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This research evaluates the influence of different modelling assumptions on the global and local seismic risk assessment of code-conforming precast reinforced concrete buildings, specifically single-story industrial buildings. In particular the modelling of the system mass, the overhead crane, the beam-to-column and roof-to-beam connections and the cladding system are investigated. For this purpose, a case study resembling a new industrial building designed in accordance with the current Italian building code was selected. Typical dowel beam-to-column connections were considered and the influence of various modelling strategies investigated: perfect hinges, linear elastic connections and non-linear connections with a degrading hysteretic force-displacement model which was calibrated from available data on experimental tests. Three different types of roof-to-beam connections were investigated removing the assumption of rigid diaphragm, namely hot-rolled, cold-formed and socket welded connections. Initially, simplified planar models of single frames were considered to evaluate the influence of the different modelling strategies, then 3D models of the entire building were analyzed. Multiple-stripe non-linear dynamic time history analyses allowed to evaluate displacements, drifts, deformations and ultimate curvatures of the main elements and connections for various intensity measure levels. The seismic risk was assessed in terms of failure rate considering the collapse of both the columns and of the connections. The results show that the beam-to-column connections fail right after reaching yielding due to their low displacement ductility, leading to the loss of support of the beam and therefore increasing the collapse rate of the investigated structural typology.
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INTRODUCTION
The last earthquakes in Italy, particularly the ones that struck Emilia Romagna region (Northern Italy) in 2012, highlighted major vulnerabilities in reinforced concrete (RC) precast industrial buildings designed before the entry into force of modern anti-seismic provisions and accurate seismic zonation of the Italian territory (Belleri et al., 2015a; Belleri et al., 2015b; Ercolino et al., 2016; Bournas et al., 2014; Magliulo et al., 2014; Minghini et al., 2016; Nastri et al., 2017; Palanci et al., 2017; Savoia et al., 2012; Toniolo and Colombo, 2012). The main collapses observed were due to failure of the RC fork supporting the beams, the development of short columns due to ribbon glazing, or to the loss of support of the main structural elements due to under-designed or friction-based connections (Brunesi et al., 2015; Casotto et al., 2015; Demartino et al., 2018; Titi et al., 2018; Bosio et al., 2020). On the beam-to-column faying surface, a neoprene bearing pad is generally included both for spreading the vertical load and to allow for thermal expansions; the neoprene pads lead to a reduction of the coefficient of friction from 0.5, typical of concrete-to-concrete contact, to values also in the order of 0.1 (Magliulo et al., 2011), therefore facilitating relative displacements during earthquakes. Another observed failure is the fall of perimetral cladding elements, generally RC precast panels, due to the failure of their mechanical connections, which were under-designed to sustain the in-plane deformation demand and the out-of-plane loads arising in the system as the results of flexible diaphragms (Scotta et al., 2015; Belleri et al., 2016; Belleri et al., 2017a; Dal Lago et al., 2018).
In Italy, in the field of industrial buildings, RC precast buildings are broadly employed given their capability of covering large spaces, the high-quality standards on materials and elements, and the reduction of construction time if compared with ordinary RC buildings. Precast industrial structures are also characterized by a low displacement ductility if compared with typical RC buildings due to the higher inter-story height. They are commonly built following simple structural schemes, with columns fixed at the base and behaving as cantilever beams placed into socket foundations or connected to the foundation through mechanical devices (Belleri and Riva, 2012; Dal Lago et al., 2016). In modern precast buildings, the beams are generally simply supported and dowel connections are employed (Clementi at al., 2016; Magliulo et al., 2014; Zoubek et al., 2015; Kremmyda et al., 2017). In general, one or two dowels are embedded in the upper part of the column and inserted in pass-through holes, filled with mortar, within the beam. The adopted connections play a crucial role in the seismic response of precast buildings (Bressanelli et al., 2019; Cimmino et al., 2020): beam-to-column connections, in particular, influence the global response of the structure, altering substantially its behavior in terms of deformability and ductility.
The present work aims to assess the influence of different finite element modelling approaches on the probability of failure of precast industrial buildings. At this regard, a case study resembling a typical precast industrial building was selected and a multiple-stripe analysis was carried out. The current research is part of an Italian national project, namely RINTC (Bracchi et al., 2019; Cantisani and Della Corte, 2019; Iervolino et al., 2019; Magliulo et al., 2019; Ragni et al., 2019; Ricci et al., 2019), aiming at assessing the failure rate of various construction typologies designed in accordance with modern anti-seismic regulations (specifically the Italian building code, NTC18, 2018), therefore estimating the implicit risk of code-conforming buildings. Specifically, the comparison of the collapse rates of the investigated comprehensive 3D model with models accounting for simplified assumptions (such as those used in the RINTC project) allows validating the simplifying assumptions, such as in the case of the dowel beam-to-column connections, in order to obtain good estimates of the structural failure rate while reducing the computational effort.
Starting from the work of Bressanelli et al. (2019) and Magliulo et al. (2018), this research moves further by: investigating two different hysteretic models for the beam-to-column connections, such as the hysteretic uniaxial material model (Sousa et al., 2020) and the Modified Ibarra-Medina-Krawinkler Deterioration model (Lignos and Krawinkler, 2011); explicitly modelling the cladding panels in a pendulum configuration; removing the hypothesis of rigid diaphragm by introducing the roof elements and three types of beam-to-roof connections, namely hot-rolled, cold-formed and welded; explicitly modelling the overhead crane and the oscillating payload. The building collapse rates obtained from the comprehensive 3D model allowed to validate the collapse rates obtained from previous simplified analyses.
CONSIDERED CASE STUDY
The considered case study is a single-story four-bay precast RC industrial building supposed located at L’Aquila (Italy). The span length along the transverse x-direction and the longitudinal y-direction are 15 and 6 m, respectively (Figure 1). The structural elements have been designed according with the Italian building code (NTC18, 2018). For further structural verifications, not available or not fully addressed in the Italian building code, Eurocode 2 (CEN, 2004), Eurocode 3 (CEN, 2004), CNR 10018/99 and CNR 10025/98 provisions were considered, particularly in respect to dowel capacity. Other details regarding the geometry of the selected case study may be found in Magliulo et al. (2019).
[image: Figure 1]FIGURE 1 | Building cross section (A) and plan view (B). Note: the dimensions are expressed in meters.
The lateral force resisting system is constituted by precast RC square columns (60 × 60 cm) fixed at the base. The concrete grade is C45/55 (characteristic cylindrical strength at 28 days equal to 55 MPa) and the steel grade is B450C (characteristic yield stress equal to 450 MPa). The columns have a longitudinal reinforcement ratio equal to 2.5% and are connected through dowels to double-tapered prestressed beams. The dowel connection is considered effective only in the transverse direction due to the presence of a RC fork at the top of the column inhibiting the beam movements in the longitudinal direction. The height of the column is 6 m, a corbel supporting the overhead crane is located at height equal to 4.5 m. The beams are double-tapered with 10% slope and they are characterized by a I-shaped cross-section with varying web dimensions. The longitudinal gutter beams, hatched in Figure 1B, have a rectangular cross section (0.3 × 0.5 m) and provide a support to the cladding system. The roof is made by precast double-tee elements. A cast in place RC topping (5 cm thickness) is considered when evaluating the influence of a rigid diaphragm. The cladding system consists of vertical precast panels connected to the longitudinal girder beams; the panel weight per unit surface is 4 kN/m2. An overhead-crane with a pay load equal to 80 kN is also considered with HE400A runway beams. For this structural typology, the structural behavior factor considered in the design is equal to 2.5 for “low ductility class” (NTC18, 2018).
MODELLING AND ANALYSIS
Numerical models were created in the OpenSees software (McKenna et al., 2000). Initially a planar frame was taken as reference and simplified models were developed to preliminary evaluate the seismic influence of modelling assumptions, such as the mass location, i.e. distributed or lumped in a single point at the centre of the plane diaphragm, the beam-to-column connection, i.e. perfectly hinged or with a non-linear hysteresis, and the presence of an overhead crane.
Subsequently, 3D models were created to validate the results of the planar models and to investigate additional aspects such as the roof-to-beam connections and the precast cladding system; the latter was considered both as lumped masses at the panel-to-structure connections or explicitly modelled. For all the analyses a tangent stiffness Rayleigh damping was adopted with 5% relative damping at 0.5 and 2s. No damping was applied at the connection level which were modelled as zero-length elements.
2D Simplified Models
Nine simplified numerical models representative of a portal frame were developed for preliminary multiple-stripe analyses:
− Model SA1: non-linear beam-to-column connections and distributed masses;
− Model SA2: hinged beam-to-column connections and distributed masses;
− Model SA3: non-linear beam-to-column connections with Coulomb friction and distributed masses;
− Model SA4: non-linear beam-to-column connections and lumped mass;
− Model SA5: hinged beam-to-column connections and lumped mass;
− Model SA6: non-linear beam-to-column connections, distributed masses and crane model;
− Model SA7: non-linear beam-to-column connections with Coulomb friction, distributed masses and crane model;
− Model SA8: elastic-perfectly-plastic beam-to-column connections and distributed masses;
− Model SA9: linear elastic beam-to-column connections and distributed masses.
The columns were fixed at the base. The main beams and the girders were modelled with elastic elements; a constant cross section was assigned to the double-tapered beams as the mean value of the variable height and width. The cladding panels were only included in terms of mass and gravity loads applied to the main structure. This is in accordance with the hypothesis that the cladding panels are connected to the structure with an isostatic pendulum connection arrangement (Toniolo and Dal Lago, 2017). The non-linear behavior of the structural elements was modelled considering a lumped plasticity approach with plastic hinges at the column bases and elastic column elements. The column curvature and the yielding moment were obtained from a fiber analysis of the column cross-section. The plastic hinge was modelled with a zero-length element considering the Modified Ibarra-Medina-Krawinkler Deterioration Model with peak-oriented hysteretic response (Fischinger et al., 2008): effective yield moment My equal to 1256 kNm, effective stiffness Ke equal to 4.37∙104 kN/m and cyclic deterioration parameter λ equal to 2.734.
The seismic masses were lumped at the centre of the roof diaphragm or distributed to the various elements. In the first case, the lumped mass (MC) was equal to 44.6 kN/g and 35.6 kN/g in the horizontal and vertical direction, respectively. The lower value in the vertical direction was due to the absence of the cladding panel mass which does not participate in the seismic response in this direction. In the second case, two sets (MD and MT) of distributed masses were defined: the mass MD (1.329 kN/g), placed at each corbel, corresponds to an equal distribution among the columns of the crane mass (5 kN/g) and of 80% of the crane payload; the mass MT, placed at the top of each column, is the mass of the roof system equal to 28.9 kN/g and 37.90 kN/g in the vertical and horizontal direction, respectively. In the case of explicit modelling of the overhead crane, the crane payload (ME) was set equal to 8 kN/g.
The influence of the overhead crane modelling was assessed in two ways: in the first case, the crane was modelled only in terms of mass (MD in the case of model with distributed masses or as part of MC in the case of model with lumped mass in the diaphragm centroid); in the second case, the overhead crane was modelled with an elastic element with adequate stiffness connected to the runway beams, while the mass ME of the payload was connected to the middle of the overhead crane through an elastic spring with stiffness equal to ME·g/R (Belleri et al., 2017b). R is the assumed length of the cable, equal to half the column height (i.e. 3 m). The simplified models are represented in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified models with distributed masses (A), lumped mass at the centre of the roof (B) and distributed masses and crane load (C). Note: The purple circle represents the plastic hinge at the base of the column, the red circle indicates the position of the beam-to-column connection, the yellow circle represents the mass MD at the corbel position, the green circle represents the lumped mass MC, the orange circle represents the mass of the payload crane ME and the blue circle indicates the roof mass MT (in the model (C) the blue circle represents the mass MT minus the mass of the crane, indicated as MT*).
Beam-to-Column Connection
Different types of beam-to-column connection modelling were considered (Kramar et al., 2010; Soroushian, 1987; Zoubek et al., 2014; Capozzi et al., 2011): hinged, elastic, elastic-perfectly plastic and non-linear hysteresis (Figure 3). All types of connections have been modelled as zero-length elements at the top of the column. The non-linear beam-to-column connections were designed following a shear demand resulting from capacity design and a shear strength resulting from the following formulation (Tassios and Vintzeleou, 1987; Psycharis and Mouzakis, 2012; Kremmyda et al., 2017):
[image: image]
where n represents the number of dowels, db the dowel diameter, fym is the mean yielding value of the dowels, fcm is the concrete mean compression strength and α is a reduction factor (Magliulo et al., 2014; Zoubek et al., 2015). For this specific case, fym is equal to 816 MPa and fcm is equal to 60 MPa. The connections have been designed with a coefficient α equal to 1.6 according to CNR10018 (1999) and CNR10025 (1998) and have been checked against failure with the formulation provided in the design guidelines of the Safecast project (Negro and Toniolo, 2012) with a coefficient α equal to 0.9. The design process led to two steel dowels with 24 mm diameter for each joint. The stiffness of the beam-to-column dowel’s connection was derived according to Ferreira and El Debs (2000):
[image: image]
where the subscripts n, cls, and g indicate neoprene, concrete and grout, respectively. The yield displacement was computed as:
[image: image]
with Fy derived from Equation 1 (i.e., VRm). The resulting yield displacement of the considered beam-to-column connection is 2.8 mm.
[image: Figure 3]FIGURE 3 | Comparison of the analytical and experimental force-displacement diagrams of the dowel connection. Note: the red dots indicate the experimental results (Kremmyda et al., 2014), the black lines indicate the analytical model used in the finite element analysis.
The beam-to-column connection hysteresis was defined in accordance with the experimental results of cyclic tests reported in Kremmyda et al. (2014): the capping displacement was conservatively assumed equal to half the dowel diameter, i.e. 12 mm, while the ultimate displacement capacity equal of 1.5 times the dowel diameter, i.e. 36 mm. The OpenSees hysteretic uniaxial material model according with Sousa et al. (2020) and the Modified Ibarra-Medina-Krawinkler Deterioration model (Lignos and Krawinkler, 2011) were adopted and compared. For the hysteretic uniaxial material model, the following parameters were considered (according to Fischinger et al., 2013): damage1 equal to 0, damage 2 equal to 0.06, pinchX and pinchY equals to 0.5 and beta equal to 0. Such parameters allow adjusting the strength degradation, pinching effects and unloading stiffness of the constitutive model. Figure 3 shows the comparison of the analytical and experimental force-displacement diagrams of the dowel connection.
Finally, the possible presence of friction in the beam-to-column connection was considered using a Coulomb model with friction coefficient µ equal to 0.1337 and initial stiffness kinit equal to 490 kN/m, corresponding to the lateral stiffness of the neoprene pad.
3D Complete Models
3D models of the entire reference building were developed. As for the simplified models, the beams (both the transversal main beams and the longitudinal secondary beams) were modeled as elastic elements. The columns were modeled following the same lumped plasticity approach of the planar models with the same parameters of the “Krawinkler-Ibarra-Medina Deterioration Model with Peak-Oriented Hysteretic Response” (Fischinger et al., 2008). The seismic masses were lumped at the centre of the roof diaphragm or distributed to the various elements as before. In the first case, the lumped mass (MC) was equal to 425.3 and 287.5 kN/g in the horizontal and vertical direction, respectively. The lower value in the vertical direction was due to the absence of the cladding panel mass which were considered directly supported by the ground. In the second case, a distributed masses approach was adopted with the same mass values of the planar model previously described.
The beam-to-column connection was modeled in three different ways: perfectly hinged, linear elastic and non-linear hysteresis connections. The Krawinkler-Ibarra-Medina Deterioration hysteretic model was selected in the 3D models on the basis of the results obtained from the planar frame analyses. The presence of the overhead crane was considered either only in terms of masses (models MA1, MA2, MB1, MB2, MC1, and MC2) or with an explicit modeling (models MA3, MB3, MC3, and ME1). Figure 4 shows the model of the overhead crane with the same parameters adopted in the simplified models.
[image: Figure 4]FIGURE 4 | Building section drawing with overhead crane (A) and schematic view of models MA3, MB3 and MC3 (B). Note: in the right figure, the empty dots indicate the position of the hinges in the modelled structure with OpenSees and the number 110001 in the centre indicates the degree of constraints of the diaphragm floor, i.e. no relative displacements in the horizontal plane.
The precast cladding system was modelled either in terms of lumped masses or by two explicit modeling approaches. In the first explicit modelling approach (MC4 model), the whole cladding system was modelled by placing a single beam element with 15 subdivisions (12 and 19.2 kN/g·m mass per unit length in the transverse and longitudinal direction, respectively) hinged connected to the ground and to the roof centroid. In the second explicit modelling approach, model ME1 in Figure 5, the cladding panels of each bay were modelled by a single element hinged connected at the ground and at the center line of each span, similarly to what carried out in the first explicit modelling approach. The related distributed mass per unit length was in accordance with a RC panel thickness of 12 cm.
[image: Figure 5]FIGURE 5 | Schematic view of models ME1 and detail of the connections (close-up on the dashed red box). Note: in the left-side figure the red vertical lines indicate the position of the elements introduced to capture the seismic effects of the cladding system.
The considered models are:
− Model MA1: hinged beam-to-column connections and distributed masses;
− Model MA2: hinged beam-to-column connections and lumped mass;
− Model MA3: hinged beam-to-column connections, distributed masses and explicit modeling of the overhead crane;
− Model MB1: elastic beam-to-column connections and distributed masses;
− Model MB2: elastic beam-to-column connections and lumped mass;
− Model MB3: elastic beam-to-column connections, distributed masses and explicit modeling of the overhead crane;
− Model MC1: non-linear beam-to-column connections and distributed masses;
− Model MC2: non-linear beam-to-column connections and lumped mass;
− Model MC3: non-linear beam-to-column connections, distributed masses and overhead crane;
− Model MC4: non-linear beam-to-column connections, distributed masses, overhead crane and cladding panels;
− Model MD1: hot rolled beam-to-roof element connections and distributed masses;
− Model MD2: cold formed beam-to-roof element connections and distributed masses;
− Model MD3: welded beam-to-roof element connections and distributed masses;
− Model MD4: rigid beam-to-roof element connections and distributed masses;
− Model ME1: non-linear beam-to-column connections, distributed masses, hot-rolled beam-to-roof element connections and cladding panels.
Roof Element-to-Beam Connections
Two possible roof modeling methods were considered: a rigid diaphragm approach and the explicit modeling of the roof elements and of their connections (Dotreppe et al., 2006; Felicetti et al., 2008a; Beconcini et al., 2008; Felicetti et al., 2008b; Beconcini et al., 2009; Dal Lago et al., 2012). In the latter case, the double-tee roof elements were modeled as beams connected to the main beam by means of rigid links (Figure 6A) which behaves as a cylindrical hinge in the vertical plane and a rigid connection in the horizontal plane. The in-plane stiffness of the roof is associated with the torque that is transferred to the base of the links, which represent the ribs of the double-tee roof elements; such stiffness is directly related to the stiffness of the roof element-to-beam connections. This modelling approach is able to capture the real in-plane stiffness of the roof for both new and existing buildings.
[image: Figure 6]FIGURE 6 | (A) Rigid link arrangement for the connection of the roof double-tee beam element to the supporting beam; the empty dots indicate the position of the hinges, the full dots indicate the position of the rigid connections and the thick lines indicate the rigid link in the modelled structure with OpenSees.Considered connections: hot-rolled (B), cold-formed (C) and socket welded (D).
The connection between the double-tee roof element and the beam is made by two steel angle profiles located at the base of each rib of the roof element. Three types of connections were considered (Dal Lago and Ferrara, 2018): hot rolled, cold formed and welded socket with M16 anchor bolts. The hysteresis of the connections was analytically reproduced using the non-linear OpenSees solver combined with Matlab (Matlab, 2019) (Figure 6). The connections were modeled in OpenSees through a MultiLinear Material in terms of load and relative displacement.
The connection failure occurs when the maximum displacement recorded in the experimental tests is reached. The roof element remains connected to the beam after the collapse, but with a connection stiffness equal to zero. At this regard, the relative displacement of the two nodes of the connection was checked in a step-by-step basis during the analysis: if such displacement exceeds the allowable displacement, the zero-length element associated with the connection is removed and a new zero-length elastic element with stiffness approximately equal to zero is placed between the two nodes.
Regarding the connection modelling, zero-length elements are placed at the base of the vertical rigid links of the roof elements (Figure 6A). In the longitudinal direction, i.e. along the roof element, the hysteresis depicted in Figure 6 was considered, while in the transverse direction an elastic behaviour with high stiffness was implemented.
Definition of the Seismic Input
The multiple-stripe analysis (MSA) method (Jalayer, 2003; Jalayer and Cornell, 2009) was adopted herein among the available approaches used to retrieve fragility curves and associated collapse probabilities. Within MSA, a number of nonlinear dynamic analyses were carried out with records scaled at ten increasing levels (i.e., the stripes) of Sa(T1) [0.011; 0.026; 0.049; 0.08; 0.124; 0.184; 0.27; 0.379; 0.572; 1.077] g, corresponding to return periods Tr [10; 50; 100; 250; 500; 1,000; 2,500; 5,000; 10,000; 100,000] years, respectively. The fundamental period of the considered precast structure is T1 = 2s. Hazard-consistent record selection was employed. In particular, at each stripe, both horizontal components of 20 records were selected through disaggregation of seismic hazard and matched with target spectra conditioned on the ten intensity measure (IM) levels, using the Conditional Spectrum method (Baker, 2011).
Figure 7 shows the time-histories and response spectra of both components of the 20 records selected at the 6th stripe (i.e., intensity measure level, IML, 6), related to a 1,000-years return period, scaled at Sa(T1) = 0.184 g. The considered values of Sa(T1) are those related to the site of L’Aquila, with soil type C and topographic category T1, according to the Italian code (NTC18, 2018). These values, as well as the ones related to other Italian sites and soil types considered within the RINTC project (RINTC Workgroup, 2018), can be found in the work by Cimmino et al. (2020). The selected records were extracted from the Italian accelerometric archive (Luzi et al., 2008) and from the NGAwest2 database (Ancheta et al., 2014).
[image: Figure 7]FIGURE 7 | Selected scaled records (both components) for the stripe at Tr = 1,000 years, in terms of (left) time histories and (right) response spectra.
NUMERICAL RESULTS
2D Simplified Models
The failure rate of the building could be associated with both local collapses (i.e. related to the loss of support of the beam) and global collapse. Considering local collapses, different assumptions apply based on the type of the beam-to-column connection modelling. For non-linear modeling, the failure is considered related to the achievement of the maximum relative displacement of the connection, set herein equal to 1.5·db (where db is the diameter of the dowel), i.e. 36 mm. As it will be highlighted in the following, it is worth to note that the beam displacement increases in such a way to lead to the loss of support after the failure of the connection. For linear modelling, the failure is considered when reaching the shear capacity, equal to 230 kN (Vmax). Regarding the global collapse, the failure was considered related to a lateral displacement corresponding to a 50% reduction of the total base shear, obtained from a non-linear static analysis. Depending on these considerations, Figure 8 shows the number of analyses leading to a local collapse for each seismic intensity and for each model.
[image: Figure 8]FIGURE 8 | Number of analyses leading to local collapses in the 2D models.
The models with non-linear beam-to-column connections shown in Figure 8 refer to modelling with the Krawinkler-Ibarra-Medina deterioration model. The use of the hysteretic uniaxial material model, in place of the aforementioned degradation model, causes a limited increase in the number of collapses in the case of lumped masses due to the increased stress in the dowels (model SA4). The other models are characterized by a similar number of collapses. For this reason, the Krawinkler-Ibarra-Medina deterioration model was used in the analyses of the 3D models. Two possible failure conditions have been considered when the beam-to-column connection hysteresis is accounted for: the relative displacement corresponding to the loss of support of the beam, and the failure of the beam-to-column connection. It is observed that the only difference among these two types of failure conditions occurs only for the seismic intensity level 9 in Model SA3 (i.e. Krawinkler-Ibarra-Medina deterioration model for the beam-to-column connection, Coulomb’s friction and distributed masses), where seven collapses are recorded instead of six. These results show that the connections move directly from the elastic stage (or yield stage) to its failure by developing high relative displacements leading to the loss of support of the beam. It is also noted that there are no cases in which the beam-to-column connection is in the softening zone. This was also observed by introducing a strain hardening in the post-yield range.
The results of two different models of the beam-to-column connection are showed on the left side of Figure 9, a non-linear (a) and an elastic (b) connection, respectively. The same figure, on the right side, shows the corresponding moment-rotation curves of the plastic hinges at the base of the column. In the case with elastic beam-to-column connection (a), the demand on the column is greater than in the case with a non-linear connection (b) because in such model the connection can reach higher values (exceeding its capacity 230 kN).
[image: Figure 9]FIGURE 9 | Time history results in the case of elastic (A) and non-linear (B) beam-to-column connection. The left-side refers to the beam-to-column connection hysteresis, while the right side refers to the base column plastic hinge.
Figure 10 shows the number of analyses leading to global failure for each seismic intensity and for each model. The global results for the models SA2, SA5, SA8, and SA9 are not significant because they are characterized by beam-to-column connections modelled with hinged, elastic-plastic or perfectly elastic models. In general, global collapses occur only at the highest seismic intensity. An exception is observed for Model SA4 (non-linear beam-to-column connections, lumped masses at the centre of the roof), where the lumping of the mass at the roof center caused an increase of the demand both in local and global terms.
[image: Figure 10]FIGURE 10 | Number of analyses leading to a global collapse in the 2D models.
3D Complete Models
Initial evaluations were carried out on models MA, MB and MC. Non-linear static analyses were performed with a lateral load distribution according to the fundamental mode of vibration in each of the principal directions. Figure 11 shows the capacity curves of the 3D complete models. In Figure 11B (corresponding to a capacity curve for a loading direction perpendicular to the main beams) a lower initial stiffness is observed in the lumped mass models (A2, B2 and C2) as a result of the different height of the lateral loads. This difference is not observed in the transverse direction.
[image: Figure 11]FIGURE 11 | Capacity curves of the 3D complete models in the transverse (A) and longitudinal (B) direction.
Figure 12 shows the number of analyses leading to a local collapse for each seismic intensity and for each model. The same local failure assumptions made in the previous section were considered.
[image: Figure 12]FIGURE 12 | Number of analyses leading to a local collapse in the 3D models (MA, MB and MC).
For the higher seismic intensities, it is possible to observe a clear correlation, in terms of number of local collapses, between the various models. In general, the number of collapses increases for models with lumped masses (MA2, MB2, MC2) compared with models with distributed masses (MA1, MB1, MC1). This trend is even more significant at the seismic intensity level 9 with Sa(T1) equal to 0.572 g. For the lower seismic intensities, the local behavior of the connections is generally similar among the various models. The models with elastic beam-to-column connections are the only ones showing collapses at seismic intensity level 7, where Sa(T1) is equal to 0.27 g.
Considering global collapses (Figure 13), the models are characterized by similar results. The collapses are slightly higher in models characterized by a lumped mass at the centre of the roof diaphragm (MA2, MB2, MC2). Models with non-linear beam-to-column connections and lumped masses, i.e. MC2, or distributed masses and overhead crane load, i.e. MC3, are the only ones with global collapses for lower seismic intensities. The results obtained from the analysis of 3D models confirm the results previously obtained for the simplified planar models.
[image: Figure 13]FIGURE 13 | Number of analyses leading to a global collapse in the 3D models (MA, MB and MC).
As well as for simplified models, also for the complete 3D models there is a direct transition of the beam-to-column connections from the elastic field to failure. To highlight this aspect, the non-linear behavior of the beam-to-column connection has been divided into four fields (Figure 14A): elastic (A), plastic (B), softening (C) and failure (D). For the three highest seismic intensities, the number of cases falling inside these fields are reported in Figure 14B. The results clearly show that the beam-to-column connections moves directly from the elastic (A) or plastic (B) field to failure (D).
[image: Figure 14]FIGURE 14 | Subdivision of the Krawinkler-Ibarra-Medina deterioration model of the beam-to-column dowel’s connection (A) and evolution of the number of collapses for the dowel’s connection in the tri-dimensional complete models (B).
With regard to the modelling of the beam-to-roof connection, i.e. MD models, the obtained results are reported in Figure 15. Figure 15A indicates the number of local collapses of the beam-to-roof connection. MD4 is not represented because it is characterized by rigid roof element-to-beam connections. Figure 15B indicates the number of global collapses of columns in the x-direction, i.e. the transverse direction. For the global assessment, the maximum displacement capacity is that corresponding to a 50% reduction of the shear at the base of the column (0.818 m). For the local assessment, the maximum capacity is that corresponding to the maximum relative displacement of the roof-to-beam connections, herein assumed equal to 24 mm. When the relative displacement between the roof element and the supporting beam exceeds the support length, the double-tee unit is considered collapsed and the analysis is stopped. In terms of number of collapses, it is observed that for the present case study there is no significant difference between flexible or rigid diaphragm and that failure at the column base generally foregoes failure at the roof element-to-beam connections.
[image: Figure 15]FIGURE 15 | Total number of analyses leading to a local (A) and global (B) collapse for models MD1, MD2, MD3, MD4 and ME1 (20 ground motions were considered for each intensity measure level).
The last considered model (ME1) is characterized by the simultaneous presence of: beam-to-column connections modelled with the Ibarra-Medina-Krawinkler deterioration model; roof-to-beam connections modelled with a multilinear model; distributed masses at the top of the columns; precast cladding system located along the perimeter of the structure. The results of the analyses are reported in Figure 15. The models with the roof elements show collapses for seismic intensities 9 and 10 with Sa(T1) equal to or greater than 0.572 g. Therefore, the modelling of the cladding system along the perimeter of the structure has led to global and local collapses (at the roof-to-beam connections) for the intensity measure level 9, unlike the MD models where the only collapses occurred for intensity level 10. The analyses also showed that the roof-to-beam connections adopted are effective both in terms of capacity and stiffness, because there are collapses in these connections only for the highest intensity levels.
Finally, the rate of collapses associated with the most comprehensive model (ME1) is obtained from the following equation (Suzuki and Iervolino, 2019):
[image: image]
where the addition of 10-5 is due to the lack of information in the hazard curve beyond 100,000 years; therefore, this formulation leads to a conservative estimate. The fragility parameters of the intensity measure were derived through the R2R_EU software (Baraschino et al., 2020) using the maximum likelihood estimation. The obtained failure rate λf is equal to 6.9 × 10-5 in the case of global collapse and 1.1 × 10-4 in the case of collapse of the connections, the corresponding values obtained from previous research with simplified 3D models are 5.8 × 10-5 (Suzuki and Iervolino, 2019) and 1.7 × 10-4 (Iervolino et al., 2018). Therefore, the collapse rate estimation considering local collapse is slightly overestimated compared to the results obtained from detailed models, while the collapse rate estimation considering global collapse is slightly underestimated. It is worth noting that these differences are reasonable and in the same order of magnitude. Therefore, the previous formulation of the building models is suitable for the collapse rate evaluation. The main advantage of detailed 3D models is related to the possibility of detecting local damages in a more comprehensive way suitable, for instance, for a detailed loss assessment (Bosio et al., 2020).
CONCLUSION
The present paper investigated the influence of finite element modelling in the evaluation of the collapse rate of precast industrial buildings, referring in particular to beam-to-column and beam-to-roof connections. A single-story precast industrial building was selected as reference structure and modelled in OpenSees with different assumptions: the overhead crane (modelled explicitly or present only in terms of masses) and the distribution of the overhead crane mass (i.e. equally distributed on each column corbel and with or without accounting for the payload); the beam-to-column connections (i.e. elastic, hinged or dowel connection with a non-linear model); the masses acting on the structure (distributed or lumped at the center of the roof diaphragm); the beam-to-roof connections (i.e. hot-rolled, cold-formed and socket welded). Non-linear dynamic analyses with increasing intensity were carried out for Sa(T1) ranging from 0.011 to 1.077 g. Each intensity level consists of twenty pairs of ground motions acting in both horizontal directions. Simplified planar models and complete three-dimensional models were considered.
The analyses showed that the complete three-dimensional models reflect the results of the simplified planar models as regards the different modelling of the mass, the beam-to-column connections and the overhead crane. In the case of beam-to-column connections with non-linear hysteresis, it was observed a direct transition of the connections from the elastic or plastic range to the collapse, with no cases in the softening range.
Moving from models with distributed masses toward models with a lumped mass at the roof diaphragm centroid causes a slight increase in the number of collapses, both in global and local terms. The explicit model of the payload of the overhead crane provided limited influence on the results.
The beam-to-roof connections modelling allowed to capture the actual in-plane stiffness of the diaphragm and it is suitable for both existing and new buildings models. The results showed that in the present case study the different types of beam-to-roof connections considered did not affect the results and that the collapse of the connections was generally anticipated by the collapse of the columns.
Regarding beam-to-column connections, various collapses were observed for high intensity levels. The analyses of the model with linear elastic beam-to-column connections and distributed masses showed collapses of several connections for Sa(T1) equal or higher than 0.379 g. While, in the case of non-linear beam-to-column connections, a high number of collapses is observed only in the case of a lumped mass at the roof level, which causes an increase of the connections demand. It is worth observing that, despite capacity design was used for the design of these connections, various collapses were recorded. This result reflects the fact that the design formulation for the connections was taken from an aged Italian co-normative document while the actual capacity used in the analyses was obtained from a stricter formulation taken from a more recent European design guideline report.
Finally, the collapse rate for the most representative three-dimensional model was provided considering both for global and local collapses. The obtained values allowed to validate the collapse rate previously obtained with simplified models. The comprehensive model formulation is also suitable to detect local vulnerabilities and to assess losses in a more detailed manner.
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