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ABSTRACT: The evaluation of the seismic vulnerability in historical buildings represents an area of recent 

interest in relation to the need to define appropriate interventions to improve the quality, compatibility with the 

historical-architectural characters, as well as with the static behaviour. The present work shows a completion 

of an operational methodology for the definition and evaluation of effectiveness of antiseismic recovery 

interventions in  historical buildings defined qualitative-quantitative approach. The methodology allows you to 

define a coordinated system of structural interventions, appropriate in relation to the specific historical-

architectural and technical-constructive characters of these structures giving a higher degree of security. The 

articulation operates as to take into account both the qualitative aspects, related to the technology of 

construction and to the rule of the art, and the quantitative aspects of the numerical analysis of the 

characteristics of resistance of the structural elements. The methodological approach has found a specific 

validation with reference to a masonry and concrete structure: a public housing complex called “Gruppo Piave 

– ex Gondar” in the city of Bari (Italy). 

Keywords -historic masonry building, qualitative-quantitative approach, linear and nonlinear analysis, seismic 

vulnerability, index of elastic-seismic improvement.  

 

I. INTRODUCTION 
It is known that earthquakes have always represented the main cause of damage and losses to the 

architectural heritage [1]. Historical buildings are characterized by an inherent vulnerability to seismic action, 

because anyhow masonry is not very resistant to states of traction, especially on the horizontal planes of the 

courses, normally compressed [2, 3]. On these, in the case of an earthquake, the horizontal action causes the 

weak resistance of the material to exceed for the states of tangential stress and tension, causing damages because 

of the sliding or the detachment of the elements [4]. In addition, the history of these buildings, marked by 

different construction phases, accentuates that behavior which is already inherent in the material. The growths, 

the superfoetations, extensions that are planimetric, determine the presence of many facilities within the same 

building. In this way the behavior is strongly influenced by the action that strikes them. In the case of an 

earthquake, the horizontal inertial forces are capable of causing the loss of balance of these elements especially 

if slim or not properly connected to the rest of the building. This intrinsic vulnerability is extremely fed, in some 

cases, by the lack of assessment of effectiveness of some new construction techniques [5] that increase the 

propensity on the part of historical structures to be damaged; solutions such as the remake of a reinforced 

concrete roof, the inclusion of curbs that are too for walls, the use of seams armed as an alternative to traditional 

metal tie rods, have caused higher damage in most of the cases compared to those that the original structure 

would probably have presented. Therefore, there is a problem of seismic safety for the historical buildings, in 

other words we need to assure that the structure have a capacity of resistance comparable to that required of the 

new constructions, both for the protection of the public safety, and for the upkeep of the property; the 

intervention of earthquake recovery can certainly not be a compromise between conservation of architectural 

building and protection of the public safety, but neither should it be the optimal synthesis [6, 7]. All this requires 

a proper understanding of the structure in its whole, in order to identify elements of weakness with respect to the 

Rule of the Art. In other words it wants to permeate the concept of structural safety of the historic buildings with 
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all the aspects that are unlikely to be integrated within a mechanical model, even if it is refined. In this way the 

intervention, that comes from it, is certainly appropriate, because it poses as not a distortion of the "logic" 

(formal and spatial-material) of the pre-existent and in continuity with the "modal logic" (procedural) that it 

approves.  

II. OBJECTIVE OF THE STUDY AND METHOD  
The following work presents a methodology for defining and assessing the effectiveness of 

interventions of earthquake recovery, defined quali-quantitative, through which improve the security level of an 

existing building, through a respect for its historicity. The approach selects quantitatively, as a result of dynamic 

analysis, combinations of interventions, adequately defined qualitatively related to conservative aspects of the 

product. In this way the need for conservation is not an obstacle but rather a guide to planning really effective 

antiseismic interventions. In other words, ways of knowledge and analysis are proposed in which the judgment 

on the suitability of an intervention emerges from the comparison between the ability of the structure, evaluated 

following a qualitative and quantitative knowledge of construction, and  the seismic action. This comparison is 

not to be understood as binding occurs between strength of the structure and demand; on the contrary, it is 

attested, for each intervention, a quantitative parameter to bring into account, in conjunction with others, in a 

qualitative assessment that contemplates the desire to preserve the product from damage with seismic safety 

requirements about the enjoyment and the function [8]. The objective is to avoid unnecessary works, thus 

favoring the criterion of minimum intervention, but also by highlighting the cases in which it is appropriate to 

act more decisively. This study wants tohighlight only which can be made in full compliance with the historical 

nature of the construction and excluding the rest. 
 

III. QUALI-QUANTITATIVE METHODOLOGICAL APPROACH  
The methodological approach starts from the knowledge of the structure according to three levels of 

different deepening, necessary both for the purposes of a reliable evaluation of the seismic safety current, and 

for the choice of an effective intervention to improve seismic behaviour [9]. The purpose is certainly to put in 

place a model that allows a qualitative interpretation of the mechanism of structural operation, as many as the 

real structural analysis, for a quantitative assessment. Problems are those related to the recognition of geometric 

data, the changes occurred in the course of time, due to the phenomena of damage, resulting from anthropic 

transformations, aging of materials and by natural disasters. The first level unfolds therefore in an analysis of the 

building, showing the data collected in appropriate forms mostly cataloguing, suitably designed, in order of:  

1.1 identification of building organism in its organic structure;  

1.2 characterization of the spatial and functional relationships with respect to the bordering territories;  

1.3 recognition of individual building block;  

1.4 understanding of evolution of transformative structure in correlation to the successive uses in the 

course of time, through extensive historical-archival investigations;  

Of course for the purposes of proper identification of the structural system, the reconstruction of the 

entire building history, the construction process and the subsequent transformations, play a decisive role. 

Historical analysis allows both to limit the number of investigations in historically homogeneous areas, and to 

focus on those parts that are less known or to possible solutions of continuity, identifying simultaneously 

previous consolidation interventions. However, the study of the historical evolution of the building cannot be 

separated from knowledge of the sequence of earthquakes [10] that have involved the same product in the past; 

it shows a real testing from which emerges awareness on the state of seismic stress which has been subjected. A 

second level of analysis is oriented towards complete spatial identification and diagnostics of the organism 

itself, through operations both of geometric survey, strain behavior, and of study of geomorphologic and 

structural plan. The knowledge and characterization of these latter aspects is of great importance in the 

prediction of seismic behavior due to the interaction ground - foundation – structure. 

In this way, the approach facilitates the next step of input of the seismic model, completed by material 

constructive relief of the various elements that make up the structure. It represents a cognitive framework of  

third level, through which acquire a detailed morphology intrinsic in the same [11]. Performed a mechanical 

modeling of the structure, if the analysis-verification (linear or non-linear) shows an inability of the building in 

order to confront the seismic acceleration while waiting for the reference site, the approach requires the 

definition of one or more combinations of interventions of earthquake recovery. Modeled each combination of 

intervention, rather than perform for each a numerical evaluation of efficacy, such as to require a significant 

computational burden, the approach proposes a simplification of the problem, limiting the post tests of detail to 

the really effective combination. More precisely, after obtaining the modal forms of each combination of 

intervention and state of pre-consolidation, the approach  requires the formulation of an index of elastic-seismic 

improvement, appropriately introduced therein in order to select the combinations in terms of effectiveness, 

calculating it and distinguishing between two cases that require two different formulations of this index. The 

two cases concern buildings regular in plan and elevation and buildings that instead have geometrical and / or 

construction material irregularities in plan and / or elevation. 
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For buildings regular in plan and elevation this operator, Eq. (1) is configured for each combination of 

intervention, such as normalized ratio between total pseudo- acceleration of consolidation and pre-consolidation. 

Both pseudo - accelerations derive from the elastic response spectrum, specific of the reference site, by a 

combination of partial values of accelerations, corresponding to periods relating to vibration modes with 

participating mass more than 1 %. 

𝐼𝑚𝑒𝑠 =  
𝐴𝑐𝑜𝑛𝑠

𝐴𝑝𝑟𝑒𝑐 .
 =  

     𝑎𝑖 ∙ 𝑚 𝑖
∗  

2𝑛
𝑖=1  ∙ 𝑛𝑚   

𝑐𝑜𝑛𝑠 .

     𝑎𝑖 ∙ 𝑚 𝑖
∗  

2
𝑛
𝑖=1  ∙ 𝑛𝑚   

𝑝𝑟𝑒𝑐 .

(1) 

With: mi* = mass normalized modal, nm = number of modes involved, ai = modal pseudo- 

acceleration.  

Instead  in buildings with irregularities in plan and elevation, and wherein the second  mode of 

vibration result of torsional type index of elastic-seismic improvement is defined as follows: 

𝐼𝑚𝑒𝑠 =  
𝐴𝑐𝑜𝑛𝑠

𝐴𝑝𝑟𝑒𝑐 .
 =  

     𝑎𝑖 ∙ 𝑚 𝑖
∗  

2𝑛
𝑖=1  ∙ 𝑛𝑚  ∙𝛽𝑡

0.65 
𝑐𝑜𝑛𝑠 .

     𝑎𝑖 ∙ 𝑚 𝑖
∗  

2
𝑛
𝑖=1  ∙ 𝑛𝑚  ∙𝛽𝑡

0.65 
𝑝𝑟𝑒𝑐 .

 (2) 

With:𝛽t =  
max   𝑀𝑃𝑀𝑥 ′ ; 𝑀𝑃𝑦 ′ 

min   𝑀𝑃𝑀𝑥 ′ ; 𝑀𝑃𝑦 ′ 
; 

MPx'(%)= percentage of participating mass in the direction X 'of the torsional mode of vibration; 

MPy'(%)= percentage of participating mass in the direction Y 'of the torsional mode of vibration. 

In equation (2) is introduced the torsional factor β_t^0.65. This factor, obtained as a result of several 

experimental evaluations and  interpolations of statistical data, refines the estimate of the index of elastic-

seismic improvement evaluating the contribution due to the torsional motion.  

In both equations, with the increase of the index of elastic-seismic improvement, induced by an 

increase in overall elasticity with respect to the pre-consolidated condition, building attenuates its vulnerability, 

in other words its propensity to suffer damage. The structure dissipates part of energy into the elastic phase and  

leaves the remaining contribution to plastic phase. Whether working on buildings of high historical and 

architectural interest or on solutions with lower value but still of undeniable interest, the approach provides an 

opportunity to recognize the combination of effective interventions quantitatively and qualitatively consistent 

with the history of artifact, promoting reduced invasiveness and reversibility of the same. 

 

IV. REAL APPLICATION OF THE METHODOLOGICAL APPROACH 
IV.I  Case of study 

The methodological approach has found a specific validation with reference to a public housing 

complex dating back to the late thirties of the twentieth century (built between 1937 and 1940) called “Gruppo 

Piave – ex Gondar” in the city of Bari (Italy)(Fig.1). It is formed by two C-shaped symmetrical bodies and  is 

isolated from other adjacent buildings. The buildings are spread over four levels above ground and one 

basement and show irregularities in plan and elevation. The complex has a mixed construction type with 

presence of load-bearing masonry and vertical and horizontal elements in reinforced concrete (floor slabs, 

beams, pillars, curbs) and the building is of gallery type, unusual for the city of Bari, which was chosen for 

economic reasons. During the war, the complex has not been damaged or modified in any way; in subsequent 

years, until today, the building structure has not undergone substantial changes to anything, nor the structural 

parts; the few interventions concern a lacking and low end  maintenance and numerous accretions. Concerning 

the seismic history the building has undergone during its existence a series of earthquakes including some quite 

significant to the local context in question, with peaks of intensity at the site of the 6th degree of the MCS scale, 

which suggests that it has been somehow stressed, though not seriously,  from the seismic action over time. 

 

IV.II Knowledge of the historical building 

The cognitive framework of the building have been organized in three levels with increasing depth as 

expected from the approach and has been systematized in the drawings and schedule graphs forms. For the first 

level (Figs.2, 3) we proceeded with the location, general analysis and registry and relationship identification, 

using data from the maps, and in particular identifying the relationship and the distances to the surrounding 

buildings, important to assess the seismic behaviour. Extensive documentary researches were also carried out at 

the State Archive of Bari and at the home of the “Autonomous Institute of Public Housing of the province of 

Bari” and further literature searches from which have emerged a number of important documents and technical 

papers with which were reconstructed the story of the building and identified the  structural macro - elements. In 

the second level (Fig.4) has been gained a complete geometric, spatial, and state of preservation identification 

through the historical technical drawings and the direct in situ survey. In the third level (Figs.5, 6, 7) have been 
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examined the material - structural and mechanical properties of each structural macro – element using both 

parameters provided by the legislation and data obtained from diagnostic tests performed on the artifact (cover 

meter and thermographic tests) and the archival documents. The mechanical values [7] have been appropriately 

scaled by applying the confidence factors related to the masonry and the reinforced concrete that are both equal 

to the level of knowledge and LC2 that is corresponding to a value of Fc equal to 1.20, based on the level of 

detail achieved, according to the Italian regulations [4]. 

 

IV.III Mechanical modeling and analysis 

The modeling of the building under study was made according to the method SAM II (Simplified 

Analysis of Masonry buildings) based on a macro-elements modeling (pier elements, spandrel beam elements,  

joint elements) of the masonry structure, such as to enable analysis of entire buildings with a reduced 

computational analysis. The method idealizes a masonry wall by means of an equivalent frame constituted by 

pier elements (vertical axis), spandrel beam elements (horizontal axis), modeled with the introduction of rigid 

offsets at the ends. In order to avoid the processing of redundant data, modeling was made by considering one of 

the two buildings that constitute the complex "Gondar", in particular the one willing to south on Via Bruno 

Buozzi, this was possible given the symmetry and the complete correspondence of the geometric and material - 

constructive parameters of the two buildings(Fig.8). For more caution in the modeling were not considered 

masonry spandrel beam elements present above and below the openings, as deemed low resistance. For 

modeling and subsequent analysis the software CDMA Win (Computer Design of Masonries) of the STS s.r.l. 

which implements the method SAM II extending the three-dimensional case was used. The program is 

interfaced with the calculation engine Opensees (Open System for Earthquake Engineering Simulation), 

developed at the University of California at Berkeley, having high computing power and reliability. It follows a 

three-dimensional equivalent frame configuration of the various macroelements with elements, diversified 

according to the type of wall or element in reinforced concrete, but all linked together in joints, and solicited by 

the loads transmitted from the floor slabs, so as to obtain a complete and proper description of the structure 

together with a convenient method of modeling (for one-dimensional beam-column elements) and sufficiently 

suitable for the description of the behavior of masonry and reinforced concrete elements which make up the 

building object of study. The analysis, carried out in accordance with the regulations [1], were kind of dynamic 

modal and nonlinear static (pushover analysis). The verification of resistance of individual pier elements was 

carried out for the vertical loads and horizontal ones. For the static analysis was performed the calculation of 

slenderness and eccentricity of each wall. Were taken into account both the bending and the shear failure modes 

with the respective values of limit shifts laid down in the seismic regulations. For the seismic response analysis 

of the building have been used the response spectrum parameters of the area where the artifact is. The results of 

the analysis showed an inability of the structure to ensure the resistance to seismic action pending in the site at 

Limit State of Preservation of Life (SLV).  In particular, the structural deficiencies are highlighted in the 

tabulation of data on the pushover curves generated by the software due to non-linear static analysis of the 

structure [12],  in which are not verified at the SLV the curves corresponding to the numbers: 1, 2, 9, 10 as the 

demand structure displacement exceeds the capacity of the same determining the collapse. The curves in 

question (Figs.9, 10) correspond to a seismic action in the X direction according to the reference system 

established in the modeling with the software. Given the insufficient resistance to seismic action of the building 

a seismic recovery intervention was determined and then modeled and evaluated according to the quali - 

quantitative approach. 

 

IV.IV Evaluation of the efficacy 

The analysis performed showed that the inability of the building in facing an earthquake is due to 

insufficient strength of the masonry elements of the same, then the intervention should be aimed at 

strengthening the walls. In addition, given that the unmet SLV conditions refer to seismic actions agents in the 

X direction according to the reference system associated with the structural model (roughly coinciding with the 

direction north – south in the real building) it was decided to intervene solely on the load-bearing walls with this 

lying posture, in order to avoid unnecessary intervention with a further stiffening of the structure and a waste of 

economic resources, as well as a greater impact on the artifact. The intervention chosen (Fig.11) is the 

traditional consolidation through the application of reinforced plaster with the use of glass fiber reinforced 

plastic (GFRP) nets and connectors applied on both faces of the concerned walls, selected for its reliability and 

effectiveness widely proven, low cost, ease of execution even for unskilled labor, the relatively small impact 

because of the absence of decorative and valuable historical - artistic elements in this building. The dynamic 

modal analysis, performed on the consolidated model, has shown an increase in resistance of the elements 

affected by cracking mechanisms for bending or overturning in the plane of the wall. From the analysis data on 

total pseudo - accelerations in the X consolidated direction necessary for the calculation of the elastic - seismic 

improvement index and then the qualitative evaluation of effectiveness of the intervention (Table 1) have been 
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obtained. In addition was also made a pushover analysis in the adopted consolidated state that has further 

confirmed the fulfillment of the seismic demand in terms of moving for the site where the artifact is. 

 

IV.V Results 

For the effectiveness assessment of the proposed intervention the elastic - seismic improvement index 

has been calculated according to the formulation proposed in this paper. Firstly the data of the pre – 

consolidated state,  obtained by modal analysis, have been defined as summarized in table 2. These were 

compared with the consolidated state data. The results of the modal analysis of the building showed that, despite 

irregularities in plan and elevation, the first two modes of vibration are of bending, singular condition due to the 

nearly coincidence between the center of mass and center of rigidity of the structure, therefore it was possible to 

use the equation 1 for the definition of the index. So it is derived the elasto - seismic improvement index. 

Afterwards the value of the index was compared with  the values of the SDOF (single degree of freedom) elastic 

stiffness obtained from the bilinearization  of the 8 pushover curves of the investigated direction (X) in the pre-

and post-intervention (Table 3). The average values of the coefficients (K *) in the two conditions were defined, 

then it is considered the ratio between the SDOF stiffness coefficient (K) pre and post consolidation for each 

pushover curve and it is compared with the ratio between the average values of the coefficients (K *) and the 

value of the elasto - seismic improvement index (Table 4) (Fig.12). Finally, the standard deviation between 

these values that is equal to approximately 1.77% has been calculated. 

 

V. FIGURES AND TABLES 
 

 
Figure 1. Public housing complex  “Gruppo Piave – ex Gondar” in Bari. 

 
Figure 2. Example module I cognitive level. 



American Journal of Engineering Research (AJER) 2015 
 

 
w w w . a j e r . o r g  

 

Page 113 

 
Figure 3. Example module I cognitive level. 

 

Figure 4. Example module II cognitive level. 
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Figure 5. Example module III cognitive level. 

 

 

Figure 6. Example module III cognitive level. 
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Figure 7. Example module III cognitive level. 

 

 

Figure 8. Three-dimensional mechanical modeling of  the building. 
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Figure 9. Unverified pushover curves, pre-consolidation state, X direction. 

 

Figure 10. Unverified pushover curves, pre-consolidation state, X direction. 
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Figure 11. Localization of the seismic improvement intervention. 

 

 

Figure 12. Graph comparing the values of the ratios between coefficients of elastic stiffness in pre and 

consolidated state for each pushover curve in the X direction and between their mean values and the elastic - 

seismic improvement index.  
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VI. CONCLUSION 
The study has helped to develop and perfect a practice for the selection of seismic recovery 

interventions in the historical buildings, assuring simultaneously safety and conservation of the structure. The 

complexity of the buildings, which have been chosen for the analysis, together with further tests carried out on 

other equivalent structures, has allowed us to test the applicability of the approach as a tool to address in 

overcoming of seismic risk at the territorial level. The elastic-seismic improvement index has been validated 

through the pushover analysis, which confirmed that the increase of the index, represents the increase of the 
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elastic stiffness and the decrease of the oscillation period of the structure, resulting in an attenuation of the 

request displacement expected for the site and therefore a reduction of the seismic vulnerability of the building. 

The study has also shown how the reliability of the evaluation approach is strongly influenced by the level of 

knowledge of the construction. The approach is therefore a tool able to grasp, with a reduced computational 

burden and an appropriate level of accuracy, the response in terms of improving the seismic vulnerability of the 

historical buildings, otherwise punishable by methodologies of much more complex analyses. For this way, it 

can be considered that the proposed approach, together with other practices for the assessment and mitigation of 

seismic risk, is capable to drive the design of interventions in existing buildings. 
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