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Masonry infill walls are commonly used in the frames of reinforced concrete (RC) buildings around the world. The seismic performance of these buildings is strongly affected by the presence of the infill walls and partitions, as shown by the post-earthquake damage in many cases. The effect of these components is particularly important for RC frame constructions underdesigned for seismic actions that usually are characterized by deformable frames magnifying the contribution of the infill walls to the seismic response. Also the flexibility of the floors could be influenced by the collaboration of the infill walls to the transversal stiffness of the building. The paper addresses the seismic assessment of a typical infilled RC frame building designed only for gravity loads in the 1960s in the Southern of Italy that currently is a high-seismic zone. The structural identification of the building based on ambient vibration test has been already done pointing out the significant role of infill walls and partitions through the updating of the numerical model. Based on the results of the calibrated model, the effect of the floor flexibility on the dynamic behavior of the structure is discussed, and the seismic capacity at life safety limit state (LSLS) is assessed by means of the linear dynamic analyses. The effects of the infill walls on the seismic performance of the building are discussed in detail considering a strengthening solution that involves the infill panels as masonry walls cut from the RC columns to avoid the local interaction but strengthened by composite grids in mortar matrix (FRCM).
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INTRODUCTION

The RC (reinforced concrete) frame structures provided with masonry infill walls are the most common type of structures used for multistory constructions in many countries. In this type of structures, the exterior masonry walls and the interior partitions are considered as non-structural elements, and usually, the structural interaction between the frame and infill is ignored in the seismic design/assessment especially in the past.

However, the infilled RC frame buildings have often demonstrated a different seismic performance due to the presence of the masonry, both in terms of seismic demand and capacity (Smith, 1962; Crisafulli, 1997; Rodrigues et al., 2018; Furtado et al., 2019). Sometimes after an earthquake, soft story mechanisms, short columns effects, or additional torsional actions due to an irregular distribution of infills can be observed (Dolsek and Fajfar, 2001; Ricci et al., 2011, 2013). In fact, especially for RC buildings designed only for gravitational loads, the masonry infill walls can behave as primary structural elements bringing a significant contribution to the seismic response. This latter contribution in terms of stiffness and strength is well-recognized by both the recent Italian building code D.M.17/01/2018 and European code (EN 1998-3:2005, 2005) that prescribe to include the infill walls in the structural model if their presence significantly affects the lateral stiffness of the structure. Several researchers (Fardis and Panagiotakos, 1997; Dymiotis et al., 2001; Celarec et al., 2012; Uva et al., 2012; Perrone et al., 2017) investigated the role of infill panels in the structural seismic response highlighting the presence of many factors of uncertainty. For this reason, even if the role of infill walls is recognized, their introduction in the numerical model is not very common in the professional field also due to the lack of consolidated and reliable numerical models. This lack may be overcome by means of dynamic in situ tests. In fact, the structural identification of the buildings based on ambient vibration test has been done by several authors (Chaker and Cherifati, 1999; Hans et al., 2005; Celik, 2015; De Angelis and Pecce, 2019) pointing out the significant role of infill walls in the updating of the numerical model.

In the last years, research efforts have been dedicated to the investigation of solutions useful for strengthening existing infill walls with the aim of increasing their seismic performance. As pointed out by Sousa and Monteiro (2018), the retrofit and enhancement of infill wall behavior is a complex subject, as it cannot be disengaged from the overall building response. From this point of view, the main solution available is the integration of the infill walls in the strengthening of the structure. It is possible to find retrofitting interventions based on textile-reinforced mortars placed on one/both faces of the walls (Koutas et al., 2015; De Risi et al., 2020), using ductile fiber-reinforced cement-based material (Kyriakides and Billington, 2013) or using a diagonal FRP (fiber-reinforced polymers) strengthening (Binici et al., 2007).

In this paper, an existing infilled RC frame building not designed according to seismic rules is examined. The role of the infill walls on the dynamic behavior of the building is discussed considering the model calibrated by AVT (ambient vibration test) previously developed (De Angelis and Pecce, 2019). The same experimental results are analyzed for studying if the infill walls could provide a different estimation of the floor flexibility.

Then the calibrated model is used to assess the seismic capacity at life safety limit state (LSLS) by means of linear dynamic analyses discussing the effects of the infill walls. The aim of these analyses is to define a strengthening intervention that use the collaboration of the infill walls to enhance the seismic performance as isolated masonry panels connected to the floors by the beams. In fact, the walls are separated by the columns by a cut of small thickness filled by a deformable material for thermal insulation that has been introduced in the model with a low elastic modulus. Finally, this contribution of the infill walls to the seismic capacity of the building is improved by a strengthening intervention on the walls and completed by further details aimed to make more regular the dynamic response of the structure.

The analyses and the discussions developed considering the case study can be significant for a typical RC-infilled frame building underdesigned for seismic action and provide the procedure for a possible seismic upgrading.



THE CASE STUDY

The structure examined in this research is an existing four-story RC frame building (Figure 1) located in Benevento (Campania, Southern Italy) classified as a zone with medium-high level of seismic hazard (peak ground acceleration equal to 0.26 g). It is representative of old types of buildings designed in the early 1960s based on aged approaches and code provisions (Decree Regio 16/11/1939 n. 2229, 000).


[image: Figure 1]
FIGURE 1. View of the case study building.


The assessment of the numerical model with the infill walls as well as the evaluation of the out-of-plane behavior of the infill walls applying a technique of structural identification by in situ dynamic tests have been previously developed by the Authors (De Angelis and Pecce, 2018, 2019).

The main information about the structural configurations of the case study building is reported in Figure 2. The interstory heights are 4.00 m for the first (semibasement) and 3.80 m for the other floors (ground, first, and second stories); the plan dimensions are 44 × 14 m.


[image: Figure 2]
FIGURE 2. Main geometrical and structural properties of the first level of the case study building.


“The structure is made of RC frames; in particular, there are 4 longitudinal frames (X direction), each with 12 equal bays of 4.70 m in span, and 4 transversal frames (Y direction) with 3 unequal bays of 5.40 m, 3.40 m and 4.80 m. RC frame members consist of 50-cm-square columns at the semibasement, 40 and 35 cm-square columns at the ground floor and other floors, respectively. In the longitudinal direction (X), 30 × 50-cm beams were designed only for gravity loads, while along the transversal direction (Y direction), they have dimensions 30 cm x 35 cm at the second floor and 30 x 40 cm at the other floors, with the exception of the two extreme beams, whose cross-section dimensions are 30 cm x 50 cm at all levels”(De Angelis and Pecce, 2020). The floors are made with cast-in-place RC joists alternate by hallow clay blocks with a lightening function, covered by a RC plate of 4 cm, for a total height of 22.

The staircase, characterized by knee-type beams with dimension 0.30 × 0.50 m, is placed in an asymmetric position.

An extensive in situ inspection campaign was carried out to identify the structural details of the members, such as longitudinal and transverse reinforcements since the original design was not available. The information of reinforcement details was integrated with a simulated design carried out by taking into account gravity loads only according to the criteria of the Royal Decree n. 2239 of 1939 that regulated the design of RC buildings up to 1971 in Italy.

The mechanical properties of the materials were obtained from non-destructive and laboratory tests on specimens pulled out from the structural elements according to Eurocode 8 (EN 1998, 2005) provisions. In particular, seven destructive (drilled cores) and 28 non-destructive tests (rebound hammer and ultrasonic pulse velocity test) were performed on the most significant structural elements. A single homogeneous concrete class, characterized by an average cylinder compressive strength equal to 15.4 MPa was obtained from the correlation procedure involving the use of rebound hammer index, ultrasonic pulse velocity and compressive core strength. Tensile tests on the steel bars extracted (smooth mild steel) provided a mean yielding strength value of 299 MPa.

The geometrical survey together with the in situ inspections and the non-destructive tests carried out enabled to achieve a Knowledge Level 1.

The infill walls and partitions were grouped into categories according to the result of a preliminary thermographic study to limit the number of essays (holes extended for the entire thickness) and endoscopic tests (Figure 3). Six different typologies of walls (external and internal walls) were identified in the structure that are hollow clay brick infill walls (Type 1, Type 5, and Type 6), double-leaf infill walls (Type 2, Type 4), and solid block infill walls (Type 3). It is worth to note that all the typologies of infill walls detected in the building are characterized by horizontal mortar joints of ~1–1.5 cm thickness, while the vertical layers are offset. The hollow clay bricks are arranged with horizontal holes, and they are characterized by a void percentage approximately of 55%. A sketch of the different infill walls and partition typology is presented in Figure 4 together with their percentage in the building. A detailed description of the stratigraphy of the thickness is reported in Table 1.


[image: Figure 3]
FIGURE 3. Infill wall identification: (A) Thermographic test, (B) essay, (C) endoscopic test.



[image: Figure 4]
FIGURE 4. External and internal infill wall typology (A) and distribution in the model (B).



Table 1. Typologies of infill walls and partition.

[image: Table 1]

The selected case study was tested through AVT (ambient vibration test), and the calibration of the linear model was addressed to establish the role of the infill walls in the dynamic response in terms of stiffness. The details of the in situ dynamic test are reported in De Angelis and Pecce, 2019.

The first mode detected was translational in the transversal direction with a frequency of 3.19 Hz; the second and third mode, instead, were roto-translational with a frequency of 3.89 and 4.16 Hz, respectively.

The model shown in Figure 4 was developed using SAP2000 software (Computers Structures Inc, 2016) including the RC elements (columns, beams, and walls), the floors, the infill walls, and the internal partitions. The columns and beams were modeled using frame elements, while the floor and RC walls were modeled using shell elements. The model takes into account the flexibility of the floor through the calibration of the shells' thickness. The effect of the external and internal masonry infills on the overall response of the structures was implemented using shell elements and rigid connections between the walls and the main structure. The additional stiffness offered by the staircase was taken into account in the model introducing the knee-type beams modeled as elastic frame elements. The foundation was excluded from the model, therefore the vertical structural elements (columns and walls) were fully restrained at the base.

More details about the experimental dynamic results are available in De Angelis (2017).



THE ROLE OF INFILL WALLS ON THE DYNAMIC BUILDING PROPERTIES

The FE model introduced in the previous section is used to investigate the effect of the internal partitions and exterior infill walls on the flexibility of the floor and the dynamic properties of the building. To underline the role of the infill walls, the main dynamic properties of the building modeled as bare and infilled frame are compared. In Table 2, the frequencies and modal mass ratios for the two models are shown. In order to compare the mode shapes of the bare and infilled models, the displacement at two opposite corners (A and C) of the building at each one of the four stories are considered for the X and Y directions. The results for each mode along the height of the building are normalized with respect to the maximum displacement among the ones attained in the two corners in both directions X and Y; therefore, the maximum value “1” is reached at only one floor, in one of the two corners for one of the two directions X and Y. The normalized results are depicted in Figure 5 for the first five modes.


Table 2. Frequencies and percentage of participation masses for bare and infilled frame.

[image: Table 2]


[image: Figure 5]
FIGURE 5. Mode shapes obtained from the infilled (black line) and bare (red line) frame models.


The first and third modes of the bare frame model (red line in Figure 5) are essentially translational such as the mode shapes for both corners are similar involving deformations mainly in the Y and X directions, respectively. The third mode has components in both X and Y directions, and the mode-shape components in the same direction have opposite signs at the two corners indicating that it is a torsional mode. The last two modes (fourth and fifth) are, respectively, the second translational mode in the Y direction and the second torsional mode. By introducing the infill walls in the model, the mode shape changes. The first mode is still translational in the Y direction, but the same-direction components at the two corners have different magnitudes showing that there is a torsional effect. The second and third modes can be defined roto-translational; in fact, they are basically torsional modes with significant components in the X direction. It is worth to note that the coupling effect between torsional and translational modes can be related to the presence and type of external infill walls. In fact, the second mode shape of the bare frame, comprehensive of the knee beam of the staircase, gives opposite displacements at the opposite corners along the X direction (Figure 5 second top graph) showing a pure torsional mode, while for the infilled frame, the displacements have the same sign emphasizing the coupling effect.



THE ROLE OF THE IN-PLANE FLOOR FLEXIBILITY ON THE DYNAMIC RESPONSE OF THE BUILDING


The Hypothesis of Rigid Floor: Code Provisions and Literature Studies

In retrofitting schemes or in new building designs, engineers often assume the hypothesis of rigid floors in their plane. Moreover, this assumption can simplify the model formulation since it leads to a reduction of the degrees of freedom and ensures efficient computations but it is not always true.

The designer of RC buildings could adopt technological rules as that one suggested by Eurocode 2 realizing the top concrete slab more than 4 cm high to assume an in-plane rigid behavior of the floor. However, in the case of existing buildings, these details are quite always disregarded due to aged code provisions and old types of RC floors. Therefore, it is important to know if the floor and roof diaphragms can be defined as rigid or flexible.

The international codes suggest either quantitative or qualitative criteria to define the rigidity of a floor. For example, (ASCE 7-05, 2002) allows a building designer to qualitatively idealize a concrete diaphragm as rigid solely based on the diaphragm's aspect ratio. It states “Diaphragms of concrete slabs or concrete filled metal deck with span to dept ratios of 3 or less in structures that have no horizontal irregularities are permitted to be idealized as rigid” (ASCE 7-05, 2002). A quantitative criterion is also given through the factor β, reported in equation 1, defined as the ratio of the maximum displacement of the vertical elements in the plane of the floor (Δflex) to the average story displacement of the associated story (Δstorey).

[image: image]

Thus, the floor can be classified as rigid if β < 2.

Instead (FEMA P750, 2009) provides a quantitative criterion, which defines floor as either flexible, stiff, or rigid based on a factor λ, reported in Equation 2.

[image: image]

If λ is larger than 2, the floor is deformable, while if λ is lower than 0.5, the floor is rigid. If λ is included between 0.5 and 2, the floor is “stiff” (neither flexible nor rigid).

According to (EN 1998, 2005), a rigorous verification of diaphragm rigidity requires FE modeling using two-dimensional finite elements; in fact, it is stated that, “The diaphragm is taken as been rigid, if, when it is modeled with its actual in-plane flexibility, its horizontal displacements nowhere exceed those resulting from the rigid diaphragm assumption by more than 10% of the corresponding absolute horizontal displacement in the seismic design situation”( EN 1998, 2005).

The efficiency as well as the accuracy of the available indications in codes and standards were analyzed by several researchers (Doudoumis and Athanatopoulou, 2001; Moeni and Rafezy, 2011; Koliou et al., 2015).

Anyway it is clear that the flexibility of the floor is a relative property influenced by the ratio between the in-plane stiffness of the floor with respect to the lateral stiffness of the resistant elements. In particular, Tena-Colunga et al. (2015) investigated the effects of different floor typologies and thicknesses on several buildings. Instead, Pecce et al. (2017) analyzed the influence of the lightening elements in RC floors on the in-plane floor deformability. However, the flexibility of the floors is typical in shear wall buildings (Kunnath et al., 1991; Saffarini and Qudaimat, 1992; Ahmadi et al., 2014; Pecce et al., 2019); therefore, the influence of the infill walls on the floor response is an interesting topic that is little studied.

Other authors, such as Fleischman and Farrow (2001), Lee and Kuchma (2008), and Sadashiva et al. (2011), evaluated the influence of the floor flexibility on the vibration periods of structures underlining the well-known “modal shifting,” i.e., the inversion of the modes toward the configuration with rigid diaphragm. Furthermore, Sivori et al. (2019) developed a tool to validate the assumption of in-plane rigid behavior of diaphragms using vibration data, opening the way to the identification of the floor flexibility through the dynamic response of the building.



The Effect of In-Plane Floor Deformability on RC Bare Frame

Based on the information provided by scientific literature, it is well-known that the evaluation of the floor flexibility as well as its effect on the structural behavior of RC buildings should take into account many aspects, i.e., the shape ratio, the in-plane irregularities, and the position and relative stiffness of the vertical elements.

A possible way to estimate the real effect of the floor flexibility is to calculate the horizontal displacement under seismic loads, as suggested by codes, but it is more interesting to explore the possibility of focusing this aspect through the vibration modes, that is, a perspective of using dynamic tests in situ for defining this property of the existing buildings.

Thus, the main scope of this section is to evaluate the deformability of the floor from the mode shapes.

In particular, two types of models were developed to account for different in-plane stiffness of the diaphragms:

▪ The rigid-diaphragm model called “Model R” with a rigid diaphragm behavior;

▪ The flexible-diaphragm model called “Model F” in which the floor diaphragms are modeled with four-node shell elements. Models with different thicknesses of the floor are considered.

The modal properties, i.e., the frequencies (f), periods (T), modal mass ratios (M), and mode shapes, obtained by solving an eigenvalues analysis, are reported in Table 3; the mass of the floor is assumed constant for excluding this variable from the analyses.


Table 3. Modal properties of the models with different in-plane stiffness of the diaphragm.

[image: Table 3]

As shown in Table 3, for a bare frame building, the different in-plane stiffnesses of the diaphragms has a low influence on the frequencies and modal mass ratios; really, the floor can be considered always rigid in framed structures as is well-known (Pecce et al., 2017). In fact, removing the hypothesis of rigid diaphragm and modeling the floors as shell elements with a finite stiffness, there is a negligible variation, <2 and 5% in the case of slab with equivalent thickness (t) equal to 9 and 1 cm, respectively.

The mode shape along the long side of the floor is drawn considering the displacement at each column, whose progressive numeration is reported in Figure 2.

The resulting mode shapes for the roof at the first and second translational mode in the Y direction and at the first and second torsional modes are depicted in Figure 6.


[image: Figure 6]
FIGURE 6. Mode shapes for the roof diaphragm: (A) first translational Y; (B) first torsional; (C) second translational Y; (D) second torsional.


As shown in Figure 6, the response of the diaphragm (Model R) is a line, but in case of the bare frame, it remains a line also for very thin thickness of the floor. Therefore, the hypothesis of the rigidity of the floor can be applied simplifying the model and reducing the computational effort.



The Role of Infill Walls on the In-Plane Floor Flexibility

The calibrated infilled model in which the infill walls are modeled through shell elements is used to evaluate the in-plane floor flexibility. To this scope, the rigid-diaphragm model (Model R) and the flexible-diaphragm model (Model F), as for the bare frame, are considered.

In Table 4, the frequencies and the modal mass ratio for each mode shape detected are reported.


Table 4. Modal properties of the infilled models with different in-plane stiffness of the diaphragm.

[image: Table 4]

In this case, it is worth to underline how unlike the case of the bare frame, the modeling of the floor with its finite stiffness has a greater influence on the frequency values that undergo significant reductions of about 6, 8, and 16% passing from an equivalent thickness equal to 9, 4, and 1 cm, respectively.

As regard the modal mass ratios, the contribution of the in-plane stiffness of the floor is even more significant, and in particular, it leads to a reduction of the coupling between torsional and translation modes; in the case of a rigid floor, the second global mode of the structure is characterized by a modal mass ratio of 32% around the Z-direction and 45% in the X-direction; instead, when the floor is modeled with its stiffness, the coupling term in the X direction for the same mode is reduced to 17 and 8% in the case of equivalent thicknesses of 9 and 4 cm, respectively.

Moreover, a further reduction in the equivalent thickness of the floor equal to 1 cm (in this case, the floor is definitely flexible) makes the second global mode purely torsional. Therefore, the modeling of the actual in-plane stiffness of the floor leads to a regularization of the modes.

To understand if the floor can be considered rigid or flexible, the mode shapes along the length of the roof are mapped in Figure 7 for the first translational mode in the Y direction (Mode 1), the first coupled torsional + translational Y mode (Mode 2), the second translational mode in the Y direction (Mode 4), and the second torsional mode (Mode 5).


[image: Figure 7]
FIGURE 7. Mode shapes for the roof diaphragm (infilled frame): (A) first translational Y; (B) first torsional; (C) second translational Y; (D) second torsional.


In the case of infilled frame building, unlike what happened for the bare frame building, the flexibility of the floor gives always an effect with respect to the model with the rigid floor. The effect is more evident for the higher translational mode along Y and rotational modes (modes 4 and 5, respectively), especially when the floor thickness is reduced from 9 to 4 cm.

Therefore, two remarks can be evidenced; it is possible to estimate if the floor has a significant flexibility by a dynamic identification in situ through the higher-mode analysis; furthermore, for the infilled frames, the flexibility of the floor could be important to be introduced in the modeling for the seismic analysis.




SEISMIC ASSESSMENT THROUGH LINEAR DYNAMIC ANALYSIS

In order to assess the seismic response of the building, the effect of infill walls has been investigated using a linear dynamic analysis. This method of analysis is based on the modal response spectrum that permits to consider the contribution of fundamental and higher modes to the dynamic behavior of the structures.

In the model, the floor diaphragms are introduced as shell elements with four nodes to take into account the real flexibility. However, it is worth noticing that the contribution of the infill walls to the seismic performance requires a high stiffness of the floor that, in this case study, is quite assured by the concrete slab; conversely, if the infilled building has a deformable floor, an intervention for improving the stiffness of the floor has to be designed, as adding thickness to the concrete slab. The seismic action is evaluated by the elastic response spectra provided by the Italian code, for a returned period TR = 712 years and soil type C. The well-known parameters used for the determination of the elastic acceleration spectrum are the following:

▪ Hazard parameters: ag = 0.308 g – F0 = 2.32;

▪ Soil parameters: SS = 1.273–CC = 1.444 – ST = 1.00 – S = 1.273;

▪ Significant points of the spectrum: [image: image] = 0.381 – TB = 0.183 s – TC = 0.550 s – TD = 2.833 s

The seismic input was obtained from the horizontal acceleration spectrum, neglecting the vertical component; the seismic action was applied combining it along the two main directions (100% in one direction and 30% in the orthogonal one).

Therefore, the seismic assessment was carried out for both the bare and infilled models described in the previous sections assuming the behavior factor q = 1.5, which means neglecting the ductility resources of the structure designed without the seismic details. However, the infilled model is modified in order to tailor a strengthening intervention considering the infill walls as isolated masonry walls that collaborate with the RC frame. The walls are separated by the RC columns to avoid the local stresses in the RC members and the failure of the walls as struts constrained by the corner of the frame. The cut has a thickness of 5–10 cm that can be filled by a deformable material for the thermal insulation; furthermore, the gap between the columns and the walls allow to realize also a strengthening of the columns, if it is necessary, like a confinement by composite materials. The linear dynamic behavior of the building remains quite the same in terms of vibration periods (i.e., the periods increase of ~3%) and modal shapes; therefore, the discussion presented in the previous sections is still valid with and without the separation of the walls from the columns. Conversely, the non-linear response and the failure mode change and the linear analysis using the model with shell elements for the walls are reliable for the seismic analysis.

The bare model and the infilled model with the gap between the columns and infills are characterized by a fundamental period equal to 0.84 and 0.34 s, respectively. The period of the bare frame model is in the range of the descending branch of the spectrum; therefore, spectral acceleration increases of 55% are due to the interaction of the infill walls. Nevertheless, the contribution of the infill wall stiffness reduces the vibration period of the structure enhancing the spectral seismic acceleration; the contribution of the infill walls resistance gives a higher increase in the capacity of the structure. In order to have a global parameter for evaluating the effect of the infill walls, the peak ground acceleration capacity (PGAC) is evaluated as the PGA that gives all the elements verified at the LSLS, without and with the infill walls, and divided by the PGA demand (PGAD). The ratio PGAC/PGAD increase from 0.22 to 0.45 underlying the benefit of the infill wall collaboration.

As an example, in Figure 8, the trends of shear and bending moment stresses for a typical beam of the building are reported.


[image: Figure 8]
FIGURE 8. Shear and bending moment stresses for a typical beam.


In order to assess the seismic vulnerability of the building, the results of the linear dynamic analysis are compared in terms of capacity/demand ratio (CDR) in shear and bending of the columns and beams, as reported in Table 5. The capacity of the members is evaluated according the provisions of Eurocode 2 at the ultimate limit state.


Table 5. Capacity/demand ratio of shear stress and flexural capacity of beams (A) and columns (B).

[image: Table 5]

In most of the cases, the CDR of the beams and columns of the buildings is lower than 1, pointing out the inadequate safety of the existing building and the necessity of retrofitting. As can be seen from the distribution of CDR ratios, the bare model is strongly deficient, while the main deficiency of the infilled model is related to the columns of the external frames of the basement. In fact at this level, squat portions of the columns are defined by the masonry walls that do not extend throughout the height of the columns due to the openings; therefore, a shear mechanism can occur. The minimum CDR of the masonry panels is 0.51, but the mean value is 0.88. The shear and flexural strength of the masonry walls are evaluated according to the provisions of the Italian Building Code (D.M.17/01/2018) that are the same as the Eurocode 8 (EN 1998, 2005). In particular, the capacity in shear is evaluated as:

[image: image]

Vt is the strength corresponding to the sliding cracking of the panel, and it is calculated as

[image: image]

where:

- l is the width of the panel;

- t is the thickness of the panel;

- b is a coefficient related to the panel slenderness, and it is assumed equal to 1.5;

- τ0d is the masonry reference shear strength, obtained from the average masonry shear strength τ0 by means of the relation τ0d = τ0/γm · FC, where γm = 2 is the partial safety factor of the masonry, and FC is the so-called confidence factor assumed equal to 1 for the knowledge level 3 in this case;

- σ0 is the average vertical compressive stress, defined as σ0 = N/ l · t, where N is the normal action on the beam.

Instead, Vs, the strength corresponding to the diagonal cracking, is calculated as:

[image: image]

where:

- l′ is the length of the compressed zone;

- fvd = (τ0 + 0.4σn)/γm · FC is the design masonry shear strength with σn the average compressive stress action on l′ (i.e., σn = N/l' · t).

Instead, the capacity in the bending moment for rocking failure can be evaluated as:

[image: image]

where fd = fm/ γm · FC, with fm being the masonry average compressive strength.

In this case, a compressive strength equal to 2 and 4 MPa are adopted for the hollow clay brick masonry and solid clay brick masonry, respectively.

In case of double leaves infill walls, the in-plane resistance of the panel is evaluated as the sum of the two contributions.

Since the presence of the infill walls plays a significant role, the proposed retrofitting solution is mainly devoted to the strengthening of infill panels for their effective integration in the superstructure-like masonry walls. It was shown by several researchers (Kakaletsis et al., 2011; Antonopoulos and Anagnostopoulos, 2012; Porco et al., 2015) that it is an optimal approach for exploiting additional strength resources of the building and improving its seismic response.

Herein, a more general retrofitting solution is proposed, and it includes the following interventions:

(a) strengthening of the existing infill panels, already separated by the columns by a cut of 5–10 cm thickness filled by material for thermal insulation with a very low elastic modulus (10 MPa), using the FRCM (fabric-reinforced cementitious matrix) technique according to the suggestions of the specific guideline (CNR-DT 215/2018, 2018). The FRCM with fiber glass meshes and mortar are selected and applied on both sides of the infill walls extending also on the RC elements. A reliable collaboration of the masonry and the strengthening system is assured in the plane of the wall by fiber spikes that connect the two FRCM thickness on masonry and RC components improving the in-plane stiffness and strength. Furthermore, the connection of the FRCM on the RC columns and beams assures a constraint of the wall to avoid the out-of-plane overturning.

In order to account for the FRCM strengthening, increasing the resistance of the masonry infill walls by a factor of 1.3, according to the provisions of the Italian code (D.M.17/01/2018). The effectiveness of this amplification factor of the in-plane capacity of masonry infills made with hollow clay brick applying FRCM is supported by recent experimental results (Koutas et al., 2014; Almeida et al., 2015; Giaretton et al., 2018).

Further interventions are introduced to improve the seismic response of the building:

(b) removal of internal masonry infill partitions and replacement with drywall partitions that have no contribution to the in-plane stiffness of the building; a regularization of the dynamic response is obtained: in fact, the second and third modes that can be defined as roto-translational with a significant coupling term become purely translational in the X direction and torsional with a reduced coupling term, respectively;

(c) addition of new walls along the longitudinal direction of the building, as shown in Figure 9.

(d) extension of the existing RC walls at the basement reducing the row window for avoiding the short-column mechanism.


[image: Figure 9]
FIGURE 9. Proposed retrofitting solution.


In Table 6, the percentage of beams and columns characterized by different values of CDR ratios for shear stresses and flexural capacity are reported, evidencing the increment of the RC element percentage that are verified after the intervention in a range of 15–35% (comparison with Table 5).


Table 6. Capacity/demand ratio of shear stress and flexural capacity of beams and columns after the retrofitting intervention.

[image: Table 6]

The evaluation of the benefit arisen with the intervention by a global parameter PGAC/PGAD points out an increment from 0.45 to 0.61 evidencing the opportunity of using infill walls for the seismic upgrade of infilled RC frame buildings within a global intervention that considers further details specific of the singular building.

Finally, it is worth noticing that only the increment of strength has been considered in the evaluation of the performance after the intervention; however, it is clear that an increment of ductility can be considered, too. In fact, the isolated walls strengthened by FRCM allow to increase the behavior factor from 1.5 to 2 (that is applied at least to masonry buildings). Furthermore, by adding a confinement of the columns, this factor can be assumed also for the entire structure enhancing the PGAC/PGAD ratio to ~0.8. Obviously the PGAC/PGAD ratio could be obtained by a more refined design process of the intervention but this is out of the scope of the paper that is aimed to evaluate the possible contribution of the infill walls.



CONCLUSIONS

The existing building proposed as case study was selected because it has a typical RC frame structure designed only for gravitational loads, and it is widespread in Italy. Furthermore, the building has been already tested through AVT verifying a strong influence of the infill walls on the seismic response. In this work, the model calibrated by the experimental results is used for studying the effect of the infill walls on the flexibility of the floor diaphragm, evaluating the seismic performance of the building by a linear dynamic analysis, with and without the introduction of the infill walls. Moreover, an upgrading intervention using the contribution of the masonry panels and re-designing the internal partitions is proposed.

The following results of the analyses can be considered reliable for typical existing RC frame buildings realized with infill walls made with hollow clay blocks:

- The floor flexibility under seismic actions can be modified by the interaction between the frame structure and the masonry panels because it is a relative property depending on the ratio between the stiffness of the vertical resistant elements and the in-plane stiffness of the floor. The possibility of estimating the flexibility of the floor by means of the dynamic response of the structure (vibration tests in situ or an adequate numerical modeling) is particularly interesting but considering the higher modes of the modal analysis. This result is surely more consolidated in the field of masonry buildings or in case of clearly flexible floors as wood ones, but is not usually considered in RC frame structures because it is well-known that for bare frames the floor is always rigid. Thus, the introduction of the infill walls in the model assumes an important role also for this feature and could require the modeling of the floor for the seismic analysis;

- The linear elastic analyses with response to spectrum and behavior factor q = 1.5 for assessing the impact of the infill panels on the seismic performance of the structure evidenced their important role in enhancing the spectrum acceleration due the higher stiffness of the infilled structure;

- Nevertheless, the contribution of the infill wall stiffness reduces the vibration period of the structure, enhancing the spectral seismic acceleration; the contribution of the infill wall resistance gives a higher increase in the capacity of the structure. The ratio PGAC/PGAD increases from 0.22 to 0.45 underlying the benefit of the infill wall collaboration.

- The infill walls can be used in an upgrade intervention with the innovative technique of FRCM increasing the resistance of the masonry panels separated from the RC columns by a cut. The intervention can be convenient because the variation of the building stiffness is negligible with respect to the resistance increment. Furthermore, the connection of the FRCM to the beams and columns avoid the out-of-plane overturning or the infill walls. Clearly, the intervention has to be tailored on the specific case and can be comprehensive of a reviewing of further details especially for reducing the structural irregularities or local details. In this case, the accurate numerical model evidenced a not negligible effect of the irregular distribution of the internal partitions; therefore, most of them have been replaced with more flexible ones, and a regular disposition of masonry partitions has been proposed to contribute to the seismic performance. The ratio PGAC/PGAD increases from 0.45 to 0.61 pointing out the benefit of the intervention that could magnify to 0.8 taking into account an improvement in the ductility through a behavior factor q = 2.

The analyses proposed in the paper highlight the features of the numerical models that are necessary for a reliable evaluation of the seismic response of RC infilled frame buildings and suggest the approach that can be applied to design a seismic upgrade intervention using the contribution of the infill walls, with a relevant benefit. Nevertheless, the numerical results are specific of the case study; many typical aspects have been evidenced, and further analyses are in progress in improving the generalization of the results.
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