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Abstract
The past reconstruction processes that took place after important earthquakes, and the 
development and progressive use of reinforced concrete (RC) since the beginning of the 
twentieth century, led to the creation of a mixed unreinforced masonry–reinforced con‑
crete typology, hereinafter designated as URM–RC. The implementation of such practices, 
mainly in retrofitting interventions of existing unreinforced masonry (URM) buildings, 
has been spread all over the world, especially due to numerous vague recommendations 
given in certain building codes. However, over the years, these derived mixed URM–RC 
buildings revealed to be extremely vulnerable to seismic loads, and their inherent complex 
structural behaviour is still understudied. Only in recent years researchers have started to 
turn their attention to the seismic vulnerability of these structures, by studying and observ‑
ing their particular damage patterns, mechanisms and interaction effects from coupling RC 
structural elements to URM loadbearing walls. Moreover, the beneficial nature of struc‑
tural interventions with RC on URM buildings located in seismically prone regions is still 
a contentious issue for most of the research community. In this context, the present paper 
represents a stepping stone for the thorough understanding of the existing derived mixed 
URM–RC building typologies. A comprehensive cataloguing and categorization of the dif‑
ferent intervention typologies is presented in order to support a more reliable assessment of 
their seismic vulnerability in future studies, as well as to design proper strengthening inter‑
ventions so as to avoid future disasters. Furthermore, a comprehensive array of open issues 
is given in a section dedicated to the associated challenges.
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1 Introduction

Conservation and restoration of the built heritage is a subject that has been receiving an 
increasing interest over the recent decades. In this context, two important aspects are the 
safety assessment of non‑engineered structures and, if necessary, the design of strength‑
ening solutions. However, many past interventions with the purpose of strengthening old 
buildings with new materials and construction technologies have been (and still are) made 
without any engineering sense regarding their consequences in terms of compatibility (e.g.: 
mechanical properties and combined structural behaviour of both existing and new materi‑
als, interaction phenomena, cultural value, etc.), but only according to functional, aestheti‑
cal and economical needs.

This issue has been occurring in parallel with the advent and progressive use of rein‑
forced concrete (RC) since the beginning of the twentieth century, which has led to the 
emergence of a mixed Unreinforced Masonry–Reinforced Concrete typology, hereinaf‑
ter designated as URM–RC. Besides, the adoption of RC in strengthening interventions 
has been clearly suggested in certain codes with the purpose of taking advantage of the 
expected ductility improvement resulting from the use of RC (Sangirardi 2016).

As noted by Sangirardi (2016), in the Italian context, the Regio Decreto (RD) n°193 
(issued in 1909 after the Messina earthquake in 1908) ‘Norme tecniche e igieniche obbli‑
gatorie per la riparazione, ricostruzione e nuove costruzioni degli edifici pubblici e pri‑
vati nei Comuni colpiti del 28 dicembre 1908 o da altri anterior’, represents a sort of key‑
point for the introduction of the RC as a suitable material for retrofitting interventions of 
old URM buildings damaged after earthquakes. After this instruction, as other devastat‑
ing earthquakes had occurred, subsequent regulatory documents and technical codes have 
increasingly suggested the use of RC. This continuous recast of existing regulation in 
response to seismic events has been common to other countries. In the Portuguese case, in 
the sequence of the 1998 Azores earthquake, the Regional Laboratory of Civil Engineering 
(LREC) has elaborated a technical document (Oliveira et al. 1998) prescribing a set of gen‑
eral rules for the retrofitting and reconstruction of dwellings affected by that seismic event, 
extensively employing new RC elements (e.g.: addition of reinforced renders, insertion of 
ring beams, etc.). Either way, those rules aimed at the consolidation of all structural ele‑
ments and their respective interlinking in order to attain an effective global solidarization 
(the so‑called ‘box‑behaviour’) of moderately damaged buildings, which process of repair 
is considered possible and justifiable over the value of the building.

According to Sangirardi (2016), it is expected that the percentage of these mixed struc‑
tures will continue to increase in the future due to refurbishment or seismic retrofitting 
interventions, resulting in a high heterogeneity within the building stock. As a conse‑
quence, many of these intervened buildings have become themselves more seismically vul‑
nerable and in need for a thorough safety assessment or, eventually, for additional strength‑
ening interventions, as confirmed by recent earthquakes (Decanini et al. 2004).

Notwithstanding the spread of this typology, particularly in Mediterranean coun‑
tries and in Latin America, the research on this topic is still limited (Lagomarsino and 
Magenes 2009; Sangirardi 2016). Furthermore, unlike the widespread RC frame build‑
ings with masonry infill walls, for which many manuals and design rules are now avail‑
able, in what concerns the mixed URM–RC typologies, code prescriptions, either in 
European and international context, do not give sufficient and accurate indications on 
analysis and assessment methodologies and criteria to be used in practice are scarce 
(Lagomarsino and Magenes 2009). Consequently, this has often led practitioners to 
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design these mixed systems with simplified assumptions by strictly applying the exist‑
ing seismic standards, thus overlooking their real seismic response. In fact, such mixed 
structures are more complex to assess than structures with a single structural system 
and guidelines for the first cannot simply be extrapolated from the current structural 
systems (Sangirardi 2016). As result, there have been many examples where the seismic 
retrofitting by strict observance of code of practice suggestions has not always led to the 
improvement of buildings’ seismic performance (Cimellaro et  al. 2010). For instance, 
the replacement of existing timber floor slabs and roofs with RC and inclusion of RC 
ring beams—which are very common retrofitting techniques—can have both positive 
and negative effects (Cimellaro et al. 2010). Anyhow, in most cases it is difficult to cat‑
egorise each intervention as ‘good’ or ‘bad’, since its seismic performance depends on 
the compatibility with the existing structure and on the quality of the design, execution 
and used materials.

This research gap in international scientific literature and the absence of sufficiently 
robust analysis and assessment methodologies and design criteria issued by normative 
documents is attributable to the variability and complexity of the existing typologies 
and to the fact that these are neither completely understood nor standardised (Davide 
2007; Lagomarsino and Magenes 2009; Sangirardi 2016). Moreover, as structural ele‑
ments are frequently not accessible, hindering adequate surveying, identification of 
structural systems and efficient evaluation of connections, the first step to approach this 
issue should embrace both awareness and knowledge about the variety of existent typol‑
ogies present in our built environment.

Thus, the existing building stock poses a fundamental question with respect to the 
vulnerability assessment of this typology, becoming the study of such structures crucial 
and truly worthwhile not only at a national level, but also at a broad level of recon‑
figuration and evolution of the URM building stock in old urban areas. It is important 
to stress that these structures do not only concern residential buildings but also public 
buildings as schools and hospitals, which constitutes an additional reason for making 
this a relevant and decisive issue concerning the assessment and mitigation of the seis‑
mic vulnerability of existing URM–RC buildings. In this context, the Italian research 
project ReLUIS (Lagomarsino and Magenes 2009) has focused its attention on the anal‑
ysis of mixed URM–RC structures, which are very spread throughout the Italian build‑
ing heritage. According to the researchers of this project, although the work carried out 
has allowed to gain knowledge on some types of mixed structures, ‘the overall picture 
is far from being complete, especially regarding the dual systems that have been created 
after interventions on existing buildings or have been initially built as dual systems’.

For those reasons, the present paper represents a first step for the thorough under‑
standing of the existing mixed URM–RC building typologies. Firstly, attention is given 
to the principal stages of the evolution of the RC role in buildings and how derived 
mixed URM–RC buildings have emerged. Secondly, a comprehensive cataloguing and 
categorization of different mixed typologies is presented, together with an exhaustive 
list of some of the most frequently executed interventions made with RC on existing 
URM buildings. Thirdly, a section is devoted to the definition of common failure mech‑
anisms of derived mixed URM–RC buildings based on the analysis of damage patterns 
from past earthquakes. Fourthly, an overview of the most significant existing studies 
carried out on the seismic behaviour of mixed URM–RC structures is presented. Finally, 
a comprehensive array of open issues is given in a section dedicated to the associated 
challenges.
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2  Historical contextualisation and characterisation of mixed URM–RC 
building typologies

The classification of URM buildings can be made according to several aspects (Tomaževič 
1999; Klingner 2010): (i) materials used for construction (adobe, stone, brick, mortar); (ii) 
structural function of masonry (loadbearing, non‑loadbearing); (iii) design system [plain 
(URM), confined, reinforced masonry]; (iv) place of construction (rural, urban); (v) urban 
aggregate disposition (free‑standing, terraced, end‑terraced); (vi) period of construction 
(historical, prior to World War I, between both World Wars, post‑war period, after the 
adoption of seismic codes), and; (vii) use of the building (residential, commercial, public). 
Besides, there is a significant number of existing structural/building taxonomies, developed 
in the context of earthquake‑related projects and initiatives, either at a regional/country‑
based focus [such as AeDES (Baggio et  al. 2007) and HAZUS (FEMA 2003)], or at a 
global scale [such as PAGER‑STR (Jaiswal and Wald 2008) and GEM (Scawthorn et al. 
2013)].

Nonetheless, bearing in mind the intervention typological classification of derived 
mixed URM–RC buildings given in Sect. 3, the classification system adopted in this paper 
is based on the evolution of the RC role in buildings. In this way, it is possible to distin‑
guish three main building typologies, as illustrated in Fig. 1: old URM buildings, mixed 
URM–RC buildings, and RC frame buildings with masonry (either unreinforced or rein‑
forced) infill walls.

2.1  Mixed URM–RC buildings

The advent of RC has brought a significant change in the constructive habits thanks to the 
ability to transpose previous limitations of old construction materials. Among the pointed 
advantages, are economical reasons, higher efficiency, better response in case of fire and 
against deterioration, better mechanical properties (higher tensile strength) enabling to 
reduce the dimensions of structural elements and to increase the versatility in the use of 
the space (Sangirardi 2016). Nevertheless, the concrete used in the first mixed URM–RC 
buildings has a low to moderate resistance (usually less than C20/25) and the amount and 
detailing of the reinforcement hardly ensures the necessary ductility or the verification of 

Designation 
Old URM buildings 

(no RC) 
sgnidliubCR-MRUdexiM RC frame buildings 

with masonry infill 
walls 

Original URM-RC buildings Derived URM-RC buildings 
(intervened URM buildings) 

Scheme 

Advent 
of RC See typologies form Fig. 5 

New RC 
building 

codes 

Period* <1930  1930-1960 1940-present  1960-present 
Vertical 
loadbearing 
elements 

Stone or old brick 
URM walls (and/or 
timber elements) 

Stone or old brick URM walls 
(sometimes w/ RC frames/walls) 

Stone or old brick URM walls 
(and/or new RC frames/walls)  RC frames 

Floor structure Timber  Timber and/or RC slabs Timber (and/or new RC slabs)  RC slabs 

Roof structure Timber  Timber (or RC flat roof) Timber  
(and/or new RC structure) 

RC joists (sometimes 
timber) 

Fig. 1  Principal stages of the evolution of the RC role in buildings (RC elements shaded in grey). *Period 
relevant for the Portuguese case
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structural safety of the system, which may lead to excessive deformability and structural 
weaknesses in the case of an earthquake (Monteiro and Bento 2012).

The combined use of URM walls and RC elements in buildings may be divided into the 
following two main categories: original and derived mixed URM–RC buildings, depending 
on the time lag between the execution of the URM and RC structural elements. Although 
the main focus of the present paper is the latter category, it is important to make a distinc‑
tion between the two, since they firstly differ on the manner the structure has been origi‑
nally conceived to be constructed and behave throughout its life cycle.

2.1.1  Original mixed URM–RC buildings

In Portugal, the period between 1930 and 1960 (or slightly earlier in other European coun‑
tries), corresponds to the first signs of the manifestation of the novel material in new con‑
structions, allowing an increasing freedom to express new architectural styles, motivated 
by the mouldable nature and mechanical capabilities of the RC (Milosevic et al. 2018a). 
The first type of constructions correspondent to this period are characterised by floors 
made partially (in combination with timber) or totally with a slender RC slab [hence the 
so‑called ‘placa’ (plate) buildings in Lisbon, see Fig. 2a], sometimes accompanied by RC 
ring beams. Herein, the execution of the RC slabs is synchronous with the construction of 
the structure, hence the term original (i.e., since the origin of the construction). Initially, 
the execution of the RC slabs was usually limited to a small area of the building, typically 
at rear balconies and wet areas (i.e., service areas: kitchen and bathroom), and were sup‑
ported by the URM loadbearing walls, being the remaining of the floor made with timber. 
Later, the RC slabs were also extended to the whole floor, sometimes supported by a small 
number of RC columns (firstly introduced on the corners of the back façade walls, and 
after, extended to the front façade walls) (Neves 2008; Monteiro and Bento 2012; Lamego 
2014; Milosevic et al. 2016, 2018b).

This typology is also very common in many other countries, such as in Switzerland, 
where the majority of existing residential multi‑apartment buildings were and still are 
constructed using loadbearing URM walls and RC slabs (sometimes coupled to RC walls) 
(Paparo and Beyer 2012; Yang et al. 2014). Despite the recurring adoption of this typology 
in several countries of moderate seismicity, according to Paparo and Beyer (2016), most of 
the old URM buildings intervened with RC slabs failed to satisfy the newer seismic design 
requirements and verifications whereby they may need to be retrofitted.

Fig. 2  a Design of the Economic Rent Houses in Lisbon, Portugal, designed by the architect Miguel Jac‑
obetty in 1945 (CML 1945); b Interior of an original mixed building with internal RC frames located in 
Bari, Italy (Sangirardi 2016)
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Moreover, according to Sangirardi (2016), the Italian building stock has been char‑
acterised by a long tradition of internal RC frames and slabs used in combination with 
external loadbearing URM walls in case of original mixed URM–RC buildings (see 
Fig. 2b), as well as in the retrofitting of existing damaged or vulnerable URM build‑
ings—derived URM–RC buildings (Liberatore et al. 2008).

For diaphragms defined as rigid, during an earthquake, rotational or torsional 
behaviour is expected and the action results in a full redistribution of shear to the ver‑
tical force‑resisting elements in proportion to their relative stiffness (Klingner 2003). 
This allows URM shear walls to counteract a much higher resistance, avoiding first 
mode mechanisms, whereby, floors, if properly connected, may play a significant role 
in the prevention of out‑of‑plane phenomena enabling a box‑type of behaviour of the 
structure (Tomaževič 1999). In the other hand, requirements for horizontal shear dis‑
tribution involve a significantly more detailed analysis of the system than the assump‑
tion of flexibility (Klingner 2003).

Although the appearance of the RC slabs in the buildings has allowed the floors to 
behave as rigid diaphragms in their own plane, the main disadvantage is the signifi‑
cant increase of the mass of buildings, which may affect their earthquake resistance. 
Besides, these RC slabs are usually supported on an insufficient number of vertical 
structural elements with insufficient capacity to withstand shear and bending, whereby 
they may not have enough capacity to transmit the inertia forces produced during the 
seismic action without the occurrence of collapse (Monteiro and Bento 2012).

2.1.2  Derived mixed URM–RC buildings (intervened URM buildings)

With the spreading of RC technology, the older processes of construction were gradu‑
ally abandoned to give way to the asynchronous inclusion of RC structural elements in 
old URM buildings (not only residential buildings but also schools, hospitals, etc.) in 
rehabilitation/refurbishment interventions, thus originating complex mixed solutions 
inspired more by functional aspects than by structural ones. According to Cattari and 
Lagomarsino (2013), the variety of all these cases poses difficulties not only for their 
typological classification but also for their structural scheme standardization. For that 
reason, it is this multitude of possible applications of RC in structural interventions in 
old URM buildings that the present work aims to address.

In addition, since in most cases these interventions have mainly been applied on 
the basis of specifications and without considering their pros and cons, any capacity 
design or ductility concepts are neglected, being designed only to bear vertical loads 
(Marques et al. 2017). As consequence, the resulting structural configuration may not 
be able to withstand the ultimate lateral loads redistributed from the walls at ultimate 
state (Tomaževič 1999). Moreover, the insertions of RC rigid elements, the alteration 
of the structural materials in plan or in elevation, the interruption of the interior walls, 
etc., may result in important stiffness variations on the buildings and higher strength 
demands. Consequently, these interventions may lead to significant structural irregu‑
larities and unexpected distributions of the seismic action in dangerous localizations 
within the structure, which may radically change the global seismic response of the 
buildings (Augenti and Parisi 2010; Monteiro and Bento 2012).
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2.2  URM–RC structural identification

This section is devoted to a primary typological classification suggested by Liberatore et al. 
(2007) for mixed URM–RC buildings, which differentiates combined URM–RC systems 
with RC and URM elements in adherence and not in adherence. This classification has 
been further developed by Cattari (2007) and Cattari and Lagomarsino (2013), resulting in 
the following types of different expected seismic responses (see Fig. 3):

a. Adherent URM–RC elements Buildings in which masonry and reinforced concrete ele‑
ments are adherent, leading to a direct interaction between these two materials and, 
most of the times, to a modification of the damage patterns in masonry panels. Herein, 
a significant local interaction between RC and masonry elements is expected; it affects 
and modifies both the failure damage modes which typically occur in masonry and the 
strength criteria to be adopted.

 a1. The presence of RC ring beams at the level of floors. Herein, the presence of RC 
ring beams mainly affects the response of masonry spandrels. So, the interac‑
tion effects are quite local and may be properly taken into account by modifying 
only the strength criteria of these elements keeping the other hypotheses usually 
adopted for masonry piers unchanged;

 a2. Confined masonry Herein, the interaction effects are more significant and imply 
strong behaviour modifications also in masonry piers. In this case, the evaluation 
of internal forces is usually performed by idealizing the combined RC‑masonry 
system as a frame with diagonal bracing aimed to simulate the masonry panel 
as an equivalent strut. This latter sub‑class, if properly designed, is conceived to 
improve the seismic response of the structure, for which a reduction in vulner‑
ability—other factors being equal—is expected.

b. Non-adherent URM–RC elements Buildings, in which masonry and RC do not directly 
interact. Herein, the interaction between these two structural materials is a direct con‑
sequence of their differences in terms of both strength and stiffness. In particular, dif‑
ference in stiffness suggests how, due to the progressing of nonlinear behaviour, these 
structural elements should intervene in subsequent phases of the global response.

 b1. Buildings characterised by perimeter URM walls and internal isolated RC col-
umns or frames. In extreme cases, this may result in brutal demolition of internal 
masonry walls, leading to severe weakening of the structural system if not cor‑
rectly designed;

stnemeleCR-MRUtnerehda-noNstnemeleCR-MRUtnerehdA
RC ring beams Confined 

masonry
Perimeter URM walls and

internal RC columns or frames
lls Series systems (raising) Parallel systems (plan 

enlargements)

2.3b1.3b2b1b2a1a

Fig. 3  Summary of the structural typologies of URM–RC buildings identified by Cattari and Lagomarsino 
(2013)
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 b2. Masonry buildings with insertion of RC walls (typically corresponding to stair‑
case or lift units). Herein, in many cases repercussions on ductility and regularity 
are neglected causing devastating alterations to the global response (due to the 
consequent torsional effects);

 b3. Masonry buildings which combine whole levels or plan area characterised by 
RC elements (e.g. due to raising or plan enlargements). In addition, Sangirardi 
(2016) divides this sub‑class into:

 b3.1. Series systems When different elements are located at different levels (e.g. 
raised up masonry buildings by means of structures with different technolo‑
gies such as RC frames);

 b3.2. Parallel systems When the elements are placed at the same level (e.g. ma‑
sonry structures subjected to plan enlargements or in many other cases 
consist of external masonry walls and internal isolated reinforced concrete 
columns or frames).

Although this classification does not distinguish original from derived URM–RC 
buildings, it may convey some information regarding the level of interaction between 
the two structural materials for some types of mixed URM–RC buildings. Nonetheless, 
this classification disregards other recurrent structural typologies resultant from inter‑
ventions with RC, i.e., derived mixed URM–RC buildings (see Fig. 5). Moreover, being 
a two‑valued classification of the degree of adherence between different materials, it 
overlooks the influence of many aspects, such as the quality of the design, execution, 
materials, effectiveness of the connection, etc., which otherwise would certainly con‑
duce to a fuzzier classification. For instance, in the case of the insertion of RC ring 
beams (as discussed in Sect.  3.3.1), the degree of adherence may not be necessarily 
‘fully’ as this classification suggests. Instead, it is generally conditioned, among other 
factors, by the effectiveness of the connection between the ring beams and the rest of 
the structure. For this reason, the classification proposed in the following section for 
derived URM–RC buildings is based on the degree of intrusiveness of the intervention, 
rather than on the degree of adherence which may certainly vary from case to case.

3  Definition and characterisation of derived URM–RC building 
typologies

3.1  Intervention typological classification of derived URM–RC buildings

As already identified by several authors, an important problem associated with derived 
mixed URM–RC buildings is the vast variety of interventions which hinders their typo‑
logical classification and further developments in codification of methodologies (Davide 
2007). Moreover, it is hardly possible to draw accurate assumptions regarding the quan‑
titative or qualitative assessment of the structural behaviour (type of failure, degree of 
adherence, etc.) of a building solely based on its typological classification and without 
any engineering calculations/analysis. For this reason, this paper proposes a primary 
classification of each intervention according to the following three possible ways of 
introducing RC as structural material in old URM buildings, as schematically illustrated 
in Fig. 4:
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A. Addition of new RC structural elements to the existing structural system (as well as 
the solution of increasing the cross‑sections of existing structural elements with RC), 
without resorting to the alteration of the exiting constructional system by means of 
dismantlement or demolition. This intervention, if applied locally, is generally the least 
intrusive;

B. Insertion of new RC structural elements embedded in the existing structure. This action 
involves a small up to moderate amount of dismantling of some parts of the existing 
structure in order to accommodate the newer elements;

C. Substitution of original elements from the existing structure by new RC structural ele‑
ments. This action involves a moderate up to high amount of partial demolishment of 
the structure and may sometimes entail substantial changes on the existing structural 
configuration. This intervention, if applied globally, is generally considered the most 
intrusive.

The way in which these three actions are ordered imbues a sense of increasing degree 
of intrusiveness and decreasing degree of reversibility and conservation (but not neces‑
sarily preservation) of the original constructional configuration. In addition, these degrees 
worsen from case to case depending on the amount of RC that is applied and on the extent 
of the intervention, which may be executed locally (e.g.; addition of a reinforced render to 

Increasing degree of intrusiveness 

A n B Inser on C Subs�tu�on 

Fig. 4  Scheme of the three possible ways of using RC in URM buildings
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a part of a single wall) up to globally (e.g., complete substitution of all floor slabs in every 
floor). Naturally, starting from these categories, hybrid solutions are possible within the 
same building by the combination of two or more interventions.

Based on these actions, the following paragraphs set out an exhaustive list of some of 
the most frequent interventions (made with RC) on existing URM buildings. Each inter‑
vention is pictorially represented in Fig. 5 and associated with one of the three above men‑
tioned categories of the introduction of RC. In this way, it will be evident the vast variety 
of possible interventions and the need to identify the specific particularities that rule both 
the seismic response and safety verification procedures. Moreover, it is expected that this 
typological classification may help future studies to assess the seismic response of derived 
URM–RC buildings based on how each intervention may affect the stiffness, ductility and 
strength capacity of the original URM buildings.

3.2  Addition

3.2.1  Addition of reinforced render or jacketing

Reinforced renders (see Fig.  6) may be applied on one or both sides of seriously dam‑
aged URM walls in order to improve the in‑plane stiffness and strength, and the energy 
dissipation capacity of the existing system (Marques et  al. 2017). This intervention may 
also be executed on existing columns, pier walls, brick pilasters and beams, now referred 
to as ‘jacketing’. Both methods entail strengthening by means of adding a layer of steel‑
reinforced concrete, adding shotcrete bonded to the URM wall, adding a fibre composite 
layer (e.g., epoxy embedded fiberglass mesh), or inserting vertical steel bars embedded in 
grout into the wall itself (Aguilar 2016). Given their simplicity and efficiency, these are 
widely used wall reinforcement methods, commonly used for rubble stone masonry walls. 
Depending on the extent of the intervention, these actions may be capable of significantly 
modifying the distribution of the seismic action on the global structure (Tomaževič 1999). 
According to Tomaževič (1999), experiments have indicated that the improvement in the 
lateral resistance is inversely proportional to the quality of the original walls, so their effi‑
ciency may not be so significant in the case of good‑quality walls. Nevertheless, if the 
connection is not adequate, the render may separate from the supporting masonry wall, 
compromising its purpose. In the case of extensive use of reinforced concrete jackets as a 
repair/strengthening measure, an appropriate reduction of the q‑factor is recommended by 
Eurocode 8 Part 1–4 (CEN 1996).

Fig. 6  Addition of reinforced renders inside old dwellings



Bulletin of Earthquake Engineering 

1 3

3.2.2  Addition of collaborating slabs

Collaborating RC slabs (floor diaphragms) may be casted atop the existing timber floor 
structure in refurbishment interventions (see Fig. 7). Herein, the structural behaviour of an 
existing masonry building subjected to seismic action, is strongly affected by the increased 
in‑plane stiffness of the floors, and by the connections between the horizontal diaphragms 
and the masonry walls (Piazza et al. 2008). The addition of collaborating RC slabs should 
be complemented by an adequate connection to perimeter walls by means of steel through 
bars and/or by the insertion of a RC ring beam at floor level (Senaldi et al. 2014).

3.2.3  Addition of new walls

New RC loadbearing walls may be added to the existing structure in refurbishment or ret‑
rofitting interventions, entailing the modification of the existing architectural and structural 
layout. Nevertheless, an associated problem with this intervention is the non‑uniform stiff‑
ness and mass distribution along the height of the building, modifying the global deformed 
shape of the structure which may cause severe damages. Moreover, the consequent irregu‑
larity of modes may render inappropriate the use of the load distribution suggested in the 
codes (Sangirardi 2016). According to Paparo and Beyer (2014), the RC walls should be 
designed to have a dominant flexural behaviour and a displacement capacity larger than 
that of URM walls. Hence, the deformed shape of mixed RC‑URM wall structures lies 
in between that of a building with RC and URM walls alone. As consequence, for such 
mixed structures, the damage in the URM walls is not concentrated in the first storey—as 
for URM buildings—but it also spreads to the storeys above. For these reasons, Cattari and 
Lagomarsino (2013) suggest the need for further improvements in design of constructive 
details aimed to promote their ductile failure mechanisms.

3.2.4  Addition of supplemental RC frames, beams or columns

Supplemental RC frames, beams or columns, may be added as a strengthening solution 
to provide a secondary (back‑up) load path for concentrated gravity loads on URM walls, 
aiming to increase the vertical and/or horizontal resistance of the structure, either locally 

Fig. 7  Addition of a cast‑in‑place RC collaborating slab over existing timber floors
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or globally (Meireles and Bento 2013) (see Fig. 8). According to Liberatore et al. (2008), 
the contribution of the RC frames to withstand the horizontal loads can be very small (less 
than 3% of the total base shear, according to their investigations). Moreover, in the pres‑
ence of RC slabs, the rigid diaphragms would share the horizontal loads between the verti‑
cal structural elements proportionally to their stiffness, which hinders the attainment of the 
yield bending moment in the columns. Conversely, in the case of flexible diaphragms and/
or lack of connection between masonry and RC elements, the role of RC frames can be 
noticeably grater and columns’ yielding can occur (Liberatore and Tocci 2008; Liberatore 
et al. 2008).

3.2.5  Addition of intermediate floors

The addition of new intermediate floors (or mezzanines or sub‑floors) can be defined as the 
later addition of a low or partial RC floor slab between the two existing storeys (see Fig. 9). 
As these often lack a lateral‑force‑resistant system, one possible problem associated with 
this intervention is the hammering between adjoining walls. Therefore, they shall be braced 
independently from the main structure, or shall be anchored to the lateral‑force‑resisting 
elements of the main structure in both directions. In this situation, the supporting elements 
of the main structure should be evaluated considering both the magnitude and location of 
the additional forces imparted by the new slab (Rai 2005).

Fig. 8  Addition of RC moment 
frames inside the façade of a 
building (http://www.forel l.com/
seism ic‑retro fits/)

Fig. 9  Addition of a RC interme‑
diate floor (Aguilar 2016)

http://www.forell.com/seismic-retrofits/
http://www.forell.com/seismic-retrofits/
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3.2.6  Plan enlargement

Plan enlargement of the original structure with RC frames is commonly executed when it is 
intended to increase the building’s level of occupancy (see Fig. 10). Herein, the originated 
planimetric asymmetries in terms of mass and stiffness may induce rotational movements. 
Cracks may develop along the vertical discontinuity. The occurrence of differential founda‑
tion settlements is usually an associated problem.

3.2.7  Addition of new floors

The addition of new floors (raising) made from RC frames over an existing building may 
be executed when it is intended to increase the building’s level of occupancy and the option 
for plan enlargement is not possible due to adjacent buildings (see Fig. 11). Herein, the 
resultant stiffness irregularity in elevation may render the contribution of higher modes 
significant, thus inducing a higher seismic vulnerability (Lagomarsino and Magenes 2009). 
The immediate consequence of this intervention is the considerable increase of the self‑
weight of the structure at the top of the building with the consequent increase of seismi‑
cally induced forces and displacements, potentially causing the failure of the building. In 
the majority of the cases, the reinforcement of the structure below is either inexistent or, if 
it exists, is done with the only purpose of resisting the increased axial load, neglecting the 
augmented shear and flexural actions throughout the entire structure (Lopes 2008).

3.3  Insertion

3.3.1  Insertion of ring beams

RC ring beams may be placed along the perimeter of the walls in the last floor if the roof 
can be temporarily removed and/or at the level of the floors in order to improve the mon‑
olithic behaviour of masonry structures by restricting the out‑of‑plane movement of the 
façades (Meireles and Bento 2013) (see Fig. 12). Nonetheless, according to Augenti and 
Parisi (2010) and Borri et al. (2016), recent earthquakes have shown that RC ring beams 
built into existing masonry buildings not only failed to prevent local collapses in masonry 

Fig. 10  Plan enlargement of an 
apartment building (https ://www.
mimoa .eu/proje cts/Spain /Madri 
d/Apart mentB uildi ngReh abili 
tatio nandE xpans ion)

https://www.mimoa.eu/projects/Spain/Madrid/ApartmentBuildingRehabilitationandExpansion
https://www.mimoa.eu/projects/Spain/Madrid/ApartmentBuildingRehabilitationandExpansion
https://www.mimoa.eu/projects/Spain/Madrid/ApartmentBuildingRehabilitationandExpansion
https://www.mimoa.eu/projects/Spain/Madrid/ApartmentBuildingRehabilitationandExpansion
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walls, but, in some cases, were found to be harmful as they increase the mass at the top of 
the buildings.

Among the reasons of the ineffectiveness of this technique triggered by its inadequate 
design, the following aspects are worthy of attention. Firstly, due to the more effective cou‑
pling among piers, their boundary conditions move to the fixed‑ended type; owing to this, 
a predominance of shear failure occurs, as well as a strong reduction in the global ductil‑
ity, since a lower value of inter‑storey drift limit is associated to shear modes (Cattari and 
Lagomarsino 2013). Secondly, the discrepancy between the stiffness and weight of the RC 
ring beam and those of the masonry below (especially if it is of poor quality), may pro‑
duce a different response in these two materials during earthquakes and cause the load to 
be unevenly spread. Thirdly, although the action of vertical static loads may contribute to 
stabilize wall panels and prevent out‑of‑plane collapse mechanisms, the application of stiff 
RC ring beam may cause the redistribution of vertical compressive stresses and some por‑
tions of masonry could result unloaded and, during earthquakes, be prone to become unsta‑
ble. Lastly, the lack of or the poor connection between the ring beams and the rest of the 

Fig. 11  Addition of new floors 
over a residential building (Lopes 
et al. 2014)

Fig. 12  RC ring beam cast at the roof level on top of the perimeter façades (Magenes et al. 2012)
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structure may generate differential movements between the masonry walls, the ring beams 
and floors and/or roof (Lopes et al. 2014). In addition, eccentricity of the loads on each 
floor may lead to collapse of walls for out‑of‑plane forces (Cimellaro et al. 2010). For this 
reason, Carlevaro and Roux‑Fouillet (2015) recommend the combined use of both hori‑
zontal and vertical confining elements. In addition, Tomaževič (1999) has also recommend 
the construction of horizontal RC bond‑beams at the top of all structural walls, at every 
floor level. This horizontal framing should be capable of transferring the horizontal shear 
induced by the earthquakes from the floors to the structural walls, connecting the structural 
walls, improving the in‑plane rigidity of horizontal floor diaphragms as well as improving 
the strength and energy dissipation capacity of masonry walls (in combination with verti‑
cal tie‑columns). Conversely, Modena et al. (2009) state that the introduction of tie‑beams 
in the masonry thickness at intermediate storeys should be definitely avoided, due to their 
damaging effects on perimeter walls, often causing also uneven load redistribution among 
masonry leaves and/or pounding effects on the external masonry leaves in case of seis‑
mic excitation. In any case, owning to the limited experimental information regarding the 
mechanism of action and distribution of lateral seismic loads onto bond‑beams, according 
to Eurocode 6 (CEN 2005a) and Eurocode 8 (CEN 2005b), the resistance of the RC bond‑
beams should not be taken into account in the design for seismic loads (Tomaževič 1999).

Given these limitations associated with traditional RC ring beams, new technologies 
[e.g.: steel reinforced timber, fibre reinforced polymers, etc. (Lagomarsino and Magenes 
2009)] have been developed in recent years and are still being studied to improve the con‑
nections with the floors and roof, combined with low weight increase and with better com‑
patibility between materials and construction elements.

3.3.2  Insertion of embedded frames

Embedded RC frames (filling the empty volume created by the extraction of bricks 
from the wall) may be used to confine plain URM walls, in order to improve the resist‑
ance and energy dissipation capacity of the existing masonry, thus improving integrity 
of the structural system (see Fig.  13). However, the required cuts and demolitions in 
the masonry fabric in order to accommodate the RC elements may make this interven‑
tion overly traumatic, eventually leading to a general decrease of resistance instead of 
strengthening it (Cóias 2007). According to Tomaževič (1999) this intervention tech‑
nique should only be executed if horizontal RC tie beams and rigid floor diaphragms 

Fig. 13  a Insertion of embedded RC frames in a train station (Aguilar 2016); b insertion of a RC structural 
column (Guo et al. 2014)
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already exist. Moreover, in seismic zones, the embedded RC elements (tie‑columns or 
tie‑beams) should be adequately bonded to the masonry of the adjoining walls and con‑
nected to them with horizontal reinforcement.

3.3.3  Insertion of seismic joints

Seismic joints may be executed with the use of separated RC columns and/or beams 
in order to divide the original building into two or more separate parts, or to separate 
adjacent buildings that are constructed at different times. This separation aims at the 
reduction of the serious damages sometimes resulted from the torsional effects associ‑
ated with plan irregularities within the same complexly shaped building, as well as in 
the case when floors of adjacent buildings are not aligned, or when one building is much 
taller than the other.

3.3.4  Insertion of staircases and/or cores

RC staircases and/or cores (e.g. elevator shafts), connecting different floors, may be 
inserted into the existing structure in refurbishment interventions in order to improve 
the accessibility and usability of the building. An important issue regards to the modifi‑
cation of the loading path when it is necessary to demolish or create openings in exist‑
ing slabs in order to accommodate the new RC elements (see Fig.  14). These inter‑
ventions increase the vertical loadbearing capacity and modify completely the lateral 
behaviour of the structure, since the stiffness and mass of the staircase/core will over‑
whelm those of other existing vertical elements (Augenti and Parisi 2008a). Depending 
on the position of the new RC structural elements relatively to the centre of stiffness 
of the building, the outcome of these interventions may be highly favourable or not for 
the torsional behaviour of the global structure in a seismic event. Care should be taken 
when the newer elements are inserted in the peripheral part of the building due to struc‑
tural constraints, thus worsening the former aspect.

Fig. 14  a Opening in a slab in order to accommodate a RC elevator shaft (core) (Ciro Cuono 2015); b new 
RC stairs constructed during Truman’s renovation of the White House, around 1950 (Fessenden 2015)



Bulletin of Earthquake Engineering 

1 3

3.3.5  Insertion of underground structures

Although the existing foundations were rarely the reason for inadequate seismic behav‑
iour of existing masonry buildings (Tomaževič 1999), new underground RC structures may 
be inserted in refurbishment interventions (see Fig. 15). Before the intervention under the 
existing foundation, the basement URM walls should be consolidated by cement grouting 
and RC bond‑beams should be inserted bellow the basement walls. Herein, the execution 
of excavations in the adjacent areas of the building may result in the decompression and 
dragging of the soil. The changes of the ground water flows are also important (Meireles 
and Bento 2013).

3.4  Substitution

3.4.1  Substitution of the roof structure by an equivalent one made with RC

The original timber roof structure may be substituted by an equivalent RC roof system, 
normally executed with prefabricated elements (e.g.: pre‑cast pre‑stressed RC joists) (see 
Fig.  16). In such cases, the extremities of the prefabricated elements should be embed‑
ded into a RC ring beam and a RC ridge beam, respectively, in both orthogonal direc‑
tions, in order to transfer inertia forces developed at the roof level into the supporting 
walls (Tomaževič 1999). However, the substitution of original lightweight roof structural 
systems by massive RC structures, usually with greater cross‑sectional area, may increase 
both the gravity loads and seismic horizontal forces, whereby attention should be payed to 
the potential development of lateral loads acting on the upper URM walls and gable walls.

3.4.2  Substitution of the roof structure by a RC slab

The original timber roof structure may be substituted by a new RC roof slab, differing 
from the previous intervention type in the sense that the existing structural configuration 
(e.g.: timber trusses) is altered. According to Parisi and Augenti (2013), out‑of‑plane fail‑
ure modes of loadbearing URM walls were facilitated by the past replacement of origi‑
nal timber roofs with stiff and heavy reinforced concrete (RC) slabs, being this type of 

Fig. 15  Insertion of a RC underground structure in a residential building to create car parking spaces (Geo‑
cimenta 2008)
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intervention discouraged by the lately issued Italian building code (IBC 2008) and its com‑
mentary (IBCC 2009). The associated issues herein are similar to those of the substitution 
of RC floor slabs.

3.4.3  Substitution of floor slabs

RC floor slabs may be used to substitute existing flexible timber floors either in case of 
critical deterioration or refurbishment interventions, or in order to improve the global 
structural integrity (see Fig.  17). In this context, several codes highlight the impor‑
tance of slabs in distributing the seismic action between vertical resistant elements exe‑
cuted with different technologies (Nardone et al. 2010). This phenomenon, in its turn, 
depends on the stiffness of the slab in its own plane and especially on the relative stiff‑
ness compared to the one of vertical resistant elements (Sangirardi 2016). As stated by 
Tomaževič (2011), horizontally rigid slabs represent theoretically the optimum solution 

Fig. 16  Substitution of the original timber roof structure of a church by new RC elements (http://www.
monum entos .gov.pt/Site/APP_Pages User/SIPA.aspx?id=8105)

Fig. 17  Substitution of existing floors by RC slabs during Truman’s renovation of the White House, around 
1950 (https ://masha ble.com/2016/01/06/white ‑house ‑renov ation /?europ e=true#.uHQlf .lyuqb )

http://www.monumentos.gov.pt/Site/APP_PagesUser/SIPA.aspx%3fid%3d8105
http://www.monumentos.gov.pt/Site/APP_PagesUser/SIPA.aspx%3fid%3d8105
https://mashable.com/2016/01/06/white-house-renovation/%3feurope%3dtrue#.uHQlf.lyuqb
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to prevent excessive out‑of‑plane vibrations. Nevertheless, experimental investigations 
and post‑earthquake observations showed numerous disastrous outcomes associated 
with their inadequate execution (Tomaževič 2011; Cattari and Lagomarsino 2013; Parisi 
and Augenti 2013; Marques et al. 2017).

In general, the negative effects caused by the replacement of original flexible dia‑
phragms with stiff and heavy RC slabs are attributed to the following reasons (Lago‑
marsino and Magenes 2009). Firstly, the significant increase of the floors’ weight, sub‑
sequent to the introduction of RC slabs, results in an increment of the seismic demand, 
thus increasing the seismic vulnerability of historic masonry constructions. Besides, if 
the building is irregular in plan, in‑plane stiffening of the diaphragm could lead to an 
unfavourable redistribution of the seismic forces between the walls and to an ampli‑
fication of the torsion effects, with a higher deformation demand on some perimeter 
walls. Moreover, the diaphragm stiffening can lead to a higher demand on the wall‑to‑
floor connections, thus the connection can become a critical element: if not adequately 
anchored and connected to the structural walls, new RC slabs may cause severe dam‑
ages to existing URM walls, by shearing the walls and/or causing the delamination of 
double‑leaf stone masonry walls.

As noted by Cimellaro et  al. (2010), this intervention has been recognised as not 
always necessary, and alternative techniques (see (Lagomarsino and Magenes 2009) and 
(Senaldi et al. 2014)) have been developed in recent years and are still being studied to 
stiffen existing diaphragms and improve their connections with walls, without exces‑
sively increasing their stiffness.

3.4.4  Substitution of walls

Existing loadbearing URM walls may be demolished and substituted by new RC 
walls in the original position (see Fig.  18), particularly when their condition is criti‑
cal. According to Paparo and Beyer (2014), the addition of RC walls in original mixed 
URM–RC buildings can be a very effective retrofitting solution since it modifies the 
global deformed shape of the structure, leading to an increase in the system’s displace‑
ment capacity. Nevertheless, by significantly increasing their stiffness and strength, the 
global seismic behaviour of the structure may be severely changed.

Fig. 18  Substitution of an inte‑
rior wall by a new RC shear wall 
(WHE 2014)
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3.4.5  Reengineered frames

Existing loadbearing URM walls may be locally demolished and substituted by new RC 
frames, usually done at the ground floor level for external access enlargement or integra‑
tion of storefronts in refurbishment interventions (see Fig. 19). This intervention is char‑
acterised by the suppression of original vertical structural elements (masonry piers), thus 
originating an abrupt reduction of stiffness at that storey (soft‑storey). According to Lago‑
marsino and Magenes (2009), care should be taken when flexible diaphragms are present 
above the RC frames, since only limited transfer of horizontal forces may be possible from 
the frame to the walls, and the frames should be able to withstand the seismic actions that 
derive from the vertical loads carried by the frames themselves. Conversely, when only RC 
frame members are present, and floor diaphragms are stiff, the frame contribution to the 
lateral resistance is generally much lower than the contribution of masonry, and neglecting 
it lies on the safe side.

3.4.6  Whole floor refurbishment

The refurbishment of a whole floor with recourse to RC structural elements may be exe‑
cuted in case of major damages at one floor or in case of refurbishment interventions in the 
existing structure. This later intervention is similar to the addition of new floors; however 
it involves the total demolition of one (or more) existing floor(s) in order to rebuild newer 
one(s) with RC frames. As mentioned by Decanini et al. (2004), many late nineteenth and 
twentieth century URM buildings in Italy exhibit upper storey interventions constructed 
with heavy concrete floors and roofs. The added stiffness and weight of these upper sto‑
rey alterations and additions further increased the risk of shear failure in the original low‑
strength URM walls at the ground level (Decanini et al. 2004).

3.4.7  Built‑in structure

Built‑in structure (‘façadism’) consist on the demolition of internal URM walls and tim‑
ber floors and their substitution with RC frames and slabs, while the external URM walls 
(façade) are left unchanged (see Fig.  20). This typology is quite common in historical 
masonry buildings, especially as a result of transformations (refurbishment interventions) 
of existing buildings, resulting in internal spaces larger than the original ones and with a 
flexible planimetric distribution, at a parity of vertical loadbearing capacity and thermo‑
acoustic isolation (Augenti and Parisi 2008a). However, their construction in seismic zones 

Fig. 19  Reengineered frames in shop windows at the ground floor
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is not taken into consideration by most of the seismic codes (Liberatore et al. 2007), despite 
being a specially vulnerable typology. According to the investigations of Liberatore et al. 
(2008), the RC elements remain elastic and give a negligible contribution to the overall 
performance. Moreover, as highlighted by Nardone et al. (2010), the substitution of inter‑
nal masonry walls with RC frames can increase the elastic period of the building and then 
the displacement capacity, but it could strongly decrease the base shear capacity (which 
could be controlled by the insertion of tie‑rods into the external walls).

4  Damages from past earthquakes to derived mixed URM–RC 
buildings

The seismic vulnerability (and, consequently, the seismic risk) of a building is directly 
conditioned by the type of construction, being URM and mixed URM–RC buildings par‑
ticularly vulnerable typologies due to the characteristic brittle behaviour of the constituent 
materials of the loadbearing vertical elements.

Thanks to post‑earthquake reconnaissance field missions by highly specialised multidis‑
ciplinary teams undertaken by several organisations worldwide (e.g. AIJ (Japan), EEFIT 
(UK), EERI and MCEER (USA), NZSEE (NZ), Geoscience (Australia), UNESCO, etc.), 
it is possible to gather data in the form of a report which can be used to produce damage 
statistics, calibrate and validate engineering models, identify design and/or construction 
deficiencies, etc. (Rossetto et al. 2014). For instance, based on the analysis of damage pat‑
terns from past earthquakes, the failure mechanisms of individual structural elements and 
of the entire structural system can be defined, helping engineers to identify the weak and 
good points of different structural typologies (Tomaževič 1999).

Based on seismic damage observations, in general, it can be stated that buildings with 
poor quality masonry (e.g., rubble masonry, multi‑leaf masonry walls without bond units 
connecting both wythes together, poor quality mortar), and with significant irregularities, 
tend to suffer severe damages or collapse. Conversely, buildings with materials of better 
quality (e.g., larger masonry units, squared stones or clay bricks, and good‑quality mortar 
joints), regular distribution of mass and stiffness, and good construction detailing have per‑
formed very well under earthquakes (Augenti and Parisi 2010).

Although the present article is targeted at derived mixed URM–RC building typologies, 
some considerations regarding old URM buildings are herein included, since they share 

Fig. 20  Transformation of a historical industrial building into a hotel by substituting the original internal 
structure by a RC built‑in structure (Irmãos Gigante 2016)
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URM as the principal constituent material of the loadbearing vertical elements. While the 
structural typology of URM buildings varies in different regions, their damage patterns 
resulting from earthquakes can be correlated with different types of collapse mechanisms 
(Tomaževič 1999; Augenti and Parisi 2010; Cattari et al. 2015): (i) out‑of‑plane (transver‑
sal) mechanisms (also called first mode mechanisms); (ii) in‑plane (longitudinal) mecha‑
nisms (crushing failure, tensile failure, flexural failure, diagonal shear cracking, and sliding 
failure); (iii) combined mechanisms; (iv) global mechanisms, and; (v) local failure modes 
(detachment, fracture, cracking, crushing, disaggregation) at weak spots (junctions, open‑
ings, corners, etc.). According to Giuffrè (1993), global damage mechanisms of URM 
buildings are strongly influenced by their typological and technological features, and can be 
categorised in two main groups: first mode mechanisms (when the collapse occurs because 
of rocking phenomena and mainly out of plane kinematic) and second mode mechanisms 
(related to the in‑plane response of the panels). According to Liberatore et al. (2008), the 
development of the crack pattern in mixed URM–RC buildings is similar for the old URM 
ones: cracks generally appear firstly at the connections between RC elements and masonry, 
then in the ground floor lintels, then spread to the corners of the upper floor windows, and 
finally develop at the bottom of the walls of the ground floor.

With regard to derived URM–RC building typologies in urban nuclei, past earth‑
quakes have highlighted the fact that seismic vulnerability of old URM buildings has often 
increased due to ‘strengthening’ retrofitting interventions with RC that have been done in 
the last decades, motivated by some regulatory advices issued by different countries. In 
fact, many post‑earthquake reconnaissance reports have shown numerous limitations of 
these heavy retrofitting interventions which, beyond permanently altering the cultural value 
of the original buildings, have contributed to endanger the constructions by reducing the 
homogeneity and predictability of their mechanical behaviour under seismic loads (Decan‑
ini et al. 2004; Cimellaro et al. 2010; Modena et al. 2011).

The observation of earthquake‑driven damages in existing derived mixed URM–RC 
buildings have shown that the dominant type of collapse is associated with out‑of‑plane 
kinematic mechanisms at the local and global level due to loss of equilibrium of load‑
bearing URM walls induced by the incompatibilities triggered by the new material (RC) 
(Cimellaro et al. 2010). In this context, a list of some recurrent damages associated with 
different typologies of derived mixed URM–RC buildings is presented in Table 1, together 
with the description of the corresponding probable collapse mechanisms and structural 
causes of failure. Beyond the usual causes of damage common to different building typolo‑
gies—such as the poor quality of materials (especially mortar) and construction techniques, 
the lack of maintenance, distribution and the size of the openings, irregular structural lay‑
out, etc.—, the observed partial and total collapses of derived mixed URM–RC buildings 
are generally due to:

1. Increased horizontal seismically induced inertial forces (base shear increase), owing to 
the greater weight of RC elements [about three times higher than that of timber (Cóias 
2007)], resulting in larger horizontal displacements—most severe at upper floors, if the 
stiffness of the vertical loadbearing elements remains unchanged—and higher shear 
forces and bending moments (most severe at lower floors);

2. Destabilizing out‑of‑plane moments, owing to the increased vertical load at the top of 
the walls combined with eccentricities and horizontal displacements (p‑delta effect);

3. Incompatibility between existing and new technologies: incompatible deformations of 
RC elements (more ductile) with the existing URM walls (more brittle), owing to the 
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different stiffness‑to‑weight ratios ( EI∕m ). It should be recalled that the concrete’s elas‑
ticity modulus is about thirty times higher than that of common URM (Cóias and Soares 
1996). Moreover, the coupling of elements with very different stiffness could result 
in concentration of damage in the vicinity of the connection, during seismic response 
(Lagomarsino and Magenes 2009);

4. Poor understanding of the seismic response of the structure owing to questionable tech‑
nical choices, inaccurate design and incorrect execution of the retrofitting interventions 
themselves;

Table 1  Typical damages and corresponding collapse mechanisms associated with derived mixed URM–
RC buildings

Observed damages Scheme
Description

Interventions Observed 
damages

Probable 
mechanisms

Probable structural causes 
of failure

(Cimellaro et al. 2010)

Substitution 
of roof 
structure

Local 
collapse of 
the gable of 
a building

Out-of-plane 
overturning due 
to the 
hammering of 
the RC ridge 
beam

Roof not effectively 
connected to the masonry;
High inertial forces due to 
the increased weight of RC

(Cimellaro et al. 
2010)

Substitution 
of roof 
structure;
Insertion of 
ring beam at 
roof level

Collapse of 
the end-part 
of a building

1st: overturning 
and out-of-plane 
collapse of 
lateral 
supporting walls 
at one or more 
floors due to the 
eccentricity of 
the vertical load 
from the roof;
2nd: collapse of 
the roof 
structure above

High out-of-plane inertial 
forces due to the increased 
weight of RC.
Horizontal pushing force 
coming from the heavy roof;
Lack of or poor vertical and 
horizontal connections to 
restrain the movement;
Poor quality of loadbearing 
masonry walls

(Valluzzi 2006)

Substitution 
of roof 
structure;
Insertion of 
ring beam at 
roof level

Collapse of 
the entire 
upper floor 
of a building

Substitution 
of roof 
structure;
Substitution 
of floor slabs;
Insertion of 
ring beams

Total 
collapse of a 
building

1st: horizontal 
displacement of 
floor slabs;
2nd: overturning 
and out-of-plane 
collapse of the 
walls bellow

Higher values of inertia 
forces caused by the rigid 
floors; Insufficient resistance 
capacity of deformation of 
the walls for the actions 
perpendicular to their plane;
Poor vertical connections;

(Valluzzi 2006)

Substitution 
of floor slab
at 
intermediate 
floor

Partial 
overturn of a 
large section 
of a façade

1st: horizontal 
displacement of 
the floor slab;
2nd: out-of-plane
collapse of the 
walls above and 
below

Higher values of inertia 
forces caused by the rigid 
floor; Lengthy wall with poor 
or none vertical connections 
to restrain the movement;
Heavy RC floor slab 
supported only on the inner 
layer of poor quality double 
leaf masonry wall

Insertion of 
ring beam at 
roof level

Partial 
collapse of a 
large section 
of a façade

Out-of-plane 
collapse of the 
masonry walls 
bellow a ring 
beam

Poor connection between 
the RC ring beam and the 
underlying masonry (Sisti et 
al. 2016)

(Valluzzi 2006)

Addition of 
reinforced 
renders 
and/or 
jacketing

Detachment 
and 
deterioration 
of the 
renders

Collapse of the 
render layer due 
to chemical and 
mechanical 
incompatibilities

Incorrect design and 
execution of consolidation 
techniques; Lack of 
validation by proper studies;
Poor connection between
the render and the support; 
Insufficient steel net/rebar;
Low durability and corrosion
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5. Lack of an accurate analysis of the static/dynamic behaviour of the building before 
and after the interventions: the analytical models must be adapted to different types 
of buildings and materials taking into account the actual structural behaviour, and the 
retrofitting intervention techniques should also be adjusted, calibrated and improved 
(Cimellaro et al. 2010);

6. Erroneous assumption of an effective activation of the box‑behaviour based on the 
commonly available assessment procedures: insufficient in‑plane stiffness of the floors 
(Piazza et al. 2008) and inadequate structural connections between perpendicular walls 
(vertical connections) and between walls and floors, ring‑beams and roof structure (hori‑
zontal connections) (Valluzzi 2006; Magenes and Menon 2009).

5  Research on mixed URM–RC structures

In this section, an overview of some of the most significant existing numerical and experi‑
mental studies carried out on the seismic behaviour of mixed URM–RC structures is pre‑
sented and critically discussed.

Regarding the experimental campaigns, since the interest for mixed URM–RC con‑
crete structure is relatively new, only few tests on mixed URM–RC structures have been 
conducted in the past. These experimental campaigns aimed at assessing the performance 
of buildings subjected to shaking table tests, designed to be representative of different 
strengthening interventions, in order to clarify some issues related to the seismic response 
of mixed URM–RC buildings.

Tomaževič et  al. (1990) carried out a shaking table test campaign on four 1/5 scaled 
three‑storey models, representative of buildings with a simple squared plan structure 
entirely carried out with external envelope of masonry walls changing the internal struc‑
ture. Two of the four models had an internal RC column and two RC beams, while in the 
other two models the internal column has been replaced by two perpendicular masonry 
walls. For the case representative of an original URM–RC building, since the masonry 
walls were much stiffer than the RC column, the latter exhibited almost negligible con‑
tribution on the overall seismic behaviour of the system. In addition, the building con‑
structed entirely with masonry showed a damage pattern quite uniformly distributed along 
the height of the building, and exhibited a slightly higher resistance and a better post peak 
behaviour, with a more gradual degradation of strength in the post‑peak phase (Tomaževič 
et al. 1990).

Jurukovsky et al. (1992) conducted shaking table tests on 1/3 scaled four‑storey models 
in order to investigate the seismic behaviour of a masonry structure with one RC frame 
at the ground floor (Model 1) and to examine the effect of two strengthening solutions, 
which consisted of adding external RC walls (Model 2) and inserting a central RC core 
(Model 3). The Models 1 and 3 are characterized by prevailing shear type of vibration, 
while in Model 2 prevailed the bending type. Model 1 has exhibited the lowest stiffness 
deterioration and has reached a higher level of permanent damage, compared to Models 
2 and 3. Model 2 presented the larger deformation (almost twice as Models 1 and 3) and 
was characterized by intensive damage to the masonry, bending failure mechanisms to the 
RC walls of the first floor and almost no damage to the third floor. Model 3 had the highest 
initial stiffness and its failure mechanism developed at the masonry of all the floors, while 
small cracks are observed to the central core of the first and second floor. Due to interac‑
tion between the central core and the floor slabs, damage was also observed on the first and 
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second floor slabs. According to the obtained experimental results, despite both approaches 
having presented advantages and shortcomings, it was observed that, in general, the two 
suggested strengthening strategies have increased the seismic safety of the original model 
(Jurukovski et al. 1992).

Senaldi et al. (2014) carried out an extensive experimental programme devoted to the 
shaking table tests on three full‑scale, two‑storey, single‑room prototype buildings made of 
undressed double‑leaf stone masonry. The first building tested was representative of exist‑
ing URM structures with flexible wooden diaphragms, without any specific anti‑seismic 
design nor detailing. In the second and third buildings, strengthening interventions were 
simulated on structures theoretically identical to the first one, improving wall‑to‑floor and 
wall‑to‑roof connections and increasing diaphragm stiffness. In the third specimen, a RC 
ring beam has been inserted to improve the diaphragm connection to the walls and a col‑
laborating RC slab and multi‑layer plywood panels have been added to stiffen floor and 
roof diaphragms, respectively. The results obtained permitted the calibration of a macroele‑
ment model representative of the nonlinear behaviour of the structure. In comparison with 
the original non‑strengthened configuration, the third building was able to withstand much 
stronger shaking, exploiting the in‑plane capacity of the walls. The addition of the ring 
beams have also significantly improved the coupling effect of masonry spandrels, enhanc‑
ing the in‑plane shear capacity of the walls, and increasing lateral strength and stiffness 
(Senaldi et al. 2014).

Concerning the numerical assessment methods, these can be classified with reference 
to: (i) the desired level of accuracy/simplicity: micro‑modelling approaches (modelling at 
masonry material scale) or macro‑modelling approaches (modelling at structural elements 
scale); (ii) the type of discretization (continuous or discrete); and (iii) the type of analysis 
(from elastic static or dynamic analysis to nonlinear static or dynamic analysis) (Lourenço 
1996, 2002; Vamvatsikos and Allin Cornell 2002; Lourenço 2004; Asteris et  al. 2015; 
Lagomarsino and Cattari 2015a). For the nonlinear static analyses of masonry structures, 
two widely known software packages based on the macro‑element approach are worth 
of mentioning here: 3Muri (Lagomarsino et  al. 2013) and 3D‑Macro® (Gruppo Sismica 
2013), whose differences in their formulation have been pointed out by Maio et al. (2017). 
Regarding the finite element method‑based software, some of the most widely used pack‑
ages are DIANA FEA, ABAQUS and ANSYS.

In the last decade, some numerical studies have been conducted on mixed URM–RC 
structures, especially by Italian research community. The most frequent type of analysis 
is the nonlinear static (pushover) analyses of equivalent three‑dimensional hyper static 
frames, made of macro‑elements, characterized by a rough bilinear elasto‑plastic constitu‑
tive law. In addition, more complex nonlinear analyses (cyclic pushover, dynamic nonlin‑
ear) are also used, mainly for comparison purposes.

Davide (2007) has carried out the assessment of one existing masonry structure and its 
retrofitting with the addition of two RC shear walls. In his research, it is outlined that the 
addition of the RC walls affects the global response of the structure as well as the damage 
distribution among the elements. The achieved results also showed that the insertion of RC 
walls, if properly designed according to performance based design principles, can lead to 
a higher global top displacement of the retrofitted building when compared to the original 
structure (Davide 2007).

Liberatore et al. (2008) examined the structural consequences of replacing the internal 
URM walls of old masonry buildings with RC frames. According to these authors, this 
practice can have negative consequences on the vulnerability of the buildings. The analyses 
highlighted that the RC elements remain elastic and give a negligible contribution to the 
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overall performance. The authors also reported the challenges associated with the adoption 
of the finite element method in the structural modelling, as well as the issues of modelling 
the connections between structural elements of different materials. Moreover, the influence 
of the masonry compressive and tensile strength on the structural behaviour has hindered 
the convergence of some numerical models, not allowing the examination of the global 
structural behaviour (Liberatore et al. 2008). The same intervention strategy has also been 
studied by Sangirardi (2016) in order to understand the contribution of the RC frames and 
the influence of their dimensions on the global behaviour of the structures, especially refer‑
ring to the shear repartition between structural elements. The observation of the results 
obtained from both modal and nonlinear static analyses has led to the consideration that, 
when analysing the behaviour of existing masonry buildings that have been transformed 
into mixed URM–RC ones, the substitution of internal masonry walls with RC frames can 
increase the elastic period of the building and the displacement capacity. Though the inser‑
tion of RC frames after the demolition of internal walls could also strongly decrease the 
base shear capacity, the combination of the decrease in strength and the increase in period 
determines that the seismic checks are satisfied with capacity/demand ratios that don’t dif‑
fer significantly (Sangirardi 2016).

Cattari and Lagomarsino (2013) carried out nonlinear analyses on a series of mixed 
URM–RC constructions to simulate various possible interventions to original URM build‑
ing: insertion of RC ring beams; substitution of masonry walls by RC frames; substitu‑
tion of masonry walls by RC walls; addition of one floor made with RC frames. In all 
these configurations, RC elements were designed to simulate existing pre‑code buildings; 
thus, only vertical loads were considered for the design neglecting any rules of capacity 
design. The authors have concluded that the addition of RC elements significantly affects 
the global seismic response in terms of both strength and ductility, whereby their presence 
must be taken into account for a correct estimate of strength and displacement capacity. In 
addition, it has been observed that the insertion of RC elements can only improve the seis‑
mic behaviour of an URM building if the RC members exhibit larger displacement capaci‑
ties than those of the original structure, which was not generally the case (Lagomarsino 
and Magenes 2009; Cattari and Lagomarsino 2013).

Augenti and Parisi (2008a, b, 2009) have studied the problem of predicting the seismic 
behaviour and the distribution of horizontal forces among the elements of torsionally and 
non‑torsionally eccentric structural systems formed by masonry or RC shear walls (with 
or without openings), RC frames and RC structural cores, connected by rigid diaphragms. 
They have also studied the distribution of the internal forces among the members over the 
height, pointing out the importance of taking into account the interaction between the vari‑
ous structural elements (Augenti and Parisi 2008a, b, 2009).

Nardone et  al. (2010), have studied the behaviour of existing masonry buildings con‑
verted into URM–RC buildings, either by inserting internal RC frames or by substituting 
URM walls by non‑adherent RC frames. The analyses have highlighted that the substitu‑
tion of internal URM walls by RC frames can increase the elastic period of the building 
and then the displacement capacity, but it could strongly decrease the base shear capacity. 
It has been pointed out the importance of the quality of connections between different ele‑
ments to prevent local failures, as well as the type of analysis to be adopted. In addition, 
it has been concluded that, in general, no structural element can be neglected in mixed 
URM–RC systems (Nardone et al. 2010).

Marques et al. (2017) carried out a study on the techno‑economic efficiency of different 
seismic strengthening techniques for old residential buildings, with application to construc‑
tion typologies in Lisbon: addition of reinforced render in external walls, insertion of a 
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RC ring beam and substitution of timber floors by RC slabs. Concerning the first two solu‑
tions, it has been observed a significant improvement of the seismic response. On the other 
hand, the addition of RC slabs had an undesirable result, once it increases the mass of the 
building without improving the diaphragm action of the floors, which negatively affects the 
seismic response. Concerning the efficiency of the strengthening schemes, it has been veri‑
fied an increasing trend of the seismic performance with the rise of the intervention cost. 
However, the combination of steel jacketing of beams with a partial application of rein‑
forced plasters (a relatively cheap solution), has proved to be an efficient solution, allowing 
a performance increase up to 60% whilst simultaneously saving in damage costs (Marques 
et al. 2017).

In view of the above, it can be stated that there are not “rules of thumb” for the assess‑
ment and/or design of efficient strengthening interventions in the context of mixed derived 
URM–RC buildings. Instead, considering the multitude of variables involved, a rational 
and individualised process is still required for each different building. Nevertheless, future 
studies may help to develop robust methodologies that can be extended to different typolo‑
gies of buildings and interventions.

6  Challenges associated to the seismic vulnerability assessment

Despite the profusion of the construction and intervention techniques identified in this 
paper, scarce research has been carried out and there are several challenges to be addressed 
in respect to these mixed building typologies. Moreover, the majority of the studies in the 
literature are based on an assumption that the building has either a ‘perfect’ box‑behaviour 
(Marques 2014) or not at all (Lourenço et al. 2011), while the real response of multi‑storey 
buildings with flexible floors is an intermediate case (Marques et  al. 2017). Among the 
many open issues which need to be addressed are:

1. Inspection, diagnosis and appraisal tools It has already been underlined the importance 
of diagnostic observation of the damage to buildings after an earthquake in order to 
understand the complex seismic response of mixed URM–RC buildings (Cimellaro et al. 
2010). In this regard it is worth emphasising the need for practical and reliable tools for 
fast and precise data acquisition of large and/or complex structures [such as terrestrial 
laser scanner (TLS) and photogrammetry (Arce et al. 2016)]. This can be used both for 
the 3D modelling and for the assessment of the state of conservation of existing build‑
ings, and for the development of ‘as‑built’ and ‘as‑damage’ BIM models (Zeibak‑Shini 
et al. 2016);

2. Need for specific experimental campaigns and data acquisition As already mentioned in 
Sect. 5, very few experimental investigations on mixed structures are available that simu‑
late the observed behaviour and damage patterns. For instance, no experimental study 
has addressed the seismic behaviour of mixed structures where RC and URM walls are 
regular and continuous over the height. In addition, Lagomarsino and Magenes (2009) 
suggest the study of the definition of demand spectra at different levels of the building 
(since local mechanisms usually occur at higher levels were the motion is amplified by 
the filtering effect of the structure);

3. Difficulties of numerical modelling Mixed URM–RC buildings may be very difficult 
to model analytically both because of their technological and constructive complexity 
and because of the nonlinear behaviour of the masonry material added to the respective 
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beneficial or adverse interaction effects resulting from the interventions with RC (Cimel‑
laro et al. 2010). In this context, the following issues deserve to be further investigated:

• The need for reliable but practical analysis tools and criteria to assess irregular 
buildings and/or with flexible diaphragms, namely the need of including nonlinear 
behaviour of flexible floors in the 3D equivalent frame models (Lagomarsino and 
Magenes 2009);

• The problem of modelling connections between structural elements of different 
materials (critical points) (Liberatore et al. 2008).

4. Scarcity or technical difficulties of numerical analyses According to Nardone et al. 
(2010), the reliable evaluation of the seismic action shared between structural elements 
characterised by different technologies (URM and RC) is not easy to achieve using 
simplified models based on linear analysis, whereby nonlinear (static or dynamic) 
analyses should be adopted (Magenes and Penna 2011; Cattari and Lagomarsino 2013; 
Lagomarsino and Cattari 2015b). However, in addition to the common variations of 
the results of nonlinear numerical investigations (which are sensitive to modelling 
approaches, mechanical and geometrical assumptions, and to the hypotheses on which 
they are based), models often cannot be validated without adequate experimental data. 
Moreover, numerical analyses must also be extended to further building configurations 
to obtain more references to better understand the potential sources of vulnerability;

5. Strengthening interventions (proposed in several codes and widely put into practice): 
the literature on this subject considers the masonry structure separately from the RC 
structure, thus studies related to criteria and techniques of seismic strengthening and 
retrofitting specific to mixed structures are missing. Moreover, recent earthquake expe‑
riences have raised the following issues which should be addressed in future scientific 
research (Lagomarsino and Magenes 2009):

• The effect of the interaction between RC and URM elements: as already identified, 
each intervention is prone to alter the global structural behaviour/response of the 
original building to a greater or lesser extent, depending on a vast range of factors 
(material properties, connections, weight increase, structural rearrangement, etc.). 
Therefore, the problem of the distribution of seismic action between masonry and 
RC elements, and the way their connections work seems understudied (Liberatore 
et al. 2008);

• The role of horizontal floor or roof diaphragms (rigid/flexible); The role of the con-
nections between walls and floors, and; The effects of the interventions that modify 
diaphragms and connections;

• The effectiveness of ring beams added to the existing structure and of their connec‑
tions with floors and walls, depending on the structural context in which they are 
inserted;

• The choice of strengthening strategies to be adopted in building aggregates in his-
torical centres, taking into account the interactions and the building’s position in the 
aggregate.

6. Insufficient standards and code indications Although earlier codes have recommended 
the use of retrofitting techniques with RC, these (as well as the most recent ones) provide 
little support for the adequate seismic design‑assessment retrofitting of mixed URM–RC 
buildings. In fact, some authors have recommended that current seismic codes should 
be revised in order to get a better estimation of demands on structures and increase the 
reliability of their prescriptions for the analysis of mixed URM–RC buildings;
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7. Seismic vulnerability assessment Notwithstanding the several recent studies carried out 
for old URM buildings within old urban areas (Lagomarsino and Magenes 2009; Vicente 
et al. 2014), there are still countless open issues regarding mixed URM–RC buildings. 
In this context, future studies should be developed and calibrated based on already 
existing hybrid methodologies for the seismic vulnerability assessment of traditional 
masonry structures at the urban scale by means of post‑earthquake damage observation 
and numerical analysis (Ferreira et al. 2015), in order to investigate and evaluate quan‑
titatively the vulnerabilities associated with each of the defined intervention typologies.

7  Concluding remarks

As the latest earthquakes have showed, numerous old URM buildings intervened with RC 
have suffered partial and total collapses due to the incompatibility of materials and due to 
ineffective retrofitting techniques, sometimes recommended by national and international 
codes, guidelines and standards. Moreover, the structural effect of these interventions over 
building’s global seismic behaviour is still understudied and raises some issues concerning 
strength and ductility concepts. Thus, the awareness and knowledge about the variety of 
existent typologies present in our built environment is crucial for the correct assessment 
of their seismic risk as well as for the design of proper strengthening interventions so as to 
avoid future disasters.

In this context, this work operates as a stepping stone for future studies targeted at the 
adequate seismic assessment and retrofit of intervened URM buildings with RC elements, 
herein referred to as derived mixed URM–RC buildings. In contrast to original mixed 
URM–RC buildings, whose structure has been conceived to be behave throughout its life 
cycle considering the properties of both materials, derived mixed URM–RC buildings 
result from the need for posterior rehabilitation/refurbishment interventions. As conse‑
quence, many of these intervened buildings have become themselves more seismically vul‑
nerable and in need for a thorough structural safety assessment or, eventually, for additional 
strengthening interventions. With this in mind, the present paper fulfils a twofold objective: 
the categorization of the main structural typologies of derived mixed URM–RC buildings 
according to three basic intervention strategies—additions, insertions or substitutions—, 
and the discernment about their associated consequences for the global behaviour of the 
structure, according to several past research work.

In addition, this paper takes a look at the main damage patterns and failure mechanisms 
associated with derived mixed URM–RC buildings, based on the observations and lessons 
learned from past earthquake reconnaissance field missions, as well as at the most signifi‑
cant existing numerical and experimental studies in the literature on the seismic behaviour 
of these structures. Among the identified causes of damage, beyond the additional weight 
and stiffness of RC elements one might outline the consequences of inadequate structural 
connections, poor understanding of interaction phenomena, low of confidence in analysis 
methods, and lack of specific code recommendations.

Finally, the last section of this paper is dedicated to the current challenges and research 
gaps in the scope of the seismic assessment of derived mixed URM–RC buildings. Such 
understanding is believed to be a priority for the definition of better seismic vulnerability 
assessment tools and for the development of improved analysis and modelling methods and 
suitable strengthening strategies and techniques.
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