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The seismic performance of existing non-conforming reinforced concrete (RC) buildings is numerically investigated, taking into account the presence of clay brick masonry infill walls. The effect of infill walls on the seismic response of RC frames is widely recognised and has been a subject of numerous analytical and experimental investigations. In this context, Static Pushover analyses of typical existing RC infilled frames have established these structures' inelastic characteristics, focusing on the significant contribution of infill walls to their dynamic characteristics, overstrength, form irregularity and damage. Furthermore, more comprehensive studies of inelastic static response considered the typical variability among different generations of constructed buildings in Greece since the 60s in the form, the seismic design and detailing practice and the structural materials, with different masonry infill configurations and properties. In the present study, the results from such Static Pushover analyses are extended with Incremental Dynamic Analysis predictions using a large number of recorded base excitation from recent destructive earthquakes in Greece and abroad. Evaluation of the time history predictions and comparisons with the Static Pushover analysis findings corroborate that the presence of regular arrangements of perimeter infill walls increase considerably the stiffness and resistance to lateral loads of the infilled RC structures, while at the same time, reducing their global ductility and deformability. Fully or partially infilled RC frames can perform well, while frames with an open floor usually have the worst performance due to the formation of an unintentional soft storey. The analyses further prove that lower strength masonry provides the building with lower overstrength but higher ductility.
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INTRODUCTION

Reinforced concrete frame structures constructed in Greece and other countries around the Mediterranean up until the 1980s, comprise a significant portion of their entire building inventory; these structures have been designed either without any seismic design considerations (primarily before the 50s), or with past generations of seismic design codes. In Greece, according to recent records, 78% of the RC buildings are designed and constructed before 1985, when there was the first modification of the seismic code towards a relatively higher conformance to currently enforced seismic standards. The first seismic design code in effect, RD59 (1959), was based on allowable stress design procedures, prescribed relatively low service level base shear seismic coefficients, included inadequate detailing requirements and had no provisions for ductile failure response, such as weak beam vs. strong column, shear capacity design and critical region confinement in columns and shear walls. Moreover, the design method used was simplified and the quality of the structural materials was low. All these parameters, together with the loading history of the buildings (past earthquakes and/or changes in occupancy loads) introduce significant uncertainties in the expected seismic behaviour of those buildings.

Consequently, the assessment of the seismic performance of these buildings is very important, both for social and economic reasons. One common characteristic of these frames is that they are typically infilled with unreinforced clay brick masonry infill walls of different infill quality and configuration. They are relatively thicker in the perimeter frames, while they may be punctured (for openings) or discontinuous, depending on the building use; being, therefore, in full deformation compatibility with the RC frame, they contribute to its seismic response, in a manner not controlled in the seismic design. It is widely recognised, however, that the infill wall geometry and characteristics significantly influence the seismic response of infilled frames, as also observed in recent earthquakes and proven by numerous experimental and analytical studies (Fardis and Calvi, 1995; Dolšek and Fajfar, 2002; Repapis et al., 2006b).

During the past 60 years there have been extensive experimental laboratory test studies of infilled frame structures under gravity and lateral load, aiming at the identification of the infill contribution to the frame stiffness and resistance (Smith, 1966; Page et al., 1985; Prakash et al., 1993; Mehrabi et al., 1996; Negro and Verzeletti, 1996; Buonopane and White, 1999; Fardis et al., 1999; Žarnić et al., 2001; Pinto et al., 2002; Cavaleri et al., 2005; Santhi et al., 2005a; Hashemi and Mosalam, 2006; Kakaletsis and Karayannis, 2008; Basha and Kaushik, 2012; Stavridis et al., 2012; Stylianidis, 2012; Cavaleri and Di Trapani, 2014; Chiou and Hwang, 2015; Lourenço et al., 2016; Vintzileou et al., 2017; Palieraki et al., 2018). At the same time, a large number of analytical investigations of the behaviour of masonry infilled RC building structures have been pursued, at different modelling scales and levels of complexity, in order to predict the effect of masonry infills on infilled frame response and failure (Smith and Carter, 1969; Dhanasekar and Page, 1986; Fardis and Calvi, 1995; Crisafulli, 1997; Kappos and Ellul, 2000; Chrysostomou et al., 2002; Dolšek and Fajfar, 2002, 2008a,b; Repapis et al., 2006b; Borzi et al., 2008; Bakas et al., 2009; Asteris and Cotsovos, 2012; Chrysostomou and Asteris, 2012; Ellul and D'Ayala, 2012; Haldar and Singh, 2012; Lagaros, 2012; Vougioukas, 2012; Sarhosis et al., 2014; Zeris, 2014; Jeon et al., 2015; Bolea, 2016; Dumaru et al., 2016; Furtado et al., 2016; Morfidis and Kostinakis, 2017). More recently, with the advancement of testing and data acquisition hardware, together with the evolution of fast and efficient algorithms for data handling techniques, these two approaches above are jointly pursued in full scale field testing vis-à-vis the dynamic model identification (OMA) in order to establish the dynamic characteristics of full scale structures under excitation (Rainieri, 2008; Yu et al., 2017).

The effects of infills may be either beneficiary or detrimental to the seismic performance. In most cases, the presence of unreinforced masonry infills has been proved to significantly improve the seismic performance of those buildings and increase their lateral strength and stiffness. However, the positive contribution of infills may be reversed in cases of irregular distribution of the infill walls (Santhi et al., 2005b; Karayannis et al., 2011; Favvata et al., 2013). The experience gained from recent earthquakes shows that some cases of irregular distributions of infills in plan or elevation, which have not been taken into account during design, may even induce collapse of the entire building. Moreover, damage to these non-structural elements usually represents a large portion of the earthquake induced economic losses (Chiozzi and Miranda, 2017). Despite this fact, in conventional structural design of the buildings, infills are still usually treated as non-structural elements and are not taken into account or taken into account indirectly in current codes.

A number of factors are responsible for the neglect of infill walls, related to the uncertainty and difficulty in simulating the behaviour of infilled walls and an attempt to simplify calculations. Main factors are the significant uncertainties related to the large variety of infill walls and their dependence on local construction practices, the incomplete knowledge of their material properties and performance, the interaction between the surrounding frame and the infill wall and the possible failure mechanisms. Moreover, during the lifetime of a building, it is not rare that some heavy infill walls may be removed or substituted with light partitions, something that may totally change the nonlinear behaviour of the structure. Finally, another factor for ignoring the infills in order to simplify the analysis is the misleading assumption that, since infill walls provide additional strength and stiffness, they always influence positively and improve the performance of the structure.

Therefore, in seismic areas, the practice of ignoring the infill walls (apart from their weight contribution) is not always safe. Infill walls significantly increase the stiffness and strength of the frames, which could result to a possible change of the seismic demand due to the significant reduction in the fundamental period of the composite structural system, compared to the bare frame (Smith, 1966; Paulay and Priestley, 1992; Asteris et al., 2015, 2017). On the other hand, the contribution of infill walls to the lateral stiffness of the frame is significantly reduced when the structure is subjected to cyclic loading, like an earthquake, and undergoes large nonlinear cycles due to the brittle damage of infill walls (Vintzeleou and Tassios, 1989; Paulay and Priestley, 1992; Cavaleri et al., 2005; Asteris et al., 2011; Cavaleri and Di Trapani, 2014), while, furthermore, changing the entire manner that the seismic forces are taken and redistributed among the RC elements (Zeris, 2014).

Modelling of the infill walls poses many uncertainties because of the different materials involved and the many possible failure modes that need to be evaluated, with a high degree of uncertainty. In the literature several different modelling techniques have been proposed and tested for the simulation of the infills (Crisafulli, 1997; Chrysostomou et al., 2002; such as among others, Asteris et al., 2011, 2013; Chrysostomou and Asteris, 2012; Sarhosis et al., 2014; Zeris, 2014; Furtado et al., 2016). Modelling follows an increasing level of detail and complexity, from micro to meso and macro-models. Micro and meso-scale models are based on small region finite element modelling or discrete element modelling of the infill panel brick and mortar, and are able to capture the behaviour of the infill frame with higher accuracy accounting the local infill-frame interaction (Lemos, 2007; Haldar and Singh, 2012; Sarhosis et al., 2012; Asteris et al., 2013; Zeris, 2014).

Lourenco (1996) and Attard et al. (2007) modelled masonry using continuum and interface line elements to simulate the possible fracture of bricks and mortar joints. Stavridis and Shing (2010) proposed a modelling technique combining smeared and discrete crack approaches to capture the different failure modes, including flexural and shear failure of concrete and tensile and shear fracture of mortar joints, using triangular smeared-crack elements connected with zero-thickness cohesive interface elements. Sarhosis et al. (2012) and Sarhosis and Lemos (2018) modelled the bricks as distinct blocks while the mortar joints were modelled as zero thickness interfaces. For the establishment of both in plane and out-of-plane effects, Anić et al. (2017) developed a three-dimensional computational model based on the finite element method (FEM) able to predict the in-plane and out-of-plane behaviour of masonry infilled RC frames containing openings.

More recently, the discrete element method (DEM) or the combined finite-discrete element method (DFEM) approach is being pursued, since they can address problems involving discontinuous kinematic fields, such as fracture and dislocation, sliding, large displacements, detachment of the elements, or the formation of new contacts (Yuen and Kuang, 2015; Hazay and Munjiza, 2016; Mohebkhah and Sarhosis, 2016). Smoljanovic et al. (2017) analysed confined masonry structures using the DFEM method, using a model that simulated initiation and propagation of cracks: the model, in addition to modelling masonry and confining concrete members using discrete elements, adopted zero thickness interface elements, simulating the behaviour of mortar, and through contact, cracking and masonry confinement by the RC members.

However, these models are complex, time consuming, require high computational effort and are difficult to apply for practical problems of real structures, especially in cyclic response analysis. On the other hand, macro-models are simplified models of the entire infill panels, which require less computational effort and have sufficient accuracy for entire building performance evaluation under earthquake. These models simulate the infill walls with diagonal struts acting only in compression, with a variety of macro models having been proposed based on different empirical and phenomenological formulations, which use single strut, double strut or three struts in each diagonal. Asteris et al. (2011) presented a review of the different macro models proposed in the literature.

Magenes and Pampanin (2004) performed Static Pushover (SPO) and time history analyses on frame structures designed for gravity loads and studied the influence of the infills on the seismic performance and their interaction with the joint damage mechanism. They showed that the presence of infills reduces the interstorey drift demand, while increasing the maximum floor accelerations. Moreover, the column interstorey shear contribution is consistently lower in the infilled frames, in spite of the higher interstorey shear demand and the formation of a soft-storey mechanism is delayed. However, when the infills are damaged, thereby causing a sudden reduction of the storey stiffness, a soft storey mechanism can be formed, not necessarily at the ground storey due to the interaction with joint damage. Kakaletsis and Karayannis (2008) tested seven 1/3 scaled, single storey, single bay frame specimens under cyclic horizontal loading with two qualities of infills, in order to investigate their influence; they showed that infills with openings can significantly improve the performance of RC frames, while specimens with strong infills exhibited better performance than those with weak infills.

Karayannis et al. (2011) investigated the seismic behaviour of fully and open ground storey infilled frames with beam–column joint degradation effects under nonlinear static and time history analyses, demonstrating that neglecting the possible local damage of the exterior joints may lead to erroneous conclusions and unsafe design. Furthermore, the influence of exterior joints degradation was shown to be significant for the overall behaviour of open ground frames. Basha and Kaushik (2012) tested eight half-scale specimens of masonry infilled RC frames designed in accordance with current codes and showed that the shear force of the RC columns was increased due to the infills.

Chrysostomou and Asteris (2012) proposed analytical expressions for quantifying the in-plane stiffness, strength and deformation capacity of infills, as well as simplified methods for predicting the in-plane failure mode of mainly solid panels. They further performed a parametric study to compare these methods against experimental results. Sanij and Alaghebandiyan (2012) performed SPO analysis in a three-storey infilled RC frame with three different infill arrangements, comparing three macro models for the simulation of masonry and showing that the three strut model obtained a smaller initial stiffness and increased axial forces in columns relative to the single diagonal strut model. Burton and Deierlein (2014) performed Incremental Dynamic Analysis to nonductile infilled RC frames using dual compression struts to capture the column-infill interaction that may cause shear failure of the columns. Their results indicated that it is critical to include the infill strut-column interaction and the shear degradation of columns for the accurate prediction of the collapse capacity of nonductile infill frames, otherwise the predictions are not conservative.

Zeris (2014) demonstrated the various failure types of infilled RC frames during earthquakes and reviewed the modelling conventions of infilled RC frames. He subsequently investigated their seismic response comparing nonlinear analyses using meso and macro infill models. Morfidis and Kostinakis (2017) performed nonlinear time history analysis on fifty four RC buildings with different heights, structural systems and distribution of masonry infills, for 80 bidirectional seismic sequences at different angles of incidence. They concluded that the influence of the successive earthquake phenomenon on the structural damage was higher for the infilled buildings, compared to the bare structures, while for buildings with masonry infills, the effect of the orientation of the seismic motion was significant. Recently, Choudhury and Kaushik (2018) investigated the seismic response sensitivity to the uncertainties in different input parameters and concluded that for bare or open ground storey frames, the concrete compressive strength and column dimensions are the most important parameters affecting the response. On the other hand, for uniform infilled frames the most important parameters are the infill properties, such as the diagonal strut width and the masonry strength.

Despite the extensive analytical and experimental studies on the performance of infilled RC buildings, there is still not enough knowledge of the performance under earthquake excitation of typically encountered existing infill RC buildings, which have been designed and built according to past generation of codes with various arrangements of the infills and of the variability of their nonlinear response under actually recorded seismic base input. The aim of the present study is the assessment of the seismic performance of such non-conforming infilled RC buildings, designed according to past generations of structural design codes and construction practices, using nonlinear Incremental Dynamic Analyses (IDA) procedures (Vamvatsikos and Cornell, 2004). The influence of infill walls in the seismic performance of these buildings is quantified and the reliability of previous static pushover (SPO) predictions on these buildings designs, previously reported in Repapis et al. (2006b) is investigated. For this purpose, a set of recorded earthquake accelerograms is selected and a set of non-conforming bare and infilled RC frames is analysed in IDA, and their seismic performance is assessed, using the same limit state criteria (LC) also used previously under SPO by Repapis et al. (2006a,b), for comparison. In this way, these two assessment methodologies are compared while, furthermore, the presence of the infills in these different building types is established, based on actual earthquake excitation response.

Both global (deformation ductility, behaviour factor, overstrength, collapse mechanism formation) and local (member or infill) indices, quantifying damage of the building, are defined and are being monitored, while alternative expected failure modes, are considered in this study. Consequently, the research contribution of the present work is, to provide additional information on the vulnerability under seismic excitation of such non-conforming infilled RC structures, in order to develop possible rehabilitation and/or strengthening schemes for these structures. Furthermore, the reliability of time history predictions using IDA to establish the dependence of the monitored LCs on cyclic history and the excitation input content is demonstrated, as compared with those from inelastic static analysis predictions, which are unable to account for these.

MASONRY INFILLED RC BUILDING FORMS

All buildings considered in the present study are cast-in-situ RC frames with column supported beams, which are cast monolithically with the slabs. Out of a larger set of structural forms considered and analysed using SPO procedures by Repapis et al. (2006b), 13 bare and infilled RC buildings are selected in the present study in order to investigate the influence of infill walls in the seismic performance of RC buildings, using the IDA method. Three bare frames, regular in plan and elevation, comprising one typical building of the 60s (denoted K60A59), one of the 70s (denoted K70A59) and one of the 90s (denoted K60AEC8) are selected. Moreover, infilled frames of the above bare frame configurations are also examined. Letter “K” denotes a bare frame structure, while letter “T” denotes an infilled frame. “60” or “70” denotes the period of construction (frame geometry). “A” denotes a regular frame, out of a larger set of structural forms with irregularities considered in other studies (Repapis et al., 2006b; Repapis and Zeris, 2018; Zeris and Repapis, 2018) and “59” or “EC8” denotes the earthquake resistant design code in effect during construction. Both buildings of the 60 and 70s were designed according to past generation of codes (RD59, 1959), while building of the 90s according to modern codes (EC8, 2004).

Frame Characteristics

All the buildings considered consist of a plan layout four by three bays wide and they are analysed as plane frames, with four bays in the direction of the earthquake. The typical building of the 60s is five storeys high. The storey height is 3.00 m and the building has regular 3.50 m bay sizes in the two orthogonal directions. In line with the evolution of building shapes, the building of the 70s is seven storeys high, again with a storey height of 3.00 m but bay sizes equal to 6.00 m in the two orthogonal directions. Finally, the building of the 90s has the same geometry as the building of the 60s for comparison reasons. The layouts of the buildings are shown in Figure 1.
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FIGURE 1. Selected building forms of the 60 and 70s.



Influence of Masonry Infill Walls

In order to examine the influence of the layout of the perimeter frame masonry infill panels to the seismic response of the structure, fully and partially unreinforced masonry frame bays are also considered herein, assumed symmetric in plan in the response direction considered. Out of the different topological possibilities previously considered (Repapis et al., 2006b), three different arrangements of unreinforced masonry infilled frames are studied, denoted as T1–T3, as shown in Figure 2, since they represent the cases most commonly encountered in RC construction:

T1: Perimeter frames fully infilled over the entire height (Figure 2A).

T2: Perimeter frames infilled but with completely open ground storey (called pilotis) (Figure 2B).

T3: Perimeter frames partially infilled, with a vertically continuous window opening (Figure 2C).
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FIGURE 2. Distribution of masonry infilled walls. (A) T1, (B) T2, (C) T3.



The perimeter infill panels are 25 cm thick irrespective of the building generation, in accordance with the conventional practice of using exterior double leaf infill panels constructed of clay bricks with longitudinal holes and plaster. Single leaf interior partition walls (also denoted as moveable partitions), normally 0.10 m thick, are only included in the mass of the building and are not considered to contribute to the system that resists the earthquake forces.

Design Characteristics

The buildings of the 60 and 70s were designed in accordance with the requirements of the first Greek Earthquake Resistant Design Code which was established in 1959 (RD59, 1959) and was based on the allowable stress design methodology. Loads were unfactored, strict requirements for detailing of the reinforcement were not specified and structural elements of the buildings of that period were characterized by widely spaced transverse reinforcement and, therefore, very little confinement. Moreover, no capacity design provisions were specified. Structural analysis methods for the buildings made use of simplifying assumptions, e.g., the beams and columns of the interior frames were designed for vertical loads and only the members of the exterior frames were designed for frame actions under both seismic and vertical loads, with the corner columns being, in addition, designed for biaxial response of the floor plans due to their mass and stiffness eccentricity.

For the definition of the seismic load a seismicity classification system that adopted three seismic zones was used, with the corresponding base shear coefficients being set equal to 4, 6, and 8% of the vertical loads (namely, dead and live loads without any reduction factors), for buildings on hard ground. The buildings of the 60 and 70s examined in this study were designed for a seismic coefficient of 4%, corresponding to seismicity Zone I. Furthermore, when seismic loading demands were verified in the design process, the allowable stresses specified in the code for vertical loads were increased to 120% of these values, as also considered herein.

Building of the 90s had the same geometry and loads as the building of the 60s (K60A59) and was designed according to EC8 (2004), as the conforming frame benchmark case. This structure was again considered to be located in the same seismicity area as the other two, characterised by an effective peak ground acceleration of 0.16 g (EC8, 2004). The commercial software package Fespa (Logismiki, 2013) capable of designing following the past and current seismic code was used for the design of all the buildings.

The design loads adopted remain the same for all buildings from the 60s through the 90s, and included: the dead loads, namely the structural self-weight and an additional uniformly distributed load equal to 1.50 kN/m2 for floorings and the live load, which is equal to 2.00 kN/m2, similar to the values specified in EC1 (2002). The interior masonry moveable partitions are taken into account as an additional uniform load of 1.00 kN/m2 over the plan. The weight of the 25 cm thick perimeter infills (double wythe construction) was expressed as a uniform dead load of 3.60 kN per square meter of wall façade, imposed on the outer frame beams only.

The 60s building had a uniform slab thickness of 12 cm, beam dimensions of 20 cm by 50 and 35cm square columns at the first (ground) storey, 30 cm square columns at the second storey and 25 cm square columns from the third storey up. Building of the 70s, due to its wider spans, had a uniform slab thickness of 16 cm. Column dimensions were: 60 cm square (interior) and 90/25 cm2 rectangular (exterior), at the first two storeys, being subsequently reduced by 10 cm (interior) and 20 cm (exterior) for every two storeys, respectively, up to the seventh storey, where the columns were 30 cm square (interior) and 35/25 cm2 rectangular (exterior). Similarly, the dimensions of the beams were 20/60 cm2 along the interior frames and 25/50 cm2 along the perimeter frames. Finally, the building of the 90s has similar geometry with the building of the 60s for comparison reasons. Slab thickness is again 12 cm and beam dimensions remain 20 cm by 50 cm, but with increased reinforcement. Column dimensions increase to 40 cm square at the three lower storeys, 35 cm square at the next floor and 30 cm square at the top.

Materials of Construction

The materials of construction for building of the 60s were: (i) DIN B160 concrete having an average (cube) compressive strength of 16 MPa [this material would be classified as C10/12, in accordance with EC2 (2004)]; (ii) smooth mild steel reinforcing bars, grade DIN StI (grade S220). The allowable stress in compression of the concrete, for design under bending with axial load ranged between 6.0 and 8.4 MPa, with higher larger values specified for columns and beams, as opposed to lower allowable stresses for the slabs. Accordingly, the allowable stress in tension of the reinforcement was 140 MPa. For building of the 70s, the materials of construction were: (i) DIN B225 having an average (cube) compressive strength of 22.5 MPa [this would be classified as C12/16 per EC2 (2004)]; and (ii) ribbed high strength steel reinforcing bars, grade DIN StIII (grade S400). For this concrete grade, the allowable stress in compression of the concrete (for bending and axial load designs) ranged between 8.0 and 10.8 MPa (for columns and beams, and slabs, respectively). The allowable stress in tension of the reinforcement was, in this case, 220 MPa. Building of the 90s had materials similar to the one used in building of the 60s for comparison reasons.

ANALYTICAL MODELLING

Nonlinear static and dynamic analyses were performed using the computer program Drain-2DX by Prakash et al. (1993) for the static and dynamic inelastic analysis of two-dimensional systems. The code was extended with additional finite element modelling capability in order to account for the infills. Furthermore, DrainExplorer (Repapis, 2002), a post-processing program, was developed, for processing the results of all the frame analyses. The selected buildings were regular in-plan and the frames were modelled as plane frames with rigid diaphragms in each floor. The structural mass in all cases was assumed to be lumped at the nodes and was considered, during the time history analysis, to be equal to the inertia mass due to the dead loads plus a portion only of the live load, equal to 30%. For dynamic analysis, mass proportional damping was used, with the damping coefficient determined assuming 5% critical damping in the first fundamental mode response of the cracked structure.

Structural Members Modelling

All the beams and columns of the structures were modelled using a two component concentrated plasticity line element, having bilinear hardening flexural characteristics at the end hinges. Beams were modelled as T-section beams. For the estimation of beam flexural capacities, effective slab widths equal to 1.0 and 0.5 m were assumed for internal and external frame beams respectively, for the buildings with 3.5 m bay length. For the buildings with 6.0 m bay length, these values increased to 1.30 and 0.65 m, respectively. For the estimation of the flexural characteristics of the beams in negative bending, the reinforcement in the effective width of the slab was included.

The nonlinear moment curvature characteristics were developed for all the end critical regions of beams and columns, using average material properties. Furthermore, in the columns, the dependence of these with axial load was considered. According to standard practice of construction at the 60s and 70s, top steel at the critical end sections of the beams included half plus one bent up bars from the two neighbouring midspan sections plus any top additional steel. Moreover, the reinforcement within the slab effective width was also taken into account. The bottom steel at the ends included the remaining unbent midsection bars anchored within the joint.

The average concrete strength was taken to be equal to 16 MPa for concrete grade B160, and 22.5 MPa, for concrete grade B225, respectively. For the reinforcing steel, the mean yield stress was assumed to be 310 MPa and 420 MPa for StI and StIII, respectively, and the average ultimate strength in tension was taken as 430 MPa and 630 MPa, respectively, with these values being measured from tests on smooth steel bars. In all cases, trilinear behaviour for the reinforcement and different constitutive models for the confined concrete core and the cover concrete were considered, in separate section analyses, performed for each member critical region prior to developing the inelastic building models. Beam-column joints were assumed to be rigid.

Infill Walls Modelling

The perimeter infill walls were modelled with equivalent pin-jointed diagonal truss elements (struts) resisting only compressive loads, with out-of-plane effects ignored. An unequal compression–tension truss finite element was used to model the infills, with a trilinear behaviour that is able to model softening with a residual strength. The trilinear envelope comprised of an initial elastic portion, a post-cracking region with positive stiffness and a softening portion, beyond the point of peak axial resistance, with negative stiffness, as shown in Figure 3.
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FIGURE 3. Hysteretic behaviour of infill walls.



The global inelastic characteristics and failure pattern of infilling masonry exhibit large uncertainty and vary significantly with the quality of construction. For the building of the 60s (K60A59) two types of masonry were selected: (i) a strong and stiff good construction quality masonry with a compressive strength f m equal to 2.5 MPa and (ii) a weak and soft poor construction masonry with an infill compressive strength f m equal to 0.5 MPa (buildings denoted as “−05” herein). For the buildings of the 70 and 90s, only good workmanship quality masonry with a compressive strength f m equal to 2.5 MPa was selected. The thickness of the equivalent diagonal struts is the same as the thickness of the infill panel. Mainstone's approach was used to determine both the initial stiffness Kin = K1 in Figure 3 and the effective width Wef of the diagonal strut (Mainstone, 1971):
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with,

[image: image]

where Ew and Ec are the uncracked secant moduli of elasticity of the infill wall and the RC frame members, respectively, θ = arctan(Hw/Lw) is the diagonal strut's inclination, tw is the thickness of the infill wall, Ic is the moment of inertia of the frame columns, whereas Hw and H are the height of the infill wall (clear from slab to beam soffit) and the storey height, respectively, while Lw and L are the clear length of the infill from column to column and the bay width, respectively. Following a proposal by Paulay and Priestley (1992) it was assumed that Ew = 750 f m for clay bricks. The initial lateral stiffness K1, according to Mainstone (1971), is equal to
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The simplified expression by Žarnić and Gostić (1997) as given bellow, extended from an initial suggestion by Dolšek and Fajfar (2002), was used for the evaluation of the peak resistance of the infills Fmax in Figure 3. Fmax was assumed to occur at an axial deformation of the strut u2 equal to 0.5% of the storey height H:
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and
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where f tp is the cracking strength of the infill, obtained from a diagonal compression test, and θ, Lw and Hw as previously defined. Compressive cracking forces were assumed to be equal to approximately half of the corresponding ultimate resistance, F1 = Fmax/2, following (Dolšek and Fajfar, 2002), while the tensile strength of the infill (Ft, Figure 3) was assumed to be zero. The stiffness of the softening branch was taken as 10% of the initial stiffness K1 while the residual strength F4 was set equal to 15% of Fmax, primarily for numerical stability.

In the results reported herein, two different levels of infill resistance Fmax are considered only for building K60A59. For all the other case study buildings, infilled frames with relatively good quality masonry were considered only, representative of the construction pattern, the quality of the materials and the workmanship of that period.

SEISMIC ASSESSMENT USING IDA PROCEDURES

The seismic assessment of the non-conforming infilled RC buildings considered herein has been previously investigated using an SPO procedure analysis methodology described in Repapis et al. (2006a). The results of an extensive study for the seismic assessment of a wide range of regular and irregular, bare and infilled, existing RC buildings of the 60 till the 90s, using SPO, were presented in Repapis et al. (2006b). Inelastic SPO analyses were performed with both uniform and inverted triangular load profiles. Both global and local limiting performance criteria (LC) were considered (Repapis et al., 2006a,b) for performance assessment and nominal failure of the building was defined at the minimum deformation over all monitored criteria. From these analyses, the overstrength, the global ductility capacity and behaviour factor were evaluated and the failure mechanism and the critical LC were identified. Moreover, upon determination of the buildings' capacity curve, their target displacement demand was determined in accordance with the N2 methodology by Fajfar (1999) which is adopted by EC8-3 (2005), and was compared with the peak lateral deformation of the building.

In the present study, the seismic performance obtained using the IDA procedure is compared with the performance obtained from SPO procedures above, considering similar LC. For this purpose, 14 recorded base accelerograms were selected and used and, inelastic time history analyses were executed for each base excitation record and for increasing values of the recorded peak ground acceleration (PGA), until yield was exceeded and any failure LC considered was imminently reached, signifying nominal collapse. For each time history analysis, the maximum base shear and the corresponding spectral acceleration or PGA (the Intensity) are plotted against the maximum displacement or interstorey drift (the damage index), in order to establish the IDA curve for global response. Moreover, for meaningful comparison with the vulnerability predictions obtained with SPO analysis at the target point for these buildings, the time history response is also computed under all base excitations also being scaled to the design response spectral intensity, currently in effect for each building under the currently enforced regulations (EC8, 2004). For selected base inputs (e.g., record KAL18601Long), the as recorded unscaled PGA intensity is also considered, since it was close to this design level intensity.

The quantification of the structural performance of the buildings is made at both global and local levels. Some response parameters of interest are the minimum elastic response spectrum acceleration intensity inducing first yield in any structural member, [image: image], the minimum elastic response spectrum acceleration intensity inducing conventional collapse, [image: image] and the corresponding maximum absolute values of the roof deformation δy and δu, respectively. The evolution of peak local damage and demand indices, with record intensity, is also monitored.

The available behaviour factor q and global ductility capacity μ for the buildings are evaluated using IDA, in a similar approach as in SPO, assuming that the spectral amplification remains constant with increasing intensity. The behaviour factor q is established as the ratio of the PGAs of the collapse and onset of yield earthquakes (Salvitti and Elnashai, 1996), while global ductility capacity μ as the ratio of the corresponding roof drifts, as depicted in the following Equation 6:

[image: image]

The LC at both the local and global levels, which were adopted in SPO analyses, for the estimation of conventional collapse, as described in detail in Repapis et al. (2006a), are also adopted herein for the IDA study. Consequently, during each inelastic time history analysis, the following checks were performed during step by step time history analysis:

i)  Exceedance of the plastic rotation capacity of the columns at the critical regions, equal to the section's ultimate curvature under the axial load of the member (for columns) at the current time step, times the plastic hinge length (LC designated as θpl). The length of the plastic hinge was taken equal to (a) half the section effective depth or, (b) following a more refined empirical expression proposed by Paulay and Priestley (1992), whichever governed,

ii)  exceedance of the member shear strength capacity under current axial load (LC designated as V), according to current design Code,

iii) local capacity of the masonry infill panels, assumed to be exceeded when the axial load of the equivalent diagonal struts representing the infill reaches its maximum strength (LC designated as Infill) and

iv) exceedance of the maximum interstorey drift (LC designated as dr). A limit of 1.25% was assumed for buildings of the 60 and 70s, designed for past generation of codes and 2.5% for buildings of the 90s designed according to modern codes.

Beam-column joint shear capacity was only checked in SPO analysis. It was shown that this limit criterion was not critical because other failure modes preceded.

For the automatic performance of the required time history analysis, for increasing peak ground acceleration intensity and for the evaluation of all LC in a step by step manner, the computer code DrainExplorer (Repapis, 2002) was used. The analysis input parameters are the geometry of the building and the structural materials, reinforcement detailing of all critical regions of the members, base input excitation record and its elastic response spectrum characteristics. The critical region cross-section characteristics are calculated for all members. The ground motion record is scaled automatically and Drain-2DX (Prakash et al., 1993) is called by DrainExplorer to perform the corresponding time history analysis. For each dynamic analysis at a given PGA, DrainExplorer post processes the results to check all LC at every step of the analysis, in order to identify the critical excitation for all LC. Moreover, the plastic hinge distribution, the deformed shape, the vertical interstorey drift distribution, the energy absorption among the beams, columns, and infills with height, the current state of each member, the local plastic rotations and ductility demands, the capacity check of the joints and the shear capacity ratios for each member are some of the parameters monitored in every step of the analysis and for each base input intensity.

The procedure is repeated for another scale of the ground motion, until all LC are exceeded and yield and conventional failure are identified. The upper bound of the intensity of the base excitation is reached when the predefined limiting roof displacement is exceeded. Next, additional time history analyses are performed in an iterative manner for scaled values of the PGA around the values of yield and collapse PGA, in order to evaluate with increased accuracy [image: image]and [image: image] and, therefore, the available behaviour factor q and the ductility capacity μ of the building. Finally, the entire IDA curve is traced.

NONLINEAR ANALYSES RESULTS

The inelastic analysis results following IDA for the full set of infilled plane frames, including, for comparison, their bare frame counterparts, using the set of base excitations in Table 2, are presented and discussed herein. For comparison, SPO analyses, previously reported on these frames (Repapis et al., 2006b), are also briefly described. The purpose of the analyses is 2-fold, namely: (i) on one hand, to investigate the seismic performance of these infilled frames, and, (ii) on the other hand, to establish the reliability of performance prediction of SPO methods to assess these structures' seismic performance under actual recorded excitations, compatible with the design assumptions currently enforced.

The graphic results of the inelastic analyses are given in Figure 4 for the SPO studies and in Figures 7–12 for the IDAs. All SPO derived key performance indices are also given in tabular form in Table 1 and include, for each structural case study: (a) the assumed compressive strength of the masonry infill walls fm strength (for the infilled frames), (b) the plane frame fundamental period T1, obtained from modal analysis (not the effective stiffness), (c) the maximum base shear Vmax, the corresponding overstrength Ω and the supplied behaviour factor of the building q of the equivalent bilinearized single degree of freedom (SDOF) system following the methodology proposed in Repapis et al. (2006a). Furthermore, in terms of the kinematic parameters, are given: (i) the analytically obtained peak global roof drift prediction at failure, δu, (ii) the target point demand δt, determined according to the N2 methodology by Fajfar (1999), and (iii) the corresponding ductility supply μ of the SDOF system. Finally, the controlling LC on which δu was established is also reported, in order to separate brittle from ductile nominal failure forms in the response.
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FIGURE 4. Inelastic pushover (SPO) characteristics of bare and infilled frame structures K60A59 and K60AEC8.




Table 1. SPO analyses results for uniform and triangular distribution of lateral loads.
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Response Prediction Based on SPO Analyses

Prior to examining the IDA response, the SPO predictions are briefly initially examined, while, further on, the reliability of SPO to safeguard against actual earthquake response is considered by comparing SPO with IDA results. The capacity curves following inelastic plane frame SPO analyses under a triangular distribution of the lateral loads are given in Figure 4 for the bare and infilled frame configurations, for all frames considered. In all cases, the first initiation of yield δy, the target point prediction using the N2 method (Fajfar, 1999) and the roof deformation levels for the different LCs are also depicted, with the minimum of which establishing the roof deformation at nominal failure δu for each frame (see also Table 1). Pushover curves for the bare and infilled frame of the 70s is out of scale and is not shown in Figure 4, however, they can be found in Repapis et al. (2006b) and Zeris and Repapis (2018). The results are tabulated in Table 1 for both uniform and triangular distribution of the lateral loads. For a more detailed discussion of the use of these curves for the evaluation of the design level at allowable stress and ultimate, the overstrength and the supplied behaviour factor of each building, (see Repapis et al., 2006a,b).

Considering the SPO capacity curves it is observed that the governing LC for all bare and infilled frames is the exceedance of the plastic rotation capacity in the critical regions (θpl), with the exception of the conforming fully and partially infilled buildings T160AEC8 and T360EC8, for which infill failure is the critical LC, and for the conforming bare frame K60AEC8, for which interstorey drift limit of 2.5% is critically exceeded first, prior to all other LCs. Apart from these three buildings, infill or shear failure and interstorey drift always occur at roof deformations higher than the onset of the plastic rotation capacity LC. The inclusion of the infills results in a considerable increase in the initial stiffness, while also, the maximum displacement at failure of the infilled structures is decreased compared to the bare frames. Due to the interaction between the RC frame and the infills the shear strength of columns is surpassed earlier than the bare frame structures, with this LC, however, not being critical, since it follows the aforementioned LC of θpl. Regarding the performance of the structure, it is observed that the target point demand following the N2 method exceeds nominal failure in all non conforming frame cases, with the exception of the fully or partially infilled frames, be it with a good or a low quality infill material, whose nominal failure takes place after the target demand. Expectedly, the conforming EC8 designs are by far performing the best whether infilled or bare, and have ample reserves of deformation beyond the target demand.

Response Prediction Based on IDA

The seismic performance predictions using SPO analyses, above, are compared to the results of inelastic dynamic analyses using the IDA methodology of Vamvatsikos and Cornell (2004). To this purpose, the subject buildings were analysed in the time domain using 14 actually recorded time history base excitations, recorded during recent earthquakes in Greece and abroad. The time history traces (as recorded) for these excitations are depicted in Figure 5. In Figure 6, the linear elastic acceleration response spectra of the record set for 5% damping, are compared to the smoothed Elastic Design Response Spectrum (EDRS) prescribed in EC8 (2004) for seismicity zone I (PGA equal to 0.16 g, in the Greek National Annex of EC8), to which these building designs correspond in currently enforced seismic regulations. In the same plot are also depicted the linear elastic first mode periods of the subject buildings (denoted T1, in Table 1).


[image: image]

FIGURE 5. Earthquake record time histories used in IDA analysis.




[image: image]

FIGURE 6. Elastic response spectra of the as recorded accelerograms and predominant periods of the case study buildings.



For each recorded excitation, the base time history is obtained for subsequent scaling in IDA, compatible with the design seismic intensity currently enforced in the seismicity zone in which each structure is located; this scaled record excitation is obtained from the actual recording scaled so as to match the Velocity Spectrum Intensity (VSI) of the zone I EDRS of EC8 (2004). The as recorded record characteristics, namely: (i) PGA, (ii) the peak ground velocity (PGV), (iii) the record duration td, defined as the time elapsed between the times at the 3 and 97% limits of the Arias Intensity, (iv) the Arias Intensity (AI), and (v) the parameter VSI are also given in Table 2, for comparison of the characteristics of the base excitation time history set.


Table 2. Ground motion characteristics of the fourteen acceleration records used in IDA.
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Dynamic Response Variability and Global Damage Prediction

For each building and record considered, a typical IDA series involved about 20 time history analyses, leading to a total of more than 4,500 nonlinear dynamic analyses, for the entire building and record set. The results of all records' IDA analyses for all buildings are initially compared in Figure 7, in terms of the structures' global response under each nonlinear time history analysis, namely peak absolute interstorey drift vs. the corresponding spectral acceleration. For statistical evaluation purposes, in addition to the entire set of IDA curves the median IDA of all 14 records together with the 16 and 84% fractile plots are also depicted, together with the corresponding global LC (previously designated dr), namely 1.25% for non conforming frames and 2.5 % for conforming frames (off graph scale); one should stress, however, that the actual controlling LC for nominal failure, in each IDA analysis, differed for each structure and record case, with the majority of cases governed by structural LCs and followed by infill failure at higher intensities, as presented in more detail later on.


[image: image]

FIGURE 7. IDA curves for the bare and infill frames considered: median, 16 and 84% fractiles for all 14 records considered.



The inclusion of infills over the entire height of the building results in a considerable increase in the structure's lateral overstrength, in the case of the non conforming buildings as this is manifested by comparing the spectral intensities to reach a given storey drift, for the bare (and pilotis) frames and their infilled counterparts for all building generations: while the bare frames attain the critical drift limit of 1.25% at about 0.70 and 0.36 g (K60A59 and K70A59 frames, respectively), the corresponding fully and partially infilled frames attain this value at 2.00 g (T160A59), 0.85 g (T260A59), 1.4 g (T360A59), and 1.15 g (T170A59) respectively, namely 285, 121, 199, and 319% of the bare frame counterpart, with the corresponding ratios of peak resistance under SPO being 246, 152, 184, and 169%, respectively, for these buildings (Repapis et al., 2006b). It is therefore concluded that IDA predictions with drift limit criteria considerations generally predict higher overstrengths than SPO, except the irregularly infilled frame with the open ground storey (T2), whose performance is overly optimistic under static inelastic analysis, with the pilotis having the worst prediction errors. Fully infilled frame of the 70s has the worst prediction errors. The opposite is observed to the conforming frames, for which the IDA predictions with drift limit criteria considerations generally predict lower overstrengths than SPO.

Comparing the IDA response in Figure 7 among the bare and infilled frames and concentrating in particular to the 84% fractile and median peak storey drifts for given spectral intensity, it is seen that the presence of the infills results in an overall reduction of the scatter between the two, compared to the bare frames; the latter structural forms (both 60 and 70s) invariably exhibit higher deviations between the two IDA curves, with increasing base input intensity–with building K70A59 being the worst in performance at relatively lower intensities. The entirely opposite holds true for the pilotis cases (the T260A59 and T260AEC8 designs offscale), for which the difference between the latter two curves is minimal at the LC dr level, with building T260A59 exhibiting an initially relatively stronger resistance for small storey drifts, quickly dropping, however, to the bare frame spectral acceleration levels at higher drifts, due to the soft storey: this expected response transition is actually corrected for by infilling two bays at the open ground storey (the T360A59 and T360AEC8 designs), following closer the spectral acceleration levels of the fully infilled cases; it should be mentioned at this point that infill configuration T360XX, with two infilled bays at ground storey, is being used in Greece as a possible seismic intervention scheme of existing pilotis RC buildings.

It is interesting to note further, that for each building type there exist up to four records (~30% of the sample) for which the IDA demands increase disproportionately compared to the remaining records in the set, and dynamic instability is obtained at storey drifts over 0.5, 1.2, and 1.0% drifts for pilotis, bare and infilled frames, respectively; these records vary with building type and are consistently within the subset of A299-1, Aigio, KOZ19501, and THESSALONIKI (Figure 7).

Quantification of the Seismic Performance Indices

Further to the overall comparison of the IDA and SPO results based on the LC dr only, and given that, as subsequently discussed, the form of failure is not the same among different records and structural forms (in fact the nominal failure controlling LC varies even between IDA and the SPO prediction), the actual seismic performance predictions are subsequently considered in more detail. To that effect, the basic performance parameters used for the equivalent SDOF (re)design of RC structures, namely the provided behaviour (q) factor and ductility capacity, and the corresponding global damage index as expressed in terms of the roof displacement at failure, are compared between the SPO and IDA in Figure 8, with the corresponding values (and their statistics) given in Table 3 for all the buildings and record analyses at hand. An immediate comparison between the conforming (K60AEC8) and non conforming bare frames of the 60 and 70s reveals the influence of the conforming detailing and current seismic design requirements in a resulting considerable increase in all their performance indices: compared to the bare frame (K60A59) which exhibits a median behaviour factor and global ductility of 2.4 and 2.2, the corresponding values for conforming building K60AEC8 are 8.6 and 7.5, respectively. The inclusion of the infills, however, in these frames, has the opposite effect in their seismic performance indices. Considering the corresponding median behaviour factor and global ductility values it is observed that these remain or increase to 2.7 and 2.4 (T160A59), 2.5 and 2.0 (T260A59, pilotis), 2.4 and 2.2 (T360A59, upgraded pilotis)–with even better performance of the weak infill wall pilotis (T260A59-05), while they are reduced to 3.9 and 3.0 for the fully infilled conforming frame (T160AEC8). This observation does not apply to the 70s group, which are relatively taller and have larger spans, for which the poor bare frame performance (median q and μ equal to 1.9 and 1.8, frame K70A59) compares to even lower values of median q and μ equal to 1.2 and 1.2 for the fully infilled frame T170A59. Equally importantly, the scatter in the IDA results (see, e.g., the standard deviation and coefficients of variation in Table 3) for fully infilled structures is reduced to half of the bare frame for T160A59 and T160AEC8, while it increases for the corresponding 70s frames. Similar observations hold true also for the peak global roof deformations.
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FIGURE 8. Behaviour factor q, ductility μ and top displacement at failure evaluated from SPO and IDA analyses. (Note that building K60AEC8 results are out of scale).




Table 3. Behaviour factor, ductility and minimum roof drift at failure, evaluated from SPO, and IDA analyses for all the records considered, together with the mean, median, minimum, and maximum values of the entire IDA analysis set, for each building (for each frame, the predominant period, and infill strength are also noted).
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Compared to the SPO predictions, one again observes that median IDA values are nearly equal (K60A59) or higher (K70A59, K60AEC8) than the SPO predictions (uniform distribution), which are therefore more conservative for use in redesign, yet, in this case, IDA predictions systematically are lower than the SPO predictions in the supplied behaviour factor of the non conforming frames (T160A59 and T170A59), implying that assessment and verification methods adopting the SPO values not to be conservative in the frame performance levels; again, unlike T160A59, for the 70s infilled frame the ductility marginal difference between IDA and SPO vanishes.

Local Resisting Mechanisms and Energy Absorption

This overall difference in performance of the bare and infilled frames can be qualitatively related to the distribution of resting mechanisms and their failure extent, considering in Figure 9 the time history snapshot at the end of the analysis for the unscaled KAL18601Long record. At this instant the hinge distributions and their relative demands, the extent of cracking in the infills and the energy absorption for all the infill configurations of frame K60A59 (internal and external) are plotted. In this Figure comparisons of (i) the plastic hinge distributions between the members and the flexural ductility demands in the hinge, (ii) the possible onset of failure in the corresponding hinge, (iii) the extent of cracking in the infill struts, and (iv) the energy absorption per storey, of the beams, the columns and the infill struts, relative to the total energy absorbed, are shown. It is seen that, while the bare frame attains the maximum drift through a soft storey mechanism in the third and fourth storey and failure of the columns, with very little energy contribution from the beams, including a regular infill pattern results in the lower four storeys contributing in the energy absorption with a complete correction of the soft storey formation. Furthermore, the change in the response profile results in this case in a failure at this instant of the base column heads only, while the beams are in this case mobilized fully with higher ductility demands and no failure. The pilotis configuration follows the bare frame performance, with the exception that the soft storey formation is in this case forced to the ground storey, causing the columns to fail in this location. Again, this type of response is corrected by partially infilling two ground storey bays at the ends of the exterior frame only (case T360A59).
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FIGURE 9. Plastic hinge distribution, ductility rotation demands and energy absorption at the end of the analysis. KAL18601Long record (unscaled). Red plastic hinges have failed. Infills are plotted in “dashed” line if cracked.



The peak roof deformation demands at first onset of yield and at nominal failure, is compared with the peak deformation of the as recorded and scaled record inputs for all 14 records and for each building, in Figure 10; furthermore, the entire demand history with increasing base input is demonstrated for these buildings considering the median IDA response in terms of roof deformation and interstorey drift in Figure 11. In the case of the 60s frame configurations characterised by a smaller number of floors and relatively dense column spacing, the first yield deformation does not differ among the different types of structural systems (bare frames and infilled configurations with good or weak infill masonry quality). This is not the case for K70A59 and T170A59 for which the onset of yield varies with the input content, albeit in the same manner for both building forms. Considering the deformation at failure vis-a-vis the peak deformation demand of the scaled input, one observes that: (i) both the drift and the roof deformation at first yield are fairly insensitive to the infill configuration or lack thereof, lying in the 0.2% range, (ii) in absolute value, roof or storey deformations at failure of the bare frames are lower than the corresponding deformation of the scaled earthquake record, (iii) inclusion of the infills for building K60A59 (but not K70A59) results in correcting for this deficiency in the infilled frames, with the exception of the KAL18601Long, KOZ19501TRAN and Loma Prieta records; and (iv) the infill configuration affects favourably and very strongly the safety margin between scaled input response and failure of the conforming frames, which have the most favourable response.
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FIGURE 10. Roof displacements from IDA analysis for the 14 records. Values for yield, failure, the scaled record to the design spectrum and the unscaled (raw) record are shown.
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FIGURE 11. Comparison of the median IDA intensity curves for the bare and infill frames considered in terms of the dr global LC.



Form of Nominal Failure and Target Point Prediction

Since the actual form of failure (the controlling LC) varies with record and building type, the median IDA results of the peak base shear and peak roof deformation are compared with the SPO predictions for all the 60s frames (bare, infilled, pilotis, weakly infilled) in Figure 12, with designation, in each case, of the controlling LC. From the load resistance curve comparisons it is demonstrated clearly that the overstrength under IDA is consistently higher than SPO estimation under the triangular lateral force distribution (and closer, for K60A59 to the uniform load distribution, see Repapis et al., 2006b); the scaled input median IDA deformation demand is consistently less than nominal failure for the infilled frames (T160A59), marginally so for the partially or weakly infilled frames (T360A59 and both T160A59-05 and T360A59-05) and exceeds the deformation capacity for the bare frame and the pilotis. This difference in overstrength also results in a consistent increase of the target point prediction based on the N2 method (Fajfar, 1999) under SPO, relative to the median IDA prediction under the scaled record inputs. It should be noted, also, that the LC controlling this nominal failure differs in each case and in no case (SPO or IDA) is the infill controlling failure: in most cases flexural plastic rotations are exceeded in columns, albeit at different axial loads for the bare and infilled frames, due to the change in the structural system. This is not the case for the conforming frames. The critical LC for the conforming bare frame (K60AEC8) is the interstorey drift, while for the fully infilled (T160AEC8) and the partially infilled (T360AEC8) frames, the critical LC in most cases (SPO and IDA) is exceedance of the infill capacity. However, for the open ground storey (T260AEC8) frame, energy absorption concentrates at the open storey and critical LC is, in most cases, the failure of the ground columns.
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FIGURE 12. SPO and median IDA predictions for the bare (K60A59) and infill (T160A59, T260A59 and T360A59) frames of the 60 s.



CONCLUSIONS

The present study aims at the vulnerability assessment of non-conforming infilled RC structures of the 60 and 70s, which represent a significant portion of the whole building estate in Greece and other seismically affected countries worldwide. The seismic performance of typical bare and infilled structures was evaluated using nonlinear pushover and time history analyses. The results from Incremental Dynamic Analysis were compared with previous analysis assessments on the same structures, based on static inelastic prediction procedures. Based on the findings of this study, the following can be concluded regarding the expected inelastic performance of typical non-conforming infilled RC buildings under seismic excitation:

• The inclusion of infills regularly distributed over the entire height of the building resulted in a considerable increase in the structure's lateral overstrength compared to the bare frame, followed by a companion reduction in their deformability. Furthermore, observed scatter of the IDA results was reduced compared to the bare frames.

• IDA overstrength predictions were higher, compared to the SPO predictions for the non conforming frames, with the opposite being observed for the conforming case. Accordingly, SPO methods overestimated the target displacement, as compared to the median value obtained using IDA. Moreover, deformation capacity was also overestimated by the SPO methods.

• The form and criterion governing failure differed among different records and structural forms. In the bare frame of the 60s a soft storey mechanism occurred between the third and fourth storeys due to the reduced dimensions of the columns, while the fully infilled frame suffered extensive damage at the lower storey infills, resulting to a soft storey at the lower two storeys. In general fully infilled frames presented a better distribution of damage along the height of the structure. Infilled frames with an open storey concentrated all the inelastic action at the base and exhibited the worst performance; introducing a few infill bays at the soft storey level provided these buildings with increased resistance, similar to the infilled frames. The plastic hinge rotation capacity of columns was the governing LC for all non-conforming bare and infilled frames. On the contrary, the critical LC was the interstorey drift for the conforming bare frame, while the capacity of the infills governed for the fully or partially infilled frames.

• IDA predictions of the basic performance parameters, such as the available behaviour factor, ductility capacity and deformation at failure exhibited high scatter, with SPO predictions being within the range of the IDA predictions. One important point regarding the building generation and form is that overall, infilled buildings of the 60s exhibited a higher ductility capacity and behaviour factor under IDA (q and μ equal to 2.4 and 2.2 for the bare frame, and 2.7 and 2.4 for the fully infilled frame, respectively) than SPO predictions, due to their relatively dense column spacing. The opposite holds true for the 70s buildings, with wider spans and more storeys, which, under SPO, had relatively worse performance than the 60s; under IDA, their median performance indices were even lower (q and μ equal to 1.9 and 1.8 for the bare frame, and 1.2 for both q and μ for the fully infilled frame, respectively) than the SPO values.

• For non-conforming bare frames of the 60 and 70s, maximum deformation capacity is smaller than the demand under the scaled record inputs. On the contrary, for fully infilled frames the deformation demand is less than nominal failure and marginally so for the partially or weakly infilled frames (T360A59 and both T160A59-05 and T360A59-05). The open ground storey (pilotis) frame (T260A59) has the worst performance, for which demand exceeds the deformation.

In view of the complexity and number of parameters involved in the evaluation of the seismic vulnerability of existing RC frame structures (both infilled and not), the findings of the present study can further be refined by considering the following modelling improvements, currently under investigation: (i) three-dimensional response effects, under different plan infill configurations, (ii) additional LCs involving, among others, the lack of proper anchorage and the buckling of the compression reinforcement, (iii) improved modelling techniques to account for modelling of the joint behaviour and the pinched cyclic characteristics of the members; and (iv) uncertainty in the quality of the materials.
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