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Introduction: It is well recognized that masonry infills, even though they are non-structural elements, might offer a significant earthquake resistance and can prevent the collapse of relatively weak reinforced concrete structures.
Methods: The goal of this study is to investigate the energy dissipation contribution of masonry infills in reinforced concrete frames subjected to earthquake ground motion. To this purpose, a sticktype model with and without infills is considered for the evaluation of the inelastic response of representative frame structures. The infills are modeled by means of equivalent strut elements, which can only carry compressive loads. To investigate the influence of their mechanical characteristics, different idealized type of masonry infills are considered, and the weakest one is selected for the dynamic analyses based on the whole strong motions database.
Results: Wide ranges of structural systems and natural periods are taken into account, in such a way to establish response spectra for several significant parameters, including those based on energy. The results of the present investigation demonstrate that the infills significantly contribute to the energy dissipation capacity, provided that they are present in all stories.
Discussion: It is found that the contribution of masonry infills is of great importance in reducing both dissipation and displacement energy demands in frame elements. The effectiveness of their contribution depends on the characteristics of the ground motion, especially for non-seismic frames.
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1 INTRODUCTION
Reinforced concrete buildings infilled with masonry panels are a very common construction typology in Southern Europe, particularly in the Mediterranean countries. Infills are generally considered as non-structural elements (i.e., simple partitions), and their presence and position in plan and along the height of the building is not explicitly taken into account during the design stage.
However, as far as performance of reinforced concrete buildings during various recent earthquakes is concerned, the important role played by the infills on the overall structural seismic response has been recognized within several studies (Decanini et al., 2004b; Decanini et al., 2005; Celebi et al., 2010; Ricci et al., 2011; Decanini et al., 2012; Ricci et al., 2013; De Luca et al., 2014; Masi et al., 2019; Mollaioli et al., 2019; Furtado and De Risi, 2020; Furtado et al., 2021).
Infills not only limit the deformation of the frames and contribute to the energy dissipation during the earthquake, but also provide a global increment of stiffness and strength. In particular, in terms of stiffness variation, infills produce a change in the natural periods with a shift towards the shortest ones and a consequent variation of the vibration modes of the structures. The presence of infilled panels can be positive or not, depending on the regularity of their distribution in plan and along the height, among others. When some irregularities take place, failure mechanisms might develop into structural members that were not originally designed to undergo the corresponding effects.
Moreover, the seismic response of infilled frames is significantly influenced by several factors, namely: the characteristics of the earthquake that can modify the seismic behavior as a function of the frequency content, duration and amplitude of the corresponding ground motions; the mechanical properties of the infills; the frame-to-infill interface behavior, particularly at the corners; the presence of openings; the out-of-plane behavior of infilled frames also in terms of its interaction with in-plane response; etc.
Generally, the structural performance could be improved by increasing strength and dissipation capacity due to the masonry infills provided that they are regularly distributed, even if in presence of an increment of the seismic inertial forces. In this case, a lot of work has been made in checking the effective increment of strength corresponding to different typologies of infills (Bertero and Brokken, 1983; Bruno et al., 2000; Dolšek and Fajfar, 2008; Rodrigues et al., 2010; Haldar et al., 2013; Cavaleri and Di Trapani, 2014; De Risi et al., 2018; Morandi et al., 2018; Mollaioli et al., 2019; Di Trapani et al., 2020; Dias-Oliveira et al., 2020; Demir and Chengiz, 2021; De Risi et al., 2022; Di Domenico et al., 2022). Very limited research was accomplished regarding the dissipation demand capacity of infilled frames, even though the energy dissipation represents an important indicator of cumulative damage for structures under seismic loads, as highlighted in several studies (Decanini and Mollaioli, 1998; Decanini and Mollaioli, 2001; Benavent-Climent, 2007; Mollaioli et al., 2019; Gentile et al., 2019; Gentile and Galasso, 2020; Benavent-Climent et al., 2021; Cheng et al., 2021; Soleiman and Mollaioli, 2021). For instance, Benavent et al. (2014), after the Lorca earthquake in Spain, evaluated the level of damage in typical reinforced concrete frames by means of an energy-based index, and explained the role played by infills in the overall seismic response. Ozkaynak et al. (2014) asserted that the main part of the input energy imparted to the infilled structure is dissipated through hysteretic and damping energies. When studying the behavior of reinforced concrete frames infilled with masonry panels, Decanini et al. (2012) put in evidence the general agreement between observed damage with the energy demands of the 2009 L’Aquila earthquake in Italy. Kakaletsis and Karayannis (2007) deduced that masonry infills with eccentrically located openings can also be beneficial for the seismic capacity of reinforced concrete frames in terms of energy dissipation.
Therefore, the important contribution attributable to masonry infills in reducing the energy dissipation demand in the structural elements or preventing the development of serious damage in reinforced concrete elements deserves to be investigated. In this paper, the contribution of the infills in reinforced concrete structures is studied in case of masonry panels placed regularly throughout the structure so as do not cause shear failures of the columns. Moreover, frames not designed to resist to seismic forces are included in order to verify the importance of the infills for frames that do not comply with seismic design rules. In order to highlight the dissipation capacity of the infills, the correlation between input and hysteretic energy with a damage measure (herein represented by means of the maximum interstorey drift) is evaluated.
2 MODELING OF REINFORCED CONCRETE FRAMES AND SEISMIC GROUND MOTIONS DATABASE
A stick model is used for modelling bare and infilled frames. Its lateral stiffness, inertial and strength characteristics are meant at approximating those of real frame structures (Mollaioli et al., 2011). The adopted multi-degrees-of-freedom (MDOF) system thus consists of a series of lumped masses connected by means of nonlinear springs, which are suitably calibrated for representing the behavior of reinforced concrete elements and masonry infills. This simplified numerical modeling allows for the analysis of a large number of records and structures, so as to obtain response spectra for the inter-story drift and the story energy dissipation demand. The methodology has been detailed by Mollaioli et al. (2011), and it allows to perform broad parametric analyses about the inelastic seismic response of different multi-story frame structures and to obtain a spectral representation of the most significant seismic demand parameters considered in this paper, such as the inter-story drift ratio (or index), IDI, and the amount of energy dissipated at each story. Obviously, such response parameters, though supplying important information about the damage level at the end portions of the columns of each story, are only able to provide an indirect and approximate assessment of the inelastic behavior of members connected to the columns.
The frames considered for the nonlinear dynamic analyses are selected in such a way that they are as representative as possible of the reinforced concrete buildings stock in Italy and within the Mediterranean region. The data employed for the present study refers to a recent Italian census about residential (De Sortis et al., 2007). It is observed that most of buildings (approximately 98% of the stock) have up to 8 stories. The cross-inspection of the data pertaining to number of stories, average stories area and number of bays led to the definition of five R/C two bay-frames having constant story height (h = 3.2 m) and beam spans (w = 5.0 m), with five different numbers of stories (N = 2, 4, 6, 8, 10). The ten-story configuration is chosen as upper bound. However, for the sake of spectral representation of energy and displacement parameters, other frames of 12, 14, 16, 20, and 24 stories are included, even though they do not represent realistic structures.
In spite of the long and documented history of destructive earthquakes that have hit Italy over time, the reinforced concrete frame buildings constructed before 1975 were designed with little or no consideration of provisions against the effect of lateral forces induced by earthquakes, with some exceptions in the regions where strong earthquakes occurred in the past. In 1976, the occurrence of two devastating earthquakes in Friuli, which caused more than a thousand victims and economic damages, triggered decisive changes in the state-of-practice. In fact, first national seismic regulations were published between 1975 and 1996, and were in force within those regions that were recognized as seismic zones. However, only after 1983 a large part of the Italian territory was considered exposed to the effects of future seismic events.
The frames are regular in terms of stiffness and mass distribution. They were designed in such a way to have a resistance capacity expressed through the seismic coefficient Cy (i.e., the ratio between the maximum base shear and the weight of the building) equal to 0.08, 0.15, 0.25, and 0.35. The first value can be considered representative of the weakest buildings, i.e., buildings designed for vertical loads only and built with materials having limited mechanical characteristics (Bruno et al., 2000). The other values of Cy refer to buildings built within different seismic zones in accordance with past (in force between 1975 and 2003) as well as current (starting from 2003) seismic regulations.
Three different configurations of infilled frames are considered: 1) bare frames (B); 2) infilled frames with masonry panels at each floor (T); 3) frames with infills placed everywhere except for the first floor (pilotis) (P) (Figure 1).
[image: Figure 1]FIGURE 1 | Shear-type models for n-story frame structures (interstorey height and beam span are equal to 3.2 m and 5.0 m, respectively): bare frame (A), pilotis frame (B) and infilled frame (C).
For the prediction of the inelastic response of the bare frames, equivalent discrete shear-type (ESTM) models are considered, whose effectiveness in evaluating the inelastic responses of the multi-story framed structures was validated in previous research works (Mollaioli et al., 2007). A stiffness-degrading hysteretic model was adopted to represent the cyclic behavior for each story. Stiffness degradation is defined as a function of ductility, the strength deterioration is function of both dissipated energy and ductility whereas pinching is modeled by two independent parameters. Even though such modeling neglects some information on local inelastic deformations and hysteretic dissipations, such as plastic curvature and dissipated energy in some portions of the members, it permits to analyze the seismic behavior of a large number of multi-story buildings. The bare frame is taken into account because it is the structural configuration that is commonly employed in the design stage.
Several macro-models have been proposed to simulate the infills behavior (Fardis and Panagiotakos, 1997; Crisafulli and Carr, 2007; Asteris et al., 2011; Di Trapani et al., 2017). Some of them also consider a large number of experimental results (Di Trapani et al., 2015; Sassun et al., 2016; Gaetani d’Aragona et al., 2021; Blasi et al., 2021). In this paper, the infills are represented by means of a system of two equivalent diagonal struts that carry load only in compression that are coupled with the shear-type model of the frame. The model used for the infills derives from the original work by Decanini and Fantin (1986), which was adapted to account for the openings by Decanini et al. (2014) and also modified recently so as to consider a large number of experimental tests by Liberatore et al. (2018).
The envelope of the force-horizontal displacement relationship (Fm-u) is shown in Figure 2 and is defined by a skeleton line composed by four branches. The first part represents the elastic phase and is characterized by high stiffness. Point F marks the beginning of the cracking phase, which is characterized by a reduction of the stiffness until the point FC when complete cracking occurs. Next, a degrading behavior follows, which concludes with another branch characterized by zero stiffness and constant strength equal to the residual strength.
[image: Figure 2]FIGURE 2 | Backbone curve of the force-displacement model adopted for the equivalent struts representing the walls.
The evaluation of the strength of the equivalent connecting rod takes into account four possible fundamental failure modes (Decanini and Fantin, 1986; Decanini et al., 2004): 1) failure due to diagonal tension; 2) sliding shear along horizontal joints; 3) compression failure in the corners of the infill; 4) failure due to diagonal compression of the infill. Each one of these failure modes is associated with a maximum resistant stress σbr, which depends on the fundamental compressive strength of the infill σm0, the fundamental shear strength τm0 determined by means of the diagonal compression, the sliding resistance of the joints u, and the applied vertical stress σo. The rupture mechanism corresponds to the minimum value obtained for the fictitious rupture strength. The horizontal resistance of the equivalent connecting truss is therefore given by [image: image] (where t and w are the thickness of the masonry panel and width of the equivalent strut, respectively). The first cracking resistance Fmf (corresponding to the detachment between the frame and the panel) and the residual resistance Fmr are expressed as function of the complete cracking resistance Ffmc (Table 1).
TABLE 1 | Infilled masonry description and mechanical characteristics for weak (t1), intermediate (t2) and strong (t3) infill masonry types (Decanini et al., 2004).
[image: Table 1]Firstly, to investigate the effects the infills on the structural response as a function of different strong motion types, three different types of masonry infills are considered. The first type of infill, t1, represents a frequent typology in existing Italian structures: it consists of 24 cm × 12 cm × 12 cm clay bricks with horizontal holes and assembled by means of bastard mortar (sand, lime and cement). The second type, t2, is characterized by another usual type of infill in Italian buildings: it is made up of clay bricks measuring 30 cm × 20 cm × 15 cm with horizontal holes and assembled by means of cement mortar. The third type, t3, consists of semi-solid bricks (UNI type) with dimensions 6 cm × 12 cm × 24 cm and including small vertical holes with circular cross-section. Table 1 shows all the parameters that define the envelope and the hysteresis cycles of the constitutive model of the various infill walls.
The values of the elastic modulus of the infill walls (corresponding to the secant modulus between the origin and the point of complete cracking) is denoted as Kmfc. Since the stiffness of the infill walls has already been introduced via the elastic modulus corresponding to the secant stiffness with complete cracking, the ratios Km0/Kmfc and Kmu/Kmfc (see Figure 2) are requested, since they allow to obtain the slope of the non-cracked elastic branch and of the post-cracking waning branch, respectively. A similar system is used to identify the characteristic points of the envelope by providing the values of the ratios Fmf/Fmfc and Fmr/Fmfc. The values shown in Table 1 are used.
It is noted that the slope of the softening branch for the t3 wall is two times that of t1. Hence, the masonry wall t3 is more brittle and, thus, more affected by cyclic degradation (first row of Figure 3).
[image: Figure 3]FIGURE 3 | Typical force-displacement envelopes and masonry hysteretic response under cyclic loads (first row). Hysteretic response of a one-story RC frame together with two equivalent struts describing the infilled frame under seismic record FN672 (second row).
The cyclic behavior of an infill is generally characterized by the degradation of stiffness in the unloading brunch, the degradation of strength under displacement cycles of constant amplitude and the pinching due to cracks developed in the previous cycles. For the sake of completeness, the second row of Figure 3 shows the hysteretic response of a representative infilled frame subjected to ground motion excitation.
2.1 Strong motion records
The dynamic response of the considered equivalent frames systems is calculated for a large number of strong ground motions recorded during 40 past and recent earthquakes (a total of 985 seismic records is taken into account). These ground motions were recorded either at the free field or the ground level of structures (no more than one story height). The selected records belong to a magnitude interval between Mw = 5.0 to Mw = 7.9 and source-to-site distance (herein, the closest distance from the surface projection of the fault rupture) Df between 0 and 150 km. To take local site conditions at the recording stations into account, the ground motions belong to four different soil types, which are defined according to the stratigraphic profile and the average shear wave velocity in the upper 30 m VS30, namely, A, B, C, and D according to Eurocode 8 (2004).
In Figure 4 is shown the distribution of the records according to magnitude Mw, and closest distance from the surface projection of the fault rupture Df. It is possible to note that the records correspond to very different ground motions, so as to investigate more in depth the influence of their characteristics on the structural response.
[image: Figure 4]FIGURE 4 | Magnitude Mw shortest projection to the surface of the distance to the causative fault Df, peak ground velocity PGV and peak ground acceleration PGA.
3 RESULTS OF THE ANALYSES
3.1 Characterization of the correlation between energy and displacement demands
Including infill walls leads to a decrease of the natural period of the building with a consequent reduction of the displacement demand. As it was already pointed out (Decanini et al., 2004a), the period of the bare frame can be 2–3.5 greater than those of infilled frames, depending on the mechanical characteristics of the infills. The stiffness increment reflects into a variation of strength and energy demand. The increment or the reduction of such seismic demands is function of the most important general characteristic of ground motions, i.e., amplitude, duration and frequency content.
To illustrate the influence of the infills on the seismic demand, it is useful to consider a small set of seismic acceleration time histories having amplitude, frequency content, and duration within certain limits, so as to reduce the dispersion of the corresponding demand parameters. Ten records are selected considering narrow magnitude (6.5 ≤ Mw ≤ 7.0) and distance (10 km ≤ Df < 20 km) ranges, for a soil type C according to Eurocode 8 (2004). Even though they belong to a narrow bin, they exhibit some scattering in frequency content, which is especially evident in the input energy spectra or in the pseudo-velocity spectra. In fact, even though the records exhibit comparable values of peak ground velocity (PGV) and Housner Intensity (IH), with some differences only in peak ground acceleration (PGA) and maximum spectral acceleration (Sa,max), the dispersion in the energy parameters is larger.
As already pointed out in past research by comparing the response of the frames in terms of maximum story ductility demand μmax, a large ductility demand is observed in the lowest frames as a function of the Cy coefficient (Bazzurro et al., 2005; 2006). In case of infilled frames, the ductility demand decreases as function of the mechanical characteristics of the infill walls, from t1 to t3, with a concentration towards the lowest stories. It is important to underline that the dissipated energy demand in the infilled frames does not seem to be substantially affected by the seismic coefficient Cy. Conversely, the energy demand in the bare frames tends to increase considerably as the coefficient Cy decreases. Anyway, the infilled frames suffer a highly non-uniform distribution of the story ductility demand since it tends to concentrate in a few stories.
In terms of maximum inter-story drift IDI, it was found that the influence of Cy is particularly large for the lowest frames, namely, between 2 and 6 stories for bare frames, as well as for the infilled frames t1, t2 and t3. The beneficial effects of the infill walls on reducing the IDI values are evident for the masonry infills characterized by high values of the maximum strength. Moreover, the maximum inter-story drift demand tends to shift to the bottom stories as strength and stiffness of infills increase. It is possible to note that the drift demand for frames with infill type t3 in several cases is greater than to the corresponding value for frames with infill type t2 due to local brittle behavior of the masonry, which implies the sudden loss of its contribution with subsequent local concentration of the drift demand. The consequence of the more brittle behavior of the masonry infill t3 is also reflected in the energy dissipation capacity during the cyclic degradation.
Although the selected ground motions belong to a narrow magnitude and distance range and to a specific soil class, it is found that the way by which the infills modify the structural behavior depends on the frequency content and amplitude of the ground motion, particularly in highly inelastic ranges.
To further highlight this evidence, a comparison between the IDI and the total energy dissipation EH,tot, demand is shown in Figure 5, together with the energy dissipated by the infills alone EH,inf as reference. It is possible to observe that, the presence of strong infills largely reduces the displacement demand in the RC frame, this is especially evident in the case of low seismic intensities (i.e., low values of EH,tot). Moreover, even if energy dissipation and drift demand for infills type t3 are generally lower than those corresponding to infills type t1, there are some cases where the opposite occurs. That is to say, the brittle behavior of infills type t3 is amplified for some seismic records.
[image: Figure 5]FIGURE 5 | EH,tot (cm2/s2) vs. IDI (first row). EH,tot (cm2/s2) vs. EH,inf (cm2/s2) (second row). Results are obtained for Cy = 0.15.
In the second series of plots into Figure 5, the contribution to the dissipation demand attributable to the infills is compared with the total dissipation demand. There are some overlaps between infills t2 and t3, while the energy dissipated by infill type t1 is usually less than that of the other two typologies. The reduced dissipation capacity of the infills type t1 can be better appreciated in Figure 6 where the energy spectra obtained from the whole dataset of frames and four records are shown.
[image: Figure 6]FIGURE 6 | Normalized spectra of the total dissipated energy EH and the maximum interstorey drift IDI (seismic record FN982, Cy = 0.15)
A satisfactory correlation between the maximum interstorey drift IDI and the total energy dissipated by the frames EH, tot can be recognized in Figure 5, even in presence of infills. Similar results have been found for all values of Cy, with an improvement as the seismic capacity of the frames increases. Mollaioli et al. (2011) highlighted that the shapes of the interstorey drift index IDI spectra are more influenced by the energy demand than acceleration and displacement spectra. Through a comparison of energy and drift spectra, it is evident that highest values are achieved at similar period values. On the contrary, such an agreement does not occur for acceleration and displacement spectra. This is why a strong local deformation demand can occur when a strong energy demand is imposed, while in general it does not necessarily produce large top displacement.
This trend is confirmed for the infilled frames as shown in Figure 6, where the spectra of the total dissipated energy and the peak interstorey drift are presented after proper normalization to their maximum absolute value. Even though these spectra are obtained for a single seismic event only (FN982 record in Table 2), energy and drift peaks and valleys are close each other in the other earthquakes. Another general result is the shift of the IDI values towards shortest periods for the infills type t1. This means that the maximum interstorey drift is obtained for the lowest frames with infill type t1.
TABLE 2 | Set of strong motion records for the preliminary analyses.
[image: Table 2]As far as infill walls t2 and t3 are concerned, the dissipated energy is fairly similar and several cases can be highlighted in which infill wall type t2 dissipates more energy than infill wall type t3. However, it can be clearly observed that the energy dissipated by infill panels t1 is always much lower than that found in the other two infill types. For the four cases reported in Figure 7, it is halved or even less. In general, this implies that, for the same energy input, there is a larger demand for energy dissipation in the reinforced concrete frames for the infill type t1. This circumstance can represent a critical issue for low values of Cy.
[image: Figure 7]FIGURE 7 | Energy dissipated by infills, EH,inf (cm2/s2). Cy = 0.15.
Anyway, in infilled frames, the energy dissipation always grows up as the number of stories increases, whereas the energy dissipated in the bare frames tends to decrease as the number of stories increases until the elastic behavior is attained. Moreover, the response of the bare frames does not build in the inelastic range appreciably as shown in Figure 7.
Therefore, it seems that a correlation exists between IDI and dissipated energy, and that the frames with infill type t1 are weaker as compared to those with infill types t2 and t3. Hence, it is appropriate to evaluate the correlation between (total or input) energy and drift considering the entire record database. Once such correlation is thoroughly investigated, some relationships that allow the estimation of the drift as function of the energy can be obtained.
3.2 Correlation analysis
Figures 8–13 shows the IDI values as function of EH for bare frames or EH,tot for infilled/piloties frames and EI, for different values of T and Cy. It is pointed out the data employed for the present analysis are restricted to IDI values equal to or less than 3%.
[image: Figure 8]FIGURE 8 | Hysteretic energy EH and maximum inter-story drift ratio IDI for bare frames.
[image: Figure 9]FIGURE 9 | Input energy EI and maximum inter-story drift ratio IDI for bare frames.
[image: Figure 10]FIGURE 10 | Total hysteretic energy EH,tot and maximum inter-story drift ratio IDI for infilled frames.
[image: Figure 11]FIGURE 11 | Input energy EI and maximum inter-story drift ratio IDI for infilled frames.
[image: Figure 12]FIGURE 12 | Total hysteretic energy EH,tot and maximum inter-story drift ratio IDI for pilotis frames.
[image: Figure 13]FIGURE 13 | Input energy EI and maximum inter-story drift ratio IDI for pilotis frames.
With the possible exceptions of a few cases corresponding to Cy = 0.08 and a large number of stories, the correlation between the energy-based intensity measures and the displacement-based seismic demand can be considered satisfactory for bare frames (Figures 8, 9), with small differences between EH and EI. It can also be noted for the tallest frames and the highest Cy values that, in some cases, the dissipated energy is zero even if the drift is different from zero. This is due to the fact that the response is almost elastic. This does not occur when the input energy is considered, since it is always different from zero.
The behavior tends to regularize when the infills are considered: no particular cases are highlighted thanks to the contribution of the infills in dissipating the energy (Figures 10, 11). In particular, for the tallest frames, in many cases the frame behaves elastically and a reduction of the drift demand occurs thanks to the dissipative capacity of the infills.
In the case of pilot frames (Figures 12, 13) there is an increment of the energy dispersion, especially for low frames, due to the concentration of the seismic demand at the first floor, but the trend is very similar to that observed in the previous cases.
The results obtained from the nonlinear time-history analyses have been organized in such way to derive compact symbolic formulations able to predict the value of IDI considering T, Cy, EI, EH (for infilled frame) and EH,tot (for infilled frame) as candidate explanatory variables. To this end, a machine learning technique is employed, namely, genetic programming (Koza, 1994; Quaranta et al., 2020). This is an extension to computer programs of Darwin’s theory of evolution in use for genetic algorithms. Accordingly, starting from an initial random collection of candidate solutions, these computer programs are manipulated through an iterative procedure by means of a sequence of genetic operators until a stopping criterion is fulfilled. The approach proposed by Ekart and Nemeth (2001) has been implemented to cope with bloat phenomenon. This basically rests on a selection scheme based on tournament selection and Pareto’s nondomination concept. For the present study, the initial collection of candidate solutions is obtained according to the ramped half-and-half method (the population size is 1,500). The following genetic operators are applied throughout the iterative procedure: tournament selection (with a tournament size equal to 10), subtree crossover (with crossover rate equal to 0.90, where functions and leaves are selected as crossover point 90% and 10% of the times, respectively), point mutation (with mutation rate equal to 0.15), and reproduction (by duplicating 5 candidate solutions within the current population to the next without changes). The genetic programming is performed in order find the optimal predictive symbolic formulations by combining the candidate explanatory variables through standard arithmetic, logarithmic, exponential and power operators. The full set of data is partitioned into training and validation database: the training database includes 75% of the data (about 14,000 data for each type of frame) and it is employed to develop the final symbolic expressions, whereas the validation database includes the remaining 15% of the data (almost 3,000 data for each type of frame) and serves at testing the accuracy of the obtained symbolic expressions against new data.
Best trade-off between accuracy and complexity (the condition [image: image] applies to all formula):
[image: image]
[image: image]
[image: image]
Table 3 show that the value of the coefficient R2 corresponding to the obtained predictive formulations for IDI is close to 80% for bare and piloties frames whereas it is slightly larger for infilled frame, where R2 is close to 85%. The robustness of the predictive formulations is confirmed by the fact that the values of R2 for the training and the validation database are almost equal to each other. Overall, the accuracy of the obtained formulations is satisfactory, as further confirmed in Figure 14. The largest dispersion is observed in case of bare frame while the predictions for the infilled frames exhibit the minimum scattering. It can be noted that final IDI formulations mainly depend on EI. In case of bare frame, IDI also depends on EH and Cy whereas it also depends on T for piloties frame. Such relationships are consistent with general trends emerging from the data, as it can be inferred from the sensitivity analysis presented in Figure 15.
TABLE 3 | R2 values for bare, infilled and piloties frames.
[image: Table 3][image: Figure 14]FIGURE 14 | Comparison between actual and predicted maximum inter-story drift ratio IDI.
[image: Figure 15]FIGURE 15 | Sensitivity analysis of the maximum inter-story drift ratio IDI with respect to the input energy, EI. The bare frame (left column) exhibits larger sensitivity to Cy than T. The infilled frame (center column) is almost insensitive with respect to both T and Cy. The piloties frame (right column) shows similar sensitivity with respect to both T and Cy.
4 CONCLUSION
Extended nonlinear analyses have been performed for the characterization of the relationship between energy and displacement demands in infilled reinforced concrete frames representative of a large portion of the Southern Europe building stock. The frames have been modelled by means of stick-like models, whose lateral stiffness, inertial and strength characteristics approximate those of actual frame structures. They are coupled with equivalent struts that carry load only in compression, so as to take into account the contribution of the masonry infills. Nonlinear analyses have been performed for multi-degree-of-freedom systems subjected to a large number of selected seismic ground motions in the attempt to investigate the correlation between seismic input features, dissipated energy and maximum interstorey drift.
Firstly, it was found a significant correlation between input energy and drift demand. This seems more evident when the dissipated energy is considered. Particularly, the presence of a regular distribution of infills along the height of the frames, besides reducing the drift demand, also improves the correlation. In case of pilotis frames, it was found a concentration of drift demand towards the first story, which depends on the capacity of the frame expressed through the Cy coefficient and reduces the goodness of the correlation.
Moreover, suitable symbolic formulations able to predict the seismic performance of the structures in terms of IDI have been obtained by means of a machine learning technique. The robustness of the predictive formulations is confirmed by the fact that the coefficient R2 corresponding to the obtained predictive formulations for IDI is close to 80% for bare and piloties frames and to 85% for infilled frame. Finally, it is important to remark that the proposed symbolic formulations for the prediction of the maximum inter-story drift ratio are valid within the considered ranges of parameters adopted in the present study for the structural systems and the seismic ground motions.
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