (c) full integration and (d) reduced integration. 
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Figure 10. Spurious behaviours (adapted from [20]): (a) shear locking; (b) hourglass effect. 
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Figure 11. Velocities of the Emilia Romagna’s earthquake applied in the analyses and the corresponding acceleration response spectrum. 
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Figure 12. Comparison of the time history results for all the models, obtained from implicit solutions: quadratic elements with full integration (QF) and reduced integration (QR), and linear elements with full integration (LF) and reduced integration (LR). 
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Figure 13. Damage pattern at the NC limit state (in terms of maximum principal strains) obtained from implicit solutions. 
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Figure 14. Comparison of the time history results for all the nine models, obtained from explicit solutions, varying the hourglass control implemented and the scaling factor value. 
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Figure 15. Damage pattern at the NC limit state (in terms of maximum principal strains) for different hourglass controls and different scaling factor values, obtained from explicit solutions. 
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Figure 16. Comparison of the time history results for the three models varying  β . 
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Figure 17. Damage pattern at the NC limit state (in terms of maximum principal strains) for different values of  β , obtained from explicit solutions. 
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Figure 18. Initial time increment calculated for different values of damping and bulk viscosity. 
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Figure 19. Comparison of the time history results for the models varying the bulk viscosity values. 






Figure 19. Comparison of the time history results for the models varying the bulk viscosity values.



[image: Applsci 13 10602 g019]







[image: Applsci 13 10602 g020] 





Figure 20. Damage pattern at the NC limit state (in terms of maximum principal strains) for different values of bulk viscosity, obtained from explicit solutions. 
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Figure 21. Comparison of the time history results for flexural failure. 






Figure 21. Comparison of the time history results for flexural failure.



[image: Applsci 13 10602 g021]







[image: Applsci 13 10602 g022] 





Figure 22. Damage pattern in terms of maximum principal strains for flexural failure. 
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Figure 23. Results for 75% of amplitude at 6.00 s: (a) wall with openings; (b) solid wall; (c) Ratio between artificial and internal energies; (d) displacement at the top of the wall. 
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Figure 24. Time history results for 75% amplitude of unreinforced and strengthened WWO model (wall with openings). 
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Figure 25. Tensile damage contour at 6.00 s for amplitudes of 75%, 100%, and 112.5% in the strengthened WWO models (wall with openings). 
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Figure 26. Time history results for amplitudes of 100% and 112.5% in the strengthened WWO models (wall with openings). 
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Figure 27. Time history results for 75% amplitude of unreinforced and reinforced SW model (solid wall). 
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Figure 28. Tensile damage contour at 6.00 s for amplitudes of 75%, 100%, and 112.5% in the strengthened SW models (solid wall). 
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Figure 29. Time history results for amplitudes of 100% and 125% in the strengthened SW models (solid wall). 
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Table 1. Mechanical properties for irregular masonry.
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	E [MPa]
	Poisson’s Ratio
	    f c     [MPa]
	    f t     [MPa]
	    G c     [N/mm]
	    G t     [N/mm]
	Specific Weight [kN/m3]





	1050
	0.2
	1.5
	0.15
	4.17
	0.05
	19










 





Table 2. Values for the yield surface and flow rule.
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	   Dilation   Angle   ψ   
	   Eccentricity   e   
	     σ  b 0   /  σ  c 0      
	   K   





	10°
	0.1
	1.16
	2/3
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