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ABSTRACT. The current seismic prevention strategy is based on a unitary 
approach aimed at a risk mitigation, also at territorial level. The Italian 
guidelines for the assessment and mitigation of seismic risk of cultural 
heritage provides indications for the seismic analysis of protected cultural 
heritage, with the aim of specifying a path of knowledge, assessing the level of 
safety and planning possible improvements. The Italian building heritage is 
very vast and heterogeneous and was devastated by earthquakes due to its 
high vulnerability; therefore, the seismic risk mitigation also requires the 
availability of simple and handy analysis tools. The aim of this paper is the 
illustration of an easy, although approximate, procedure for the evaluation of 
the seismic safety index and the optimization of strengthening interventions. 
The procedure is applied to buildings located in the province of Caserta. The 
analyses are performed with reference to two types of buildings that are 
particularly recurrent and representative of the building heritage of this area 
and placed in areas with different seismic hazard. 
 
KEYWORDS. Seismic risk mitigation; Masonry buildings; Strengthening 
optimization; Province of Caserta. 
 

 

 
 

Citation: Guadagnuolo, M., Aurilio, M., 
Faella, G, Retrofit assessment of masonry 
buildings through simplified structural 
analysis, Frattura ed Integrità Strutturale, 51 
(2020) 398-409. 
 
Received: 15.06.2019  
Accepted: 01.12.2019  
Published: 01.01.2020  
 
Copyright: © 2020 This is an open access 
article under the terms of the CC-BY 4.0, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided 
the original author and source are credited. 

 

 
INTRODUCTION 
 

he Italian building heritage consists of masonry constructions, a wide part of which is located in historic centres, 
what deserve particular attention as bearers of inestimable values due to their existence over time, which makes it 
a rich historical, artistic, and cultural environment. 

The value of these constructions lies in the inestimable meaning that emerges from them, indissolubly linked to the 
history and evolution of the Italian country [1, 2]. Most of these buildings belong to periods when there were no rules to 
observe in their construction, and many were built using rules different from those used today and without seismic criteria 
[3]. Furthermore, existing buildings are often characterized by problems due to degradation and longevity [4-6]. The desire 
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to preserve these buildings is linked to the need to transfer the Italian heritage, and therefore its history, to posterity. 
Moreover, this issue is as important as extremely complicated, above all due to the presence of an excessive degradation 
and the low seismic capacity that characterizes these structures [7, 8]. 
Due to the recent code developments and the increasing attention given to the seismic safety of existing structures, 
especially after the last Italian earthquakes, the analysis of existing built heritage and the improvement of its seismic 
performance have become a fundamental issue [9, 10]. The current seismic prevention strategy is based on a unitary 
approach that primarily envisages a risk mitigation through the seismic classification of the territory and the retrofitting 
and strengthening of existing buildings; and any contrast between conservation, interventions, and structural safety must 
be avoided [11-13]. 
The Italian guidelines for the assessment and mitigation of seismic risk of cultural heritage (Directive 2011) [14] provide 
specific indications for the assessment and reduction of seismic risk of protected cultural heritage. It specifies a path of 
knowledge, assessment of safety level against seismic loads and planning of possible interventions, conceptually similar to 
those provided for unprotected buildings, but suitably adapted to the needs and peculiarities of cultural heritage [15]. 
The Italian building heritage is characterized by high complexity and heterogeneity, both from an architectural and 
structural point of view. A significant number of old stone and masonry buildings do not comply with any provisions of 
current codes and have low seismic capacity and in general sophisticated analyses are necessary to assess their vulnerability 
[16, 17]. For all these reasons, is therefore essential to have lean procedures that allow the evaluation of the seismic risk 
assessment of existing buildings to establish priorities in a long-term prevention policy. In addition, it is important to 
define a methodology to obtain comparable results to plan future activities of analysis, evaluation and risk management. 
Due to the size and the number of buildings involved, the currently available methodologies for assessing the seismic 
vulnerability of urban areas usually require the treatment of an enormous volume of data associated with inspection and 
investigation work. For this reason, the use of simplified procedures is becoming more popular [18]. The vulnerability 
index method uses the information gathered about the main building parameters (plan, height, structural and non-
structural elements, type and quality of materials), and is one of several general methods for seismic risk analysis. In [19] 
an easily manageable procedure is presented, adaptable to different buildings, but at the same time able to determine the 
current state of the structures and their structural deficiencies. 
The current conditions obviously lead to analyses aimed at improving the seismic performance of as much heritage as 
possible, avoiding the types of strengthening selected in the past that were not always suitable with respect to both the 
static condition and characteristics of the buildings and the respect of economic thresholds [20]. In fact, many 
strengthening adopted in the past have proved ineffective to withstand intense seismic actions [21]. 
In the present paper, a seismic analysis is performed by applying a simplified method for evaluating the safety index, 
before and after retrofitting interventions. Specifically, an approximate procedure is presented to optimize the type and 
quantity of the necessary local interventions. The analyses are performed with reference to two types of buildings that are 
particularly recurrent and representative of the built heritage in the province of Caserta and located into areas with 
different seismic hazard. The aim of the paper is to provide a first step to reduce the seismic risk of the analysed buildings, 
through very simple analyses of site and existing buildings. 
 
 
CASES STUDY 
 

he present study analyses two residential buildings, representative of the great majority of the existing buildings in 
the historic centers of the province of Caserta but located into two areas with different characteristics.  
The choice of these two buildings is representative of the great variation that exists in cities even belonging to the 

same province.  
Although they are both noble buildings, belonging to two different periods and to two distinct cities is also pointed out in 
the constructive differences starting from the types of material used and from the development of the construction. 
These buildings were built in the XV century and in a period between 1800 and the beginnings of 1900. They are mainly 
simple or massive stones masonry buildings and develop around a court or a central courtyard, generally built for at least 
two or three stories. The buildings are isolated or enclosed in urban agglomeration, and usually have timber or steel floors 
and no thrusting roof. 
 
“Palazzo Petrucci-Novelli” 
The building was realized around the XIV century and it is a typical example of the construction typology of the area (Fig. 
1). It is located in the historic center of Carinola (province of Caserta), a town that presents a medium-low seismic hazard. 
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The building has a compact shape and an irregular morphology both in plan and in elevation. It is on two levels around a 
central courtyard, where an external staircase connects the ground floor to the loggia, as shown in Fig. 2, Fig. 3 and in Fig. 
4. The masonry consists of simple regular stone blocks; the walls are 60 cm thick. The floors present a large variation: 
cross vaults, barrel vaults and flat slab are present, while the roof is made by timber trusses. 
 

 
 

Figure 1: External front views. 
 

 
 

                         Figure 2: Ground floor plan.                                                                         Figure 3: Elevation. 
 

 
Figure 4: Sections drawings. 

 
“Palazzo Ducale” 
The building (Fig. 5) is located in the historic center of Piedimonte Matese, in the province of Caserta. It is a prototype of 
the construction typology of the Middle Volturno’s area, next to the Apennines; therefore, a district with high seismic 
hazard. The palace, built in the XVI century, consists of a massive stone masonry mixed to fieldstone and brick blocks 
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with a thickness of about 80 cm. The building has four levels, arranged around a central courtyard and has a compact 
shape and an irregular morphology in both in plan and in elevation, as shown in Fig. 6, Fig. 7 and in Fig. 8 
 

 
 

Figure 5: External front views. 
 

 

 
 

                         Figure 6: Ground floor plan.                                                                         Figure 7: Elevation. 
 

 
 

Figure 8: Sections drawings 
 
 
RESULTS OBTAINED USING THE ITALIAN GUIDELINES FOR THE ASSESSMENT AND MITIGATION OF 

SEISMIC RISK OF CULTURAL HERITAGE  
 

he Italian National “Guidelines for evaluation and mitigation of seismic risk of cultural heritage” [14] identify 
different simplified mechanical models aimed at evaluating the seismic risk of most common masonry buildings 
types such as buildings, palaces and other structures with bearing walls and horizontal diaphragms [22], churches T 
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and other structures with large halls [23,24], without intermediate diaphragms [25], towers, bell towers, and other tall and 
slender structures [26].They are strongly linked to the Italian Building Code [27], recently updated with a new version [28], 
which contains all the parameters necessary to perform a reliable seismic analysis.  
To evaluate the seismic safety, three different levels of increasing completeness have been identified, of which the LV1 
level concerns the assessment of seismic safety index on a territorial scale, also to establish the priority degree of 
interventions; this method is based on a limited number of geometric and mechanical parameters or visual tests, being 
linked only to a simplified type of evaluation; as will be better clarified by the following procedure (Eqns. 1-9) [14]. 
Same papers compare simplified approaches with more sophisticated procedures [29, 30]; however, retrofitting and 
strengthening of existing buildings have to be designed through refined non linear analyses [31]. 
If the seismic safety index estimated using the procedure is greater than the unit, the structure is able to withstand the 
seismic forces required by the seismic code, on the contrary no. This is useful for highlighting critical situations and 
establishing a priority for the interventions [27, 28].  
The seismic safety index ISP is estimated by the ratio between the return period of the seismic action  SLVT of the 
earthquake which gets the building to reach the ultimate limit state and the expected return period of the earthquake on 
the site , R SLVT . 
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where: 

RV  is the reference period; 

VRP is probability of exceedance in the reference period. 
In the same way, an acceleration safety index ISA is computed as the ratio between the peak ground acceleration of the 
earthquake which gets the building to the limit state of activation SLVa and the peak ground acceleration of the design 

earthquake , g SLVa , related to the site: 
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, g SLVa  is the design ground acceleration, corresponding to the assigned return period of the earthquake, related to the 

subsoil; 

SLVa  is the ground acceleration leading to the achievement of the structure ultimate limit state (SLV), computed as a 
function of the fundamental period of vibration T1 of the structure [30]. 
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where the ordinate value of the elastic response spectrum ,  e SLVs is: 
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q is the behavior factor, SLVF  is the lower building shear strength, *e  is the mass fraction participant to the first mode of 
vibration and M is the total seismic mass.  
The procedure used, in the case in which the mode of collapse is not defined with precision, allows us to assume a 
triangular modal shape, corresponding to the following values for the mass fraction participant on the first mode and for 
the coefficient that defines the force at the i-th plane: 
 

* 0,750,75 0, 25   e N                                                                                                                     (7) 
 
The capacity models assumed for the analyzed structures are subject to shear failure at each level [32, 33]. The shear 
strength of the building is the lowest among those evaluated in two main direction.  
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  xiA  and   yiA  are shear resistant areas of the i-th floor walls according respectively to x and y direction; 

   xi and   yi  are plan irregularity factors related to the i-th floor; 

   xi and   yi  are coefficients considering, at the i-th floor, the stiffness and strength homogeneity of masonry walls 

according respectively to x and y direction. 
The failure mechanisms considered are that expected in masonry walls (Fig. 9): collapse of piers due to shear or bending 
forces, also depending on the strength of the spandrel beams [14, 34]. In masonry piers, the coefficients of failure 
mechanisms  xi and   yi  assume value of 1 in the case of shear failure and 0.8 in the case of eccentric axial force failure; 

the coefficients related to the spandrel beams resistance xi and yi assume values 1.0 in the case of strong spandrel beams 
and 0.8 and in the case of weak spandrel beams. 
 

 
 

Figure 9: In-plane failure modes of masonry piers subjected to eccentric axial force: (a) flexural, (b) shear diagonal cracking. 
 
The coefficients    xi and   yi  are related to the spandrel resistance of the i-th floor masonry walls: their values are 1.0 in 

case of strong spandrel and 0.8 and in case of weak spandrel, while    di is the design value of the masonry piers shear 
strength at the i-th floor, defined as: 
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where 0   i  is the design shear strength of masonry and 0   i  is the average normal stress on walls at the i-th floor. 
In the preliminary analysis the structure is examined in its actual state before the intervention, identifying the deficiencies 
and the seismic level at which the limit state of the collapse mechanism activation is achieved. The reference peak ground 
accelerations are computed using the following seismic parameters: 
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 Latitude Longitude VN Use Class CU Site Class ag 

Palazzo Petrucci Novelli 41.188625 13.976842 50 years II 1 A 0.098 g 

Palazzo Ducale 41.365277 14.383055 50 years II 1 A 0.249 g 
 

Table 1: Values of seismic parameters. 
 
“Palazzo Petrucci Novelli” 
The structure is composed by three different levels; the first one has steel floors and several vaults, the second one has 
steel and timber floors, while the roof consists of timber structures. The corresponding loads at each level are summarized 
in the Tab. 2. 
 

Level Dead loads: Gk Live loads: Qk 
Masonry 
Weight 

1°  12 kN/m2 2 kN/m2 16 kN/m3 

2° 6 kN/m2 2 kN/m2 16 kN/m3 

3° 1.7 kN/m2 2 kN/m2 16 kN/m3 
 

Table 2: Values of loads and masonry parameters. 
 
The confidence factor FC assumed is equal to 1.35 (corresponding to complete survey of the building geometry but 
limited knowledge of material mechanical properties). In this case the shear strength is equal to 0.028 MPa while the 
failure coefficients related to the type of failure expected in masonry piers (Cp=𝜉 ) and the resistance of spandrel beams 
(Cs=𝜁 ) are assumed equal to 0.8.  
According to the procedure provided in [14] for “Building Structures”, a minimum safety index IS (minimum between ISP 
and ISA) equal to 0.45 has been computed. Therefore, the building is not capable to withstand the design earthquake. 
 
“Palazzo Ducale” 
The confidence factor FC is equal to 1.35; the shear strength is equal to 0.028 MPa and Cp and Cs have been also assumed 
equal to 0.8 in this case. 
Based on the above data, the smaller safety index is equal to IS = 0.25, indicating that the structure is unable to withstand 
the seismic forces provided by the seismic code. 
 

Level Dead loads: Gk Live loads: Qk 
Masonry 
Weight 

1°- 2° - 3°  5.4 kN/m2 2 kN/m2 19 kN/m3 

4°  0.5 kN/m2 2 kN/m2 19 kN/m3 
 

Table 3: Values of loads and masonry parameters 
 
 
SELECTION AND OPTIMIZATION OF INTERVENTIONS 
 

he procedure aims at locally strengthening the buildings and increasing their seismic safety index. The choice of 
retrofit interventions must be based on a motivated strategy aimed at involving only selected building elements to 
be reinforced to improve structural performance. 

Through the simplified procedure provided by the Italian Guidelines for the evaluation and mitigation of seismic risk of 
cultural heritage and following the examples of this paper it is possible to identify the weakest level of a generic building 
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by a few simple steps, to optimize the interventions, focusing them on the story where they need: in fact, starting from the 
current conditions of the building, it is possible to  hypothesize interventions only on some structural elements (piers or 
spandrel beams) of a generic story. In fact, there are interventions that affect the resistance of single piers and/or 
spandrels and those that modify their failure mode. This last aspect can be taken into account in the numerical model by 
increasing the failure coefficient Cp or Cs relative only to the involved piers or spandrels. Then, the structural analysis is 
performed again to recalculate the safety indices ISP and ISA. The procedure is then repeated several times until the safety 
indices reach an acceptable value or until it is possible to increase the strength of the structural elements or change their 
collapse modes. 
 
“Palazzo Petrucci Novelli” 
In this case, the Fig. 10 shows the increment curve of the minimum safety index IS of the building, obtained through a 
combination of gradual increases in the shear strength of masonry piers (shown in the figure through an increase 
coefficient If), of the failure coefficients of piers and the resistance of spandrel beams (Cp, Cs) at different floors of the 
building. It is considered that the If coefficient could not be higher than 1.50 (which corresponds to a maximum increase 
of 50% in resistance of the masonry piers); the failure coefficients Cp and Cs cannot, on the other hand, obviously be 
greater than 1.0. With the aforementioned procedure, it was possible to increase the minimum safety index IS from the 
initial value of 0.45 up to 0.73. 
The procedure starts from the weak level. In this case the ratio between the shear strength of each level and the shear 
strength of the entire construction highlights the distribution percentage of this force, immediately identifying the weakest 
level as shown in Fig. 10. 
The three black points represent the values of the safety index achieved by maximizing the shear strength of piers (If = 
1.5) and the failure coefficients (Cp = Cs = 1), one floor at a time. 
The gradually increasing curve of the seismic safety index and the points of maximum increase differ from each other in 
the different design choices. The points of maximum increase correspond to widespread interventions on the entire 
construction, maximizing the failure coefficients of all piers and spandrel beams (Cp, Cs) and of piers shear strength (If) in 
an entire plane. This does not consider that the value of the minimum safety index IS could be due to a specific weakness 
located in the construction rather than to a general stiffness lack. 

 
Figure 10: Safety index curve of “Palazzo Petrucci Novelli”. 
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On the contrary it is possible to minimize interventions and consequent costs gradually increasing the shear strength and 
the specific failure coefficients (where necessary). Essentially with a view to achieving the same improvement result but 
optimizing choices and costs. 
Following the latter approach (hypothesis of targeted and optimized interventions), the maximum increase in the 
minimum safety index is obtained by increasing the shear strength by 50% at the third and second floors and only 20% on 
the first floor. The failure coefficients of piers and spandrel beams (assumed equal in both the x and y directions) are 
increased up to the unity for the third and second floor while they remained unchanged at the first floor. 
By maximizing all the values of shear strength (If = 1.5) and failure coefficients (Cp = Cs = 1) at every level of the 
constructions, the safety index curve rises rapidly to reach the same value of 0.73. In such a case, there would therefore be 
a waste in terms of costs, uselessly strengthening the first floor too, where instead it is sufficient to increase by only 20% 
the pier shear strength without changing the failure modes of piers and spandrels. 
The aforementioned analyses highlight that both design choices allow to improve the seismic capacity of the building, 
increasing the minimum safety index IS from 0.45 to 0.73. However, in the case of optimized interventions, the 
strengthening would be lower, less expensive and really located on the structural parts affected by structural deficiencies, 
while in the other case (widespread interventions) there would be unjustifiable and expensive interventions at a global 
level on the whole building. 
 
“Palazzo Ducale” 
In this case, as pointed out in Fig. 11, the building analysis returns an initial safety index of 0.25, which being lower than 1 
shows a significant incapability to cope with a seismic event, a more critical condition than the previously studied case. 
Also, for this second building, a double analysis is carried out based on two different design choices: the first with a 
gradual increase in resistance and failure coefficients and a second one based on the simultaneous maximization of all 
increases. 

 
Figure 11: Safety index curve of “Palazzo Ducale”. 
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Also, in this case the weakest level is the fourth floor in which there is just the 22% of the shear strength of the entire 
construction. 
Unlike the previous case, for this type of building, the maximum increase in the safety index (and the related structural 
improvement) is obtained, for both design approaches, by maximizing both the pier shear strength (If) at all stories in 
both directions and the failure coefficients of piers and spandrel (Cp, Cs). 
This is clearly shown in Fig. 11, where the curve representing the gradual increase of the safety index from 0.25 (initial 
scenario) to 0.52 is obtained by increasing the shear strength by 50% to all levels and assuming a unitary value for all the 
collapse coefficients Cp and Cs (assumed equal in both the x and y direction). 
The black points, representative of widespread interventions on the entire building, confirm that in this case the real 
improvement of the seismic capacity requires a global strengthening intervention on the entire building structure. 
This type of simplified method is able to identify the weak level of any structure, succeeding in this way to optimize the 
interventions and to localize them on the weak parts. The interventions aim to increase the compressive and shear 
strength. Several types of intervention are possible for cultural masonry heritage. 
There are many strengthening configurations, different in technique and material that achieve the same result and whose 
geometrical details are difficult to establish in advance. The improvement of the building seismic performances may be 
achieved using traditional fiber-reinforced composites systems (FRP), suitable as structural reinforcing elements.  
 
 
CONCLUSIONS 
 

his paper deals with some issues concerning the vulnerability assessment of masonry buildings and the 
optimization of the strengthening interventions to be adopted. The case studies are two stone masonry buildings 
in the area of Caserta, Southern Italy. 

Particular attention is paid to simplified assessment methods that require a less thorough knowledge of the structure, 
leading to results that can be sufficiently reliable. They are of fast application and are particularly suitable for the analysis 
of large and complex buildings, especially when they are placed in historic centers. 
The simplified method illustrated allows an optimization of strengthening and has been applied to two buildings 
representative of a wide number of residential buildings in Caserta: a building in the historic center of Carinola, an area 
with medium-low seismic hazard, representative of regular buildings made of simple stone, and a second building built in 
the historic center of Piedimonte Matese, an area of high seismic hazard, highly irregular in its configuration and made 
with mixed materials of various types. The seismic vulnerability has been assessed using a quantitative method, based on 
the procedure provided by the Italian guidelines for the assessment and mitigation of seismic risk of cultural heritage. For 
the first examined building ("Palazzo Petrucci-Novelli"), the analyses show an average vulnerability. In this case the 
seismic capacity of the building can be improved optimizing the strengthening interventions. In this case, in fact, the 
adopted iterative procedure allows concentrating interventions only on the structural elements characterized by structural 
deficiencies, avoiding widespread unnecessary interventions throughout the building (that would not lead to a larger 
increase in the safety index), and which would therefore be economically unjustifiable. The results obtained for the second 
building ("Palazzo Ducale") show a high vulnerability. In this case the iterative procedure leads to the same results in 
terms of increasing the minimum safety index achieved by assuming widespread interventions throughout the building. 
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