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ABSTRACT 
This doctoral dissertation aims to report on the research work carried out in the field of 

alternative techniques and approaches for improving the seismic performance of masonry 

infills. 

An aspect often overlooked in the design and/or verification of Reinforced Concrete (RC) frame 

buildings it is the one related to the so-called "non-structural" elements, that are elements 

without a main structural function, but capable of causing damage to things and people during 

the seismic action. A typical example of non-structural elements are the external infills of RC 

frame buildings, which often have masses and stiffnesses able to significantly modify the 

behavior and response of the structure during the seismic action. Typically, the UnReinforced 

Masonry (URM) infill walls are made of single or double facing hollow bricks placed inside 

the meshes of RC frames. The main damage mechanisms observed in URM infill walls during 

seismic events include in the plane (IP) or out of the plane (OOP) damage mechanisms, both 

characterized by degradation of strength, stiffness and low energy dissipation. 

In this doctoral dissertation, the analysis of the influence of the in-plane and out-of-plane 

behavior of UnReinforced Masonry infill walls on global seismic performances of different RC 

frame buildings is presented. The research mainly focuses on: i) numerical investigation of the 

in- plane / out-of-plane interaction in order to evaluate its entity and severity pointing out the 

correct description of the damage scenarios; ii) identification of alternative intervention 

solutions, aimed at mitigating the phenomenon of overturning of the infill panels; iii) estimate 

of the expected economic losses. 

Rough cost-benefit analyses have been carried out in order to compare the sustainability of 

alternative seismic rehabilitation techniques, thus providing a rational base and objective 

criteria that can be used in the design and/or preliminary screening phase by insurance 

companies, to reduce the seismic risk and the impact of earthquakes on a community. 

. 
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APPENDIX 
APD = Average Percentage of Damage 

BF= Bare Frame 

CLS = Collapse prevention Limit State 

CMS = Conditional Mean Spectra  

D/C = Demand/Capacity 

DLS = Damage Limit State 

FC = Fragility Curves 

FPS = Friction Pendulum Sliders 

FSB = Flat Sliding Bearings 

GC = Global Collapse  

GLD = Gravity Load Design buildings 

GMPE = Ground-motion prediction equation  

HDRB = High Damping Rubber Bearings  

HSD = High Seismic Design buildings 

IDR = Intersorey Drift Ratio 

IF= Infilled Frame 

IF-I = Infilled Frame with decoupled infills 

IM = Intensity Measures 

IML = Intensity Measures Level 

INGV = Italian Institute of Geophysics and Vulcanology 

INODIS = Innovative Decoupled Infill System 

IP = In-Plane 

LLS = Life-safety Limit State 

LS = Life Safety 
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LSD = Low Seismic Design buildings 

MD = Modern standard Design buildings 

MNS = Multi Normal Spring 

NR(IP) = Not-Repairable IP damage 

NTC = Norme Tecniche per le Costruzioni (CS.LL.PP., 2008, 2018) 

NTHA = Non - Linear Time History Analysis 

NTHA = Non-Linear Time History Analysis 

OLS = Operability Limit State 

OOP = Out-Of-Plane 

PL = Performance Level 

POA = Push-Over Analysis 

RC = Reinforced Concrete 

RINTC = Rischio Implicito delle strutture progettate secondo le NTC 

SDOF = Single Degree Of Freedom 

SLE = serviceability limit states 

SLU = ultimate limit states 

SSD = Substandard Design buildings 

Tr = Return Period 

UPD = Usability Preventing Damage 

URM infills = UnReinforced Masonry infills 

ZL = zero-length 
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INTRODUCTION 
Masonry infills can have contrasting effects on the seismic response of RC structures; a regular 

distribution of infill walls in the frame provides an extra stiffness and strength to the structure 

during an earthquake, reduce the global displacement demand and increase the energy 

dissipation capacity. However, the stiffness increase leads to the increase of the seismic demand 

on the structure. Conversely, an irregular distribution in plan and/or elevation of the infills leads 

to a strongly irregular structure, consequently more susceptible to damage and even to collapse. 

In most modern design guidelines, infills are considered non-structural elements; for this 

reason, they are often excluded from computational models in current professional practice. 

Furthermore, a further complication concerns the complexity of including them in numeral 

models. However, neglecting the infill walls in the non-linear analysis of building structures 

leads to a considerable inaccuracy in predicting the lateral stiffness, strength and ductility of 

the structures, as well as a significant underestimation of the level of damage expected after the 

earthquake and of the seismic demand. 

Indeed, in many recent earthquakes, infill walls have usually been the first elements to be 

damaged. Most of the damage is observed on the infill walls due to failure mechanisms caused 

by the sequential or combined in- and out-of-plane loading. Additionally, RC elements can be 

significantly damaged due to frame-infill interaction. All of this can cause high economic losses 

or even lead to human deaths and casualties. 

The aim of this research is to compare technical alternatives and approaches to improve the 

seismic performance of URM infill walls in realistic RC frame structures by monitoring the 

development of cracks and collapses induced by the combination of In-Plane (IP) and Out-Of-

Plane (OOP) actions.  

The first step is related to the study of the state of the art concerning the out-of-plane behavior 

of URM infills and the IP/OOP interaction. Next, a macro-element, able to capture the IP 

stiffness and strength reduction due to the OOP displacement demand (and vice-versa) is 

implemented.  The model is calibrated with experimental results already available relevant to 

brick infill walls which are frequent in Italian construction. This preliminary study allowed to 

confirm the importance of correctly modeling the non-structural elements, in order to correctly 

evaluate the seismic response of infilled buildings. 
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After having identified the complexity and importance of the topic, two different strategies 

were then examined in detail: (i) the seismic base isolation system and (ii) an innovative 

typology of infills, equipped with a decoupling system. 

Among the different structural types required by the codes, in the recent years, an increasing 

interest has been showed for isolated structures, especially after the destructive seismic events 

occurring in Italy. In fact, base isolation is one of the most common and effective techniques 

used for seismic protection of buildings and their equipment. 

Currently the isolation device (industrial) production is dominated by two main typologies: 

high damping elastomeric bearings (HDRBs) and friction pendulum sliders (FPSs). Recently, 

the use of hybrid systems obtained by combining elastomeric devices (HDRBs) and flat surface 

sliders (FSBs), is increasing. As a matter of fact, the aforesaid configuration is able to guarantee 

a suitable deformability of the isolation system without compromising the restoring capability 

and torsional stiffness of the system and prevent uplift phenomena in the sliding bearings. 

An alternative technique to base-isolation system that can successfully reduce the seismic 

damage in masonry infill walls is the use of decoupled infills such as those based on the 

innovative INODIS system.  This system is made of soft elastomeric material to decouple 

masonry infills from the surrounding RC frame. It is designed to delay the activation of masonry 

infills under in-plane loading and to withstand the OOP loads at the same time.  The 

effectiveness of the INODIS system have been already investigated through full-scale 

experimental tests on 1-storey 1-bay infilled frames. In this work the first investigation to 

confirm the effectiveness of the INODIS system on a building level is carried out. 

The thesis is organized in 4 sections, outlining the main steps of the research. 

Section 1 serves as an overview on the scientific literature relevant to this study and as a general 

framework of Out-Of-Plane behaviour of masonry infills. The most relevant computational 

modelling proposals are reported, focusing on the macro-modelling approaches. The main 

objective of this section is to investigate the seismic performance of RC frame buildings 

accounting for the interaction between IP and OOP behavior of masonry infills. To this end, a 

suitable nonlinear model, able to capture the IP stiffness and strength reduction due to the OOP 

displacement demand (and vice-versa) is implemented. The selected model incorporates a 

routine that removes infills from the structural model when either IP or OOP collapse occurs. 

Different building models, representative of typical residential buildings, realized in Italy (and 
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other European countries) from ‘50s to ‘90s, are examined through Nonlinear response-Time 

History Analysis (NTHA) at different earthquake intensity levels, with return period ranging 

from 30 to 5000 years. Two alternative infill configurations (single layer and double layer with 

inner cavity) are considered, in accordance with the construction practice of the time.  

The comparison between the models with and without IP/OOP interaction points out the 

relevance of the OOP behavior towards an accurate evaluation of the seismic performance of 

RC frame buildings. A set of fragility curves is proposed, for different building performance 

levels, ranging from immediate occupancy to life safety. 

Section 2 is dedicated to seismic performance of masonry infills in base isolated buildings. 

The present section was developed within the DPC/RELUIS 2019-2021 project (available at 

http://www.reluis.it) regarding the “implicit risk” (RINTC) assessment of existing RC frame 

buildings seismically retrofitted by base isolation. The RINTC project is a large research project 

aimed at assessing the seismic structural reliability, expressed in terms of annual failure rate, 

of code-conforming and pre-code structures in Italy. 

This section describes the nonlinear analyses carried out on existing RC buildings retrofitted 

using the seismic isolation technique. Different performance levels ranging from immediate 

occupancy to collapse prevention conditions have been examined. In particular, in this study, 

the isolation system adopted at the base level of the selected case study buildings is a hybrid 

isolation system composed by High Damping Rubber Bearings (HDRBs) and Flat Sliding 

Bearings (FSBs). Six archetype residential RC buildings, differing for construction period (50s-

60s, 70s, 80s-90s) and design approach have been considered. Three of them were designed for 

gravity loads only (GLD buildings, located in Naples) and the other three were seismically 

designed based on old technical standards (SLD buildings, located in L'Aquila) 

All the isolation systems have been designed to avoid any damage of the superstructure up to 

the Life Safety limit State, in accordance with the current Italian Seismic Code. One of the most 

advanced numerical models currently available for the description of the nonlinear cyclic 

behaviour of HDRBs (namely the Kikuchi Bearing element implemented in OpenSees) has 

been used in the analyses, due to its capability of simulating the behaviour of HDRBs under 

large displacements and high axial loads. The model parameters have been calibrated against 

experimental results of an extensive experimental investigation. The macro-model 

implemented for masonry infill walls is even more refined than the one proposed in the previous 

section; in this study, in fact, the local effects of masonry infills on the surrounding frame have 
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been also considered. As known, the lateral force transmitted by the infill to the top of adjacent 

RC columns may trigger premature brittle shear failure of such structural elements. This is 

particularly relevant for older RC frame buildings, designed for gravity loads only or featuring 

substandard seismic details. 

Two different performance levels are examined, namely: Global collapse prevention and 

Usability preventing damage. Seismic performance is assessed by multi-stripe nonlinear time-

history analysis, considering earthquake intensity levels with return period ranging from 10 to 

100000 years. Results point out that seismic isolation works effectively in limiting damage well 

beyond the design limit state level while it shows a limited margin with respect to collapse 

beyond the design limit state level. 

Section 3 relates to investigation of seismic performance of RC frame building, where the infills 

are decoupled using the INODIS system. In order to compare the behaviour of traditional 

double-layer infills with the behaviour of modern single-layer infills with the INODIS system, 

numerical simulations are performed with Opensees. One of the six buildings presented in the 

previous section (SLD 80-90 located in L'Aquila) is used as a case-study. The IP and OOP 

behaviour of the decoupled infills with INODIS system is modelled by fitting available 

experimental and numerical results. Modal, pushover and NTHA analyses were carried out 

considering three different earthquake intensity levels, with return periods equal to 50, 500 and 

2500 years. A total of 20 pairs of bidirectional records are selected for each seismic intensity. 

Results of NTHA show that the INODIS system can successfully prevent dangerous OOP 

failure modes caused by the IP-OOP interaction. The application of the INODIS system 

significantly improves the seismic performance of masonry infilled RC frame buildings. The 

reduced damage to non-structural elements leads to the smaller need for the wall repairment 

after the earthquakes, which shows the high economic benefits when using cost-efficient 

INODIS system. 

Section 4, serves as a general summary of the study, it derives preliminary conclusions and 

presents recommendations for future research work. In particular, a comparison (for a specific 

case-study building) is carried out in terms of performance and economic losses using (i) 

traditional infills in a fixed-based building, (ii) traditional infills in a base isolated building and 

(iii) innovative infills with decoupling system. 
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1.1.  INTRODUCTION 

UnReinforced Masonry (URM) infills are widely used in Reinforced Concrete (RC) frame 

buildings as internal partitions and exterior enclosure walls, because of their reliability against 

fire and moisture, good thermal and acoustic insulation, and low construction costs.  

Typical configurations of URM walls include single or double layers of hollow clay bricks 

inserted in, and rigidly connected to, the RC frame. URM infills are usually considered as non-

structural elements and are then neglected in the seismic design of the building. However, the 

presence of URM infills can significantly modify the global seismic response of the buildings, 

inducing both positive and negative effects (Fardis and Panagiotakos 1997). In principle, a 

regular distribution of the URM infills can considerably increases the peak strength and initial 

lateral stiffness of the structure (Dolšek and Fajfar 2008). Masonry infills can also increase the 

energy dissipation capacity of RC buildings, thus reducing the displacement demand imposed 

by the earthquake (Ozkaynak et al. 2013). On the other hand, infill walls can strongly interact 

with the surrounding RC frame, triggering the brittle shear failure of RC columns, thus strongly 

affecting the overall performance of the RC building (Furtado et al. 2015a). 

Generally speaking, masonry infills feature two different brittle failure mechanisms, in the 

following referred to as In-Plane (IP) (see Figure 1a )and Out-Of-Plane (OOP) (see Figure 1b) 

collapse mechanism, both characterized by degradation of strength, stiffness and low energy 

dissipation (El-Dakhakhni et al. 2003).  

In recent years, several strong earthquakes have repeatedly pointed out the high vulnerability 

of URM infills (Braga et al. 2011, Vincente et al. 2012, Varum et al. 2018), especially of those 

realized between ‘50s and ‘70s, featuring two thin layers (high height/thickness ratio) of hollow 

clay bricks with an inner cavity.  

The damage scenario typically observed for masonry infills after strong earthquakes includes 

extensive diagonal cracking, corner crushing (De Luca et al 2014), and sometimes the 

overturning of entire infill walls, usually located at the low-to-middle storeys of the building 

(Ricci et al 2011, Masi et al. 2019). As argued by Morandi et al (2013), the OOP collapse of 

the infill walls located at the low-to-middle storeys of the building indicates that they underwent 

a significant reduction of their out-of-plane resistance (compared to the infill walls at the upper 

storeys) due to the larger interstory drift demand previously sustained.  
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(a) (b) 

Figure 1 Infill masonry walls earthquake damage in L’Aquila: a) in-plane diagonal cracking, b) out-of-plane 
collapse (Furtado et al. (2016), Marinković (2019)) 

Extensive damage to masonry infills can jeopardize the usability of a building after an 

earthquake with obvious important socio-economic consequences (Braga et al. 2011, Taghavi 

and Miranda 2002), including large economic losses for building repairing (Cardone and 

Perrone 2017). Moreover, the OOP collapse of URM walls might seriously threaten human life 

either inside or outside the building. 

In current practice, the safety verification of OOP collapse mechanisms of infill walls is carried 

out following force-based pseudostatic approaches. A number of recommendations and semi-

empirical relationships are proposed in modern seismic codes (FEMA306 1998, CEN 2005, 

NZSEE 2006) for the estimation of the OOP strength of URM infills, which in some cases also 

take into account the OOP strength reduction due to previous IP damage.  

For all the above reasons, in these last decades, efforts have been made to develop analytical 

tools and computational models able to describe the seismic behavior of masonry infills and 
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their interaction with RC frames. Micro-models and macro-models are the two alternative 

modeling strategies investigated by various authors (see Asteris et al. 2013 for a comprehensive 

state-of-the-art on this subject). Despite their accuracy, the use of micro-models is very 

complex, requiring long computational efforts and time, being based on non-linear finite 

elements modeling both RC frame, infill panels and the interface between RC frame and infill 

wall. Macro-models are much simpler than micro-models. Indeed, they are implemented 

through single- or multiple mono-dimensional elements described by a limited number of 

numerical parameters that can be calibrated from experimental results (Lam et al. 2003), in 

order to simulate the overall force–displacement behavior of the infill with low computational 

efforts.  

The development of macro-models for the description of the in-plane behavior of URM infills 

took place before and independently with respect to the development of analytical models for 

the out of plane behavior of infills.   

Based on experimental tests carried out by Polyakov (1960), Holmes (1961) and Stafford-Smith 

(1962) first proposed a simple and low time-consuming macro-model, based on the assumption 

of an equivalent “strut”, for the simulation of the IP behavior of masonry infills subjected to 

seismic loading. In particular, Polyakov (1960) described experiments performed on a three-

bay, three-storey model steel frame infilled with masonry. Further on, Holmes (1961 and 1963), 

showed test results of steel frames with concrete infills, while observations of the tests carried 

out by Stafford Smith (1962 and 1966) led to the conclusion that, the wall could be replaced by 

an equivalent diagonal “strut”. 

Mainstone (1971) derived a semi-empirical equation for the calculation of the equivalent strut 

width. Subsequently, many authors proposed further improvements and developments to the 

equivalent strut model, in order to simulate the overall inelastic response under monotonic and 

cyclic loading (Mehrabi and Shing 1997; El-Dakhakhni et al. 2003; Panagiotakos and Fardis 

1996), considering different IP failure mechanisms that may occur in masonry infills (Decanini 

et al. 2004; Sassun et al. 2016). 

Generally speaking, according to El-Dakhakhni et al. 2003, the behaviour of masonry infills 

for in-plane loads can be described by four failure modes of infill panel: compression failure in 

the corners (i) or in the middle of the infill (ii), shear failure in the middle of the wall along a 

mortar joint (iii) and diagonal tensile failure (iv). 
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Some of these specifications have been also included in international guidelines and standards 

for the seismic analysis and rehabilitation of buildings (FEMA 274 1997; CEN 2005).  

The equivalent diagonal strut approach can model the global force-displacement behaviour of 

the infilled frame, but model of the infill wall with just one single strut element is not capable 

of properly taking into account the change in the bending moment and shear diagram along the 

column length due to the presence of the panel and therefore it is ineffective in modelling the 

complex behaviour of infilled frames. 

To overpass this limit, in the last years, a series of multi-strut models (see Figure 2), differing 

in the number and layout of diagonal struts, have been proposed (Crisafulli and Carr 2007; 

Smyrou et al. 2011) to capture the in-plane interaction between masonry infills and RC frame.  

  

(a) (b) 

Figure 2  Multi strut models: (a) El-Dakhakhni et al. 2003; (b) Crisafulli and Carr 2007 

Crisafulli and Carr (2007) proposed a modified model presented as a four-node panel element 

that is connected to the frame at the beam-column joints. This panel element contains internally 

the model from Crisafulli (1997) (Figure 2b), which has two parallel struts and a shear spring 

in each direction. The limit of the model is that it is not able to properly predict the bending 

moment and shear forces in the surrounding frame. 

The model proposed by El-Dakhakhni et al. (2003), with the off-diagonal struts not parallel 

(Figure 2a), was aimed at simulating the experimental results of the tests obtained by them. The 

total area of the diagonal strut is divided into three parts, where off diagonal struts have one 

quarter of the area and the middle strut was taken to have one half of the area. 

A number of analytical models dealing with the OOP strength of URM infills also exist. They 

have been derived from past experimental studies carried out by various researchers. McDowell 
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et al. (1956), for instance, examined an analytical model to predict the maximum uniformly 

distributed load pattern considering a one-way arch mechanism (see Figure 3).  

 

Figure 3 One-way arching action according to McDowell et al. (1956) 

Bashandy et al. (1995) (Figure 4a) and Dawe and Seah (1989) (Figure 4b) extended the 

approach proposed by McDowell et al. (1956) following the principle of virtual works, thus 

deriving semi-empirical relationships for one-way and two-ways arch mechanisms. Flanagan 

and Bennett (1999) simplified the formulation derived by Dawe and Seah (1989) based on 

experimental results. A detailed state-of-the-art on OOP strength models for URM infill walls 

can be found in Pasca and Liberatore (2015). 

So far, only a few experimental studies have been performed to investigate the interaction 

between IP and OOP behavior of masonry infills. 

Based on experimental tests on full-scale infilled steel frames, Henderson et al. (2006) showed 

that OOP damage reduces the IP initial stiffness, with a limited effect on the initial IP strength 

of the wall. Similar results were obtained by Angel et al. (1994), Calvi and Bolognini (2001) 

and Furtado et al. (2016), based on tests on full- and reduced-scale infilled RC frames. In all 

these experimental tests, clay brick URM infills with slenderness ratio (height/thickness) 

ranging from 15.3 to 33.9 were tested considering either concentrated or uniformly distributed 

load patterns. Such studies showed that preliminary IP damage can yield a significant reduction 

of the OOP strength (even higher than 50%), especially for infill walls with high slenderness 

ratio. Furtado et al. (2016) proved that OOP infill strength is not significantly influenced by the 

axial load on columns and/or type of loading path (monotonic or cyclic). Extensive 

experimental tests, on full-scale infilled steel frames were performed by Flanagan and Bennett 

(1999) to investigate the IP/OOP interaction in URM infills. 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
14 

 

 
(a) 

 

(b) 

Figure 4 Collapse mechanism considered by Bashandy et al. (1995) (a) and Dawe and Seah (1989) (b) 

 They showed that the main effect of IP damage is a reduction of the OOP stiffness. As a 

consequence, out-of-plane displacements are expected to be greater for damaged infills than for 

undamaged infills, especially under moderate levels of loading and/or high slenderness ratios. 

Further experimental studies (Pereira et al. (2011); Guidi et al. (2013), Hak et al, (2014)) proved 

that also the OOP strength of URM infills can be significantly affected by the level of IP 

damage, especially for infill walls with high slenderness ratio. In addition, when IP/OOP 

loading is simultaneously applied, high vertical compression forces near the base of the wall 

can arise due to the combination of the thrust forces around the wall perimeter and the strut 

forces along the diagonal (Longo et al., (2018)).  

Recently, Ricci et al. (2018a, 2018b) and De Risi et al. (2019) performed extensive 

experimental tests on 2/3-scaled infilled RC frame designed by the seismic Italian seismic Code 

(NTC2008). The scope of the tests was to investigate in-depth the effects of the IP/OOP 

interaction and the influence of the slenderness ratio (h/t) on the OOP behavior of URM infills 

made with clay hollow bricks. URM infills with thickness equal to 80 mm (h/t = 22.9) and 120 

mm (h/t=15.2) were tested. Tests were carried out by applying out-of-plane forces after 

attaining different levels of interstory drifts. A substantial reduction of both lateral stiffness and 
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strength in the out-of-plane direction was observed, while increasing the drift level reached in 

the in-plane direction. For instance, as can be seen in the Figure 5 for infills with slenderness 

ratio h/t=22.9, OOP strength reductions ranging from 25% to 70% were observed while 

increasing the drift level from 0.28% to 0.58%. For infills with slenderness ratio h/t=15.2, a 

reduction of the OOP strength of the order of 40% was found for a drift level equal 0.89%.  

  
(a) (b) 

  
(c) (d) 

Figure 5 Comparison of the IP/OOP experimental responses of the 80mm (a/b) and 120mm (c/d) thick infills 
reported in Ricci et al. (2018a, 2018b) 

In summary, based on the outcomes of the experimental tests, the most critical variables 

affecting the OOP behavior of infill walls are the slenderness of the infill and the state of 

damage (related to maximum IDR) experienced by the wall in the IP direction. Although not 

directly addressed in the experimental tests, it is clear that also the restraint conditions with the 

RC frame and the storey of the building where the infill is located play a not negligible role 

towards the OOP performance of masonry infills. 

In the last years, some researchers have started to develop a new generation of numerical macro-

models, able to capture the IP/OOP interaction of URM infills subjected to seismic loading. 

Some authors derived IP/OOP interaction domains expressed in terms of forces or 

displacements. The IP/OOP interaction curves have been implemented in two different macro-
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models featuring compression-only (Hashemi and Mosalam 2007) – Figure 6a) and tension-

compression resisting (Kadysiewski and Mosalam 2009 – Figure 6b) diagonal truss elements, 

respectively. The OOP mass is lumped in the middle of the element.  

  

(a) (b) 

Figure 6 Macro-models proposed by (a) Hashemi and Mosalam 2007 and (b) Kadysiewski and Mosalam 2009 

The model proposed by Kadysiewski and Mosalam (2009) is based on representing the masonry 

infill with a single diagonal strut, which is sufficient to represent both behaviors of the masonry 

infill, works in tension and compression, and has a lumped mass at the mid of the diagonal 

length that works in the out-of-plane direction.  

In the model proposed by Hashemi and Mosalam (2007) the infill is represented by eight no-

tension truss elements joined in the centre by a tension only truss element. 

Mosalam and Gunay (2015) developed a macro-model consisting of two elastic beam-with-

hinges elements, placed along one diagonal and pinned to the surrounding RC frame (see Figure 

7a). The IP/OOP behavior of the infill is governed by a bi-directional (IP axial load vs. OOP 

bending moment) domain. The effective mass of the infill is lumped in the midspan node to 

simulate OOP effects.  

Furtado et al. (2015b) proposed an equivalent bi-diagonal strut model where the IP/OOP 

interaction is defined assuming a linear interaction between IP and OOP ultimate displacement 

capacity. In this model, the diagonal strut is connected with a nonlinear link element. The out-

of-plane masses are assigned to the two extremity nodes of the horizontal element, as illustrated 

in Figure 7b 
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(a) (b) 

Figure 7 Macro-models proposed by (a) Mosalam and Gunay (2015) and (b) Furtado et al. (2015b) 
 

Di Trapani et al. (2018) calibrated a four-struts macro-element (for pushover analysis) 

comprising two diagonal fiber beam-column elements (simulating the IP behavior) plus one 

vertical and one horizontal fiber beam-column element (simulating the arching mechanism in 

the OOP direction), mutually connected in a node at the midspan (see Figure 8).  

 

Figure 8 Four-struts macro-element (for pushover analysis) calibrated by Di Trapani et al. (2018) 
 

Recently, Di Domenico et al. (2017) have proposed a new modelling approach for capturing 

the IP/OOP interaction in masonry infills (see Figure 9). The modelling approach under 

consideration relies on suitable evolutive degradation relationships derived from experimental 

results and empirical observations (Ricci et al. 2018a, b), together with a specific algorithm for 

the removal of infills, as IP/OOP collapse occurs (Mazza, 2019).  
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Figure 9 New modelling approach for capturing the IP/OOP interaction in masonry infills proposed by Di 
Domenico et al. (2017) 

The main aim of this section of the thesis work is to investigate the influence of the IP/OOP 

interaction of URM infills on the seismic performance of typical residential RC buildings 

realized in Italy (and other European countries) in the second half of the last century. To this 

end, seven case studies are selected, differing in number of storeys and age of construction 

(hence structural details and infill characteristics). The modelling approach by Di Domenico et 

al. (2017), implemented within two sets of nonlinear zero-length link elements incorporated in 

a V-shaped bi-diagonal struts macro-element, is used to describe the IP/OOP interaction of 

masonry infills. Extensive Nonlinear response-Time History Analyses (NTHA) are carried out 

with OpenSees (McKenna et al. (2000)), using ten sets of ground motion pairs, with increasing 

seismic intensity. For comparison, NTHA are carried out also neglecting the OOP response of 

the infills. Different building performance levels are then identified to examine the damage 

scenario experienced by the buildings, considering or neglecting the IP/OOP interaction for 

masonry infills. Based on results of this study, a set of fragility curves is tentatively proposed 

to express the probability of exceedance of the selected building performance levels as a 

function of the earthquake intensity level.  
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1.2. METHODOLOGY OF THE STUDY 

In this section, the influence of the IP/OOP behavior of URM infills in RC frame buildings 

subjected to seismic loading is investigated following a four steps methodology: 

(i)   Step 1: Selection of case-study; Modeling assumptions; Ground motion selection.  

(ii) Step 2: Definition of seismic Performance Levels (PLs), based on a suitable multi-criterion 

approach. 

(iii) Step 3: Execution of NTHA. 

(iv) Step 4: Derivation of fragility curves for different PLs, considering, or alternatively 

neglecting, the influence of the IP/OOP interaction for masonry infills. 

1.2.1. Case-study buildings 

Over the last decades, the design criteria and construction practice relevant to RC buildings 

have considerably changed. Table 1 identifies five classes of RC frame buildings, within the 

Italian RC buildings stock, as a function of the age of construction, design approach, and main 

structural/non-structural details. Herein, they are referred to as: (i) GLD: Gravity Load Design 

buildings, (ii) SSD: Substandard Design buildings, (iii) LSD: Low Seismic Design buildings, 

(iv) HSD: High Seismic Design buildings, and (v) MD: Modern standard Design buildings. 

Similar classifications also apply for other countries that feature similar construction practice. 

In this study, the attention is focused on three building classes only (namely GLD, SSD and 

HSD of Table 1), covering a wide spectrum of the current Italian building stock. Seven 

archetype buildings are considered: three for the SSD class and two for the GLD and HSD 

class, respectively. All the buildings feature the same plan and elevation configurations (see 

Figure 10) while differing in the number of storeys (4-, 6- and 8-storeys) and location (the cities 

of L’Aquila and Napoli, respectively), besides age of construction and structural/non-structural 

details (see Table 1). The selected buildings can be deemed to be representative of typical low-

, medium- and high-rise multi-storeys residential buildings realized in Italy between 50’s and 

90’s, which represent about 80% of the entire Italian RC building stock (ISTAT 2011).  

The archetype buildings selected feature a rectangular plan with 27.30 m × 15.30 m dimensions, 

and 3.00 m interstory height. The GLD buildings feature four frames in the long direction (X-

direction in Figure 10a) and two external frames in the short direction (Y-direction in Figure 

10a). The SSD and HSD buildings have six additional internal frames in the Y-direction. All 

the buildings have a central dog-leg stair with cantilever steps sustained by two stiff ‘knee’ 
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beams in the Y-dir. Floors are assumed to be realized by one-way concrete slabs with 240mm 

total thickness. 

Table 1. Classification of Italian RC frame buildings  

 Class* Age 
(Design Standard)** Design approach Structural details 

URM 
infills 

GLD 
before 1971 

(R.D. 2229/1939) 
Gravity loads only 

Frames in one direction only 
Plain rebar.  

Low strength concrete 
No ductile seismic details 

Double 
layers 

SSD 
1971 ÷ 1980 

(L. 1086/71; DM 1974) 
 

 Equivalent static 
forces 

Frames in one/both directions 
Plain/deformed rebars.  
Low strength concrete 

Internal flat beams 
No ductile seismic details 

Double 
layers 

LSD 
1981 ÷ 1995 

(DM 1986; DM 1992) 
Equivalent static 

forces 

Frames in both directions 
Deformed rebars 

Internal flat beams 
No ductile seismic details 

Single 
Layer 

HSD 
1995 ÷ 2003 

(DM 1996; OPCM 3274) 
Response spectrum 

analysis 

Frames in both directions 
Deformed rebars 

Not mandatory ductile 
seismic details 

Single 
Layer 

MSD 
after 2003 

(DM 2008; DM 2018) 

Response spectrum 
analysis 

+capacity design 
criteria 

Frames in both directions 
Deformed rebars 

Mandatory ductile seismic 
details 

Single 
Layer 

(*) GLD: Gravity load design; SSD: Substandard Seismic Design; LSD: Low Seismic Design; HSD: High Seismic Design; 
MD: Modern Standard Design 
(**) for more information see https://www.ingegneriasismicaitaliana.com/it/24/normative/ 

Structural characteristics (including cross sections of RC columns and beams, reinforcement 

ratios, etc.) have been derived from a simulated design, in accordance with the technical 

standards and design rules in force in Italy at that time, adopting the Allowable Stress design 

method for the GLD and SSD buildings while the Limit State design method for the HSD 

buildings. For the buildings located in L’Aquila seismic forces have been computed considering 

a seismic coefficient (C) equal to 0.07g (medium seismic-risk region) and a typical subsoil class 

and structural behavior (R=ε= β=1).  

Gravity loads are represented by a dead load of 4.00 KN/m2 on the top floor and 5.50 KN/m2 

on the other floors, and a live load of 2.0 KN/m2 for all the floors. An average weight per 

volume unit of 8.50 KN/m3 has been considered for masonry infills. 

The simulated design of the GLD buildings has been carried out assuming an allowable stress 

equal to 5.0 N/mm2 for concrete and 140 N/mm2 for steel (Aq42 plain steel rebars), in line with 
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the Italian Royal Decree 2229/1939. For the SSD and HSD buildings, a concrete characteristic 

compressive strength of 25 MPa and a steel characteristic yield strength of 430MPa (FeB44K 

deformed steel rebars) have been assumed, corresponding to an allowable stress of 8.5 MPa 

and 260 MPa, respectively.  

Cross section dimensions of beams and columns, derived from simulated design, are reported 

in Table 2. As can be seen, the cross-section size of RC columns varies in the range of 300×650 

– 300×300 mm, depending on the number of floors of the building. For all building types, the 

cross sections of the RC columns taper by 100 mm every two floors, except the columns at the 

corners of the building and those around the staircase, which present a constant cross section 

(300 x 300 mm and 300 x 500 ÷ 300 x 650 mm, respectively) along the entire building height. 

RC beams located around the perimeter of the building, and around the staircase, have 300×500 

mm cross section. The main difference between HSD and SSD buildings is the presence of 

internal 300 x 400 mm exposed beams (LSD buildings) instead of 600 x 240 mm flat beams 

(SSD buildings).  

For the GLD buildings, the longitudinal reinforcement is realized with 14 mm diameter plain 

bars with end hooks at the ends; 6mm diameter stirrups are considered as transverse 

reinforcement. For the SSD and HSD buildings, the longitudinal reinforcement is realized with 

16mm (beams) and 18mm (columns) deformed bars; 8mm diameter stirrups are considered as 

transverse reinforcement. Longitudinal reinforcement ratios and stirrups spacing are reported 

in Table 2 for each building model.  

For GLD and SSD buildings, masonry infills are realized with hollow clay bricks arranged in 

two layers with 100 mm thickness each, separated by an air cavity of 100 mm, in line with the 

construction practice of that time. For the HSD buildings, masonry infills are characterized by 

a single layer of hollow clay bricks with 300 mm thickness. In both cases, the holes of the bricks 

are arranged in the horizontal direction. For all building configurations, masonry infills located 

in the long direction (X-dir.) feature large opening while those placed in the short direction (Y 

dir.) have no openings. In this study, the attention is focused on masonry infills without 

openings only, the influence of masonry infills with (large) openings being relatively low 

towards the seismic behavior of the building. Therefore, for simplicity, their contribution has 

been neglected in the structural model.  

The fundamental periods of vibration in the short direction (Ty) of each building model, derived 

from modal analysis, are listed in Table 2. 
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The fundamental period of the  bare frame structure without the infill stiffness contribution 

(TBF) is very important to understand their contribution in the global stiffness of the building 

and are reported in Table 2.  

 

 
 
 

     
                                                (a)                                                                              (b) 

 
(c) 

Figure 10 Selected case-study buildings: (a) plan view, (b) masonry infills configuration and (c) lateral view 
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Table 2.Main geometrical characteristics and steel reinforcement details of the selected building models 

Case Study 
(Type-n. storeys) 

 
Site 

Number of 
frames 

Column 
sections (mm) 

Beam sections 
(mm) 

Longitudinal  
reinforcement ratios (%) 

Transverse  
reinforcement 

(diameter/spacing) 

Type of  
reinforcement 

Masonry infills 
(hollow clay bricks) 

GLD-6st 
(Ty=0.73 sec) 

(TBF = 0.98 sec) 

 
 

Napoli 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):0 

E: 300×300÷300×450 
I: 350×300÷550×300 

SC: 300×500 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 

I (dir. Y):   - 
KB:300×500 

B: 0.56÷0.71% 
C: 0.59÷0.68% 

B: Ø6/200 mm 
C: Ø6/150 mm 

SC: Ø6/150 mm 

 
smooth  
(Aq42) 

 

 
Double layer 

(100+100 mm) 

GLD-8st 
(Ty= 1.00 sec) 

(TBF = 1.58 sec) 

 
 

Napoli 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):0 

E: 300×300÷300×550 
I: 350×300÷650×300 

SC: 300×550 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 

I (dir. Y):   - 
KB:300×500 

B: 0.56÷0.71% 
C: 0.59÷0.79% 

B: Ø6/200 mm 
C: Ø6/150 mm 

SC: Ø6/150 mm 

 
smooth  
(Aq42) 

 

 
Double layer 

(100+100 mm) 

SSD-4st 
(Ty= 0.48 sec) 

(TBF = 0.81 sec) 

 
 

L’Aquila 
 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):6 

E: 300×300÷300×350 
I: 350×300÷450×300 

SC: 300×550 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 
I (dir. Y): 600×240 

KB:300×500 

B: 0.62÷0.98% 
C: 0.87÷1.23% 

B: Ø8/100 mm 
C: Ø8/150 mm 

SC: Ø8/150 mm 

 
deformed  
(FeB44k) 

 
Double layer 

(100+100 mm) 

SSD-6st 
(Ty= 0.71 sec) 

(TBF = 1.01 sec) 

 
 

L’Aquila 
 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):6 

E: 300×300÷300×450 
I: 350×300÷550×300 

SC: 300×550 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 
I (dir. Y): 600×240 

KB:300×500 

B: 0.62÷1.11% 
C: 0.95÷1.51% 

B: Ø8/100 mm 
C: Ø8/150 mm 

SC: Ø8/150 mm 

 
deformed  
(FeB44k) 

 
Double layer 

(100+100 mm) 

SSD-8st 
(Ty= 0.97 sec) 

(TBF = 1.37 sec) 

 
 

L’Aquila 
 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):6 

E: 300×300÷300×550 
I: 350×300÷650×300 

SC: 300×650 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 
I (dir. Y): 600×240 

KB:300×500 

B: 0.68÷1.01% 
C: 0.95÷1.51% 

B: Ø8/100 mm 
C: Ø8/150 mm 

SC: Ø8/150 mm 

 
deformed  
(FeB44k) 

 
Double layer  

(100+100 mm) 

HSD-6st 
(Ty= 0.67 sec) 

(TBF = 1.11 sec) 

 
 

L’Aquila 
 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):6 

E: 300×300÷300×450 
I: 350×300÷550×300 

SC: 300×550 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 
I (dir. Y): 300×400 

KB:300×500 

B: 0.72÷0.93% 
C: 0.95÷1.51% 

B: Ø8/80÷Ø8/100 mm 
C: Ø8/75÷Ø8/100 mm 

SC: Ø8/150 mm 

 
deformed  
(FeB44k) 

 
Single layer 
(300 mm) 

HSD-8st 
(Ty= 0.87 sec) 

(TBF = 1.48 sec) 

 
 

L’Aquila 
 

E (dir. X):2 
I (dir. X):2 
E (dir. Y):2 
I (dir. Y):6 

E: 300×300÷300×550 
I: 350×300÷650×300 

SC: 300×650 
C: 300×300 

E (dir.X):300×500 
I (dir. X):300×550 
E (dir.Y):300×500 
I (dir. Y): 300×400 

KB:300×500 

B: 0.72÷1.11% 
C: 0.95÷1.81% 

B: Ø8/80÷Ø8/100 mm 
C: Ø8/75÷Ø8/100 mm 

SC: Ø8/150 mm 

 
deformed  
(FeB44k) 

 
Single layer 
(300 mm) 

GLD: Gravity Load Design, SSD: Substandard Seismic Design; HSD: High Seismic Design. 
E: External, I: Internal, SC: staircase; KB: knee beams, B: beams; C: columns.  
Ty: fundamental periods of vibration in the short direction; TBF= fundamental periods of Bare Frame structure
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1.2.2 Ground motion selection 

The case-study buildings are supposed to be located in the city of L’Aquila (SSD and HSD 

buildings) and in the city of Napoli (GLD buildings), respectively, both on soil type C (soft 

soil), according to the current Italian code classification. It is worth noting that the city of 

L’Aquila was classified as second seismic category/class (medium level of seismic hazard for 

Italy) from 1915. The city of Napoli, instead, was classified as seismic area for the first time 

only in the 1981 (third seismic category/class). According to the current seismic hazard map of 

Italy, the city of L’Aquila represents one of the city with the highest level of seismicity in Italy 

with a design earthquake intensity level with 475 years return period of 0.35g for soil type C 

and 0.47g with 2475 year return period for soil type C. The city of Napoli features a medium 

level of seismic hazard with a design earthquake intensity level with 475 years return period of 

0.25g for soil type C and 0.35g with 2475 years return period for soil type C.  

Table 3 compares the earthquake hazard of L’Aquila and Napoli in terms of spectral 

acceleration for three values of conditioning period, namely: T* = 0.50 s, 0.75 s and 1.0 s, 

corresponding approximately to the average (in the two orthogonal directions) of the effective 

fundamental periods of the 4-, 6- and 8-storeys buildings, respectively. Ten earthquake intensity 

levels, with return periods (Tr) ranging from 30 years to 2475 years, have been derived from 

the hazard curve provided by the Italian Institute of Geophysics and Vulcanology (INGV). 

Moreover, for a better understanding of the phenomena, an additional seismic intensity level, 

with return period equal to 5000 years, has been considered for NTHA. The latter has been 

extrapolated based on best fit to the hazard curve, using a second-order polynomial law in log 

space, as proposed by Vamvatsikos (2014). 

          Table 3. Earthquake intensity levels considered for the building models under scrutiny. 
 

T*: average fundamental periods (in the two orthogonal directions) of the building model 

  Spectral acceleration Sa(T*) (g) 
Intensity Tr Napoli (GLD models) L'Aquila (SSD and HSD models) 

Level (years) T*=0.75 s T*=1.0 s T*=0.5 s T*=0.75 s T*=1.0 s 
IM1 30 0.096 0.072 0.249 0.166 0.125 
IM2 50 0.134 0.101 0.326 0.217 0.163 
IM3 72 0.166 0.125 0.389 0.259 0.195 
IM4 101 0.200 0.150 0.457 0.305 0.229 
IM5 140 0.236 0.177 0.531 0.354 0.266 
IM6 201 0.281 0.211 0.616 0.411 0.308 
IM7 475 0.396 0.297 0.820 0.564 0.423 
IM8 975 0.495 0.371 0.977 0.695 0.521 
IM9 2475 0.626 0.469 1.148 0.847 0.635 

 IM10 5000 0.747 0.560 1.422 1.079 0.809 
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For each earthquake intensity level, NTHA have been performed using a set of 10 ground 

motion pairs selected and scaled by Ay et al. (2017), in such a way to be compatible with 

suitable Conditional Mean Spectra (CMS) (Baker, 2011), derived considering an appropriate 

M-R-ε (magnitude-distance-epsilon) disaggregation and a suitable attenuation relationship for 

each building site. The values of T* shown in Table 3 have been used as conditioning periods 

for the derivation of the CMS. As an example, Figure 11 compares the 5%-damping reference 

spectrum with the average response spectrum derived from the set of selected ground motions 

for the city of Napoli (Figure 11a) and L’Aquila (Figure 11b), respectively, for an earthquake 

intensity level with TR = 2500 years return period and conditioning period T* = 0.75 s.  

 
(a)             (b) 

Figure 11 Comparison between code-conforming reference spectrum and average response spectrum of the 
selected ground motions (T* = 0.75 s, Tr=2475 years, soil C) for (a) L'Aquila and (b) Napoli. 

 

1.2.3. Numerical model  

A refined 3D lumped-plasticity model has been implemented in OpenSees (McKenna et al. 

2000) for each case-study building. Beam-with-hinges elements have been used to describe the 

mechanical behavior of RC members, based on given constitutive laws for steel (see Figure 

12a) and concrete (see Figure 12b).  

For RC members with plain rebars (ref. to GLD models) bar slipping effects have been captured 

by using a modified constitutive law for steel rebars (see Figure 12a), in accordance with (Braga 
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et al. 2012), and neglecting the contribution of compression longitudinal rebars, in accordance 

with evidence from past studies (e.g., Calvi et al., 2002; Fabbrocino et al., 2004). Concrete 

confinement has been neglected (see Figure 12c), due to the low effectiveness of stirrups in old 

buildings. In addition, a reduced plastic hinge length (equal to H/3 for beams and H/4 for base 

columns, see Cardone and Perrone, 2015) has been assumed, to take into account that flexural 

cracks do not spread along the element during repeated cyclic deformation, while their width 

increases significantly due to bond slip effect. 

Plastic hinges (see Figure 12c) are characterized by a tri-linear cyclic hysteretic behavior, 

described by the modified Ibarra-Medina-Krawinkler deterioration model (Ibarra et al. 2005). 

The yielding (My) and ultimate bending moment (Mu) (see Figure 12c) have been derived by 

an accurate moment-curvature analysis on fiber sections characterized by suitable constitutive 

laws of materials (see Figure 12). 

The yielding (θy) and ultimate chord rotation (θu) have been evaluated using the formula 

reported in Verderame et al. (2001 a, b) to take into account the poor bond capacity of plain 

bars. As far as the post capping-rotation capacity (θc-θu) is concerned, reference to the 

relationship proposed by Ibarra et al. (2005) has been made. The plastic hinges of the short 

columns around the stairs have been modified to capture the potential brittle failure of such 

elements, considering the shear strength formulation proposed by Sezen and Moehle (2004).  

As far as the strength of materials is concerned, reference to the experimental results reported 

in Verderame et al. (2001a, 2001b) has been made, assuming a concrete compression strength 

of 25 MPa for GLD buildings and 28 MPa for SSD/LSD buildings, respectively, and a steel 

yield strength of 325 MPa for GLD buildings and 430 MPa for SSD/HSD buildings, 

respectively.  

More details on the modeling assumptions for RC members can be found in Cardone and 

Perrone (2017). 
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                                                 (a)                                                                               (b) 

              

       (c) 

  Figure 12 Constitutive law of (a) streel and (b) not-confined concrete and (c) tri-linear moment-rotation curved 
adopted for plastic hinges. 

 

URM infills have been modelled with a V-shaped bi-diagonal strut macro-element 

incorporating two sets of nonlinear zero-length link elements lumped in the central node (see 

Figure 13). The modeling approach proposed by Di Domenico et al. (2017) has been 

implemented to account for the IP/OOP interaction of masonry infills. The modeling strategy 

under consideration consists of three main steps: 

(i) definition of the skeleton curves representing the IP and OOP undamaged behavior of 

 masonry infills; 

(ii) use of semi-empirical relationships to derive a number (“n”) of degraded (damaged) 

 backbone curves from the relevant undamaged counterpart, as a function of the 

 Intersorey Drift Ratio (IDR) (OOP degraded curves) and OOP displacements (IP 

 degraded curves), respectively; 

(iii) implementation of the “n+1” IP and OOP backbone curves within the selected macro-

model using an appropriate routine to remove masonry infill from the building model, 
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during NTHA, when either IP or OOP collapse occurs (attainment of the ultimate 

displacement, see Figure 14). 

 

 

Figure 13 Schematic representation of the macro-model used for URM infills. 

Figure 14 shows the two groups of “n+1” tri-linear curves adopted in this study to describe the 

IP/OOP degrading behavior of double-layer infills (100+100 mm), where “n” has been set equal 

to 19 in order to get accurate results.  

The undamaged IP behavior of the infills has been modeled using the tri-linear skeleton curve 

proposed in (Sassun et al. 2016), assuming a compressive strength in the vertical direction (fmv) 

of 1.2 MPa, a shear strength (τ) of 0.3 MPa, and an elastic modulus in the vertical direction 

(Emv) of 1050 MPa, respectively, in accordance with Decanini et al. (2004).  

Moreover, a compression strength in the horizontal direction (fmh) equal to 2.6 MPa and an 

elastic modulus in the horizontal direction (Emh) of 1960 MPa, corresponding to the average 

values of the experimental data reported in Table 4, have been assumed. 
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(a)                                                                     (b) 

 
Figure 14 (a) IP and (b) OOP backbone curves adopted for the double-layer infills (100+100 mm thickness) 

A set of semi-empirical relationships has been derived to define the undamaged OOP behavior 

of the infills, as a function of a number of geometric (thickness “t”, height “h” and width “w”) 

and mechanical parameters (fmv, fmh, Emv, Emh). To this end, five OOP pseudo-static tests have 

been considered for the double-layers (100+100mm) infills of GLD/SSD buildings (see Table 

4), whose results have been processed following a linear least-squares regression analysis.  

Table 4.Experimental tests considered to derive the semi-empirical relationships reported in Eqs. (1)-(4) 

Authors 
Load 
Type 

Test 
t 

(mm) 
h/t 

w 
(mm) 

fmv 
(MPa) 

fmh 
(MPa) 

Emv 
(MPa) 

Emh 
(MPa) 

Fcrack 
(kN) 

Kcrack 
(kN/mm) 

Fmax 
(kN) 

Kmax 
(kN/mm) 

Furtado et al. (2016) U Inf-02 150 15.33 1.83 0.53 - 1418 - 50 21.74 52.50* 0.89 
Calvi and Bolognini (2001) C 10 135 23.91 1.53 1.1 1.11 991 1873 29 12.08 33.70 6.48 

Ricci et al. (2018a,b) C OOP_4E 80 22.88 1.28 1.81 2.45 1090 1255 19.4 5.88 22 4.07 
De Risi et al. (2019) C OOP 80 22.88 1.28 2.37 4.63 1891 3452 20.12 9.63 29.46 4.93 
Ricci et al. (2018b) C OOP 120 15.25 1.28 1.65 2.12 1455 1262 27.5 11.00 41.9 5.24 

*Corrected by a factor 0.7 to consider different load conditions 
U: Uniformly distributed, C: Concentrated; t: infill thickness, h: infill height, w: infill width, fmv: compressive strength of masonry in the 
vertical direction, fmh: compressive strength in the horizontal direction, Emh: elastic modulus in the horizontal direction, Emv: elastic modulus 
in the vertical direction; Fcrack , Kcrack , Fmax , Kmax: see Figure 15. 

The relationships thus obtained are reported in Eqs. (1)-(3), which provide: (i) the cracking 

force Fcrack, (ii) the secant stiffness Kcrack and (iii) the peak force Fmax, respectively. In Table 5, 

the values of the coefficients a1, a2, and a3 (see Eq. (1)), b1 and b2 (see Eq. (2)) and θ1v, θ2v, θ3v, 

θ1h, θ2h, θ3h (see Eq. (3)) are reported.  
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Table 5.Values of the coefficients of Eqs. (1)-(3) 

a1 a2 a3 b1 b2 θ1v θ2v θ3v θ1h θ2h θ3h 
0.75 0.35 1.75 1.82 0.15 5.2 0.15 2.53 0.55 0.84 1.80 

It is worth noting that the semi-empirical relationships (1) and (3) are similar to the expressions 

proposed in the Eurocode 6 (2005) for the evaluation of the lateral strength of masonry walls. 

Eq. (2), instead, has been derived by the Timoshenko’s theory applied to an elastic isotropic 

plate hinged along the border, replacing the analytical coefficient with the term [(t/h)b1
*(w/h)b2]. 

In Figure 15 the experimental values of Fcrack, Kcrack and Fmax listed in Table 4 are compared to 

those predicted using Eqs. (1), (2) and (3), respectively.  

 
 

 

 

 

   
(a)              (b)                               (c) 

Figure 15 Comparison between experimental data and proposed semi-empirical relationships: (a) cracking force, 
(b) cracking stiffness, (c) peak force. 

The secant stiffness at the peak strength (Kmax) has been assumed equal to:   

 ��� = 0.40 ∗  �����                             (4) 

based on the average values of the stiffness ratio Kmax/Kcrack obtained from experimental tests 

(see Table 4). Finally, the OOP ultimate displacement capacity (dOOP) has been assumed equal 

to 80% the infill thickness, in accordance with Angel et al. (1994). 

In first approximation, the same relationships (ref. to Eqs. (1)-4)) have been used to characterize 

also the OOP behavior of the 300 mm thickness single-layer infills. 
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The jump from one skeleton curve to another is governed by the semi-empirical relationships 

proposed in (Ricci et al. 2018b), which provide the reduction of OOP stiffness and OOP 

strength as a function of IP damage (and vice-versa).  

The IP and OOP skeleton curves thus derived have been implemented in OpenSees (McKenna 

et al. 2000) within the V-shaped bi-diagonal strut macro-element shown in Figure 13. The 

equivalent struts feature suitable bending moment releases at the ends close to the RC beam-

column joints. The V-shaped bi-diagonal struts are connected by two sets of 2n+1 zero-length 

nonlinear link elements reproducing the IP degrading cyclic behavior of the infill. To avoid any 

lability, a type “Equal” constrain is assigned in the OOP direction to the two overlapped nodes 

of the V-shaped struts (see node “i” and “j” in Figure 13). An additional node with lumped mass 

equal to the effective mass of the infill (herein taken equal to 80% of the infill total mass, in 

accordance with (Kadysiewski and Mosalam 2009) is implemented in the middle of the element 

(see Figure 13). The auxiliary node is linked to the equivalent struts by 2n+1 zero-length 

nonlinear link elements reproducing the OOP degrading cyclic behavior of the infill. A specific 

algorithm is used to remove the infill from the structural model when the ultimate IP/OOP 

displacement is reached.  

The hysteretic cyclic behavior of the infills has been captured by the Hysteretic Material rule 

implemented in OpenSees, in which the stiffness cyclic degradation is described by the so-

called β coefficient. In this study, the β coefficient has been set equal to 0.8, in line with 

experimental results reported by Hak et al. (2014) and Furtado et al. (2016). The pinching 

factors px and py, governing the deformation and force behavior during cyclic loading have been 

taken equal to 0.8 and 0.20, respectively, for the IP cyclic behavior, while equal to 1.0 for the 

OOP cyclic behavior.  

It should be noted that all the relationships used in this study have been defined based on a 

number of experimental pseudo-static tests on different infill specimens, featuring (i) different 

units (solid bricks, hollows bricks) and infill materials (clay, concrete), (iii) scale specimens 

(full- or reduced-scale), (iv) frame-types (steel, RC) and (v) load configuration (uniform, 

concentrated, linear). Furthermore, a linear least-squares regression analysis has been used to 

correlate the experimental parameters (IP/OOP force, secant stiffness, cracking, peak strength 

and ultimate displacements, etc.) with a number of geometric and mechanical characteristics of 

the infill (thickness, height, elastic modulus, compressive strength, etc.). It is then clear that the 
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semi-empirical relationships adopted are affected by a number of epistemological uncertainties 

associated with the difficulty in reproducing the real working conditions of the infills during 

seismic events and the influence of the statistical process adopted that involves modeling and 

analyses of several independent variables that are included, all together, in the final proposed 

relationship. These uncertainties (together with other sources of uncertainties discussed in the 

next paragraphs) have been taken into account by considering additional dispersion factors (β) 

in the derivation of fragility curves. 
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1.3. DEFINITION OF PERFORMANCE LEVELS  

Three Performance Levels (PLs), associated with different post-earthquake damage scenarios, 

have been identified in this study. They are referred to as: (i) Usability Preventing Damage 

(UPD) performance level, (ii) Life Safety (LS) performance level and (iii) Global Collapse 

(GC) performance level, respectively. The description of each PL, in terms of expected post-

earthquake damage scenario is reported in Table 6. In the same table the multi-criteria approach 

adopted to define the threshold limits of each PL are summarized.  

It’s worth noting that the definition of PLs adopted in this study was purposely done to reduce 

the computational efforts required to process NTHA results at the level of individual elements. 

However, it is fully reasonable and compatible with the scope of the study.  

The UPD performance level has been defined following a multi-criterion approach (Cardone et 

al. 2017; Perrone et al. 2019) based on the following three conditions (whichever occurs first): 

(i) extensive damage of many infills: attainment of the peak lateral strength in more 

than 50% of the infills, for interstory drifts greater than 0.40 %, in accordance with 

the definition of DS2 damage state reported in Figure 16 (Cardone and Perrone 

(2015));  

(ii) severe damage of the first infill: strength reduction greater than 50% of the first 

infill, for interstory drifts greater than 1.4%, in accordance with the definition of 

DS3 damage state reported in Figure 16 (Cardone and Perrone (2015)), 

corresponding to a not-repairable condition of the infill;   

(iii)onset of structural damage requiring some repair interventions: the top displacement 

from NTHA exceeds the value corresponding to the attainment of 95% the peak 

lateral strength (the force level before the peak) from PushOver Analysis (POA). 
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Figure 16 Damage states of masonry infills without openings defined in Cardone and Perrone (2015) 

The LS performance level has been defined following a different multi-criterion approach that 

includes:  

(i) out-of-plane collapse of the first infill; 

(ii) exceedance of a given interstory drift limit, corresponding to the attainment of a LS 

performance level in the main structure. The drift limit under consideration has been 

assumed equal to 1.00% for GLD buildings (in accordance with Masi et al. (2015)), 

1.35% for SSD buildings (in accordance with Rossetto and Elnashai, (2003)) and 

2.00% for HSD buildings (in accordance with FEMA 356 (2000)). 

The IP collapse of the infill does not affect the LS performance level, because it always occurs 

for drift levels greater the assumed drift limits. Obviously, when the out-of-plane collapse of 

one infill takes place before extensive/severe in-plane damage of the infills, LS and UPD 

coincide.  

 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
35 

 

Table 6. Definition of Performance Levels (PLs) and relevant threshold limits. 

PL Definition Threshold limits 

UPD 

Buildings that meet this PL level 
experience negligible damage to their 
structural elements and easily repairable 
damage to nonstructural components, 
which does not jeopardize the normal 
use of the building after the earthquake. 

First condition between: 
(i) 50% of infills attain their peak lateral strength; 
(ii) the first infill attains a strength reduction equal to 50%;  
(iii) the top displacement exceeds the value corresponding to 

the attainment of 95% of the peak lateral strength from 
POA. 

LS 

Buildings that meet this PL level 
experience significant damage to 
structural and/or nonstructural 
components (including the out-of-plane 
collapse of infill walls) that may pose at 
risk human life. 

First condition between: 
(i) out-of-plane collapse of the first infill; 
(ii) maximum interstory drift greater than: 
  1.00% for GLD (Masi et al., 2015) 
       1.35% for SSD (Rossetto and Elnashai, 2015) 
  2.00% for HSD (FEMA 356, 2000) 

GC 

Buildings that meet this PL level 
experience an incipient collapse with a 
high risk for the human life, due to 
extensive damage to structural and 
nonstructural components. Damage is 
not repairable from a technical and/or 
economical point of view. 

First condition between: 
 (i) the top displacement exceeds the value corresponding to a 

reduction of 50% of the peak lateral strength from POA. 
(ii) maximum interstory drift greater than: 
  1.50% for GLD (Masi et al., 2015) 
       3.00% for SSD (Rossetto and Elnashai, 2015) 
  4.00% for HSD (FEMA 356, 2000) 

Finally, the GC performance level has been defined considering the lowest between the 

following displacement limits: 

(i) the top displacement corresponding to a 50% reduction of the lateral strength of the 

RC frame (i.e. 50% reduction of the shear forces in the RC columns of the first 

storey) from POA;  

(ii) the interstory drift limit associated with the attainment of a GC performance level 

for the main structure. The drift limit under consideration has been assumed equal to 

1.50% for GLD buildings (in accordance with Masi et al. (2015)), 3.00% for SSD 

buildings (in accordance with Rossetto and Elnashai, 2003) and 4.00% for HSD 

buildings (in accordance with FEMA 356 (2000)). 
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1.4. STRUCTURAL RESPONSE  

For each case study, a Push-Over Analysis (POA) in the short direction of the building (see 

Figure 10a) has been carried out with Opensees, considering, alternatively, a linear (modal 

proportional) and an uniform (mass proportional) force distribution along the height of the 

building, concentrated in the center of mass of each floor. Obviously, during POA, the behavior 

of the infills is governed by the first (undamaged) IP backbone curve only (see Figure 14).  

As an example, Figure 17a shows the capacity curves derived from POA for the 8-storey GLD 

building, plotted in terms of base shear (Vb) vs. top floor displacement (dtop). In the same figure, 

the points corresponding to the attainment of 95% of the peak lateral strength (the force level 

before the peak) and strength reduction of 50% are also reported. Such values are used in the 

definition of the UPD and GC performance levels, respectively, as discussed before (see Table 

6). Figure 17b compares the capacity curves of the three 8-storey buildings (linear force 

distributions). As expected, older buildings experience lower values of strength and initial 

stiffness (Kin) with a more pronounced strength reduction after the peak.   

 

 

       (a)               (b) 

Figure 17 (a) Comparison between capacity curves derived using uniform and linear distribution for the GLD-
8st, (b) Capacity curves of the GLD-8st, SSD-8st and HSD-8st building models. 
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Differences in terms of Kin are certainly due to the presence of stronger infills (t=300 mm) for 

the HSD model (compared to the SSD model) and to the presence of internal frames in the short 

direction for the SSD model (compared to the GLD model). 

Table 7 summarizes the main results derived from POA, expressed in terms of (i) initial 

stiffness (Kin) (ii) maximum strength (Vb,max) normalized by the weight (W) of the building, 

(iii) top displacement corresponding to 95% of the peak lateral strength (dtop95↑) and (iv) top 

displacement corresponding to 50% reduction of the peak strength (dtop50↓). The values reported 

in Table 7 represent the lowest values from POA considering linear and uniform force 

distributions. As expected (Cardone, 2007), higher values of Vb,max/W, dtop95↑ and dtop50↓ are 

found for modern buildings (featuring higher seismic standards). The strength ratios (Vb,max/W) 

increases while decreasing the number of storeys of the building. 

Table 7. Main results derived from pushover analysis for the case study analyzed 

Case study Kini (kN/m) Fmax/W d,top95↑ (mm) d,top50↓ (mm) 
GLD-6st 66667 0.107 51 217 
GLD-8st 52667 0.076 65 398 
SSD-4st 100020 0.252 50 189 
SSD-6st 70000 0.158 58 357 
SSD-8st 55667 0.111 75 426 
HSD-6st 91667 0.207 63 378 
HSD-8st 76667 0.160 81 518 

 

1.4.1 Interstory drift profiles 

Figure 18 shows some typical maximum IDR profiles (average values over 10 ground motion 

pairs) derived from NTHA for the SSD-6st building model, at three different seismic intensities 

(i.e. IM6, IM8 and IM10).  

As can be seen, the IDR profiles feature a marked bulged shape with higher values at the mid-

lower storeys of the building, which increase as seismic intensity increases. As a consequence, 

also the ductility demands tend to remain concentrated in the mid-lower storeys of the building, 

in accordance with what observed in (Cardone et al. 2017). Comparing NTHA results for the 

building models with and without IP/OOP interaction, negligible differences in terms of 

interstory drift profiles are observed (see Figure 18), regardless the seismic intensities. 
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Figure 18 Maximum interstory drift profiles for the SSD-6st building model, considering or neglecting IP/OOP 
interaction.  

This can be explained considering the strong degrading in-plane behavior of the infills, while 

increasing the interstory drift beyond the peak strength (see Figure 19), regardless the 

displacement (hence damage) experienced in the out-of-plane direction. In other words, the IP 

degrading behavior of the infill strongly affects the OOP performance of the infill but not vice 

versa. That’s why, in most cases, the removal of some infills (due to OOP collapse) does not 

change significantly the maximum drift profile, which is still basically governed by the in-plane 

mechanical behavior of the infills.  

   
(a)                                                          (b) 

Figure 19 Typical IP force vs displacement cyclic behavior of infills observed during NTHA at the (a) 3rd and 
(b) 4th storey of the SSD-6st building  
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1.4.2 Damage scenario of masonry infills  

Figure 20-Figure 22 show typical damage scenarios of masonry infills derived from NTHA. 

Results considering IP/OOP interaction for the infills are compared to results neglecting 

IP/OOP interaction. Based on the results of this study, which focuses on typical residential RC 

frame buildings, realized in Italy between ‘50s and ‘90, the following observations can be made: 

(i) The OOP collapse mechanism is relevant only for the double-layer infills (with 

100+100mm thickness, like those used in GLD and SSD buildings) due to the higher 

slenderness of the walls;  

(ii) The extent of damage is overall greater considering IP/OOP interaction. However, 

when IP/OOP interaction is neglected, the frequency of occurrence of severe IP 

damage or IP collapse increases; 

(iii) Comparing the performance of GLD and SSD building models (both featuring 

double-layer infills but differing in the structural characteristics of the frame and 

seismic hazard of the site), one can note that damage to infills is much more 

widespread and severe for the building located in the site with higher seismicity 

(L’Aquila), while it is little influenced by the best structural characteristics of the 

building model (SSD vs. GLD building models). The higher energy content of the 

L’Aquila records implies more loading cycles and larger displacement amplitudes, 

hence more pronounced IP/OOP strength and stiffness degradation experienced by 

masonry infills.  

(iv) The progressive strength and stiffness degradation due to IP/OOP interaction plays 

a fundamental role in the extension, severity and development of infill damage, 

especially for medium- and high-rise buildings. Considering the 8-storey SSD 

building located in L’Aquila (higher seismic hazard) (see Figure 20a), for instance, 

the first OOP collapse of infills occurs at IM2 (Tr=50 years), at the top floor of the 

building (higher floor accelerations). As seismic intensity increases, passing from 

IM3 (Tr= 72 years) to IM6 (Tr=201 years), OOP collapse of the infills is registered 

also at the lower storyes (larger interstory drifts). For further increase of seismic 

intensity (from IM7 (Tr= 475 years) to IM8 (Tr= 975 years)), infill damage and 

IP/OOP collapse develop in the mid storeys of the building (mainly 3rd to 5th storey). 
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Finally, at very high seismic intensities (i.e. IM9 (Tr= 2475 years) and IM10 (Tr= 

5000 years)), basically all the storeys of the building register a large number of 

events with severe IP damage and IP/OOP collapse. Neglecting the IP/OOP 

interaction (see Figure 20b), severe damage to the infills start to develop at IM6 

(Tr=201 years), at the mid storeys of the building (mainly 2nd to 6th storey). While 

increasing the seismic intensity, severe damage and IP collapse tend to remain 

concentrated in the mid storeys of the building. First and top storeys are almost not 

affected by severe damage.  

(v) As expected, the seismic intensity at which the first OOP collapse occurs 

progressively reduces while increasing the number of storeys of the building, being 

equal to IM6 (Tr=201 years) for the SSD-4st model, IM4 (Tr=101 years) for the 

SSD-6st model and IM2 (Tr=50 years) for the SSD-8st model.  

(vi) The OOP collapse of the first infill tend to precede (first event occurs for lower 

seismic intensities) the onset of severe IP damage for mid- and high-rise buildings 

(IM2 vs. IM7 for the SSD-8st building model, IM4 vs. IM5 for the SSD-6st building 

model), while the contrary holds for low-rise buildings (IM6 vs. IM4 for the SSD-

4st building model).   

(vii) The first OOP collapse takes place at the upper storeys (higher floor accelerations) 

for high-rise building (e.g. at the 7th storey of the SSD-8st building), while at mid 

storeys (larger interstory drifts) for mid-to-low rise buildings (e.g. at the 3rd storey 

of the SSD-6st building and 2nd storey of the SSD-4st building).The HSD building 

models, featuring single-layer infills with lower slenderness ratio (h/t=8.33), do not 

experience any OOP collapse, even at the highest seismic intensities (i.e. IM9-

IM10) during which only the IP collapse of the infills located at the mid-lower 

storeys (higher IDR values) is observed. A critical issue regards the relative 

importance between slenderness ratio (h/t) and in-plane damage towards the 

occurrence of OOP collapse. To this end, further NTHA have been run by replacing 

the single-layer infills (300 mm thickness) with the double-layer infills (100+100 

mm thickness) in the HSD-8st building model. Comparing the seismic response and 

damage scenario of HSD-8st and SSD-8st building models, both with double-layers 

infills, it turns out that the percentage of infills that undergo OOP collapse is 
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significantly different, being (on average) equal to 34% for the HSD model and 52% 

for the SSD model at IM10, due to an increase of the average (over the height of the 

building) maximum IDR of the order of 20%. This proves that, although the 

slenderness of the infill is the main parameter governing its OOP behavior, also the 

in-plane damage plays a fundamental role.    
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(a) 

     
(b) 

Figure 20 Damage scenarios of masonry infills at different earthquake intensity levels for the SSD-st8 building 
model located in the city of L’Aquila (high seismic hazard), (a) considering and (b) neglecting IP/OOP 

interaction  
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(a) 

     
 (b)          

Figure 21 Damage scenarios of masonry infills at different earthquake intensity levels for the GLD-st8 building 
model located in the city of Napoli (medium seismic hazard), (a) considering and (b) neglecting the IP/OOP 

interaction   
 

 

 

 

 

 

 

 

IM6  

Frequency of occurrence (number of events out of 10)  

x 

y 

Plan view 

0%

50%

100%

   IP 50%strength       IP collapse         OOP collapse                  

IM8  IM10  

S1 

S2 

S3 

S4 

S5 

S6 

S7 

S8 

S1 

S2 

S3 

S4 

S5 

S6 

S7 

S8 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
44 

 

 

                           
(a) 

     
(b) 

     

(c) 

Figure 22 Damage scenarios of masonry infills at different earthquake intensity levels considering IP/OOP 
interaction: (a) SSD-st8, (b) SSD-st6 and (c) SSD-st4 building models located in the city of L’Aquila (high 

seismic hazard). 
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Table 8 shows the Average Percentage of Damage (APD) as a function of IM for the building 

models with IP/OOP interaction. The values reported in Table 8 represent the percentage of 

infills (average over 10 ground motion pairs) that experience: (i) Not-Repairable IP damage 

(NR(IP)) due to exceedance of the drift corresponding to a reduction of 50% of the infill 

strength; and (ii) Out-Of-Plane (OOP) collapse. Similar results are shown in Table 9 for the 

building models without IP/OOP interaction (in that case only the NR(IP) index is reported 

because OOP collapse is neglected). 

The APD index is computed with the following equation:  

 

567 = 1
10 9 :;���<=,?:?@A?BB

�C

?D�
                                                                                                                      (5) 

 

where Ndamage,i is the total number of the infills experiencing NR(IP) damage and OOP collapse, 

respectively, recorded during the “i-th” ground motion while Ninfill is the total number of the 

infills. 

By comparing the results reported in Table 8 and Table 9, one can note that considering the 

IP/OOP interaction results in a more severe and widespread damage scenario, especially at 

higher seismic intensity levels. For instance, the values of APD recorded for the models with 

IP/OOP interaction at IM8-IM10 are (on average) 1.5-1.8 times greater than for the models 

without IP/OOP interaction. This is mainly due to the significant percentage of infills that 

experience OOP collapses, especially for the SSD-6st and SSD-8st building models. For the 

SSD-4st building model, instead, the NR(IP) damage is preponderant (compared to OOP 

damage) even at the higher seismic intensities for two main reasons: (i) the lower acceleration 

demand at the upper storeys and (ii) the higher IDR at the lower storeys due to the lower 

fundamental period of vibration of the building and also to the lower stiffness of the RC frame 

for 4st building model. 
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Table 8. Average Percentage of Damage (APD) considering IP/OOP interaction  

Building Model Damage IM1 IM2 IM3 IM4 IM5 IM6 IM7 IM8 IM9 IM10 

SSD-4st 
NR(IP) 0.00% 0.00% 0.00% 1.25% 1.25% 1.25% 13.33% 30.83% 35.50% 44.17% 
OOP 0.00% 0.00% 0.00% 0.00% 0.00% 4.58% 5.42% 8.33% 9.17% 15.00% 

NR(IP)+OOP 0.00% 0.00% 0.00% 1.25% 1.25% 5.83% 18.75% 39.16% 44.67% 59.17% 

SSD-6st 
NR(IP) 0.00% 0.00% 0.00% 0.00% 1.67% 1.67% 3.61% 2.78% 16.11% 27.78% 
OOP 0.00% 0.00% 0.00% 1.39% 2.22% 3.33% 9.17% 21.67% 41.67% 52.50% 

NR(IP)+OOP 0.00% 0.00% 0.00% 1.39% 3.89% 5.00% 12.78% 24.44% 57.78% 80.28% 

SSD-8st 
NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 7.71% 15.63% 22.92% 26.46% 
OOP 0.00% 0.21% 0.63% 1.88% 2.50% 1.67% 17.29% 24.58% 38.54% 52.29% 

NR(IP)+OOP 0.00% 0.21% 0.63% 1.88% 2.50% 1.67% 25.00% 40.21% 61.46% 78.75% 

GLD-6st 
NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 10.00% 18.06% 30.56% 
OOP 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 2.22% 9.17% 

NR(IP)+OOP 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 10.00% 20.28% 39.72% 

GLD-8st 
NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.25% 10.83% 13.33% 15.79% 
OOP 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.04% 2.92% 6.46% 

NR(IP)+OOP 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.25% 11.87% 16.25% 22.25% 
NR(IP): Not-Repairable infills due to IP damage/collapse; OOP: Out-Of-Plane collapse 
 

Table 9. Average Percentage of Damage (APD) neglecting IP/OOP interaction 

Building Model Events IM1 IM2 IM3 IM4 IM5 IM6 IM7 IM8 IM9 IM10 
SSD-4st NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5.00% 12.50% 41.53% 57.50% 
SSD-6st NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 3.33% 15.00% 40.00% 51.67% 
SSD-8st NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5.00% 18.75% 36.25% 48.75% 
GLD-6st NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 3.33% 15.00% 31.67% 
GLD-8st NR(IP) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5.00% 15.00% 21.25% 

NR(IP): Not-Repairable infills due to IP damage/collapse 
 
 

 

1.4.3 Code-conforming safety verifications of OOP collapse mechanisms  

For the models without IP/OOP interaction, the OOP collapse of the infills can be verified by 

the simplified approaches provided by modern Codes. Herein, reference to the approach 

proposed in the Italian seismic Code (NTC2018) has been made, in which the OOP collapse of 

URM infills is checked a-posteriori comparing the OOP seismic demand to the infill computed 

with approximate relationships (Fh) with the OOP strength of the infill (Fmax,OOP) derived from 

reliable formulations from the scientific literature and International Standards. Based on the 

NTC2018, the OOP seismic demand to the infills can be computed with the following equation: 

 

�� = F� ∙ G�H ∙ I                                                                                                                                  (6) 

 

where Sa is the seismic coefficient, corresponding to the maximum acceleration experienced by 

the infill wall, which can be estimated by a number of semi-empirical relationships as a function 

of: (i) Peak Ground Acceleration (PGA), (ii) fundamental periods of vibration of the building 

(T1) and infill wall (Ta) in the OOP direction, (iii) building height (H), (iv) height of the non-

structural element from the ground level (z); Wa is the weight of each single layer of the infill; 
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g is the acceleration of gravity (9.81 m/sec2); q is the behavior factor of the infill, taken equal 

to 1 in accordance with (NTC2018). 

As far as the infill strength (Fmax,OOP) is concerned, lacking specific indications in the Italian 

seismic Code, reference to the formulations reported in three well-known International 

Standards has been made. They include the Eurocode 6 (2005) (see Eq. 7), the NZSEE-2017 

(2017) (see Eq. 8) and FEMA-306 (2000) (see Eq. 9), which provide the OOP strength of the 

infill as a function of the main geometric characteristics (thickness: t, height: h, and width: w, 

all expressed in mm) and mechanical properties (compressive strength in the vertical direction: 

fmv, expressed in MPa or N) of the infill. 

 

����,KKL = M��� ∙ NO
ℎP!Q ∙ � ∙ ℎ                                                                                                           (7) 

 

����,KKL = .730T(���)C.UVO! N W
�!.V + X

ℎ!.VP2 ∙ � ∙ ℎ                                                                     (8) 

 

 

����,KKL = . 2���(ℎ O⁄ ) ∙ \�\!]2 ∙ � ∙ ℎ                                                                                                    (9) 

 

It is worth noting that, unlike the EC6 (2005), the NZSEE-2017 (2017) and FEMA 306 (2000) 

code provisions explicitly take into account possible OOP strength reduction due to IP damage 

through the coefficients γ (see Eq. 8) and R1 (see Eq. 9), respectively. In particular, the 

coefficient γ is expressed as a function of the infill vertical slenderness ratio (h/t), while R1 is 

expressed as a function of h/t and of the entity of IP damage, assumed as moderate in this study 

(ref. to Table 8-5 of FEMA 306 (1998)). Moreover, the NZSEE-2017 (2017) and FEMA 306 

(1998) take also into account the deformability of the surrounding RC frame, through the 

coefficients α and β (see Eq. 8) and the coefficient R2 (see Eq. 9), respectively, which depend 

on the flexural rigidity of the adjacent RC beams and columns. Assuming the slenderness ratio 

(l) equal to 0.015 (see Eq. (9)), the OOP strength provided by the FEMA 306 approximately 

coincides with that predicted by NZSEE.  

Figure 23 shows the outcome of the code-conforming OOP collapse safety verifications for the 

SSD and GLD building models. For comparison, in the same figure there is also a brief 
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summary of the NTHA results derived from the model with IP/OOP interaction. In the latter 

case, OOP collapse is deemed to occur when for at least one panel of that storey is attained 

collapse for at least 50% of seismic events. Looking at Figure 23, one can conclude that the 

Eurocode 6 (2005) formulation is not conservative overestimating the OOP capacity of masonry 

infills, especially at the mid-to-lower storeys of the building. On the other hand, the approaches 

proposed in the NZSEE-2017 (2017) and FEMA-306 (1998) tend to be too conservative, 

especially for low-rise buildings.  

The Code-conforming safety verifications for the HSD building models located in the city of 

L’Aquila, do not predict any OOP collapse, in good accordance with the NTHA results.  

Table 10 compares the percentages of infills that undergo OOP collapse derived considering 

three alternative approaches, i.e.: (i) NTHA of the model with IP/OOP interaction, (ii) code-

conforming OOP safety verifications using either EC6 or FEMA/NZSEE relationships.  

Table 10. Percentages of infills that undergo OOP collapse considering alternative analysis and verification 
approaches 

Building Model Damage State IM1 IM2 IM3 IM4 IM5 IM6 IM7 IM8 IM9 IM10 

SSD-4 

OOP_NTHA 0.00% 0.00% 0.00% 0.00% 0.00% 4.58% 5.42% 8.33% 9.17% 15.00% 

OOP_EC6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

OOP_FEMA/NZSEE 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 25.00% 50.00% 75.00% 

SSD-6 

OOP_NTHA 0.00% 0.00% 0.00% 1.39% 2.22% 3.33% 9.17% 21.67% 41.67% 52.50% 

OOP_EC6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 16.67% 50.00% 

OOP_FEMA/NZSEE 0.00% 0.00% 0.00% 0.00% 0.00% 16.67% 50.00% 83.33% 83.33% 100.00% 

SSD-8 

OOP_NTHA 0.00% 0.21% 0.63% 1.88% 2.50% 1.67% 17.29% 24.58% 38.54% 52.29% 

OOP_EC6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 12.50% 

OOP_FEMA/NZSEE 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 12.50% 37.50% 62.50% 87.50% 

GLD-6 

OOP_NTHA 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 2.22% 9.17% 

OOP_EC6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

OOP_FEMA/NZSEE 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 33.33% 50.00% 66.67% 

GLD-8 

OOP_NTHA 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 1.04% 2.92% 6.46% 

OOP_EC6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

OOP_ FEMA/NZSEE 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 12.50% 37.50% 

OOPNTHA: Percentage of out-of-plane collapse from NTHA; OOPEC6: Out-of-plane collapse safety verifications by EC6; OOPFEMA/NZSEE: Out-
of-plane collapse safety verifications by FEMA/NZSEE. 

 

Based on NTHA results (see Table 10), FEMA/NZSEE code provisions seem to overestimate 

the number of OOP collapses (conservative approach) in a wide range of seismic intensities (Tr 

≥ 200 years) for the SSD building models located in L’Aquila (high seismic hazard for Italy) 

and also at the highest seismic intensities (Tr ≥ 975 years) for the GLD building models located 

in Naples (medium seismic hazard). Considering the SSD-6st building model, for instance, the 

FEMA/NZSEE standards predict OOP collapse for the 80% to 100% of infills at IM8-IM10, 

while the same percentage turns out to be (on average) 4 times less at IM8 and 2 times less at 

IM9-IM10 based on NTHA results. On the other hand, the approach proposed in the EC6 
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appears poorly conservative, especially for the SSD building models located in high seismicity 

region. 
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Figure 23 Comparison between NTHA results and Code-conforming safety verification of OOP collapse 

mechanisms for (left) SSD building models located in the city of L’Aquila (high seismic hazard) and (right) 
GLD building models located in the city of Napoli (medium seismic hazard). 
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1.5. DEVELOPING FRAGILITY CURVES 

Fragility Curves (FCs) associated with the attainment of UPD and LS performance levels (see 

Table 6) have been derived for the GLD and SSD building models, based on the NTHA results 

of the models with and without IP/OOP interaction. The GC performance level has been 

neglected because the frequency of occurrence of seismic events associated with the attainment 

of this PL was always less than 50%.  

FCs are expressed by a cumulative lognormal distribution with median value ϑ and logarithmic 

standard deviation (or dispersion) β. FCs provides the conditional probability of the building 

models to exceed given Performance Levels (PLs), as a function of given seismic intensity 

measures. Herein, FCs have been developed in terms of spectral acceleration at the effective 

period of vibration of the buildings (mean value in the two horizontal directions), Sa(T*), 

defined for each IM considering the seismic hazard of the site (see Table 3).  

A best fit regression analysis of the frequencies of occurrence of seismic records associated 

with the attainment of each PL has been followed to derive the median ϑ and dispersion βr due 

to record-to-record variability. Figure 24 shows the fitted lognormal cumulative distribution 

functions associated with UPD and LS performance levels, separately for the models with and 

without IP/OOP interaction.   

As expected, for a given probability of exceedance (e.g. 50%), the spectral accelerations 

corresponding to the attainment of LS performance level are greater than those associated with 

the UPD performance levels. However, the margin reduces while increasing the number of 

storeys of the building.  

Figure 24 points out that when IP/OOP interaction is considered, the UPD performance level 

would not be likely to be observed (probability of occurrence less than 10%) for spectral 

accelerations (on average) smaller than around 0.18g (with a lowest value of 0.13g for the GLD-

8st buildings and a maximum value of 0.27g for the SSD-4st building), but it is almost certain 

to occur (probability of occurrence greater than 90%) for spectral accelerations (on average) 

greater than around 0.35g (with a lowest value of 0.27g for the GLD-8st building and a 

maximum value of 0.50g for the SSD-4st building). Neglecting IP/OOP interaction for the 

infills, the aforesaid average values increase to 0.20g (probability of occurrence less than 10%) 
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and to 0.45g (probability of occurrence greater than 90%). As a consequence, one can conclude 

that the UPD performance level is little affected by the IP/OOP interaction of URM infills. 

Taking into account IP/OOP interaction of infills in the model, the LS performance level is not 

likely to be observed (probability of occurrence less than 10%) for spectral accelerations (on 

average) smaller than around 0.36g (with a minimum value of 0.20g for the SSD-8st building 

and a maximum value of 0.56g for the SSD-4st building), but it is almost certain to occur 

(probability of occurrence greater than 90%) for spectral accelerations (on average) greater than 

around 0.83g (with a minimum value of 0.62g for the SSD-8st building and a maximum value 

of 1.00g for the SSD-4st building). Neglecting IP/OOP interaction, the aforesaid values 

increase (on average) to 0.59g (probability of occurrence less than 10%) and to 0.94g 

(probability of occurrence greater than 90%), respectively. 

The same trend is observed for the GLD buildings. Considering the IP/OOP interaction, indeed, 

the LS performance level is not likely to be observed (probability of occurrence less than 10%) 

for spectral accelerations (on average) smaller than around 0.27g but it is almost certain to occur 

(probability of occurrence greater than 90%) for spectral accelerations (on average) greater than 

around 0.51g. Neglecting IP/OOP interaction, the aforesaid average values increase to 0.30g 

and 0.64g, respectively. As a consequence, one can conclude that the LS performance level is 

significantly affected by the IP/OOP interaction of infills, especially in high seismicity regions.  

Table 11 summarizes the median values (in terms of spectral acceleration at the fundamental 

period of vibration of the building) and dispersion of the fragility curves derived. As a matter 

of fact, neglecting the IP/OOP interaction of infills, the median values (50% probability of 

exceedance) associated with LS performance level increase on average by about 38% for SSD 

building models located in L’Aquila (high seismic hazard), and by about 18% for the GLD 

building models located in Naples (moderate seismic hazard). 

Looking at Table 11, one can note that the median values reduce with the number of storeys of 

the building. For instance, median values associated with the attainment of the UPD (LS) 

performance levels reduce from approximately 0.37g (0.75g) for the SSD-4st model to 0.27g 

(0.52g) for the SSD-6st model and 0.21g (0.35g) for the SSD-8st model, due to the premature 

OOP collapse of some infills. A similar trend is observed also for the GLD building models. 
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It is interesting to note that, despite the differences in terms of seismic hazard and structural 

characteristics between GLD and SSD building models, the median values associated with the 

attainment of UPD and LS performance levels differ no more than 20%, meaning that the most 

important parameter is represented by the type of infill and its characteristics. 
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Figure 24 Fragility curves associated with UPD and LS performance levels for SSD and GLD building models. 
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Table 11. Values of median spectral acceleration Sa(T*) (ϑ) and corresponding dispersion (βr) of fragility curves 
associated with UPD and LS performance levels. 

Building model 
with IP/OOP interaction without IP/OOP interaction 

UPD     LS   UPD     LS   
θ βr   θ βr θ βr   θ βr 

SSD-4st 0.37 0.25   0.75 0.22 0.40 0.32   1.05 0.19 
SSD-6st 0.27 0.22   0.52 0.42 0.28 0.27   0.68 0.18 
SSD-8st 0.21 0.27   0.35 0.45 0.22 0.34   0.51 0.18 
GLD-6st 0.23 0.31   0.42 0.27 0.25 0.41   0.47 0.32 
GLD-8st 0.19 0.29   0.32 0.22 0.21 0.43   0.40 0.28 

Generally speaking, the total dispersion of a FC, β, should take into account also other sources 

of uncertainty, beyond record-to-record variability (βr). They include (i) the modeling 

variability (βm) and (ii) the uncertainty in the definition of the threshold limits of each PL (βth). 

In first approximation, in accordance with ATC-58 (2012), βm can be assumed equal to 0.1 for 

the model with IP/OOP interaction and equal to 0.4 for the model without IP/OOP interaction 

considering the quality and completeness of the numerical model used in the analysis (including 

the relevance of the semi-empirical relationships adopted for the description of the IP/OOP 

degrading behavior of masonry infills and the representativeness of the experimental data 

considered to derive those relationships). As far as βth is concerned, values of the order of 0.1-

0.3 can be assumed in accordance with Spillatura (2017). The three dispersion values can be 

then combined using the square root of the sum of squares rule, while keeping the same median 

value. 
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1.6. SUMMARY AND RESULTS 

In this section, the influence of the interaction between In-Plane (IP) and Out-Of-Plane (OOP) 

behavior of masonry infills on the seismic performance of typical residential RC buildings, 

realized in Italy between ‘50s and ‘90s, has been examined.  

Accurate 3D lumped plasticity models of infilled RC frame buildings have been implemented 

in OpenSees. A V-shaped bi-diagonal struts macro-element has been used for masonry infills, 

adopting the modelling approach proposed by Di Domenico et al (2017) and the semi-empirical 

relationships derived by Ricci et al. (2018a,b) to account for the IP/OOP interaction of infills. 

Seven archetype buildings, differing in terms of age of construction (‘50s to ‘90s), number of 

storeys (from 4 to 8), seismic design approach (gravity loads design, low seismic forces with 

substandard details, modern seismic design) and type of masonry infills (thin double-layers 

infills with inner cavity and thick single-layer infills) have been analyzed. The building models 

have been located in two different sites (Napoli and L’Aquila), featuring moderate and high 

seismic hazard for Italy, respectively. 

Extensive Nonlinear response-Time History Analyses (NTHA) have been carried out for ten 

earthquake intensity levels, with return periods ranging from 30 years to 5000 years. Seismic 

performances have been evaluated considering two different Performance Levels (PLs), 

referred to as: Usability Preventing Damage (UPD), and Life Safety (LS). NTHA have been 

repeated considering a non-degrading IP-only model for infills, in order to assess the relevance 

of the IP/OOP interaction and degrading behavior of masonry infills towards the seismic 

performance of RC frame buildings. Code-conforming simplified approaches, adopted in 

current practice, have been considered for the models without IP/OOP interaction, in order to 

check a-posteriori the OOP collapse of infills. 

Based on the results of this study, the following main conclusions can be drawn: 

(i) Although the slenderness ratio (h/t) is the main parameter governing the OOP behavior 

of URM infills, also the in-plane damage plays a fundamental role towards the OOP seismic 

performance of the infills;  

(ii) The OOP collapse mechanism results particularly relevant for double-layer infills 

characterized by relatively high values of slenderness (h/t≈ 25 ÷30); single-layer infills, 
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characterized by relatively low values of the slenderness (h/t≈ 8 ÷10), are little affected by 

IP/OOP interaction; however, the interaction could be high (in terms of reduced OOP capacity 

due to IP damage) 

(iii) For mid- and high-rise RC buildings with double-layer infills, the IP/OOP interaction 

leads to higher damage of infills at high seismic intesities (up to 1.5-2 times collapsed or not 

repairable infills compared to building models without IP/OOP interaction); IP/OOP 

interaction, in fact, takes into account a further cyclical deterioration of the infill walls due to 

both in-plane and out-of-plane displacements that traditional models are unable to capture 

(iv) The simplified approaches proposed in the modern codes for the safety verification of 

the OOP collapse mechanisms of infills can significantly overestimate (ref. to FEMA-

306/NZSEE-2017) or underestimate (ref. to EC6) the number of OOP collapses; 

(v) Considering the IP/OOP interaction of URM infills in the numerical model does not 

influence a lot the UPD (Usability-Preventing Damage) performance level of RC buildings 

(changes in the median values of fragility curves less than 10% in terms of spectral acceleration) 

but can significantly affect the seismic performance of the RC buildings in terms of LS (Life 

Safety) performance level (changes in the median values of fragility curves (on average) greater 

than 30% in terms of spectral acceleration). 
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SECTION 2:  
SEISMIC PERFORMANCE OF 
MASONRY INFILLS IN BASE 

ISOLATED BUILDINGS 
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2.1 INTRODUCTION 

Among the different structural types required by the codes, in the recent years, an increasing 

interest has been showed for the isolated structures, especially after the destructive seismic 

events occurring in Italy. In fact, base isolation is one of the most common and effective 

techniques used for seismic protection of buildings and their equipment. 

The technique of seismic base isolation of a structure consists in interposing between the 

ground, on which the foundations are placed, and the structure in elevation a series of elements 

of low horizontal stiffness, high rigidity vertical stiffness, and high dissipative capacities, which 

greatly reduce the acceleration perceived by the structure. In this way a dynamic decoupling of 

the horizontal motion of the structure and of the ground is thus created, which drastically 

reduces the energy transmitted by the earthquake to the superstructure. 

Such a designed isolation system keeps the structure in an elastic range by drastically reducing 

ground motion accelerations, and allows the structure to withstand strong earthquakes without 

significant structural damage. These systems need to accommodate large relative displacements 

in a short space and are thus equipped with particular components properly designed. The 

isolation system is required to bear the gravity loads of the superstructure and the non-seismic 

vertical and lateral forces such as wind loads, to avoid engaging the lateral motion when it is 

not required. Isolation systems are thus provided with a low horizontal stiffness capable of 

retaining them from moving for low stresses, with a large horizontal capacity, and with a 

geometry and materials capable of granting the ability to support vertical loads. The increasing 

of fundamental period reduces, on the one hand, the accelerations on the superstructure, but 

increases, on the other hand, the spectral displacements. In order to avoid excessive lateral 

displacements which would affect the design and the safety of building systems, isolation 

systems feature bearings which are characterized by proper restoring capabilities, or bearings 

without any restoring capability coupled by supplemental dissipative and recentring devices. 

Nowadays the base isolation technique is being more and more implemented in the seismic 

retrofit of existing structures designed with outdated building codes. The social and economic 

benefits of seismic isolation find their maximum expression in the application onto buildings 

that are required to remain completely operational even after a strong earthquake, such as 

hospitals and fire stations and on structures with a content value much higher than that of the 

structural components, such as museums and banks. 
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Currently the isolation device (industrial) production is dominated by two main typologies: 

high damping elastomeric bearings (HDRBs) and friction pendulum sliders (FPSs). Recently, 

the use of hybrid systems obtained by combining elastomeric devices (HDRBs) and flat surface 

sliders (FSBs), is increasing. As a matter of fact, the aforesaid configuration is able to guarantee 

a suitable deformability of the isolation system without compromising the restoring capability 

and torsional stiffness of the system and prevent uplift phenomena in the sliding bearings. 

The present section is part of the RELUIS project (available at http://www.reluis.it) regarding 

the “implicit risk” assessment of Italian code-conforming and pre-code buildings. The latter is 

a large research work aimed at assessing the seismic structural reliability, expressed in terms of 

annual failure rate, of code-conforming and pre-code structures in Italy. 

The current Italian code provisions, (NTC 2018) allow engineers to design seismic resistant 

structures with a certain amount of safety for the attainment of performance levels (e.g., 

Collapse Limit State – CLS – or Life Safety Limit State – LLS). Although compliance to the 

code requirements for the capacity design guarantees a certain level of safety, the designer 

doesn’t have any tool to be able to determine probability that the structure, in its life span, under 

seismic design intensities, will reach (or even exceed) a given performance level. Moreover, 

the code does not provide an explicit assurance that different structures designed for the same 

site, or similar structures at different sites, would be characterized by the same safety margin 

for a given performance level.  

The project RINTC (Rischio Implicito delle strutture progettate secondo le NTC, in Italian) 

conducted the first studies which systematically addressed the issue of estimating such 

probabilities for several classes of buildings designed according to the current code provisions 

in Italy (ReLUIS, RINCT Workgroup, 2018), (RINCT Workgroup, 2018a), (RINCT 

Workgroup, 2018b), (http://www.reluis.it/, ReLUIS). These probabilities of failure knowledge 

would be a good basis for further considerations regarding the acceptability of the safety margin 

of current-code-conforming structures. This implies that the performance level failure for these 

buildings has been assumed to occur when specific, deterministically chosen threshold values 

for the Engineering Demand Parameters (EDPs) chosen to monitor the structural response, are 

exceeded. Finally, soil has not been modelled nor its failure accounted for. The defined failure 

criteria and associated EDP threshold values do not imply that, when exceeded the structure is 
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expected to experience a total collapse. Thus, reaching or even exceeding such values may 

result in a structure still standing but completely unserving and unrepairable. 

The 2019-2021 RINTC project (RINTC-e project) is the extension of the 2015-2017 RINTC 

project that assessed, explicitly, the seismic risk of code-conforming Italian structures (i.e., 

designed according to the seismic code currently enforced). The aim of the RINTC-e project is 

to extend the methodological framework developed in RINTC to the existing structures 

(designed and built before 2008), which constitute the vast majority of Italian building stock. 

In particular, five structural typologies were considered: masonry, reinforced concrete, pre-cast 

reinforced concrete, steel, and seismically isolated buildings. In the framework of the 2018 

project, several archetype structures for each typology have been designed and/or retrofitted 

according to standard practices consistent with outdated codes, enforced since the eighties, for 

five sites across Italy spanning a wide range of seismic hazard levels (evaluated according to 

current standards). The seismic vulnerability of the designed structures was assessed by 

subjecting three-dimensional nonlinear computer models to multi-stripe non-linear dynamic 

analysis. Integration of the probabilistic hazard and probabilistic vulnerability (i.e., fragility) 

yields the annual failure rate for each of the designed and modelled structure. 

This section describes the nonlinear analyses carried out on existing RC buildings retrofitted 

using the seismic isolation technique. Different hazard performance levels ranging from service 

to design and collapse conditions have been examined. In particular, in this study, the isolation 

system adopted at the base level of the selected case study buildings is represented by an hybrid 

isolation system composed by High Damping Rubber Bearings (HDRBs) and Flat Sliding 

Bearings (FSBs).  

In this section, the seismic performance and structural reliability of existing RC frame 

buildings, seismically retrofitted by base-isolation, are investigated. This is done by performing 

extensive Multi-Stripe nonlinear dynamic Analyses (MSAs) (Jalayer, 2003) of a set of archetype 

residential RC buildings, differing for construction period (50s-60s, 70s, 80s-90s) design 

approach (Gravity Load Design and Seismic Load Design based on old technical standards, 

referred to as GLD and SLD respectively) and building location. In particular, according to the 

evolution of seismic standards in Italy, GLD buildings are supposed to be located in the city of 

Naples (characterised by medium seismic hazard for Italy) and SLD buildings are supposed to 

be located in the city of L’Aquila (characterised by high seismic hazard for Italy). In particular, 
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in this study, the isolation system adopted at the base level of the selected case study buildings 

is represented by an hybrid isolation system composed by High Damping Rubber Bearings 

(HDRBs) in combination with Flat Sliding Bearings (FSBs).  

The retrofit interventions were designed in accordance with the NTC18 minimum requirements, 

following a design approach similar to that proposed in (Matsangar and Jangid, 2008). For all 

the buildings advanced numerical models have been used for both RC members and seismic 

isolators. 

Two different performance levels are examined, namely: Global Collapse (GC) prevention and 

Usability Preventing Damage (UPD). The GC performance level is assumed to occur when 

either the superstructure or the isolation system fails, considering different failure modes for 

both RC members and isolation devices, as well as suitable collapse conditions for the structure 

as a whole. Indeed, isolation system and the superstructure represent two elements of the same 

in-series system. The occurrence of the UPD has been assessed based on a multi-criteria 

approach combining the following main concepts: (i) reparability of non-structural elements, 

(ii) full protection of structural elements and (iii) no interruption of use of the building after 

frequent seismic events. 
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2.2 CASE STUDIES 

2.2.1. Archetype Buildings 

Figure 25 shows the typical floor plan of the two groups of archetype buildings examined in 

this study, namely: Gravity Load Design (GLD) buildings (see Figure 25(a)) and Seismic Load 

Design (SLD) buildings (see Figure 25(b)). The buildings are intended for residential use. They 

feature 5 x 3 bays and 6 stories above ground. The floor area of the buildings is approximately 

240 square meters. The 1st floor height is equal to 3.4 m while that of all the other stories is 

equal to 3.05 m.  The RC frames include knee-joint beams designed to bear the staircases. 

According to NTC2018, the buildings can be defined as regular, both in plan and in elevation. 

Both the GLD and the SLD building groups include three case studies, differing for construction 

period (50s-60s, 70s, 80s-90s), material and structural characteristics. The building 

configuration is the same for the all the buildings while they differ for some structural 

characteristics only, such as the presence (or not) of internal beams in the long direction, the 

size of beam/column cross sections and the corresponding reinforcement ratios. 

The GLD buildings are supposed to be located in the city of Naples (southern Italy), which is 

characterized by a medium level of seismic hazard for Italy. The SLD buildings are supposed 

to be located in the city of L’Aquila (central Italy), which is characterized by a high level of 

seismic hazard for Italy.  

The buildings have been defined by means of simulated design (Ricci et al., 2019), in 

accordance with old technical standards. In particular, the buildings located in Naples (labelled 

as NAGLD in the following) have been designed for gravity loads only according to (D.M. 

30/05/1974). The buildings located in L’Aquila (labelled as AQSLD in the following) have been 

defined based on a simulated Seismic Load Design (SLD), considering low seismic force levels, 

in accordance with older seismic classifications standards (D.M. 14/2/1992) and outdated 

technical standards (D.M. 24/1/1986). Table 12 shows a summary of considered case studies 

and their relative design code. 
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Table 12. Summary of case studies considered 

Site Label Construction age Design Codes 

L’Aquila 

S60 1950s-60s RD 640/1935 – RD 2229/1939 

S70 1970s L 1684/1962 – DM 30/05 1972 – DM 30/05/1974 

S80 1980s-90s DM 27/07/1985 – DM 24/07/1986 – DM 14/02/1992 

Naples 

G60 1950s-60s RD 2229/1939 

G70 1970s DM 30/05 1972 – DM 30/05/1974 

G80 1980s-90s DM 27/07/1985 - DM 14/02/1992 

Concerning the structural configuration, the outer beams of all the buildings are deeper than the 

slab, while internal beams are flat. In the NAGLD buildings, the internal beams are positioned 

along the short-direction only. All the stories feature the same slab (one way RC slab with 

hollow clay bricks), whose total thickness is equal to 250mm.  

It is worth noting that in the base-isolated configurations, a supplementary floor, realized by a 

grid of RC beams, has been added at the bottom of the ground storey.  

Table 13 summarizes the main structural characteristics of the GLD and SLD buildings, i.e.: (i) 

ΣA_col/A_floor = total column area /total floor area; (2) ρc,1,m = average columns’ longitudinal 

reinforcement ratio, (3) ρb_deep,1,m = average deep beams’ longitudinal reinforcement ratio (top 

and bottom), (4) ρb_flat,1,m = average flat beams’ longitudinal reinforcement ratio (top and 

bottom).  

Table 13. Main structural characteristics of the existing RC frame buildings examined in this study. 

Type Construction 
period 

ΣA_col/A_floor 
(%) 

ρc,1,m 

(%) 
 ρb_ deep,1,m 

(%) 
ρb_ flat,1,m 

(%) 

GLD 
6-story 

1950s-60s 1.54 0.68÷0.86 
Top 0.15÷1.05 0.36÷0.97 

Bottom 0.15÷0.84 0.28÷1.04 

1970s 1.63 0.50÷0.75 
Top 0.15÷0.40 0.30÷1.01 

Bottom 0.15÷0.84 0.24÷0.69 

1980s-90s 1.39 1.03÷2.51 
Top 0.15÷0.40 0.36÷0.82 

Bottom 0.15÷0.63 0.31÷0.73 

SLD 
6-story 

1950s-60s 2.19 0.50÷1.57 
Top 0.27÷1.05 0.30÷1.44 

Bottom 0.22÷0.87 0.30÷0.72 

1970s 1.74 0.67÷2.44 
Top 0.27÷1.05 0.30÷0.69 

Bottom 0.22÷0.87 0.30÷0.46 

1980s-90s 1.71 1.12÷2.90 
Top 0.33÷0.57 0.60÷1.07 

Bottom 0.33÷0.46 0.60÷1.07 
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(a) (b) 

Figure 25 Typical floor plan of the (a) NAGLD and (b) AQSLD archetype buildings. 

As shown in Figure 26 ,according to the technical practice of the period, masonry infills 

featuring a double layer of hollow clay bricks (120+80 mm thickness for the 1950s-60s and 70s 

buildings, 150+80 thickness for the 1980s-90s buildings), with 100 mm (70mm for 1980s-90s 

buildings) inner cavity, have been considered. Masonry infills are regularly distributed both in 

plan and in elevation, featuring different percentages of openings in the long direction (in the 

short direction there are no openings). A good connection of the masonry infill walls with the 

surrounding RC frame has been assumed for the purpose of the seismic performance assessment 

of the buildings. More details about the structural details of RC members and masonry infills 

can be found in (Di Domenico et al., 2022). 

  
(a) (b) 

Figure 26 Masonry infills typology for or the 1950s-60s and 70s buildings (a) and 1980s-90s buildings (b) 
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2.2.2. Seismic Hazard 

According to NTC18, seismic actions (including uniform hazard response spectra and seismic 

ground motion records) must be derived from probabilistic seismic hazard analysis (PSHA) 

(Cornell, 1968). In this study, the spectral acceleration, Sa(T*), associated with a suitable 

conditioning period, T*, has been assumed as Intensity Measure (IM). The conditioning period, 

T*, has been set equal to 3 s, which is a good estimate of the design value of the effective 

fundamental period of the base-isolated buildings examined in this study. Hazard curves have 

been derived from PSHA for ten earthquake intensity levels, associated with the following 

Return Periods (Tr): 10, 50, 100, 250, 500, 1000, 2500, 5000, 10000 and 100000 years. The 

first seven earthquake intensity levels correspond to those typically adopted for 

design/assessment purposes by current technical standards. In order to assess the safety margins 

against collapse, three additional higher hazard levels have been considered featuring RPs equal 

to 5000, 10000 and 100000 years, respectively. For each IM, a set of twenty seismic record 

pairs, consistent with site-specific magnitude-distance disaggregation and compatible (on 

average) with a suitable Conditional Spectrum (CS) (Lin et al. 2013) with T*=3 s. More details 

about seismic hazard and record selection can be found in (Iervolino et. al., 2018). 

2.2.3. Design of Isolation Systems 

Rubber-based isolation systems are based on a proper combination of High Damping Rubber 

Bearings (HDRBs) and Flat Sliding Bearings (FSBs), to elongate the fundamental period of 

vibration of the building, thus avoiding or minimizing any strengthening intervention in the 

superstructure. More in detail, for most of the cases, HDRBs are placed below the columns 

along the perimeter of the building, while FSBs are placed below the inner columns of the 

building. However, in some cases FSBs are also placed along the perimeter of the building in 

order to further increase the isolation period up to values larger than the minimum one result-

ing from the design approach. All the HDRBs are characterized by a soft compound (shear 

modulus G equal to 0.4 MPa) and equivalent viscous damping ratio (ξ) of 15% at 100% shear 

strain. 

The design approach followed to define the target value of the isolation period consists in 

limiting the seismic force transmitted to the superstructure under the “elastic” limit of the 

superstructure, defined by means of Push Over Analysis (POA) with mass proportional forces 

(uniform distribution of forces). The elastic limit, in terms of base shear (Vy) of the 

superstructure (in the fixed-base configuration), has been identified as the force level of the 
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capacity curve corresponding to the occurrence of the first plastic hinge in the weaker direction 

of the building (i.e. the minimum base shear at the first yielding). In Figure 27, for each case 

analysed, the elastic limit is outlined by a circle with the same colour of the corresponding 

capacity curve. It is worth noting that the identified elastic limits correspond to the first 

plasticization of all the structural element of the building (beams or columns) excluding those 

of the staircase, for which a local retrofit is supposed. This assumption was necessary in order 

to avoid low elastic limits leading, in some cases, to unfeasible isolation systems.  

Once the elastic limit has been identified, the minimum fundamental period of the base-isolated 

building has been derived by estimating the pseudo-acceleration of the equivalent SDOF 

(Single Degree Of Freedom) system associated to the first plastic hinge (Sa = Ve/Mtot, where 

Mtot is the total mass of the superstructure) and then by finding the period associated to such 

value in the pseudo-acceleration spectrum at the Life-safety Limit State (LLS) earthquake 

intensity level. In this way, isolation periods larger than the target value thus obtained permit 

to avoid any structural damage up to the earthquake intensity levels equal to that associated 

with the verification of the Life-safety Limit State (Figure 28a). In order to take into account 

the structural uncertainties, when possible, the aforesaid spectral acceleration has been divided 

by a safety factor equal to 1.05. A behaviour factor q=1 for the superstructure and a damping 

ratio of the isolation system equal to 15% has been assumed. Subsequently, the corresponding 

value of the maximum displacement (Sdmax) has been evaluated using the displacement 

spectrum associated with the verification of the Collapse prevention Limit State (CLS) (Figure 

28b). This value has been opportunely increased using a specific coefficient to account for 

torsional effects, in order to carry out the safety verifications of the isolation devices. 

As a matter of fact, commercial devices have been selected from the manufacturers’ catalogues 

featuring suitable values of effective stiffness and vertical capacity; effective periods have been 

calculated based on the dimensions of isolators and nominal properties of the isolation bearings 

at the average design shear strain at the CLS. More details about the design criteria can be found 

in (Cardone et al., 2019b).  
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(a) (b) 

  
(c) (d) 

Figure 27 Capacity curve and elastic limit for GLD case studies in X-direction (a) and Y- direction (b) and for 
SLD case studies in X-direction (c) and Y- direction (d)   

  

(a) (b) 

Figure 28 Design procedure for the G80 building at Naples: (a) spectrum at the Life-safety Limit State (LLS); 
(b) spectrum at the Collapse prevention Limit State (CLS) 

The isolation system has been designed following the indications suggested in §7.10.4.2 and 

C11.9 of the NTC2018. More in details, isolation bearings have been designed so that dis-

placements and forces respect the following limitation: 

T̂ _ T∗/1,5 _ 2           (10) 
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where T̂  is the shear deformation of rubber layers due to the total seismic displacement 

(included torsional effects) and T∗ is maximum shear deformation obtained from qualification 

tests aimed to assess the effective rubber-steel adhesion. The other limitation considered in the 

design is: 

T� = T� + T̂ + Ta _ 5          (11) 

where T� is the total deformation, T�  is the shear deformation of rubber layers due to axial load 

and Ta is the shear deformation of rubber layers due to angular rotation. Additionally, for the 

critical devices it has been checked that the maximum tensile stress is lower than the minimum 

between 2Gdin and 1 MPa, as stated in §7.10.4.2 of NTC2018, in order to avoid cavitation 

phenomena. Also the maximum compression acting on the bearings has been checked to be 

lower than Vmax,c/2, where Vmax,c is buckling load evaluated as reported in C11.9.7: 

b���, � = cdefghi&j
�k             (12) 

where O= is the total thickness of rubber, 5� is the overlapping area of the isolator, F� is the 

primary shape factor, D is the diameter of the bonded rubber area (steel plate diameter) and 

l;?@ is the shear modulus of rubber. 

Table 14 summarizes the geometric characteristics and design safety verification outcomes for 

the rubber-based isolation systems adopted in this study. It is worth to notice that as the elastic 

limit decreases as the minimum isolation period increases. For the cases with the lowest elastic 

limits (GLD 60, SLD 60 and SLD 70) the obtained minimum values are larger than 3 s. This 

has required the adoption of a larger number of FSBs with respect to the other cases, where the 

16 HDRBs are placed on the building perimeter and the 8 FSBs are placed under the interior 

columns (see Figure 29). The adopted configurations are reported in Table 14 and those 

requiring a larger number of sliders are illustrated in Figure 30. In Table 14 the devices are 

identified by a three-number code composed by the nominal diameter (Ø), the total rubber layer 

thickness (te) and the single rubber layer thickness (tr). Similarly, the selected FSBs are 

identified by their vertical load capacity (V), the total displacement capacity (dtot=dtot,x=dtot,y= 

2dmax expressed in mm) and pot diameter (Øp). The effective fundamental period of the base 

isolated building (Tis) and the nominal (design) maximum displacement capacity of the devices 

(dmax,HDRB and dmax,FSB) are also shown. For HDRBs, dmax,HDRB is the value corresponding to the 

attainment of a maximum design rubber shear strain equal to 2 (i.e. 200%), according to the 
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explicatory notes of the NTC2018 (CS.LL.PP. 2019, clause C.11.9.7) and the manufacturers’ 

catalogues. For FSBs, dmax,FSB is conventionally assumed equal to the design displacement 

capacity of HDRBs increased by 50 mm. The fundamental period of vibration of the buildings 

in the as built conditions are also reported in Table 14. Finally, in Table 14 the demand/capacity 

ratios referred to the design condition, expressed in terms of shear strain (D/C shear), 

compression load (D/C comp) and tensile stress (D/C tens) are summarized for each case study. 

As can be observed, all the base-isolation systems have been designed using similar D/C ratios, 

very close to 1, in particular for shear and/or compression. 

Table 14. Geometric characteristics and design safety verification outcomes for the rubber-based isolation 
systems considered in this study. 

 

 
16 HDRB + 8 FSB 

Figure 29 Base-isolation system configurations including HDRBs (yellow dots) and FSBs (blue dots) for case 
studies without large isolation periods 

 

Case study 
Tfb, x Tfb, y Configuration 

HDRB 
φ/te/tr 

FSB 
V/dtot/φp 

dmax (mm) Tis,min 

(s) 
Tis 

(s) 
m?^ mAno  

D/C D/C D/C 

(s) (s) HDRB FSB shear comp tens 

NAGLD_50s-60s 0.73 0.70 
14 HDRB 
 + 10 FSB 

450/102/6 3100/500/250 200 250 3.06 3.20 4.38 0.93 0.91 0.00 

NAGLD_70s 0.78 0.76 
16 HDRB 
 + 8 FSB 

450/102/6 3500/500/250 200 250 2.80 3.00 3.85 0.89 0.98 0.00 

NAGLD_80s 0.74 0.73 
16 HDRB  
+ 8 FSB 

500/102/6 3500/500/250 200 250 2.64 2.80 3.78 0.89 0.58 0.00 

AQSLD_50s-60s 0.74 0.64 
12 HDRB 
+ 12 FSB 

600/176/8 3500/800/250 350 400 3.07 3.20 4.32 0.87 0.75 0.12 

AQSLD_70s 0.77 0.69 
12 HDRB 
 + 12 FSB 

600/176/8 3500/800/250 350 400 3.15 3.22 4.18 0.89 0.86 0.00 

AQSLD_80s 0.76 0.68 
16 HDRB 
 + 8 FSB 

600/152/8 3500/700/250 300 350 2.50 2.70 3.55 0.82 0.93 0.14 
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14 HDRB + 10 FSB 12 HDRB + 12 FSB 

Figure 30 Base-isolation system configurations including HDRBs (yellow dots) and FSBs (blue dots) for case 
studies with large isolation periods    

2.2.4. Definition of Performance Levels 

The seismic performances of the examined case studies have been evaluated considering two 

specific performance levels, referred to as: Usability-Preventing Damage (UPD) and Global 

Collapse (GC) performance level, respectively. 

The occurrence of both performance levels has been assessed following a heuristic approach 

based on a multi-criterium method, considering differing failure modes and conditions for both 

superstructure and isolation system. 

Generally speaking, the UPD performance level is associated with interruption of use of the 

building due to either (i) light-extensive or serious-limited damage to non-structural elements 

or (ii) onset of damage in structural elements.  

In RC buildings the main non-structural elements coincide with masonry infills and partitions, 

whose repair costs after a seismic event always represent the largest part of the repair cost for 

the entire building. According to the construction practice of the time, masonry infills and 

partitions were (and actually still are in most of the cases) realized completely in contact with 

the surrounding RC frame without any gap or connection able to accommodate relative 

displacement between masonry panels and RC members. Masonry infills are on-site built just 

after the surrounding RC frame is hardened; as a consequence, they are assumed as non-load 

bearing elements and commonly treated as non-structural elements. It is worth noting that 

damage to masonry infills can represent a threat to life (due to falling mass or hampering safe 

evacuation of a building). Repairing infills and partitions (and those elements affected by 

damage to infills, such as electrical wiring, hydraulic pipes, doors and windows, etc.) may 

require significant efforts and high costs. 
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All that considered, in this study both the in-plane and out-of-plane behavior of hollow clay 

bricks masonry infills was considered in the numerical model and in the definition of the UPD 

performance level. As anticipated, the attention was focused on double layers infills with inner 

cavity, as they represent the infill type most widely used in the past for RC frame buildings in 

Italy (and other European countries).  

According to Cardone and Perrone (2015), the in-plane damage states of masonry infills, can 

be described as follows (see Figure 31) (1) DS1 (Light Cracking). At DS1, damage results in 

detachment of the masonry panel from the RC frame, at the intrados of the top beam and along 

the upper half-height of the columns. Light diagonal cracking of the infill (one or two cracks 

with width <1 mm) in both directions may also occur; (2) DS2 (Extensive cracking). At DS2, 

the cracks developed at DS1 widen (1 mm<width<2 mm). In addition, new diagonal cracks are 

expected to form in both directions (25-35% of the panel area is assumed to be affected by 

cracks at DS2). Possible failure of some brick units, located on the upper corners and top edge 

of the infill (corresponding to 10% of the panel area), is expected; (3) DS3 (Corner crushing). 

At DS3, detachment of large plaster area and significant sliding in the mortar joints are expected 

to occur. In addition, crushing and spalling of brick units are more widespread on the panel 

(30% of the panel area is assumed to be affected by crushing/spalling of bricks). 

 

Figure 31 In-plane damage states for masonry infills. 

The wall is not repairable at reasonable costs (it is more convenient to demolish and reconstruct 

the entire wall). Frames (if any) are not damaged and can be retrieved and re-installed; (4) DS4 

(Collapse). DS4 corresponds to the in-plane or out-of-plane (whichever occurs first) global 

collapse of the wall. Frames (if any) are damaged and cannot be retrieved and used again. 
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All that considered, in this study, the UPD performance level is deemed to occur when the 

relative global displacement limit is attained. The relative global displacement of the building 

is computed subtracting the isolation system displacement from the building roof in each main 

direction and the threshold value has been derived from pushover analysis (uniform-

acceleration distribution of forces) on the superstructure in the fixed-base configuration (see 

Table 15). In particular, different threshold values are estimated, corresponding to different 

limit conditions for non-structural elements, and the lowest value has been considered in the 

nonlinear analyses. The three main limit conditions, verified by pushover analysis, for the 

definition of the UPD performance level, are : (i) Attainment of a light widespread damage 

condition, corresponding to the attainment of a maximum lateral force around the peak strength 

in the relevant skeleton curve (DS2 according to Cardone and Perrone (2015)), for no more 

than 50% of masonry infills in each main direction; (ii) Attainment of a severe damage state, 

corresponding to the attainment of 50% strength drop from the peak strength in the relevant 

skeleton curve (DS3 according to Cardone and Perrone (2015)) for the first masonry infill; (iii) 

Attainment of a limit value of base shear (corresponding to 95% of the peak strength of the 

capacity curve from pushover analysis, corresponding to a condition where the structure still 

keeps its original strength and most of its original stiffness (no need for structural repair)). In 

addition, the out-of-plane response of masonry infills was monitored during nonlinear dynamic 

analyses. The UPD performance level was deemed to occur if any infill wall attained an out-

of-plane collapse condition on any floor of the building. 

Table 15. UPD superstructure limit displacements (mm) 

Regarding the GC performance level, the isolation system and the superstructure represent two 

elements of the same in series system that can attain their own collapse condition. As a 

consequence, the GC performance level is deemed to occur if either the superstructure or the 

isolation system fails. For what concerns the superstructure, the collapse is associated with the 

occurrence of the first of the following conditions (Ricci et al. 2018): (i) attainment (in any 

main horizontal directions) of a relative global displacement equal to that associated with a 50% 

decrease of the lateral strength on the capacity curve from pushover analysis of the building in 

the fixed-base configuration; (ii) loss of axial load carrying capacity for the first RC column 

Direction NAGLD_50s-60s NAGLD_70s NAGLD_80s-90s   AQSLD_50s-60s   AQSLD_70s     AQSLD_80s-90s 
X 39.8 34.1 41.3 57 73 96 
Y 50.5 47.6 46.0 66 61 74 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
74 

 

liable to shear failure (in first approximation this is assumed to occur when a chord rotation of 

0.10 is reached (Ricci et al. 2019), see Table 16).  

Table 16. GC superstructure limit displacements (mm) 

The failure modes considered for the isolation system depend on the isolation system type. For 

rubber-based isolation systems, four different failure modes have been considered, namely: 

cavitation, shear failure, buckling and attainment of ultimate displacement capacity by flat 

sliding bearings (if any). The cavitation failure of a single isolator is assumed to occur for an 

axial tensile strain of 50% in the post‐cavitation branch of the axial load vs. axial strain curve 

of the device. For shear failure, an ultimate shear strain of 350% is assumed, considering the 

deformation capacity of currently available isolation devices (Nishi et al. 2019; Nakazawa et 

al. 2011). Finally, for the compression behavior it is worth to note that the numerical model 

adopted for HDR bearings is able to predict their post-elastic behaviour, i.e. the reduction of 

the vertical and horizontal stiffness of the bearings as the displacement increases (without losing 

their bearing capacity). Thus, there is not the attainment of a “buckling load” and compression 

failure of a single isolator is assumed to occur for an axial compression strain of 50% in the 

post-buckling branch of the axial load vs. axial strain curve of the device. This is a realistic 

value, since experimental results show that rubber bearings can sustain even higher axial 

deformations after buckling (Monzon et al, 2016). Furthermore, since the collapse of one device 

does not lead to the collapse of the isolation system, the global collapse of the isolation system 

is conventionally deemed to occur when the axial/shear strain in (at least) 50% of the devices 

simultaneously exceed the aforesaid limit values. For the shear deformation this approach 

permits to account for also torsional effects due, for example, to impacts (gap closures). 

All isolation systems examined in this study are based on the combination between rubber 

isolators (typically placed below the outer columns of the bearings) and flat sliding bearings 

(usually placed below the inner columns of the building). The failure criterium for flat sliding 

bearings is related to the attainment of an ultimate horizontal displacement capacity. In this 

study, the ultimate displacement capacity of sliding bearings was set considering a limit value 

of compression stress in the sliding interfaces equal to 60 MPa in line with (CEN-EN 1337-2 

2000, clause 6.8.3). As a matter of fact, indeed, as the horizontal displacement increases, the 

Direction NAGLD_50s-60s NAGLD_70s NAGLD_80s-90s   AQSLD_50s-60s   AQSLD_70s     AQSLD_80s-90s 
X 232 241 264 300 160 370 
Y 146 132 192 230 129 360 
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effective resisting area of the sliding interfaces reduces after the attainment of the limit of the 

sliding surface and, as a consequence, the contact pressure increases. Numerical simulations 

(Cardone et al. 2019c) showed that the aforesaid compression limit is generally reached for a 

value of the horizontal displacement approximately equal to the nominal displacement capacity 

of the device (dmax,FSB) increased by an extra‐stroke displacement of the order of magnitude of 

half diameter (½ Ø) of the PTFE (or any other low-friction plastic material used in currently 

available sliding bearings) pads.   

The global collapse of a hybrid isolation system due to flat sliding bearings is deemed to occur 

when the horizontal displacement of the centre of gravity of the isolation floor is equal to the 

aforesaid limit value. 

Failure modes and collapse conditions considered in this study for rubber-based isolated 

buildings are summarized in Table 17. 

Table 17. Failure modes and collapse conditions for rubber-based isolated buildings 
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Superstructure collapse 

The first between: (i) attainment of a relative (top floor minus 
isolation level) global lateral displacement equal to that 
corresponding to a peak strength reduction of 50% on the 
negative slope of the capacity curve (from POA) of the building 
in any main direction and (ii) attainment of a chord rotation of 
0.01 in RC columns liable to brittle shear failure. 
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Compression 
50% of elastomeric devices reaches an axial compression strain 
(εc) equal to or greater than 50% 

Tension 
50% of elastomeric devices reaches an axial tensile strain (εt) 
equal to or greater than 50% 

Shear 
50% of elastomeric devices reaches a shear strain (γr) equal to 
or greater than 350% 

Overstroke  
The horizontal displacement of the center of gravity of the 
isolation system exceeds a limit value related to the maximum 
contact pressure between sliding interfaces (60 MPa) 
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2.3 MODELLING ASSUMPTIONS 

2.3.1 Superstructure 

A lumped plasticity model has been adopted for RC beams and columns, whereas elastic beams 

have been used to model the base floor grid above the isolation system. The choice of modelling 

the superstructure of base-isolated buildings with nonlinear elements is justified by the results 

of recent studies on this topic (Cardone et al., 2013; Cardone and Flora, 2016), which pointed 

out the relevant effects of the inelastic behaviour of the superstructure on the seismic response 

of base isolated buildings. The structural model also includes the staircase structure featuring 

inclined beams and cantilever steps. 

As reported in De Risi et al. (2022) for the flexure-controlled response, two distinct 

phenomenological macro-models for members with deformed or plain bars are used to account 

for the different flexibility due to the different steel-concrete bond behavior. The Pinching 4 

material model and the ModIMKPeakOriented material (Ibarra and Krawinkler, 2005; Ibarra et 

al., 2005) implemented in OpenSees are used in for the elements with plain and deformed bars 

respesctively. Di Domenico et al. (2021) calibrated the hysteretic parameters needed for the 

cyclic response of plain bars hinges, while Haselton’s et al. (2008) empirical predictive 

equations for deformed bars hinges were used. 

Possible shear failures (before or after flexural yielding) have been taken into account in the 

model. To this end, all the hinges have been pre-qualified either as (i) ductile (shear failure does 

not occur: the moment-rotation skeleton curve is not modified), or (ii) shear critical (shear 

failure is expected for a given level of displacement (hence rotation): the moment-rotation 

skeleton curve is modified beyond the critical rotation by a softening branch whose slope is 

derived from the empirical formulation reported in (Aslani and Miranda, 2005). More details 

about this collapse criterion can be found in (Ricci et al. 2019).  

Concerning beam-column joints, the joint panel model referred to as “scissors model” has been 

adopted. In scissor model, joint shear deformation is simulated by a rotational spring model 

with degrading hysteresis. The element is implemented in OpenSees (McKenna, 2011) through 

defining duplicate nodes, node “i” (master) and node “j” (slave), with the same coordinates at 

the centre of the joint (intersection of beam and column centrelines); the element connectivity 

is set such that node “i” is connected to the column rigid link and node “j” is connected to the 

beam rigid link. Next, a Zerolength rotational spring is used to connect the two nodes so that 
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the column rigid link is connected to one end of the spring while the beam rigid link is connected 

to the other. It is a very simple and computationally efficient joint model, but also sufficiently 

accurate in predicting the experimental beam-column joint panel behaviour of non-ductile RC 

frames (De Risi et al., 2017).  

 

2.3.2 Masonry infills 

Particular care has been taken in the description of the mechanical behaviour of masonry infills, 

as they can strongly affect the seismic response of older RC frame buildings (featuring double-

layers masonry walls with high slenderness ratio and weak beam-column joints without 

adequate shear reinforcement), triggering local failure mechanisms and threatening human life 

in case of out-of-plane collapse.  

The In-Plane (IP) behaviour of masonry infills has been modelled following an equivalent 

compression-only strut approach. The skeleton curve of the diagonal struts has been defined 

according to a modified version of the Decanini model (Sassun et al., 2016), where the effect 

of openings is taken into account by suitable strength/stiffness reduction factors.  

Figure 32a shows the modelling strategy used for the infills; each infill is described by means 

of two parallel no-tension struts in each direction; therefore, the nonlinear IP behaviour of each 

strut is assumed equal to 50% of the total one.  

This modelling choice is adopted to better capture the transfer of shear stresses from the infill 

to the adjacent column (the model used in section 1 did not take it into account). 

The modelling strategy proposed by (Ricci et al. 2018) has been adopted to account for both 

the pure Out-Of-Plane (OOP) response and the IP/OOP interaction effects (i.e., the degradation 

of the OOP strength/stiffness due to IP damage and vice versa) of masonry infills. Basically, 

the OOP behaviour of the infills is incorporated in the equivalent diagonal struts. More 

precisely, each strut has a central node connected to a geometrically coincident node provided 

with a mass in the OOP direction. Nonlinear OOP force-displacement springs are introduced 

between these two nodes. Since four struts (two parallel struts for each inclined direction) are 

adopted for each infill leaf, four OOP masses are implemented in the model for each infill leaf, 

each one corresponding to one-fourth the total tributary mass of the infill (around 65% of the 

mass wall). Zerolength nonlinear springs are inserted between two overlapped central nodes to 
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reproduce the OOP force-displacement behaviour (see Figure 32(b)). The undamaged OOP 

behaviour of the infills is described by means of a ZeroLength element with a trilinear force-

displacement curve. The IP/OOP interaction is modelled by means of a number of auxiliary 

springs (hence force-displacement curves) that mutually-neutralize (or activate) themselves 

based on the displacement demands recorded during the nonlinear time-history analysis (see 

Figure 32(c) and Figure 32(d)). In particular, the OOP force degradation is governed by the 

corresponding interstorey drift level in the frame; similarly, the IP degradation depends on the 

OOP displacements recorded. When either the IP or the OOP ultimate displacement of a generic 

leaf is reached, that leaf is removed. 

The equations used for modeling the out-of-plane response are those proposed in Ricci, Di 

Domenico, and Verderame (2020) for infills in which the out-of-plane response is governed by 

a two-way arching effect resisting mechanism. As reported in (Di Domenico et al., 2022), in 

this study, the out-of-plane collapse displacement is set equal to 0.80 times the leaf thickness; 

IP/OOP interaction is modelled based on the equations proposed by Ricci, Di Domenico, and 

Verderame (2018b, c). 

Local shear interaction (between masonry infills and adjacent RC column) is captured through 

suitable shear springs (featuring a typical brittle behavior with a quite steep softening branch 

after the peak strength) implemented at the ends of the columns to reproduce the column 

nonlinear shear response triggered by the additional shear demand imposed by the equivalent 

compression-only diagonal strut. The cyclic response of the shear spring was characterized by 

no strength or stiffness degradation nor by any pinching effect, solely for the sake of simplicity.  

More information about superstructure and infills modelling can be found in (Di Domenico et 

al, 2022). 
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(a) (b) 

  

(c) (d) 
Figure 32 (a) Lumped plasticity macro model adopted for infills (from Di Domenico et al, 2022); (b) close up 
view of each strut; (c) real and auxiliary OOP curves to simulate the IP-OOP interaction; (d) real and auxiliary 

IP curves to simulate the IP-OOP interaction 
 

2.3.3 Rubber isolators 

To simulate the behaviour of HDRBs, the Kikuchi Bearing Element, recently implemented in 

OpenSees, has been used. It is a fully 3D model whose main characteristics is to take into 

account the coupled behaviour in the vertical and horizontal direction through its large 

displacement formulation. In other terms, it is able to capture the reduction of the horizontal 

stiffness related to the increase of vertical load and horizontal displacement (i.e. the so called 

“P-Δ” effect). More in detail, the three-dimensional analytical model features triaxial 
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interaction between the two horizontal components, and the vertical component. The shear 

bidirectional behaviour is based on the use of Multi Shear Spring model (MSS) (Wada and 

Hirose, 1987) while the vertical Euler column buckling behaviour is based on the Multi Normal 

Spring model (MNS). The arrangement of MSS and MNS is shown in Figure 33. 

Such feature is essential for the reliability of the analyses because for severe earthquake shaking 

external bearings may show a strongly asymmetric hysteretic cycle with a substantial pure shear 

behaviour for one side of the cycle (lowest compression) and a possible post-buckled behaviour 

in the other side (higher compression) (Kikuchi et al., 2010; Takaoka et al. 2011).  

For the Multi Shear Spring (MSS) model, the KikuchiAikenHDR material has been used. The 

original version implemented in Opensees features only a limited set of pre-calibrated rubber 

compounds all showing a limited hardening behaviour for high shear deformation and a 

negligible first cycle effect (also called as Mullins effect or scragging (Mullins, 1969)), in line 

with the Japanese production. Such material can be slightly adjusted using three correction 

coefficients controlling respectively: the equivalent shear modulus (cg), the equivalent viscous 

damping ratio (ch) and the ratio of shear force at zero displacement (cu). However, the base 

behaviour cannot be changed. 

 

Figure 33 Multi spring mechanical model for circular elastomeric bearing (from Ishii and Kikuchi 2019). 

Thus, in this work, the shear behaviour of HDRBs has been calibrated with reference to the 

third cycle (according to (EN15129, 2009)) of a typical rubber compound used in the Italian 

context for HDRBs, under the hypothesis that the behaviour in the virgin state (Tubaldi et al 

2017; Ragni et al 2018b) is not significant towards the final performance assessment.  In 
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particular, the results of an experimental campaign (Brandonisio et al 2017) performed at the 

SisLab (Materials and Structures Test Laboratory) of the University of Basilicata on three 

circular HDRBs, have been used for the model calibration of the rubber bearings. Details of the 

model calibration can be found in (Micozzi et al 2021). 

 Figure 34 shows the numerical (dashed red line) vs experimental (solid black line) comparison 

of the shear behaviour of the bearing tested to calibrate the model. The tests are performed up 

to the maximum shear displacement and increasing vertical compression: (6, 10, 14, 20 MPa). 

The bearing shown in c has the following characteristic: 

(i) Outer diameter Ø equal to 700 mm 

(ii) Innner steel shim diameter Ø’ equal to 690 mm 

(iii) Single layer rubber thickness tr equal to 9 mm 

(iv) Total rubber layer thickness te equal to 207 mm 

(v) Primary shape factor S1=Ø’/4tr equal to 19.5 

(vi) Secondary shape factor S2=Ø’/te equal to 3.4 

(vii) Shear stiffness G equal to 0.4 MPa 

(viii) Damping factor ξ equal to 15%. 
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Figure 34 Comparison experimental results and calibrated model for SI-S 700-207 

 For the Multi Normal Spring (MNS) model, the AxialSP material, already implemented in the 

OpenSees material library, has been used. Such material is fully defined by the following 

parameters: (i) initial elastic vertical stiffness Einit, (ii) post elastic stiffness in tension 

(1/100Einit) and compression (1/2Einit), (iii) cavitation stress and (iv) compression yielding 

stress. The parameters have been set according to (Ishii and Kikuchi, 2019). However, as 

described in detail (Micozzi et al 2021), bearings tested within that work feature shape factors 

that are higher than 30. For slender bearings, with primary shape factor around 20, generally 

used in the Italian context, such parameters lead to a significant overestimation of the “P-Δ” 

effects, due to the local cavitation of the bearing before the buckling. In order to avoid this, the 
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material used for the MNSs has been replaced by a simple elastic material with stiffness equal 

to Einit and the model is used in-series with a rigid plastic spring describing the global cavitation 

of rubber as shown in Figure 35. The external spring is characterized by a rigid behaviour under 

compression and in the range of tension forces lower than the cavitation threshold while it is 

properly calibrated to describe the inelastic post-cavitation behaviour above the mentioned 

threshold (see Figure 36). In particular, as the AxialSP material does not feature any cyclic 

degradation of the post-cavitation behaviour, median values of the post-cavitation stiffness and 

force threshold have been adopted in the model (similar to the third-cycle concept used for the 

shear behaviour), leading to a cavitation force of 2GA and a post-cavitation stiffness equal to 

0.43% Einit, based on experimental result of (Warn 2006). In this way, the global building model 

is able to capture the influence of cavitation on the rocking motion during an earthquake.  

 
Figure 35 Choice of axial modelling bearing adopted 

As far as the modeling of flat sliding bearings is concerned, the element flatSliderBearing has 

been used adopting a velocity-dependent and axial-load-dependent friction model 

(Constantinou et al., 1990), and assuming a friction coefficient at the maximum load capacity 

equal to 1% for fast velocities and 0.5% for low velocities, based on the results of 

manufacturer’s type tests (see Figure 37). More details about slider modelling can be found in 

(Cardone et al., 2019a). It is worth noting that such low damping coefficients implies a 

negligible effect of the sliders on the isolation system behaviour (i.e. extra-damping). This must 

be assessed by suitable acceptance tests on materials or devices. 
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Figure 36 Uniaxial constitutive model of the vertical in-series rigid-plastic spring for cavitation behaviour 
(superimposed on test from Warn 2006). 

 

a Slow 
constant for coefficient of friction 

at low velocity 
0.02073 

n Slow 
exponent for coefficient of 

friction at low velocity 
0.9 

a Fast 
constant for coefficient of friction 

at high velocity 
0.04146 

n Fast 
exponent for coefficient of 

friction at high velocity 
0.9 

α0 
constant rate parameter 

coefficient 
0.00458 

α1 linear rate parameter coefficient 0 

α2 
quadratic rate parameter 

coefficient 
0 

Figure 37 Flat Slider Bearing device and model parameter 
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2.4 NON-LINEAR TIME HISTORY ANALYSIS (NTHA) 

2.4.1 Seismic Imput 

Multi-Stripe non-linear dynamic Analyses (MSA) have been performed to evaluate the seismic 

performances of the examined case-studies towards GC and UPD performance levels. As 

mentioned before, 10 earthquake intensity (IM) levels have been investigated. Considering that 

the fundamental periods of the examined case-studies range from 2.5 to 3.3 s, a unique 

conditioning period (T*) equal to 3.0 s has been assumed for the seismic performance 

assessment. The values of Sa(T*) for each IM level and for the two considered sites (expressed 

in terms of geometric mean) are summarized in Table 18. Each “stripe” of seismic response has 

been then analysed running a set of 20 ground motion pairs featuring the mentioned 

conditioning period. It is worth noting that, according to Italian Seismic Code (NTC2018), the 

IM associated with level 2 and 6 (labelled as IM2 and IM6 in what follows) correspond to the 

earthquake intensity levels for the verification of the Damage and Collapse Limit States, 

respectively. 

Ground-motion prediction equation (GMPE), defining probability distribution of ground 

motion intensity, of (Akkar and Bommer, 2010) was employed for T*=3.0s. 

Table 18. Spectral accelerations Sa(T*=3s), expressed in unit of g, for each earthquake intensity level 

IM 1 2 3 4 5 6 7 8 9 10 

RP (years) 10 50 100 250 500 1000 2500 5000 10000 100000 
L’Aquila 0.0002 0.011 0.031 0.062 0.11 0.177 0.271 0.384 0.576 1.053 
Naples 0.001 0.009 0.026 0.044 0.067 0.093 0.126 0.162 0.216 0.348 

 

2.4.2 NTHA results for rubber-based isolation systems 

In this section, NTHA results are reported for both the GC and the UPD performance levels. 

Regarding the GC, results are given in Figure 38 in terms of number of failures and collapse 

modalities (i.e. the collapse condition that first occurs) for both the SLD cases (S60, S70 and 

S80 reported in the left column) and GLD cases (G60, G70 and G80 reported in the right 

column). The first remark is about the collapse modalities that involve sliders and 

superstructure for the SLD cases whereas HDRBs (shear failure) and superstructure for the 

GLD cases. The reason can be find looking at the design choices and the performance levels 

definition, as illustrated in the relevant sections. More in details, for the GLD cases (located at 
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Naples) the isolation system design displacement is lower than the one for SLD cases (located 

at L’Aquila) (200 mm vs. 300-350 mm, respectively, see Table 14), due to the lower seismic 

hazard level. Consequently, the rubber thickness of HDRBs and their displacement capacity 

(corresponding to the ultimate shear deformation assumed equal to 350%) are different for the 

various cases. In particular, the displacement capacity is 357 mm for the GLD cases at Naples 

(total rubber thickness of HDRBs equal to te=102mm), 616 mm for the cases S60 and S70 (total 

rubber thickness of HDRBs equal to te=176mm) and 532 mm for the S80case (total rubber 

thickness of HDRBs equal to te=152mm). For the sliders the displacement capacity is assumed 

equal the nominal displacement capacity of the device increased by an extra‐stroke 

displacement equal to half diameter of the internal pad. The nominal displacement capacity is 

assumed 50 mm larger than that of HDRBs, thus the final capacity values are:  250+250/2=375 

mm for the GLD cases, 350+250/2=475 for the cases S60 and S70 and 300+250/2=425 for the 

S80 case. Ultimately, for the GLD cases, the sliders displacement capacity is larger than the 

HDRBs one, while the contrary holds for the SLD cases. This is the reason behind the difference 

between the two groups of buildings (GLD and SLD) in terms of both collapse number and 

failure mode of the isolation system.  

More in details, for all the case studies no failure of the isolation system is observed up to IM6 

(corresponding to the earthquake intensity level assumed in the design for the verification of 

the CLS (Collapse prevention Limit State) of the isolation system), with the only exception of 

the case S60, for which two failure events are registered at IM6, although they involve the 

superstructure only. After IM6, the number of failures rapidly increases for the SLD cases, due 

to the exceedance of the capacity limit of the sliders. On the contrary, for the GLD cases, the 

number of collapses slowly increases up to IM9, and collapse mainly involves the shear failure 

of HDRBs. This last situation is more suitable due to the lower number of collapses but also 

because the shear failure of HDRBs does not lead to a sudden loss of bearing capacity like for 

the failure of sliders. Such outcome suggests that sliders should be always designed in such a 

way to have a displacement capacity larger than the ultimate displacement capacity of the 

HDRBs. This can be obtained by amplifying the maximum design displacement at least by the 

ratio between the ultimate shear capacity and the design shear deformation of HDRBs (in this 

case 350/200=1.75).  Regarding the superstructure, the number of collapses is directly related 

to the superstructure over-strength, i.e. the ratio between the design shear (i.e. the elastic limit 

defined by means of POA with mass proportional forces in the fixed-base configuration of the 
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superstructure) and the maximum base shear. As can be seen from the capacity curves depicted 

in Figure 27, with reference to the X-direction (i.e. the weakest direction), for the GLD cases 

the overstrength ratio increases passing from the older to the more recent buildings, leading to 

a progressive reduction of the number of superstructure collapse. For the SLD cases, the trend 

would be the same looking at the X-direction of the capacity curves of Figure 27. However, it 

should be kept in mind that the S70 case has been designed by considering a lower elastic limit, 

due to a premature yielding of the superstructure in the Y-direction. Consequently, in the X-

direction, it is characterized by the highest over-strength ratio, that leads to a very low number 

of superstructure collapses. Also, in this case a general conclusion can be drawn, i.e. the over-

strength ratio of the superstructure play a fundamental role in controlling the superstructure 

collapses, thus only an adequate over-strength ratio of the superstructure ensures suitable extra 

margins towards the collapse of the superstructure for earthquake intensity levels higher than 

the CLS design level. In addition to the considerations above, it should be remembered that the 

difference between the two hazards levels characterizing the two sites considered in this study 

(i.e. Naples and L’Aquila) influences significantly the number of collapses, as already 

highlighted in previous studies (Ragni et al. 2018; Micozzi et al. 2021). 

The results in terms of UPD performance level are reported in Figure 39 for the SLD buildings 

and in Figure 40 for the GLD buildings, where, for each IM, the D/C values registered during 

the analysis are provided. Moreover, the total number of failure cases (i.e. analysis cases in 

which D/C≥1) is reported on the top of the diagrams. It is worth noting that, if the collapse of 

the isolation system is registered (GC), the UPD limit state is considered attained too, regard-

less of the D/C ratio value (spot highlighted with black X). As can be seen, for the SLD cases 

(located at L’Aquila) the first failure event is registered between IM4 and IM5, always along 

the weaker direction (i.e. the X direction). Very low D/C values are observed at IM2, which 

represents the earthquake intensity level associated with the verification of the Damage Limit 

State, according to the Italian seismic Code (NTC2008). Therefore, safety margins larger than 

expected are observed towards the attainment of the UPD performance level, as already found 

for new base-isolated buildings (Ragni et al., 2018; Micozzi et al, 2021).  

Moreover, it is found that the first collapse is always due to the in-plane behaviour of the infills. 

In other words, the out-of-plane collapse of the infills does not influence the attainment of UPD 

conditions for base-isolated buildings. This low OOP failure rate is related to the low 
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acceleration experienced by the isolated structure and consequently the only failure of the infill 

is related to the IP failure due to the deformability of the superstructure. 

It is also worth noting that all cases show seismic performance rather different in the two 

horizontal directions, this is probably due to the absence of internal beams in one direction, 

which strongly affects the horizontal stiffness of the superstructure in that direction and because 

the X direction is the one with the lower peak shear resistance. Consequently, the higher 

displacement demand is always attained in X direction. 

For GLD cases (located in Naples), the intensity level at which the first failure (D/C≥1) occurs 

is even higher, being equal to IM5 for the G60 and G70 cases and to IM7 for the G80 case, 

once again along the X direction. Obviously, also in this case, the D/C values registered at IM2 

are largely lower. The number of failures decreases passing from L’Aquila to Naples, even 

though the buildings are not seismically designed in the latter case. Moreover, for both sites, 

the older buildings show a little higher number of failures.  
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S60 G60 

  
S70 G70 

  
S80 G80 

Figure 38 GC results for six case study buildings with rubber-based isolators. 
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 (a) (b) 

 
 

Figure 39 D/C displacement ratios associated with the attainment of the UPD performance level for the SLD 
buildings located at L’Aquila: X-directions (a) and Y-direction (b). 

 

 

 

 

 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
91 

 

G60 

  

G70 
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 (a) (b) 

 
 

Figure 40 D/C displacement ratios associated with the attainment of the UPD performance level for the GLD 
buildings located at Naples: X-directions (a) and Y-direction (b). 
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2.4.3 Comparison with fixed base buildings 

Figure 41 and Figure 42 respectively show the results related to the UPD performance level for 

GLD and SLD buildings both in the fixed-base and in the base isolated configuration. 

Obviously, the analyses on the fixed-base buildings were conducted using pairs of 

accelerograms with a period conditionally equal to 1 second (T*=1s); this value is very close 

to the mean of the vibration periods.  

It is very important to recall that a different GMPE was used in the hazard definition; the GMPE 

selected for computing the hazard for spectral accelerations at periods shorter than 2.0s is the 

one of (Ambraseys et al., 1996), which use as IM the maximum spectral acceleration between 

the horizontal components. For longer periods, needed for predicting the response of base 

isolated structure, the GMPE of Ambraseys et al. (1996) was not applicable because its 

maximum period is 2.0s. For this reason, GMPE of (Akkar and Bommer, 2010) was employed 

for T*=3.0s. 

White dots drawn in the diagrams concerning fixed-base buildings (column (b)) represent the 

number of UPD achievements due to at least one early out-of-plane collapse of at least one 

infill (regardless of the direction in which it occurs). While, stars drawn in the diagrams related 

to isolated base configuration (column(c)) represent the number of failures of the isolation 

system that occurred before the UPD performance level reachment. Finally, column (a) 

represents the trend of the D/C ratio (demand (D) on capacity (C)) referred to the performance 

level UPD as the seismic intensity increases; in particular, the marked lines refer to the fixed-

base configuration, while the thin ones refer to the base isolated configuration in x (red lines) 

and y (blue lines) directions respectively. 

The building code adopts the capacity design method, based on the definition of performance 

levels (or limit states). Four are the reference performance levels that needs to be accounted for, 

and verified in the design process: 

- Operability Limit State (OLS): it is one of the serviceability limit states (SLE), and 

requires all the structural and non-structural components to be fully operational and 

undamaged after the seismic event; 

- Damage Limit State (DLS): this a SLE too and requires all structural and non-structural 

elements to only suffer light damages. Furthermore, the structural elements stiffness and 

ductility shall not be invalidated. Overall damages should be easily repaired; 
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- Life Safety Limit State (LLS): is one of the ultimate limit states (SLU) and refers to the 

condition in which non-structural elements suffer significant damages but structural 

elements stiffness and strength are reduced but not impaired. The structural integrity 

may be restored through local and global reinforcement actions; 

- Collapse prevention Limit State (CLS): is a SLU too and refers to the condition in which 

both structural and non-structural elements suffer severe damages. The structure is not 

operational but, thanks to the structural elements’ residual stiffness and strength against 

vertical loads it is not collapsed. 
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  FIXED BASE BASE ISOLATED 

G60 

   

G70 

   

G80 

   
 (a) (b) (c) 

Figure 41 Comparison UPD results GLD models 
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 (a) (b) (c) 

Figure 42 Comparison UPD results SLD models 
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The Italian building code adopts the Poisson model to predict the temporal uncertainty of an 

earthquake with a return period equal to: m\ = − b\∕pq(1 − rb\), where rb\ is the exceedance 

probability within the reference period b\ of the considered limit state (see Table 19). 

Table 19 Limit States exceeding probability and return periods for a reference period of 50 years 

Limit State 
Exceeding probability Return Period TR (y) rb\ Vr= 50y 

Serviceability Limit States (SLE) 
OLS 81% 30 
DLS 63% 50 

Ultimate Limit States (SLU) 
LLS 10% 475 
CLS 5% 975 

For this reason, the graphs in Figure 41 and Figure 42 extend to the maximum intensity with a 

return period of 2500 years. 

The diagrams in column (a) show how the isolation system significantly reduces the slope of 

of the straight lines representing the D/C ratios; moreover, these ratios almost never reach 

saturation (D/C=1). 

Generally speaking, all the results concerning the usability-preventing performance level point 

out that all isolation systems work effectively in limiting the building damage for seismic 

intensities much higher than the intensity level considered in the design (corresponding to 

IML2, i.e. return period equal to 50 years). In fact, a significant damage rate of non-structural 

components occurs only at IML 6 and many of these damages are linked to the collapse 

mechanism of the isolation system. 

All the results and especially the ones corresponding to the high seismicity site (L’Aquila) show 

that all the isolation systems are characterized by a little margin beyond the intensity level 

considered in the seismic design (corresponding to IML6, i.e. return period equal to 1000 

years).  

This limited margin associated to the collapse failure of base-isolated structures seems to be 

related to the more controlled behavior during design and the lower margin of safety with 

respect to collapse beyond the maximum design displacement. For the same reason, they show 

lower risk with respect to the usability-preventing damage. 

Figure 43 shows the fragility curves of anticipated out-of-plane collapses recorded before IP 

damage of infills in fixed-base buildings. As can be seen, the slope of the curves is inversely 

proportional to the construction period: this behaviour is more related to the acceleration 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
97 

 

experienced by the superstructure: G80 has higher shear capacity; consequently, the 

acceleration experienced by the infills is higher because the "softening " branch of the 

superstructure is reached later. 

On the other hand, with seismic isolation the out-of-plane collapses of the panels are not 

decisive in the definition of the UPD; in other words, seismic isolation, in addition to limiting 

the extent of damage on non-structural elements (number of UPD achievements) but also 

improves the mode of occurrence (only in plane damage). 

GLD SLD 

  

Figure 43 Fragility curves of anticipated out-of-plane collapses recorded before IP damage of infills in fixed-
base buildings GLD (left) and SLD (right) 
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2.5 SUMMARY AND RESULTS 

The study presented in this section was developed within the activities of the ReLUIS-DPC 

2019-2021 research program, funded by the Italian Dept. of Civil Protection. 

The analyses performed within the RINTC research project on existing RC buildings retrofitted 

with seismic isolation according to the Italian minimum code requirements have been presented 

in this section.  

In particular, a wide set of archetype residential RC buildings, differing for construction period 

(50s-60s, 70s, 80s-90s) and design approach (Gravity Load Design, GLD, and Seismic Load 

Design, SLD, based on old technical standards) have been considered. GLD buildings are 

supposed to be located in the city of Naples (characterized by medium seismic hazard for Italy) 

and SLD buildings are supposed to be located in the city of L’Aquila (characterized by high 

seismic hazard for Italy). Moreover, rubber-based isolation systems using standard high 

damping rubber bearings (HDRBs), in combination with flat sliding bearings are considered. 

All the isolation systems have been designed to avoid any damage of the superstructure up to 

the Life Safety limit State (i.e. return period equal to around 500 years), in accordance with the 

current Italian Seismic Code. 

All the case studies have been assessed by means of multi-stripe nonlinear time history analysis, 

computing the probability of occurrence for two performance levels, namely Global Collapse 

(GC) and Usability Preventing Damage (UPD). As base-isolated buildings are in-series 

systems (being composed by the isolation system and the superstructure) and isolation devices 

can undergo different failure modes, a multi-criteria approach has been followed for the 

definition of the aforesaid performance levels. The most advanced numerical models have been 

used to simulate the behaviour of the isolation devices.  To describe the nonlinear cyclic 

behaviour of HDRBs the Kikuchi Bearing Element (available in Opensees) has been used in the 

analyses, due to its capability of simulating the behaviour of HDRBs under large displacements 

and high axial loads.  

The results relevant to GC show that existing RC buildings retrofitted by seismic isolation work 

effectively in limiting damage to the superstructure, but they may exhibit a low margin with 

respect to the global collapse of structure, especially for high seismicity regions. The collapse 

arises on the superstructure or on the isolation system (either sliders or HDRBs depending on 

the safety margin assumed in the design), mainly depending on the hardening behavior of 

HDRBs at large displacements. For this reason, the over-strength ratio of the superstructure 

plays a fundamental role in controlling the number of collapses on the superstructure side. On 
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the isolation side, since a larger shear capacity characterizes the HDRBs, sliders should be 

designed to have a comparable displacement capacity. 

The results of the buildings located in moderate seismicity regions show larger safety margins 

than those located in high seismicity regions. This confirms the significant influence of the site 

hazard on the seismic performance of retrofitted base-isolated structures.  

Moreover, it is found that the the first collapse is always linked to the in-plane infills behaviour 

suggesting a negligible contribution provided by the OOP behaviour in the attainment of UPD 

failure conditions; on the other hand, with seismic isolation the out-of-plane collapses of the 

panels are not decisive in the definition of the UPD; in other words, seismic isolation, in 

addition to limiting the extent of damage on non-structural elements (number of UPD 

achievements) but also improves the mode of occurrence (only in plane damage). 
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SEISMIC PERFORMANCE OF 
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3.1. INTRODUCTION 

The results of the study carried out by Gesualdi et al. (2020) presented in the first section, 

confirmed the importance of correct modelling of non-structural element, showing that the 

IP/OOP interaction of masonry infills can significantly affect both the usability and life-safety 

seismic performance of RC buildings.  It is also important to note that the OOP collapse of 

URM walls is a very dangerous failure mechanism because it might seriously threaten human 

life either inside or outside the building. 

For these reasons, in the last years, different solutions for the improvement of the seismic 

behaviour of masonry infills and partitions are proposed. A number of solutions are based on 

the idea of increasing load-bearing capacity of masonry infills rigidly connected to RC frames. 

For instance (see Figure 44), this can be achieved by providing additional horizontal and 

vertical reinforcement bars in infill walls (da Porto et al. 2013, Silva et al. 2016), placing steel 

reinforcement in bed joints and mesh reinforcement on the panel surfaces (Calvi and Bolognini 

2001) or by using plaster reinforcements made of textile meshes (see Figure 45) (Valluzzi et al. 

2014; Akhoundi et al. 2018).  

 

 
(a) (b) 

Figure 44 Masonry reinforcement: (a) Porto et al. 2013, (b) Silva et al. 2016 

The solution proposed by da Porto et al. 2013 (Figure 44a) uses brick masonry with vertical 

holes and special recesses for vertical reinforcing bars; in these units two webs can be removed 

forming an open “C” pocket that can be used to easily cast the vertical reinforcement bars 

anchored both on RC base and on the upper beam. The construction system proposed at 

University of Minho in Silva et al. 2016 (Figure 44b) also uses masonry units made of clay with 

vertical holes and a tongue and groove interlocking in vertical direction; these masonry units 

have grooves at the surface that make possible the addition of vertical reinforcement bars. In 
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both cases, the construction process is slightly different from a traditional infill and the addition 

of vertical reinforcement implies that previous works need to be done. 

The strengthening technique based proposed by Calvi and Bolognini, 2001 is realized by 

applying a light wire mesh adequately anchored in the concrete frames using special steel 

connectors. 

 
 

   

(a) (b) 

Figure 45 Masonry reinforcement: (a) Valluzzi et al. 2014; (b) Akhoundi et al. 2018 

However, the high costs of complicated execution could easily limit the use of these solutions 

in everyday practice. Additionally, strengthened masonry infills become load-bearing elements 

which require appropriate design. It has to be pointed out, that stiffening of infill walls changes 

the fundamental period of vibration of the structure and leads to an increased seismic demand. 

Furthermore, another group of solutions aims to increase the deformation capacity of masonry 

infill walls by adding different types of sliding surfaces in the wall (see Figure 46a) (Verlato et 

al. 2016; Morandi et al. 2018; Preti and Bolis 2017). This approach is based on keeping the 

infill walls rigidly attached to the frame, or slightly disconnected, but at the same time 

increasing the deformability of the infill wall using special construction measures in the wall. 

The basic intention is to provide ductile behaviour to the infill walls with the reduction of 

interaction stresses and at the same time increase of damping level, thanks to the dissipative 

action of deformable or sliding elements.  
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(a) (b) 

Figure 46 Partitioned masonry infill wall (a); details of the innovative masonry infill with sliding joints (b) 1. C-
shape units; 2. mortar bed-joints; 3. sliding joints; 4. clay units; 5. interface joints; 6. shear keys; 7. Plaster 

(Morandi et al. 2018). 
 

The technique proposed by Morandi et al. 2018 (see Figure 46b) is realized introducing a 

predetermined number of horizontal sliding surfaces in the wall in combination with a 

deformable layer between masonry infill and RC frame at the top of the panel. The out-of-the-

plane stability of masonry infills with this system is ensured by special steel shear keys 

connected to the columns and brick blocks with specially shaped ends. The out-of-the-plane 

flexural strength is also improved through the application of a thin layer of fiber-reinforced 

plaster. 

Preti and Bolis 2017 (see Figure 47), on the other hand, pursued an approach in which the wall 

is subdivided by vertical sliding surfaces allowing the individual wall sections to rotate 

independently. In this proposed solution, the out-of-plane (see Figure 47b) loads are transferred 

in vertical direction through shear connectors to the frame transom. For thermal and acoustic 

performance, the gaps are meant to be sealed with a soft material. The planks stay in the 

thickness of the infill, so they can be covered by plaster to obtain a homogeneous facing. 

Additional internal or external insulating layers can be added, provided that they are sufficiently 

flexible in their plane. 

In case of window and door openings, this type of systems must be supplemented by further 

edge profiles to provide reliable boundary conditions. 
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(a) 

 
(b) 

Figure 47 In Plane (a) and Out-Of-Plane (b) mechanism in the infill with vertical sliding surfaces proposed by 
Preti and Bolis (2017)  

The main disadvantage of these approaches is practical application, as the quality of production 

and installation of sliding surfaces might significantly affect effectiveness of the system. 

Furthermore, issues related to the shear failure of the surrounding frame as well as out-of-plane 

loads are present. 

Therefore, the third approach is to separate the frame and infill so that deformations in the frame 

do not generate any force in the infill (see Figure 48), thus allowing relative displacements 

between the wall and the frame to occur without interactions. These systems are providing 

decoupling of the infill wall and the frame. 

 
Figure 48 Masonry infill with decoupling system 

One of the most promising solutions is the system INODIS based on the idea of decoupling of 

masonry infill from the surrounding frame. The INODIS system increases the IP and OOP 
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resistance of URM infills by means of dissipative and sliding connections placed along the 

contact areas between the infill (partition) and the surrounding RC frame. The efficiency of the 

described INODIS system is already shown on the full-scale experimental test (Marinković and 

Butenweg 2019) and a comprehensive numerical study (Marinković and Butenweg 2022). 

However, the execution of case studies of the seismic performance on a building level are still 

missing. 

In this study, the advanced non-linear numerical model previously implemented in Opensees 

by (Di Domenico et al. 2022) presented in second section of this work is further developed and 

calibrated to capture the specific IP/OOP behaviour of decoupled infills. The model is then used 

to examine, for the first time, the seismic response of a building model with decoupled infills. 

By means of this model, seismic performance and expected losses of real buildings under 

different earthquake intensity levels will be evaluated, comparing traditional and innovative 

(INODIS) solutions for masonry infills/partitions. For needs of this study, the seismic 

performance of a case-study building, representative of typical residential buildings realized in 

Italy in the ‘90s, is examined, at different earthquake intensity levels, with return period equal 

to 50, 500 and 2500 years, respectively.  
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3.2 INODIS SYSTEM 

Motivation for the development of the INODIS system is a lack of the available cost-effective 

solutions that can successfully reduce the seismic damage in masonry infill walls. The proposed 

INODIS system is based on the concept of decoupling of masonry infill from the surrounding 

RC frame. Figure 49 shows masonry infill installed with INODIS system. At the top of the infill 

wall and along the vertical edges U-shaped elastomers are placed around plastic bars which are 

previously attached to the surrounding RC frame. First layer of U-shaped bearings is made of 

soft elastomeric material which allows later activation of masonry infills under in-plane 

deformation of RC frame. Moreover, sliding surfaces are glued on the plastic profiles, concrete 

and U-shaped elastomer in order to reduce the friction effects and provide sliding between 

masonry infill and RC frame. The second layer of U-shaped profile is made of stiffer elastomer. 

In combination with plastic bar attached to the surrounding frame U-shape elastomers represent 

the shear key for the wall in the OOP direction and thus prevent the OOP movement of the wall. 

At the bottom of the infill wall decoupling is achieved by three stiffer elastomer strips. The 

middle strip is glued to the bottom beam, while outer strips are glued to the infill wall. In this 

way shear key effect is provided at the bottom too.  

 
Figure 49 INODIS decoupling system (Marinković and Butenweg 2019) 
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The steps required to install the system are shown in Figure 50. In the first step, the plastic 

profile is attached to the frame with screws or nails using a screwdriver or a nail gun. In the 

next two steps, the sliding surfaces are glued on the plastic profiles and concrete frame and the 

preassembled U-Profile is pushed on the plastic profile. In the fourth step, a strip made of 

elastomeric cellular material is installed at the bottom. First the middle strip is glued to the 

bottom beam. Thereafter the outer strips are inserted and glued to the bottom row of bricks 

when bricking up of the infill starts.  

In the fifth step the infill wall is bricked up as usual, whereby the bricks at the end of each row 

are glued to the U-Profile. In the final step, the last row of bricks can be installed and glued to 

the U-Profile at the top beam. After performing the steps described, the system is installed and 

fully functional. The installation steps of the INODIS system clarifies that the traditional 

building technique for constructing the infill wall remain almost unchanged in addition, the 

system is simple, can be installed quickly and appears sufficiently robust for use on construction 

sites. 

 
 

 
 

step 1: plastic profiles step 2: sliding surfaces 

 
 

 
 

step 3: elastomeric U-Profiles step 4: elastomer at the bottom 

 
 

 
 

step 5: brick laying step 6: top row of briks 

Figure 50 Working steps for installation of the INODIS system. 

The additional advantage of INODIS system is that it can be easily modified for different levels 

of seismic events by varying thickness and stiffness of elastomers. Therefore, INODIS system 
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can successfully provide high levels of seismic safety to various configurations of masonry 

infills subjected to different separate or combined in-plane and out-of-plane actions. 
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3.3 METODOLOGY OF THE STUDY 

The influence of the IP / OOP interaction of URM walls on the seismic response of RC frame 

buildings is investigated following a four steps methodology: (i) Step 1: Selection of case-study, 

Modeling assumptions, Ground motion selection; (ii) Step 2: Definition of seismic Performance 

Levels (PLs); (iii) Step 3: Non-linear Time History Analyses (NTHA); (iii) Step 4: Assessment 

of non-structural damage. 

The basic idea of this study is to compare the behaviour of the framed building infilled with 

traditional infills and the same building with decoupled infills installed with the INODIS 

system. This can help to investigate the motivation of replacing the original infills (e.g. because 

extensively damaged by a previous earthquake), with new infills equipped with the innovative 

decoupling system (INODIS). 

3.3.1 Case-study building and ground motion selection 

A 6-storeys RC frame building, designed for seismic loads (implicitly for high ductility class 

but with sub-standard seismic details), representative of typical multi-storey residential 

buildings realized in Italy in the ’90s (see Figure 51) is selected.  

Specifically, the building under review is referred to as S80 in the previous section. 

The building features an in-plane rectangular shape with 21.40 m × 11.80 m dimensions, 3.40 

m interstorey height for the first level and 3.05 m for the upper ones. It features five frames in 

the long direction (X-dir. In Figure 51) and three external frames in the short direction (Y-dir. 

Figure 51). In the Y-dir., a dog-leg stair with cantilever steps is sustained by two stiff ‘knee’ 

beams. Structural characteristics (geometric dimensions, reinforcement ratios, structural 

details, etc.) are derived from a simulated design, according to the Standards and state of 

practice enforced in Italy before ’90s (Ministerial Decree DM 03/03/1975 and the decrees that 

followed DM 19/06/1984 and DM 24/1/1986). URM infill walls realized with hollow clay 

bricks arranged in two single layers (150 + 80 mm thickness), separated by an air-cavity, are 

considered (see Figure 52(a)). The URM infills feature large openings in the X-direction (equal, 

on average, to 40%), while there are no openings in the Y-direction. The presence of the 

openings is taken into account when characterizing the in-plane and the out-of-plane infills’ 

responses.  
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The retrofit intervention aims at replacing the original double-layers infills with modern single-

layer (365mm thickness) infills equipped with the decoupling INODIS system (see Figure 

52(b)). 

      
(a) 

 
(b) (c) 

Figure 51 Case Study: (a) typological floor plan; (b) short side elevation; (c) long side elevation 
 

 

x 

z 
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(a) (b) 

Figure 52 Types of infill considered: (a) older double layer infill and (b) modern single layer infill with INODIS 
system (Marinković and Butenweg 2019) 

The case-study building is supposed to be located in the city of L’Aquila (central Italy) on soil 

type C (soft soil). The aforesaid site and soil conditions are purposely selected to investigate 

the seismic performance of this class of buildings for the highest levels of seismic hazard 

expected in Italy. Three different earthquake intensity levels, with return periods equal to 50 

years (0.156 g PGA on soil type C), 500 (≈0.347 g PGA on soil type C) and 2500 (≈0.467 g 

PGA on soil type C), is selected for NTHA. The conditioning Intensity Measure Level (IML) 

for the record selection is the 5%-damping spectral pseudo-acceleration Sa(T*) at the site, at 

the fundamental period of vibration T*. T* was assumed equal to 1.0 s. For each seismic 

intensity, a set of twenty ground motion pairs, compatible with suitable Conditional Mean 

Spectra, derived considering the M-R-ε (Magnitude-Distance-Deviation) disaggregation and a 

proper attenuation relationship for the city of L’Aquila, is used. As an example, Figure 53 

shows the spectra of 20 pairs of records for L’Aquila, soil type C, conditioned to Sa(T*) = 

0.365g, which corresponds to the spectral acceleration with 500 years return period; the spectral 

acceleration values Sa at the conditioning period T* = 1s for the three seismic IMLs are shown 

in Table 20. Ground-motion prediction equation (GMPE) selected for computing the hazard  

for spectral accelerations is the one of (Ambraseys et al., 1996) which use as IM the maximum 

spectral acceleration between the horizontal components. 
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Figure 53 Response spectra of both horizontal components of the selected records for the case of L’Aquila, Soil 
Type C, with return period 500 years 

 

Table 20. Seismic hazard and selected intensity measure levels 

Intensity Measure Level 
Return period 

(years) 
PGA  
(g) 

Sa(T*=1s) 
(g) 

IM 2 50 0.156 0.073 

IM 5 500 0.347 0.365 

IM 7 2500 0.467 0.855 

 

3.3.2 Numerical model 

The seismic behaviour of the selected case-study building is described through a refined 3D 

lumped-plasticity model implemented in OpenSees (McKenna, 2011). As explained in the 

previous section, a lumped plasticity model is adopted for RC beams and columns. The 

structural model also includes the staircase structure featuring inclined beams and cantilever 

steps. The model by Ibarra-Medina-Krawinkler (Ibarra and Krawinkler, 2005; Ibarra et al., 

2005), implemented in OpenSees (McKenna, 2011) as modIMKmodel, is selected to describe 

the cyclic degrading behaviour of plastic hinges. Possible shear failure (before or after flexural 

yielding) is taken into account in the model. More details about this collapse criterion can be 

found in (Ricci et al. 2019). Concerning beam-column joints, the joint panel model referred to 

as “scissors model” is adopted.  
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It is a very simple and computationally efficient joint model, but also sufficiently accurate in 

predicting the experimental beam-column joint panel behaviour of non-ductile RC frames, 

according to Di Domenico et al. (2022). 

Particular care is taken in the description of the mechanical behaviour of masonry infills, as 

they can strongly affect the seismic response of older RC frame buildings (featuring double-

layers masonry walls with high slenderness ratio and weak beam-column joints without 

adequate shear reinforcement), triggering local failure mechanisms and threatening human life 

in case of the out-of-plane collapse. As mentioned above, in this study traditional double-layer 

infills are replaced by innovative panels with INODIS technology. 

The modelling strategy used for the infills is the same used in the previous section, according 

to Di Domenico et al. 2022. 

The IP behaviour of masonry infills is modelled following an equivalent compression-only strut 

approach.  

The effect of the openings on the IP force-displacement curves is taken into account by suitable 

strength/stiffness reduction factors according to (Decanini et al., 2014). 

The local shear interaction (between masonry infills and adjacent RC column) is captured 

through suitable shear springs (featuring a typical brittle behaviour with a quite steep softening 

branch after the peak strength), implemented at the ends of the columns to reproduce the column 

nonlinear shear response triggered by the additional shear demand imposed by the equivalent 

compression-only diagonal strut. 

The IP skeleton curves of the traditional infills are implemented using the Concrete01 uniaxial 

material in OpenSees (McKenna, 2011). This material model successfully simulates the brittle 

failure of traditional infills (Figure 54), and is in accordance with the model proposed by 

Decanini and Fantin (Decanini and Fantin 1986).   
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+ = 

(a) 

+ = 

(b) 

Figure 54 IP behaviour of a typical double-layer traditional infill with (a) and without openings (b) 
 

The IP behaviour of the decoupled infills with INODIS is modelled by fitting available 

numerical and experimental results of the test DIO carried out on RC frame with decoupled 

infill (Marinković and Butenweg, 2019). 

In the DIO test, loading protocol presented in Table 21 and Figure 55 was applied. Table 22 

shows the amplitude steps for in-plane loading in different phases. The experimental test 

contained 5 phases in which the decoupled infill was tested under different loading 

combinations.  

In Phase 1 pure in-plane load was applied up to a maximum interstorey drift of 1.25 %. 

Afterwards, in Phase 2 constant pure out-of-plane load equal to 35 kN was applied to the wall 

by means of four air bags.  

Phase 3 was the first phase in which the specimen was subjected to simultaneous loading. In-

plane sinusoidal load was increased up to a maximum interstorey drift of 1 % and a constant 

out-of-plane load of 10.5 kN was applied to the wall.  

0

20

40

60

80

100

120

0 20 40 60 80 100

IP
_F

or
ce

s 
(k

N
)

IP_displacement (mm)

leaf 150 mm

0

20

40

60

80

100

120

0 20 40 60 80 100

IP
_F

or
ce

s 
(k

N
)

IP_displacement (mm)

leaf 80 mm

0

20

40

60

80

100

120

0 20 40 60 80 100

IP
_F

or
ce

s 
(k

N
)

IP_displacement (mm)

traditional
_infill

0
50

100
150
200
250
300
350

0 20 40 60 80 100

IP
_F

or
ce

 (
kN

)

IP_displacement (mm)

leaf 150 mm

0
50

100
150
200
250
300
350

0 20 40 60 80 100

IP
_F

or
ce

 (
kN

)

IP_displacement (mm)

leaf 80 mm

0
50

100
150
200
250
300
350

0 20 40 60 80 100

IP
_F

or
ce

 (
kN

)

IP_displacement (mm)

traditional
_infill



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
117 

 

In Phase 4 in-plane sinusoidal load was imposed to the specimen up to a maximum interstorey 

drift of 1.8 %. Simultaneously with in-plane load out-of-plane load was applied. The level of 

out-of-plane load varied during the Phase 4. First the out-of-plane load of 34.5 kN was applied 

and then the in-plane load from 0 % to 0.5 % of drift. In the next cycles in-plane load was 

applied from 0.6 % to 1.8 % drift, but level of out-of-plane load was modified each two cycles. 

Basically, each two amplitudes of in-plane displacements were first applied together with 17.5 

kN of out-of-plane load and then the same two in-plane amplitudes were repeated, but with the 

increased level of out-of-plane load (34.5 kN). Phase 4 was stopped due to limitations of 

measuring equipment and the test was continued in Phase 5.  

In Phase 5 first the higher level of out-of-plane load was applied to the wall (43.63 kN) in 

combination with in-plane drift of 1.0 % which was applied in two cycles. After these first two 

cycles in Phase 5, out-of-plane load was decreased to 10.5 kN. This level of out-of-plane load 

was then applied simultaneously with in-plane drifts increasing from 1.0% until 3.25 %.  The 

detailed description of loading protocol is also available in Marinković (2018) and Marinković 

and Butenweg (2019). 

Table 21. Load phases in the loading protocol of the DIO test (Marinković 2018) 

Phase 1 Increasing In-Plane sinusoidal load up to a maximum interstorey drift of 1.25% (34.375mm) 
Phase 2 Constant Out-Of-Plane load of 5kN/m2 (35kN) 

Phase 3 
Simultaneous load: Increasing In-Plane sinusoidal load up to a maximum interstorey drift of 1.0% 
(27.5mm) and a costant OuT-Of-Plane load of 1.5 kN/m2 (10.5kN) 

Phase 4 
Simultaneous load: Increasing In-Plane sinusoidal load up to a maximum interstorey drift of 1.8% 
(49.5mm) and avariable OuT-Of-Plane load varying from 2.5 to 5 kN/m2 (10.5kN) 

Phase 5 
Simultaneous: Increasing In-Plane sinusoidal load starting with a interstorey drift of 1.0% 
(27.5mm) up to a maximum interstorey drift of 3.25% (89.375mm). The OuT-Of-Plane load 
starts at an initial of 6.25 kN/m2 (43.63kN) and is then reduced to 1.5 kN/m2 (10.5kN) 

 

As reported in Marinković (2018), in the first three phases of the DIO test, infill wall remained 

completely undamaged.  

In Phase 1 infilled frame reached the drift of 1.25 % under pure in plane loading. The out-of-

plane displacements in this loading phase were negligible.   

In the next loading phase (Phase 2), the wall was loaded purely out-of-plane and reached the 

out-of-plane force of 35 kN. It should be pointed out that this value does not represent the out-

of-plane capacity of this infill wall. Phase 2 was stopped at this load level because reaching this 

force level confirmed that the decoupled infill wall is able to resist the limit levels of 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
118 

 

perpendicular forces induced by seismic actions defined in the codes.  The infill wall 

experienced the rigid body movement in this loading phase. The out-of-plane displacements 

were larger at the top of the wall due to the smaller stiffness of the elastomers applied at the top 

in comparison to those applied at the bottom. However, there were no residual displacements 

after the load was removed. There were also no cracks in the wall as it remained inactive in this 

phase and the arching action was still not activated.   

Table 22. In-Plane drifts of the test DIO (Marinković 2018) 

Stage 
Phase 1 

Drift (%) 
Phase 3 

Drift (%) 
Phase 4 

Drift (%) 
Phase 5 

Drift (%) 
1 0.018 0.018 0.018 1.00 
2 0.036 0.036 0.036 1.00 
3 0.055 0.055 0.055 1.25 
4 0.073 0.073 0.073 1.50 
5 0.10 0.10 0.10 1.80 
6 0.20 0.20 0.20 2.10 
7 0.30 0.30 0.30 2.40 
8 0.40 0.40 0.40 2.70 
9 0.50 0.50 0.50 3.00 
10 0.60 0.60 0.60 3.25 
11 0.80 0.80 0.80 - 
12 1.00 1.00 0.60 - 
13 1.25 - 0.80 - 
14 - - 1.00 - 
15 - - 1.25 - 
16 - - 1.00 - 
17 - - 1.25 - 
18 - - 1.50 - 
19 - - 1.80 - 
20 - - 1.50 - 
21 - - 1.80 - 
22 - - - - 

 

 
Figure 55 Load protocol of the test DIO (Marinković 2018) 
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Results of Phase 3 show that this decoupled infill wall was able to withstand out-of-plane load 

of 10.5 kN and in-plane load up to 1.0 % of drift without any damage.   

In Phase 4 the specimen behaved linearly up to 1.8 % of drift due to the elastic deformations of 

U-shaped elastomer connection. First horizontal crack was noticed in the third bed joint from 

the bottom of the infill together with the first sound of cracking during the first cycle of in-

plane drift of 1.8 % combined with out-of-plane load of 35 kN (Figure 56a). During the third 

cycle of 1.8 % drift, the vertical crack appeared on the right side of the wall, through the units 

(Figure 56b). After this point the out-of-plane deformation started to increase. Both cracks arose 

when the frame deformed from left to the right. Both horizontal and vertical crack occurred due 

to increase in bending stresses from out-of-plane load and exceedence of the flexural strength 

of masonry infill. The reason for this is reduction of clamping effect in the unloaded corners of 

masonry infill that occur due to the frame deformation. Reduced clamping effect in the bottom 

left corner led to the occurrence of horizontal crack, while vertical crack formed as a result of 

reduced clamping effect in the top right corner. However, although the deformation increased 

and some of the deformations caused by the formation of cracks remained in the wall, after 

removal of the load, the deformations in the hyperelastic elastomers reversed for most of the 

wall. Despite the crack formation, the wall stayed stable in the frame at the end of Phase 4 due 

to circumferential support provided by elastomers.   

  
(a) (b) 

Figure 56 (a) Appearance of the first crack in the wall (Marinković 2018); (b) Cracks in the wall at the end of 
Phase 4 (Marinković 2018) 

Phase 4 was stopped as the testing equipment needed to be replaced.  
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The test was continued in Phase 5. As a first step in Phase 5 out-of-plane surface load equal to 

total force of 43.63 kN was applied to the specimen. It was kept constant and simultaneously 

two cycles of in-plane displacement up to 1.0 % of drift were applied. Despite the cracks that 

occurred in bed joints and some brick units at the end of the Phase 4, specimen behaved linearly 

and showed that it still had high strength and deformation capacity. Out-of-plane displacements 

increased in this loading phase due to the cracks developed at the end of Phase 4, but reversible 

displacements were still evident due to the elastomer connection.  Further in Phase 5, out-of-

plane load of 10.5 kN was applied simultaneously with in-plane drift increasing from 1.0 % to 

3.25 %. Maximum in-plane resistance of 150 kN was reached at an interstory drift of 2.2 %. 

The strength fell slowly and at the ultimate drift of 3.25 % it was 135 kN.  

The hysteresis was also stable and wide even in this high range of in-plane drifts. Figure 57 

shows the damage pattern after the completion of the fifth load phase. It could be seen that the 

propagation of cracks matches the one recorded in the fourth phase, but at the end of the fifth 

phase these cracks were much more evident. Similar damage pattern could be seen on the 

backside of the wall too. The most damaged bricks were those placed above and below the bed 

joint that was sliding and also in the right part of the wall, next to the vertical crack. Even at the 

end of the Phase 5, when the wall was highly damaged, it did not lose the out-of-plane stability 

what is very important from safety aspects.   

  
(a) (b) 

Figure 57 (a) Damage at the front side at the end of DIO test (Marinković 2018); (b) Damage at the back side at 
the end of DIO test (Marinković 2018) 

Experimental curves in Figure 58a represent envelopes obtained from in-plane loading phases 

of the experimental test DIO carried out on RC frame with decoupled infill (Marinković and 
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Butenweg, 2019), while numerical curve is taken from pure in-plane loading simulation on a 

simplified micro-model of a corresponding RC frame with decoupled infill (Marinković and 

Butenweg 2022) (see Figure 58(a)).  Since experimental test DIO is carried out in several 

loading phases with different combinations of in- and out-of-plane loads, results of numerical 

simulation are used too, as RC frame with decoupled infill is loaded in simulation only in-plane 

up to its collapse. A bilinear horizontal force-displacement relationship is adopted both for the 

traditional and decoupled infills, using the Uniaxial Material Hysteretic model of OpenSees 

(McKenna 2011), whose cyclic behaviour (for a typical decoupled infill with INODIS) is shown 

in Figure 58(b).  

According to (Rossetto and Elnashai, 2003), older RC frame buildings with substandard seismic 

details experience extensive damage, for maximum interstorey drifts larger than 3%. Moreover, 

damage of structural and non-structural components for higher drift levels can also represent a 

risk for human lives. Therefore, in this study, the onset of the damage in the IP direction is 

assumed, for decoupled infills with INODIS, for drifts greater than 3%, as a result of the 

significant damage experienced by the RC members (after 3% of drift, actions are needed to 

restore the panel in its original position and replace some connections). 

Experimental results (Marinković et al., 2019) show that for infills equipped with INODIS, the 

OOP loads do not affect the IP behaviour under combined seismic actions. Hence, damaged IP 

curves coincide with the undamaged IP curve (see Figure 58(b)). 

 
 

(a) (b) 

Figure 58 (a) In-Plane (IP) skeleton curve and (b) cyclic behavior of a typical decoupled infill with INODIS 
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Figure 59 compares the IP backbone curves of a traditional infill (with and without openings), 

located at the first storey of the building in the (a) long and (b) short direction, with those of the 

same infill with decoupling system (INODIS). Decoupled infills show significantly lower 

lateral stiffness than the traditional infills and an apparent ductile behaviour, with a slight post-

peak degrading behaviour. Therefore, decoupling of the infills from the surrounding frame 

achieved by elastomeric profiles strongly limits the interaction between the masonry infills and 

RC frame. 

  
(a) (b) 

Figure 59 IP behaviour of traditional infill vs decoupled infills (with INODIS system) with (a) and without (b) 
openings 

 
As already explained in the previous section, the out-of-plane behaviour of traditional infill 

walls is described by means of the relationships proposed by (Ricci et al., 2018) and 

subsequently updated by (Di Domenico et al. 2021). The trilinear force-displacement skeleton 

curves are implemented in OpenSees (McKenna, 2011) through the Unixial Hysteretic 

Material. The ultimate out-of-plane displacement of the panel is heuristically assumed to be 0.8 

times the thickness of the panel. Therefore, the two leaves exhibit different ultimate 

displacement. For traditional infills, the IP/OOP interaction is defined based on the semi-

empirical relationships derived by (Ricci et al 2018 (b)-(c)). 

The OOP skeleton curves for decoupled infills with INODIS system are tentatively derived in 

this study based on the results of the experimental tests reported in (Marinković et al., 2019), 

together with some additional assumptions concerning the OOP degradation due to very large 

drifts (larger than 3%, see before). A set of trilinear curves is then obtained (see Figure 60) and 

implemented in the model using the Uniaxial Material Hysteretic rule available in OpenSees 

(McKenna, 2011). In total, one undamaged (continuous line in Figure 60) plus 19 damaged 
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skeleton curves (dashed lines in Figure 60) are defined, covering a range of drift values ranging 

from 0 to 4%.  

 

Figure 60 Updated OOP backbone curves 

 
Part of the undamaged curve between points O and A is defined to have the same slope as in 

the Phase 2 of the DIO test where the undamaged infill wall was loaded purely out-of-plane up 

to total out-of-plane force of 35 kN. Furthermore, at the end of this pure out-of-plane phase 

(Phase 2), the measured out-of-plane displacement was about 6 mm. Therefore, for point A the 

out-of-displacement of 6 mm and out-of-plane force of 35 kN were adopted. Even though the 

wall did not experience any cracking, not activation of arching effect, it was decided to define 

that at the force of 35 kN first cracking could be expected which could cause the change of the 

stiffness. One of the reasons for that is that in the Phase 4 of the DIO test arching action was 

activated at the force of 35 kN, but it needs to be taken into account that in-plane drift of 1.8 % 

was applied to the specimen in combination with this out-of-plane force. Therefore, this force 

level could still be considered as an assumption. 

Furthermore, the out-of-plane capacity is estimated to be 50 kN. One of the reasons for that is 

that in the Phase 5 of the DIO test the specimen was able to withstand the force of almost 45 

kN applied in combination with 1.0 % of in-plane drift and after the initiation of first cracking 

that occurred at the in-plane drift of 1.8 % and out-of-plane force of 35 kN at the end of Phase 
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realistic and conservative value. The corresponding displacement for point B of undamaged 

curve is estimated to be equal to 35 mm. 

Since the maximum out-of-plane displacements measured in the DIO test are about 75 mm 

(which was measured when the wall was already highly damaged at the high in-plane drifts (Δ 

= 2-3.5 %), it was decided to fix the ultimate out-of-plane displacement value to 80 mm. 

Out-of-plane curve taking into account simultaneously applied 1.8 % of in-plane drift was 

defined based on the DIO test results and a few assumptions. 

The out-of-plane strength was adopted to be equal to 35 kN as at that level of out-of-plane force 

and 1.8 % drift, the cracking occurred in Phase 4. However, this was not the out-of-plane 

capacity, but the assumption of this value is also on the safe side and the force of 35 kN 

represents the out-of-plane force value that was actually reached in the DIO test. As previously 

mentioned, and reported in Marinković 2018, at the out-of-plane force of 35 kN and in-plane 

drift of 1.8 % in Phase 4, the out-of-plane displacements increased too. Therefore, the value of 

out-of-plane displacement measured at the end of Phase 4 was adopted for point B (26 mm). In 

this way, point B was completely defined according to the real values obtained from the DIO 

test with a rather conservative assumption for out-of-plane capacity.    

The slope of the O-A line was calculated to be the same as the initial slope of the out-of-plane 

force-displacement curve obtained from the Phase 5 of the DIO test. Since in Phase 5 the 

specimen was first loaded in out-of-plane direction, after 1.8 % of drift reached at the end of 

Phase 4, this slope can quite well depict the initial stiffness of decoupled infill previously 

subjected to in-plane drift of 1.8 %. Point A is determined as intersection of the line O-A which 

is defined by its slope and line A-B whose slope is adopted to be equal to the one of the 

undamaged curve.   

The other damaged OOP skeleton curves for decoupled infills with INODIS system curves were 

obtained in the same way; some additional assumptions concerning the OOP degradation due 

to very large drifts (larger than 3%, see before) have been carried out. 

The cyclic degrading parameter of the OOP model is defined based on the previous studies. In 

particular, the parameters governing the shape of the cycles for the Uniaxial Hysteretic Material 

are: (i) β, which controls the stiffness degradation during unloading, (ii) PinchX and PinchY, 

which control the pinching effect. These parameters are calibrated by Noh et al. (2017) by 

comparing numerical and experimental results for infilled RC frames. The values thus obtained 
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are: 0.1, 0.9 and 0.1 for β, PinchX and PinchY, respectively. Damage parameters are not 

considered. The same choice is made in this study. The cyclic behaviour thus obtained is shown 

in Figure 61(a). Figure 61(b) and Figure 61(c) show a single loading / unloading cycle and a 

single loading / unloading / reloading cycle, respectively, for different loading and unloading 

phases. 

 
(a) 

  
(b) 

  
(c) 

Figure 61 Cyclic behavior of the uniaxial hysteretic material used to describe the OOP behaviour of infills: (a) 
full cyclic behavior; (b) single loading / unloading cycle; (c) loading / unloading / reloading cycle. 
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The OOP strength of the infills is reduced to account for the presence of the openings, according 

to the formulation proposed by Mays et al. (1999). Experimental IP/OOP curves are converted 

into building specific IP/OOP curves based on the infill’s cross-section area (for the IP 

behaviour) and infill’s length (for the OOP behaviour). Figure 62 shows the OOP backbone 

curves of typical traditional infill (thick and thin leaf) and decoupled infill with INODIS, used 

for the numerical simulations. 

   
(a) (b) 

   
(c) (d) 

Figure 62 OOP behavior of traditional double-layer infill (blue line) and decoupled infill with INODIS system, 
with openings (a,b) and without openings (c,d) 
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3.4. ANALYSES RESULTS 

3.4.1 Modal analysis 

Modal analysis is performed after the application of gravity loads on the beams. The 

fundamental periods of vibration of the building model in the two orthogonal directions are 

reported in Table 23. Table 23 clearly points out that the presence of decoupled infills does not 

significantly affect the period of vibration of the RC frame. Traditional infills, instead, 

significantly increase the lateral stiffness of the building, thus strongly reducing its fundamental 

periods of vibration. Smaller periods of vibration imply greater seismic accelerations, hence 

higher seismic forces have to be withstood by the structure. 

Table 23. Fundamental periods of vibration 

 Tx(s) Ty(s) 

Bare frame (BF) 1.295 0.967 
Infilled frame with traditional infills (IF) 0.76 0.68 

Infilled frame with decoupled infills (IF-I) 1.203 0.912 

Common infills always increase the stiffness and consequently the seismic input. 

3.4.2 Pushover analyses 

Pushover analysis (POA) is performed to derive the displacement capacity of the case-study 

building associated with some noticeable performance points, such as: (i) first yielding, (ii) 

attainment of peak strength and (iii) 15% reduction of the peak lateral strength. Both modal (M) 

and uniform (U) load patterns are used in the two orthogonal directions (X and Z). Figure 63 

shows the capacity curves derived from POA. The thick lines correspond to the capacity curves 

of the infilled frame while the thin lines represent the contribution of the RC frame only. It is 

interesting to note that (see Figure 64), for the building with decoupled infills, the maximum 

drift associated with the first yielding is lower than 0.5%, while the maximum drift at the peak 

force is around 2%. At 15% drop of the lateral strength of the RC frame, the maximum drift 

exceeds 3% in the X-direction (long direction, with wide openings in the infills), and it is around 

2.5% in the Z-direction (short direction, full infilled without openings). This is in excellent 

agreement with the indications of (Rossetto and Elnashai, 2003). No shear failure due to the 

RC column/masonry infill interaction is observed. 

Figure 63 clearly shows the stiffening contribution of traditional infills, especially in the short 

direction (no openings). The capacity curves of the model with decoupled infills look similar 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
128 

 

to those of the bare frame for the whole range of displacement. As expected, the capacity curves 

of the model with traditional infills tend to overlap the capacity curves of the bare frame for 

large displacements, due to the extensive damage of the masonry infills. 

 

(a) (b) 

(c) (d) 

Figure 63 Pushover curves of the building under consideration: uniform force distribution in X (a) and Z (b) 
direction; modal force distribution in X (c) and Z (d) direction. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 64 Drift profiles associated with (a) first yielding, (b) peak strength and (c) 15% drop of lateral strength 
for INODIS system and traditional infills (d,e,f) 

 

3.4.3 Non-Linear Time-History Analyses 

Non-linear time-history analyses (NTHA) is performed to evaluate the seismic performance of 

the case study building at three different earthquake intensity levels (EQ-IL), with return 

periods equal to 50 years, 500 years and 2500 years. For each seismic intensity 20 pairs of 

bidirectional records are selected; overall, 60 NTHA are performed for each model. 

Figure 65 shows the cyclic behaviour of some structural elements for model with INODIS 

system during the 16th run at 50 yrs EQ-IL, 12th run at 500 yrs EQ-IL and 15th run at 2500 yrs 

EQ-IL, respectively. More precisely, Figure 65 shows the cyclic behaviour of a beam, a column, 

and a beam-column joint located at the 3rd storey of the building. As it can be seen, plastic 

deformations start to develop at 500 yrs EQ-IL. All RC elements experience extensive plastic 

deformations and degradation effects at the highest seismic intensity (2500 yrs EQ-IL).  
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Figure 65 Cyclic behaviour of a 3rd storey beam, column and beam-column joint during run 16 at 50 yrs EQ-IL, 
run 12 at 500 yrs EQ-IL and run 15 at 2500 yrs EQ-IL.  

 
Figure 66 and Figure 67 show the interstorey drift profiles (IDR) derived from NTHA at the 

three EQ-Ils for the model with traditional infills and with decoupled infills, respectively. Grey 

lines represent the maximum values recorded for i-th run, while the black thick line indicates 

the average value over 20 ground motion pairs. On average, maximum drift values of the order 

of 0.2%, 1% and 2% are recorded at 50 yrs EQ-IL, 500 yrs EQ-IL and 2500 yrs EQ-IL, 
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respectively, for both models. It’s interesting to note that at 2500 yrs EQ-IL, 6 out of 20 ground 

motions determine maximum drift values greater than 3% in the X-direction; as explained 

before, this drift value is identified as a threshold for achieving severe structural damage. As it 

can be seen, the IDR profiles feature a marked bulged shape with higher values at the mid-

lower storeys of the building, which increase as seismic intensity increases. As a consequence, 

also the ductility demand tends to remain concentrated in the mid-lower storeys of the building, 

in accordance with what observed in Cardone et al. (2017). 

Figure 68 compares the average maximum drift profiles obtained at each seismic intensity in 

the two directions. At low intensities the model with traditional infills shows lower drift profiles 

due to the higher lateral stiffness of the infills. With the occurrence of damage in traditional 

infills, the drift profiles tend to be similar to each other. This is because the contribution of 

traditional infills to the frame lateral stiffness is significantly decreased or even completely lost, 

depending on the damage level on traditional infills. Due to this, traditionally infilled RC frames 

tend to behave like bare frames for higher intensities. On the other side, decoupled masonry 

infills with INODIS system do not affect the lateral stiffness of frame structures and their 

behaviour is almost the same as the one of bare RC frames. Therefore, especially for stronger 

earthquakes (high intensities), drift profiles of frames infilled with traditional and decoupled 

system are similar. However, traditional infills are severely damaged or destroyed, while 

decoupled infills remain mostly inactive.  
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50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

   
(a) 

   
(b) 

Figure 66 Drift profiles obtained from the analysis: (a) X-direction (long side); (b) Z-direction (short side) of the 
model with traditional infills 
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50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

   
(a) 

   
(b) 

Figure 67 Drift profiles obtained from the analysis: (a) X-direction (long side); (b) Z-direction (short side) of the 
model with decoupled infills 
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50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

Figure 68 Comparison of average drift profiles at different seismic intensities in the two directions 

 
Figure 69 and Figure 70 compare the average values of the maximum floor accelerations, 

maximum mid-floor accelerations (mean between ith and i+1th storey) and the maximum 

accelerations recorded in the center of the infills, evaluated along two verticals of the building, 

located in the long (V1) and short (V2) direction, respectively. Generally speaking, greater 

accelerations (compared to floor accelerations) are observed for the infills with openings (V1), 

especially in the middle storeys of the building, probably due to the closer frequencies of the 

walls with openings to the building frequencies. On the other hand, no particular differences 

are observed between maximum floor accelerations and maximum infill accelerations on the 

short side of the building (V2), where there are no openings. 
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 50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

V1 

   

V2 

   
 

Figure 69 Comparison between maximum floor accelerations and maximum infill accelerations for the model 
with traditional infills. The pink dashed lines correspond to the Sa(T*=1s). 

 
 

 

 

 

 

 

 

 

0

1

2

3

4

5

6

0.00 0.10 0.20 0.30

S
to

re
y 

(-
)

ACC_Z (g)

0

1

2

3

4

5

6

0.00 0.50 1.00

S
to

re
y 

(-
)

ACC_Z (g)

0

1

2

3

4

5

6

0.00 0.50 1.00 1.50

S
to

re
y 

(-
)

ACC_Z (g)

0

1

2

3

4

5

6

0.00 0.10 0.20 0.30

S
to

re
y 

(-
)

ACC_X (g)

0

1

2

3

4

5

6

0.00 0.50 1.00

S
to

re
y 

(-
)

ACC_X (g)

0

1

2

3

4

5

6

0.00 0.50 1.00 1.50

S
to

re
y 

(-
)

ACC_X (g)

Floor accelerations Mid Floor accelerations Infill accelerations Sa (T*=1s) 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
136 

 

 

 50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

V1 

V2 

Figure 70 Comparison between maximum floor accelerations and maximum infill accelerations for the model 
with decoupled infills. The pink dashed lines correspond to the Sa(T*=1s) 

 

Figure 71 compares the average maximum storey accelerations (out of 20 accelerograms) 

recorded for each seismic intensity for the two models examined: being more rigid, the models 

with traditional infills exhibit greater accelerations at low seismic intensities; the trend then 

changes passing to higher intensities, where the profiles become almost comparable, due to the 

damage of traditional infills. 

Figure 72 shows the typical cyclic behaviour of one traditional infill experiencing the out-of-

plane collapse. The infill is located at the first storey of the building. The OOP collapse is 

mainly due to the severe damage suffered in the IP direction. The infill undergoes a maximum 

interstorey drift of 2% and then collapses in the out-of-plane due to a maximum acceleration of 

1.95g. The OOP stiffness/strength degradation due to the high values of interstorey drifts 

reached is the main reason for the OOP collapse. This example clearly proves the effectiveness 
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and importance of the algorithm implemented in Opensees (McKenna, 2011) in capturing the 

IP/OOP interaction of masonry infills during seismic events.   

 

50 yrs EQ-IL (0.073g) 500 yrs EQ-IL (0.365g) 2500 yrs EQ-IL (0.855g) 

   
(a) 

   

(b) 

Figure 71 Comparison in terms of average (out of 20 accelerograms) maximum storey accelerations, at different 
seismic intensities 
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Figure 72 Typical cyclic behavior of infills experiencing OOP collapse (1st storey infill; run11 at 2500 yrs EQ-
IL). 

 

Figure 73 identifies some remarkable performance points, related to different damage levels of 

the infills: (i) IP / OOP first cracking (yellow), (ii) attainment of IP / OOP peak force (orange), 

(iii) IP / OOP severe damage (light blue), conventionally assumed to occur when a drop of 20% 

in the peak force of the current (degraded) backbone curve is reached, (iv) OOP collapse (red) 

and (v) IP collapse (dark green). Performance points are used to describe the damage scenario 

of the two building models (Table 24-Table 25). 

 

(a) (b) (c) 

Figure 73 Remarkable performance points: IP behaviour for (a) INODIS system and (b) traditional infills; OOP 
behaviour of both (c) 
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The only performance point for INODIS system in the IP direction is represented by the onset 

of the IP damage due to severe damage in the adjacent RC frame (grey in Figure 73); as 

anticipated, at this point, actions are needed to restore the decoupling panel in its original 

position and replace some connections. 

 The aforesaid performance points are monitored taking into account the maximum IP / OOP 

displacements attained in the last step of NTHA, i.e. with reference to the last available 

degraded backbone curve. 

Figure 74 and Figure 75 give an overview of infill collapses recorded at 500 yrs EQ-IL (a) and 

2500 yrs EQ-IL, respectively, for the model with decoupled infills (with INODIS system) (left) 

and the model with traditional infills (right). Figure 74 and Figure 75 confirm the great 

effectiveness of the INODIS system in protection of the infills from the IP / OOP damage. The 

OOP collapse is recorded only for 3 ground motions out of 20 at 2500 yrs EQ-IL and only in 

the long direction (with openings), involving infills located on the lower storeys of the 

buildings. The number of the OOP collapses is very small compared to the number of the events 

(20) thus highlighting a low probability of occurrence of the phenomenon. 

At 500 yrs EQ-IL there is no collapse for the model with decoupled infills, neither in-plane nor 

out-of-plane. At 500 yrs EQ-IL, only a few infills undergo out-of-service conditions due to the 

severe damage to the adjacent structural elements. For the model with traditional infills, the 

OOP collapses already occur at 500 yrs EQ-IL, at the mid-storeys of the building, especially in 

the long direction; at 2500 yrs EQ-IL, the percentage of collapses (IP and OOP) is very high (> 

50%) and comparable in both directions. 
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                    OOP COLLAPSE            IP COLLAPSE               ONSET OF IP DAMAGE(INODIS) 
INODIS TRADITIONAL 

  
(a) 

  
(b) 

Figure 74 IP and OOP collapses of infills recorded at 500 yrs EQ-IL (a) and 2500 yrs EQ-IL (b) (infills with 
openings located on the long side of the building) 
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                    OOP COLLAPSE            IP COLLAPSE               ONSET OF IP DAMAGE(INODIS) 
INODIS TRADITIONAL 

  
(a) 

  
(b) 

Figure 75 IP and OOP collapses of infills recorded at 500 yrs EQ-IL (a) and 2500 yrs EQ-IL (b) (infills without 
openings located on the short side of the building)
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Table 24. Percentage of infills exceeding different levels of IP damage (from first cracking to collapse) for the model with traditional infills and with decoupled infills, 
respectively. 

TRADITIONAL INFILL INODIS SYSTEM 
 X-direction (long side) Z-direction (short side) X-direction (long side) Z-direction (short side) 

 
repairable 

damage 

not repairable 

damage 
repairable 

damage 
not repairable 

damage 
repairable 

damage 
not repairable 

damage 

repairable 

damage 
not repairable 

damage 

  
IP      

first 
crack 

IP  
peak  
force 

IP  
20%  
drop 

IP  
coll. 

IP  
first  

crack 

IP  
peak  
force 

IP  
20%  
drop 

IP  
coll. 

IP        
first  

crack 

Onset of 
significant 
IP damage 

IP 
coll. 

IP        
first  

crack 

Onset of 
significant 
IP damage 

IP 
coll. 

500 yrs EQ-IL 100.0% 97.5% 72.5% 2.5% 84.2% 58.3% 19.2% - 0.8% - - - - - 

2500 yrs EQ-IL 100.0% 100.0% 91.7% 43.8% 96.7% 86.7% 75.0% 23.3% 22.5% 9.2% - 5.8% 3.3% - 
 

Table 25. Percentage of infills exceeding different levels of OOP damage (from first cracking to collapse) for the model with traditional infills and with decoupled infills, 
respectively. 

 TRADITIONAL INFILL INODIS SYSTEM 
 X-direction (long side) Z-direction (short side) X-direction (long side) Z-direction (short side) 

 
repairable 

damage 
not repairable 

damage 
repairable 

damage 
not repairable 

damage 
repairable 

damage 
not repairable 

damage 
repairable 

damage 
not repairable 

damage 

 
OOP       
first 

crack 

OOP  
peak  
force 

OOP  
20%  
drop 

OOP 
coll. 

OOP       
first  

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

500 yrs EQ-IL 10.6% 9.8% 9.8% 9.8% 5.0% 4.7% 4.7% 4.7% 2.2% - - - - - - - 

2500 yrs EQ-IL 40.6% 32.3% 32.0% 20.4% 46.8% 38.3% 38.1% 33.5% 14.0% 2.6% 2.6% 2.2% - - - - 
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Table 24 and Table 25 point out the global damage scenario of the building (related to the infills 

only). The percentages reported in Table 24 and Table 25, indeed, refer to the totality of 

masonry infills. At medium-high seismic intensities (500 yrs EQ-IL), more than 70% of 

traditional infills in the long direction experience a 20% drop in strength; at very high seismic 

intensities (2500 yrs EQ-IL), the IP collapse involves almost 50% of traditional infills in the 

long direction of the building. On the other side, less than 5 % (10 %) of decoupled infills 

experience significant IP damage in long (short) direction of the building, respectively, because 

of severe damage in the adjacent RC members. It is noted that, while the IP damage evolves 

quite gradually, the OOP collapse in traditional infills follows the first cracking quite abruptly.  
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3.5. SUMMARY AND RESULTS 

This section presents the results of the investigation of seismic performance of RC frame 

building, where the infills are decoupled using INODIS system. In the previous studies, the 

benefits of the INODIS system were shown on a full-scale experimental test on one infilled 

frame (Marinković and Butenweg 2019) and corresponding numerical simulations (Marinković 

and Butenweg 2022). However, in this article the first investigation conducted to confirm the 

benefits of the INODIS system on a building level is carried out. In order to compare the 

behaviour of the traditional double-layer infills and behaviour of modern single-layer infills 

with the INODIS system, numerical simulations are performed in the software Opensees 

(McKenna, 2011). A typical 6-storey residential building realized in Italy in the ‘90s is used as 

a case-study building. Location of case-study building is in the city of L’Aquila. The building 

model is subjected to modal, pushover and NTHA analyses. 

Results of modal analysis clearly show that the periods of vibration of the RC frame building 

remain virtually unchanged when decoupled infills with INODIS system are installed. On the 

other side, due to the rigid connections of traditional infills to the surrounding RC frame, 

significantly higher lateral stiffness of the building is achieved in comparison to the bare RC 

frame structure. For RC frame building with traditional infills this results in strongly reduced 

fundamental period of vibration and completely different dynamic characteristics in 

comparison to those estimated for bare RC frame in the building design. As decoupled infills 

affect fundamental periods only slightly, such misestimating of dynamic characteristics is not 

possible for RC buildings with INODIS system.  

Furthermore, in pushover analysis, capacity curves for bare frame, frame with traditional and 

decoupled infill configuration are obtained. These results show further advantages of the 

INODIS system. While the capacity curves of the model with decoupled infills look similar to 

those of the bare frame for the whole range of displacement, traditional infills contribute 

significantly to the frame stiffness. However, for large displacements, the capacity curves of 

the model with traditional infills tend to overlap the capacity curves of the bare frame, due to 

the extensive damage of the masonry infills. 

For the NTHA, three different earthquake intensity levels, with return periods equal to 50, 500 

and 2500 years, are chosen. A total of 20 pairs of bidirectional records are selected for each 
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seismic intensity. Results of NTHA show that the INODIS system can successfully prevent 

dangerous OOP failure modes caused by the IP-OOP interaction. Traditional infills already 

experience the OOP collapse at 500 yrs EQ-IL. At 2500 yrs EQ-IL the percentage of traditional 

infills that collapse in the OOP direction is 20.4 % and 33.5 % in the long and short building 

direction, respectively. On contrary, no OOP collapse occurs for infills with the INODIS system 

at 500 yrs EQ-IL, while only 2.2 % of the wall collapses at the long side, for the 2500 yrs EQ-

IL. The collapse of the traditional infills in the OOP direction takes place in the mid- and lower 

storeys of building due to the pronounced interaction of IP and OOP loading. At these storeys, 

the OOP capacity is significantly decreased due to the high IP loads. On the other side, OOP 

capacity of decoupled infills is reduced only at very high IP drifts, due to the delayed activation 

of masonry infills. Moreover, due to the infill-frame interaction, traditional infills suffer IP 

collapse already for the rare earthquakes (500 yrs EQ-IL), while the IP collapse is quite 

prominent for the 2500 yrs EQ-IL. On contrary, no IP collapse occurs for the INODIS system, 

for all the recorded earthquakes.  

This study clearly points that the application of the INODIS system significantly improves the 

seismic performance of masonry infilled RC frame buildings, but only in terms of damage to 

the infills and not in general to the whole frame performance. The reduced damage to non-

structural elements leads to the smaller need for the wall repairment after the earthquakes, 

which shows the high economic benefits when using cost-efficient INODIS system. 
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SECTION 4: 
COMPARISON OF RESULTS 
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4.1 SEISMIC PERFORMANCE 

As already mentioned, the building presented in section 3 has been studied in three different 

configurations. The first is the as built configuration (fixed-base with double layer traditional 

infills in Figure 76a); two different seismic improving techniques have been proposed: (i) 

hybrid base isolation system (Figure 76b) and (ii) replacement of traditional infills with 

innovative ones with decoupling system (Figure 76c). 

   

  

 

(a) (b) (c) 

Figure 76 Three different building configurations examined: (a) fixed-base with double layer traditional infills; 
(b) fixed-base with decoupling infill; (c) base isolated configuration 

Starting to the performance points in Figure 73, a damage level (related to the infills only) 

comparison between the three configurations is shown in the Table 26 and Table 27. 

The percentages reported in Table 26 and Table 27 refer to the totality of masonry infills and 

represent the percentage of infills (average over 20 ground motion pairs) that experience one 

of the performance points by Figure 73 .  

At low seismic intensities (50 yrs EQ-IL) both systems are fully efficient; in fact, as expected, 

not a single layer infill exceeds even the first crack both in plane and out of plane direction; at 

medium-high seismic intensities (500 yrs EQ-IL), less than 10% (5%) of traditional infills in 
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the long (short) direction reaches the peak force but a significant percentage (above 30%) 

exceeds the first cracking. At very high seismic intensities (2500 yrs EQ-IL), the IP collapse 

involves less than 10% of traditional infills in the long direction of the base isolated building. 

Compared to the solution with the decoupling system, at 2500 yrs EQ-IL the isolation system 

protects infill walls less from in-plane damage but it is highly performing at all seismic 

intensities for protection to out of plane damage. 

Figure 77 and Figure 78 show the damage levels achieved on a typical traditional infill 

subjected to experimental tests in the literature (reported in Hak et al, 2013 and Di Domenico, 

2018) in plane and out of plane respectively. In both cases it can be assumed that: 

(i) before reaching point A (first cracking, approximately equal to 65% of the peak 

force) the panels are not damaged; 

(ii) between point A and point A* (approximately equal to 85% of the peak strength) 

the range of light repairable damage is defined: it is an aesthetic, marginal damage 

whose repair is usually postponed during ordinary maintenance interventions; 

(iii) between point A* and point C (approximately equal to 20% drop of the peak force) 

the range of repairable damage is defined; 

(iv) beyond point C the range of not repairable damage is defined, including the out-of-

service of decoupled infills due to severe damage in the adjacent structural elements.
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Table 26. Percentage of infills exceeding different levels of IP damage (from first cracking to collapse) for the three models examined  

 TRADITIONAL INFILL INODIS SYSTEM ISOLATION SYSTEM 

 X-direction (long side) Z-direction (short side) X-direction (long side) 
Z-direction (short 

side) 
X-direction (long side) Z-direction (short side) 

  
IP      

first 
crack 

IP peak 
force 

IP 
20% 
drop 

IP 
coll. 

IP       
first 

crack 

IP 
peak 
force 

IP 
20% 
drop 

IP 
coll. 

IP       
first 

crack 

Onset 
of IP 

damage 

IP 
coll. 

IP       
first 

crack 

Onset 
of IP 

damage 

IP 
coll. 

IP      
first 

crack 

IP 
peak 
force 

IP 
20% 
drop 

IP 
coll. 

IP       
first 

crack 

IP 
peak 
force 

IP 
20% 
drop 

IP 
coll. 

50 yrs 

EQ-IL 
61.7% 35.0% - - 7.5% - - - - - - - - - - - - - - - - - 

500 yrs 

EQ-IL 
100.0% 97.5% 72.5% 2.5% 84.2% 58.3% 19.2% - 0.8% - - - - - 42.5% 7.5% 4.2% - 9.2% 2.5% 2.5% - 

2500 yrs 

EQ-IL 
100.0% 100.0% 91.7% 43.8% 96.7% 86.7% 75.0% 23.3% 22.5% 9.2% - 5.8% 3.3% - 92.5% 64.2% 47.1% 6.7% 43.3% 36.7% 15.8% - 

 

Table 27. Percentage of infills exceeding different levels of OOP damage (from first cracking to collapse) for the three models examined 

 TRADITIONAL INFILL INODIS SYSTEM ISOLATION SYSTEM 

 X-direction (long side) Z-direction (short side) X-direction (long side) Z-direction (short side) X-direction (long side) Z-direction (short side) 

 
OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

OOP       
first 

crack 

OOP 
peak 
force 

OOP 
20% 
drop 

OOP 
coll. 

50 yrs 

EQ-IL 
- - - - - - - - - - - - - - - - - - - - - - - - 

500 yrs 

EQ-IL 
10.6% 9.8% 9.8% 9.8% 5.0% 4.7% 4.7% 4.7% 2.2% - - - - - - - 1.0% 0.8% 0.7% - - - - - 

2500 yrs 

EQ-IL 
40.6% 32.3% 32.0% 20.4% 46.8% 38.3% 38.1% 33.5% 14.0% 2.6% 2.6% 2.2% - - - - 1.1% 0.9% 0.9% - 3.1% 1.7% 1.4%  
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Figure 77 Definition of In Plane Damage Levels for traditional infills 
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Beyond Point C: not repairable damage 

Figure 78 Definition of Out of Plane Damage Levels for traditional infills 
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Concerning modern decoupling infills, however, as explained in section 3, the damage to the 

non-structural element can essentially always be considered repairable up to a limit drift 

assumed to be equal to 3%. Beyond this threshold, it is considered not-reparable damage 

because the frame begins to be significantly damaged; moreover, at this point, actions are 

needed to restore the decoupling panel in its original position and replace some connections. 

Figure 79(a) shows total percentages of infills experiencing light repairable, repairable and not-

repairable damage in the three configurations of the analyzed building; the percentages shown 

exclude any overlaps between the two directions of analysis. A detail is also proposed for each 

single seismic intensity: low Figure 79(b)  , medium Figure 79(c) , high Figure 79(d) 

respectively. 

Aggregating the IP and OOP damage and referring to the entire building (long and short 

direction), it can be observed that (see Figure 79) decoupled infills guarantees the absence of 

any significant damage for rare earthquakes (500 years of return period) and the reduction of 

not-repairable damage from around 85% to around 15% of the infills for very rare earthquakes 

(2500 years return period). On the other hand, for very frequent earthquakes (50 years of return 

period) over 40% of the traditional infills show damage, mor then half of which is not-light. In 

the base isolated building, the light damage of the (traditional) infills is the greatest for 

earthquakes with a return period of 500 years. At the maximum intensity analysed (2500 years 

of return period) the seismic isolation system provides a significant reduction (≈50%) in not 

repairable damage compared to the fixed base configuration but it’s less performing than the 

INODIS system.  In fact, starting from this seismic intensity, the isolation system (which is 

designed for earthquakes with a return period of 1000 years) shows the first failures which 

therefore make it inefficient. This confirms what has already been partially stated in section 2; 

in fact, the Italian seismic code provides for base isolated buildings the satisfaction of the 

following checks: 

(i) verification of non-structural elements for earthquakes with a return period of 50 

years; 

(ii) verification of the life safety for earthquakes with a return period of 500 years; 

(iii) verification of the isolation system for earthquakes with a return period of 1000 

years 

(iv) different GMPEs have been used  
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It is easy to see that the condition (i) is guaranteed with a much wider margin than the minimum 

standard requirement; in fact, the first significant non-structural damage occurs at a return 

period ten times higher than that required by the seismic code. On the other hand, the margin 

with respect to the collapse is much less marked. 

 

 

(a) 

50 yrs EQ-IL 500 yrs EQ-IL 2500 yrs EQ-IL 

   
(b) (c) (d) 

Figure 79 Total percentages of infills experiencing light repairable, repairable and not-repairable damage 
(figures obtained by aggregating IP and OOP damage without overlaps, over the entire building): (a) global 

view; (b) low seismic intensity; (c) medium seismic intensity and (c) high seismic intensity 
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4.2 ECONOMIC ISSUES 

A preliminary cost analysis is presented below, to make an economic comparison between the 

three configurations (fixed-base, base isolated and with decoupling infills) of the examined 

building. 

In particular, it is essential to note that the proposed evaluation concerns only the non-structural 

elements and does not include the Reinforced Concrete (RC) frame in the calculation. 

From the study of the behaviour under monotonic load of the traditional masonry infill walls 

shown in Figure 77 it is possible to identify the typical cracking/damage models, to be 

considered for repair intervention in the cost evaluation. 

Consequentially, a number of damage states (DSs) have been defined to characterize damage 

development in masonry infill walls. Damage states are defined by observations on extent and 

severity of cracking, failure of brick units, damage on frames (windows, French windows and 

doors), etc., supported and/or complemented by other macroscopic damage indicators, such as 

the attainment of the peak force or given strength reduction ratios.  

According to European Macroseismic Scale (EMS-98), as reported in De Risi et al. 2019, the 

selected damage states can generally be described as follow Table 28: 

Table 28 Damage description according to European Macroseismic Scale (EMS-98) 

DS Damage Description 

 

DS0 No Damage 

DS1 
Negligible to Slight damage: 

Fine cracks in partitions and infills. 

DS2 
Moderate damage: 

Cracks in partition and infill walls 

DS3 
Substantial to Heavy damage: 

Large cracks in partition and infill walls, 
failure of individual infill panels 

Table 28 also locates the defined Damage States on a generic in-plane backbone of a traditional 

masonry infill wall. 
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De Risi et al. 2019 gives a detailed cost analysis related to the main operations in repairing a 

single infill panel damaged during a seismic event has to be defined.  

The unit cost of each elementary operation to restore the infill panel to its undamaged state has 

been evaluated from the Price List of Public Works in Abruzzi Region. 

According to the definition of EMS-98, the total failure of the infill is included in DS3. 

Table 29 shows the repair costs for double leaf hollow clay briks reported in De Risi et al, 2019 

for three panel typologies (with and without openings, whit windows opening or with door 

opening).  

Table 29 Repair costs for double leaf hollow clay briks (De Risi et. Al 2019) 

Hollow+Hollow Clay briks 
(€/m2) 

CDS0 CDS1 CDS2 CDS3 

Solid Panel 0 77.0 105.3 285.8 

Panel with window 0 73.0 101.3 331.4 

Panel with door 0 69.2 97.4 374.9 

However, these costs mainly refer to in plane damage of the infill neglecting the increase due 

to overlapping out-of-plane damage. About that, Figure 80 shows the results of experimental 

tests carried out by Abrams et al., 1996 in order to evaluate the effect of in-plane damage on 

out-of-plane strength of the infill.  

Masonry infills cracked in the in -plane and in the out-of-plane directions following the path of 

least resistance including reopening of previously formed cracks as well as forming new cracks 

as shown in  Figure 80 (compare figures in column "a", and "b"). In-plane and out-of-plane 

cracks far each specimen compared favorably.  

The formation of the final crack pattern observed less resistance by the previously cracked 

specimens. Tue resistance by the masonry decreased because of the presence of existing cracks 

that just re-open during the test; new cracks were created as the out-of-plane loadings increased. 

Therefore, an increase in damage of about 15% is assumed. 

As a result, the repair costs shown in Table 29 will be considered increased by approximately 

15% below. 
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Finally, for simplicity, the cost of repositioning the INODIS system was assumed to be equal 

to the cost of installing a PVC window frame. 

PRE-EXISTING CONDITION 
(after in-plane loading) 

FINAL CONDITION 
(after out-of-plane loading) 

  
Specimen 2a Brick Infill h/t=34 Specimen 2b Brick Infill h/t=34 

  
Specimen 3a Brick Infill h/t=34  Specimen 3b Brick Infill h/t=34  

  
Specimen 7a Brick Infill h/t=18 Specimen 7b Brick Infill h/t=18 

(a) (b) 

Figure 80 Crack pattern after In-Plane and after Out-Of-Plane Loading (Abrams et al., 1996) 

Figure 81(b) shows the retrofit costs relating to the two systems proposed in this study. 

In particular, it should be remembered that the two strategies are applied to the same existing 

structure, initially assumed to be undamaged.  

The two proposed interventions include: 

(i) installation of the isolation system preserving the double-layer infills on the as-built 

building; 
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(ii)  complete replacement of the as-built double-layer infills with the innovative 

decoupled ones (INODIS system). 

Obviously, solution (i) is a purely structural intervention (and therefore the cost also relates to 

a structural intervention). However, the performance is always evaluated considering the 

response of the non-structural elements only. 

  
(a) (b) 

Figure 81 Repair (a) and Retrofit (b) Costs 

In particular, according to Cardone et al., 2017 a retrofit cost with seismic isolation ranging 

from approximately 600 to 700 €/m2 (corresponding to approximately 8,000-9,000 €/column), 

as a function of the height of the building and isolation type, has been thus obtained.  

It should be noted that the retrofit costs herein considered do not include the costs related to 

design activities, permitting processes, administration, management, and financing, which may 

increase considerably the costs of the intervention. Therefore, the aforesaid estimates provide 

a lower bound on the actual cost of intervention.  

For the decoupled infills, instead, an extra cost of around 20% was considered, compared to the 

construction cost of a traditional infill.  

This is very interesting and, where the seismic isolation is not suitable, INODIS system is one 

of the most effective ways to take action. However, isolation system guarantees not only the 

infill protection, but also all the acceleration susceptible components and the structure 

protection, while INODIS improve only infill performance. 
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This assessment is in agreement with what is stated in Cardone et al., 2017. The retrofit cost of 

the INODIS system, for the assumptions made in this study, includes the previous demolition 

of the pre-existing traditional infill walls and the construction of new decoupling infills, on the 

entire building. It should be noted that this is a purely theoretical assumption, which is badly 

placed in a realistic context, in which the intervention to be proposed would have been 

specifically requested for the most vulnerable floors of the building. For this reason, it can still 

be said that the two systems substantially show a comparable retrofit cost, but neglecting 

indirect costs due to downtime and ancillary work. 

However, in this case, a vertical irregularity could cause the system to activate soft floor 

mechanisms if the intervention is limited to a single storey of the building.  

Generally speaking, however, non-linear dynamic analyses presented in section 1 show that the 

greatest damage to the infill walls is concentrated in the medium-low floors of the buildings 

(where, among other things, the greatest inter-floor drifts are recorded) and almost never on a 

single floor. In these terms, therefore, the intervention could potentially exclude the highest 

storeys of the building, where the drift requests are probabilistically smaller; on the other hand, 

however, the higher accelerations are usually recorded on the upper storeys, which could in any 

case favour the out of plane collapse of the infills. 

Consequently, limiting the intervention to a single portion of the building could both cause a 

drastic modification of the structural behaviour (which should be studied for each specific case, 

based on the geometry and stiffness of the structure) and not fully protect the non-structural 

elements of the buildings. 

Therefore, to avoid changes in the structural response of the building, seismic isolation should 

be preferred as a retrofit intervention, unless the replacement of the panels extends to the whole 

building. 

Furthermore, installation of isolation system is certainly non-invasive compared to infills 

replacement; in fact, this second intervention strategy provides for the preventive demolition of 

existing ones and the obligation of the occupants to leave their homes during the works. 

Probably, the innovative decoupled infills would be more functional for new buildings, 

compared to a retrofit intervention. The advantage of seismic isolation as a retrofit intervention 

is its non-invasiveness; on the contrary, the great invasiveness of the infills replacing and the 



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
160 

 

possible consequences linked to an application not extended to all storeys, suggest probably 

that it is a more suitable solution for new rather than existing buildings. 

Figure 81(a) shows the repair costs related to the three seismic intensities considered, in the 

three different configurations of the building. In the same figure, the dots represent the average 

value calculated on 20 ground motion pairs, while the lines represent the minimum and the 

maximum values for each seismic intensity. For Fixed-Base building, it is necessary to spend 

on average of around 50000 € to repair the damage caused by an earthquake with a high 

probability of occurrence (return period equal to 50 years), around 250000 € (over 300000 €) 

for an earthquake of medium (high) intensity.  

With the isolation system, the repair costs are completely zero for very frequent earthquakes 

(Rp=50 yrs) and are reduced by about 90% and 50% compared to the building with the fixed 

base configuration for rare (Rp=500 yrs) and very rare (Rp=2500 yrs) earthquakes respectively. 

By the INODIS system, up to return periods of 500 years, repair costs are practically zero and 

do not exceed the threshold of about 50000€ for earthquakes with return period equal to 2500 

years. 

Figure 81(a) also shows the variability of the result obtained, essentially linked to the ground 

motion pairs using during the non-linear dynamic analysis. 

Base Isolated technique halves the repair costs at the maximum intensity investigated. 

Under 500 years return period, repair costs are almost zero for both innovative technique; 

seismic isolation appears slightly less performing than decoupling infills, but: (i) isolation 

system was designed for 1000 years return period seismic intensity; (ii) decoupled infills were 

designed for new buildings and are oversized for the existing building under consideration. 

Moreover, generally speaking, compared to the local strengthening measures, seismic isolation 

is a less invasive technique that allows limiting the intervention at the level of the isolation 

system only, preserving the integrity of the other parts of the structure. Another great advantage 

of seismic isolation is that it guarantees the full serviceability of the building immediately after 

the seismic event, thanks to a high level of protection of the structure and its content. 
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CONCLUSIONS AND FURTHER 
DEVELOPMENTS 
The main focus of the present doctoral dissertation was the study of the seismic response of 

masonry infill walls, considering alternative techniques and approaches to improve their 

performance. 

The numerical investigations performed herein allowed to identify many parameters which 

influence the seismic response of these non-structural elements, considering different 

superstructure characteristics, isolation system types and infill technologies. The research 

covered a large number of case study structures analyzed by employing complex non-linear 

models.   

More than 3,000 analyses (between Modal Analyses, Pushover Analyses (POA) and Nonlinear 

Time History Analyses (NTHA) have been performed within this research work considering a 

wide range of seismic intensities. Results from all the analyses pointed out the fundamental role 

of the infills in determining the seismic performance of the structures.  

The main findings and conclusions drawn from this work are here summarized. 

In the first section, seven archetype buildings, differing in terms of age of construction (‘50s to 

‘90s), number of storeys (from 4 to 8), seismic design approach (gravity loads design, low 

seismic forces with substandard details, modern seismic design) and type of masonry infills 

(thin double-layers infills with inner cavity and thick single-layer infills) have been analyzed. 

The building models have been located in two different sites (Napoli and L’Aquila), featuring 

moderate and high seismic hazard for Italy, respectively. 

Extensive Nonlinear response-Time History Analysis (NTHA) have been carried out for ten 

earthquake intensity levels, with return periods ranging from 30 years to 5000 years. Seismic 

performances have been evaluated considering two different Performance Levels (PLs), 

referred to as: Usability Preventing Damage (UPD), and Life Safety (LS). NTHA have been 

repeated considering a non-degrading IP-only model for infills, in order to assess the relevance 

of the IP/OOP interaction and degrading behavior of masonry infills towards the seismic 

performance of RC frame buildings. Code-conforming simplified approaches, adopted in 
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current practice, have been considered for the models without IP/OOP interaction, in order to 

check a-posteriori the OOP collapse of infills. 

Based on the results of this study, the following main conclusions can be drawn. 

Although the slenderness ratio (h/t) is the main parameter governing the OOP behavior of URM 

infills, also the in-plane damage plays a fundamental role towards the OOP seismic 

performance of the infills; the OOP collapse mechanism results particularly relevant for double-

layer infills characterized by relatively high values of slenderness (t/h≈ 25 ÷30); single-layer 

infills, characterized by relatively low values of the slenderness (t/h≈ 8 ÷10), are little affected 

by IP/OOP interaction.  

Considering the IP/OOP interaction of URM infills in the numerical model can significantly 

affect the seismic performance of the RC buildings in terms of LS (Life Safety) performance 

level. 

The simplified approaches proposed in the modern codes for the safety verification of the OOP 

collapse mechanisms of infills can significantly overestimate (ref. to FEMA-306/NZSEE-2017) 

or underestimate (ref. to EC6) the number of OOP collapses. 

The analyzed case studies in the second section, comprise six archetype residential RC 

buildings differing for construction periods (1950s-60s, 1970s, 1980s-90s) and design approach 

(Gravity Load Design, GLD, and Seismic Load Design, SLD, based on old technical standards). 

The analyses have been performed within the RINTC research project on existing RC buildings 

retrofitted with seismic isolators according to the Italian minimum code requirements.  

GLD buildings are supposed to be located in the city of Naples (characterized by medium 

seismic hazard for Italy), SLD buildings are supposed to be located in the city of L’Aquila 

(characterized by high seismic hazard for Italy). Isolation systems have been designed to avoid 

any superstructural damage up to the Life safety Limit State (LLS), in accordance with the 

current Italian Seismic Code. All case studies have been assessed by means of Multi Stripe 

nonlinear time history Analysis (MSA), computing the annual failure rates for two performance 

levels, namely Global Collapse (GC) and Usability Preventing Damage (UPD). As base-

isolated buildings are in-series systems (being composed by the isolation system and the 

superstructure) and isolation devices can undergo different failure modes, a multi-criteria 

approach has been followed for the definition of the aforesaid performance levels. One of the 
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most advanced numerical model currently available for the description of the nonlinear cyclic 

behaviour of HDRBs (namely the Kikuchi Bearing element implemented in OpenSees) has 

been used in the analyses, due to its capability of simulating the behaviour of HDRBs under 

large displacements and high axial loads. The model parameters have been calibrated against 

experimental results of an extensive experimental investigation.  

All the results concerning the usability-preventing performance level point out that all isolation 

systems work effectively in limiting the building damage for seismic intensities much higher 

than the intensity level considered in the design (corresponding to return period (Rp) equal to 

50 years), but they are characterized by a little margin beyond the intensity level considered in 

their seismic design (corresponding to 1000 years return period). 

This limited margin associated with the collapse failure of base-isolated structures seems to be 

related to the optimized design of the isolation system and the lower margin of safety with 

respect to collapse beyond the maximum design displacement. 

Moreover, the seismic performances of retrofitted base-isolated structures are significantly 

affected of the site hazard (the buildings located in moderate seismicity regions show larger 

safety margins than those located in high seismicity regions). 

Therefore, more detailed and specific indications about the safety margins to be assumed in the 

retrofit of existing buildings with seismic isolation should be given by current design Codes in 

order to avoid poor performance for earth-quake intensity levels greater than design. The 

indications should be tailored for different base-isolation systems and should be different for 

low, medium and high seismic zones in order to get homogeneous reliability levels. 

In the section three the first investigation conducted to confirm the benefits of the INODIS 

system on a building level is carried out. In order to compare the behaviour of the traditional 

double-layer infills and behaviour of modern single-layer infills with the INODIS system, 

numerical simulations are performed in the software Opensees. A typical 6-storey residential 

building realized in Italy in the ‘90s is used as a case-study building. Location of case-study 

building is in the city of L’Aquila. The building model is subjected to modal, pushover and 

NTHA analyses. 
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Results of NTHA show that the INODIS system can successfully prevent dangerous OOP 

failure modes caused by the IP-OOP interaction. Traditional infills already experience the OOP 

collapse at 500 years earthquake intensity level (yrs EQ-IL). On contrary, no OOP collapse 

occurs for infills with the INODIS system at 500 yrs EQ-IL. OOP capacity of decoupled infills 

is reduced only at very high IP drifts, due to the delayed activation of masonry infills. Moreover, 

due to the infill-frame interaction, traditional infills suffer IP collapse already for the rare 

earthquakes (500 yrs EQ-IL), while the IP collapse is quite prominent for the 2500 yrs EQ-IL. 

On contrary, no IP collapse occurs for the INODIS system, for all earthquakes considered.  

The use of decoupled infills guarantees the absence of any significant damage for rare 

earthquakes (500 years of return period) and the reduction of not-repairable damage of around 

80% for very rare earthquakes (2500 years return period). At the maximum intensity analysed 

(2500 years of return period) the seismic isolation system provides a significant reduction 

(≈50%) of not repairable damage compared to the fixed base configuration but it’s less effective 

than the INODIS system.  Indeed, starting from this seismic intensity, the isolation system 

(which is designed for earthquakes with a return period of 1000 years) shows the first failures 

which therefore make it inefficient to protect the superstructure from seismic damage. 

With the isolation system, the repair costs are completely zero for very frequent earthquakes 

(Rp=50 yrs) and are reduced by about 90% and 50% compared to the building with the fixed 

base configuration for rare (Rp=500 yrs) and very rare (Rp=2500 yrs) earthquakes respectively. 

With the INODIS system, up to return periods of 500 years, repair costs are practically zero; 

they do not exceed the threshold of about 50000€ for earthquakes with return period equal to 

2500 years. 

The design assumptions regarding the two innovative protecting techniques (seismic isolation 

and decoupled infills) considered in this study play a fundamental role in the obtained results 

and, as a consequence, in the conclusions reported herein.  The retrofit cost of the INODIS 

system, for instance, includes the demolition of the existing traditional infill walls and the 

construction of new decoupled infills, on the entire building. It should be noted that this is a 

purely theoretical assumption, which is difficult to achieve in a realistic context, in which the 

intervention would be limited to previously damaged infills or at least to the most vulnerable 

floors of the building. For this reason, it can still be said that the two systems substantially show 

a comparable retrofit cost.  



Alternative techniques and approaches for improving the seismic performance of masonry infills 

 

 
165 

 

However, in this case, a vertical irregularity could cause the system to activate soft floor 

mechanisms if the intervention is limited to a single storey of the building.  

Therefore, to avoid changes in the structural response of the building, seismic isolation should 

be preferred as a retrofit intervention, unless the replacement of the panels extends to the whole 

building. 

Furthermore, installation of isolation system is certainly non-invasive compared to infills 

replacement; in fact, this second intervention strategy provides for the preventive demolition of 

existing ones and the obligation of the occupants to leave their homes during the works. 

Probably, innovative decoupled infills would be more functional for new buildings, compared 

to a retrofit intervention. The advantage of seismic isolation as a retrofit intervention is its non-

invasiveness; on the contrary, the great invasiveness of the infills replacing and the possible 

consequences linked to an application not extended to all storeys, suggest probably that it is a 

more suitable solution for new rather than existing buildings. 

Seismic isolation appears slightly less performing than decoupling infills, but: (i) isolation 

system was designed for 1000 years return period seismic intensity; (ii) decoupled infills were 

designed for new buildings and are oversized for the existing building under consideration. 

Compared to the local strengthening measures, seismic isolation is a less invasive technique 

that allows limiting the intervention at the level of the isolation system only, preserving the 

integrity of the other parts of the structure. Another great advantage of seismic isolation is that 

it guarantees the full serviceability of the building immediately after the seismic event, thanks 

to a high level of protection of the structure and its content; INODIS system also guarantees the 

functionality of the building, but cannot fail to protect its contents 

The work carried out in this thesis is a preliminary study regarding the alternative techniques 

for improving the seismic performance of masonry infills. Many problems have been 

highlighted but further investigations are required to provide more general and robust 

conclusions. One limitation of the study presented is related to the restricted set of models 

investigated, especially with regard to the INODIS system. Further experimental tests are 

needed to verify this technique in order to probe the generality of the conclusions herein 

proposed. Additionally, a more refined cost analysis (also including the cost for repairing 

damage to the main structure) should be performed to accurately compare expected losses and 
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better highlight the advantages of the two innovative techniques. Another possible 

improvement of the work is the use of newly developed GMPE for the hazard assessment 

(Lanzano et al. 2019) 
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