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Abstract 
 

This paper presents a procedure aimed at the evaluation of seismic vulnerability of 

masonry structures subjected to earthquakes. The approach chosen is based on a 

failure analysis of the structures through the identification of feasible collapse 

mechanisms and calculation of their associated seismic parameter Peak Ground 

Displacement (PGD). The mechanisms are ranked in terms of their likelihood to occur 

depending on structural condition of the structure chosen for study and quality of 

materials involved in construction of masonry structures. Fragility analysis is 

particularly useful in regions of moderate and high seismicity, Zone – III. In this study, 

a low rise Un-reinforced masonry (URM) structure located in Zone – III, particularly 

Chennai, was selected and investigated. The structure is modelled as an Equivalent 

Frame Model (EFM), and pushover analysis is performed to obtain capacity curve and 

bi-linear capacity curve. Further study is to be carried out on developing analytical 

seismic fragility curve for the masonry structure selected as per HAZUS procedure. The 

fragility curves are used to represent the probabilities that the structure damages, under 

various level of seismic excitation, exceed specified damage states by means of 

earthquake intensity-damage relations. This, in turn, can be utilized for prioritizing 

retrofit, pre-earthquake planning, and loss estimation tools such as cost-benefit 

analysis. The damage states considered for determining probability of exceeding a 

specified damage state involved in fragility curve generation are slight, moderate, 

extreme and collapse. 
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1. Introduction 
 

Till the early twentieth century, most buildings were URM constructions. Masonry 

covers a wide range of materials, such as bricks, stones, blocks, etc. jointed with different 

types of mortars such as lime mortar, cement mortar, etc. that exhibit different mechanical 

properties. Lime mortar was chiefly used as a binding material till early twentieth century. 

Brick jelly roofing or Madras terrace roofing was widely adopted as structural roofing in 

Chennai, till twentieth century. In Chennai, most masonry structures till twentieth century 

were constructed in the traditional manner with little or no intervention by a qualified 

person.  

Masonry buildings are vulnerable to strong earthquake shaking. It has been observed 

during past earthquakes that in the case of masonry buildings with flexible roofs and 

International Journal of Scientific Research and Review

Volume 7, Issue 3, 2018

ISSN NO: 2279-543X

http://dynamicpublisher.org/606



 

 

without ties at the floor/roof level, the failure is generally caused by out-of-plane 

failure of the walls, while in the case of masonry buildings with rigid flat roofs with 

adequate bearing on the walls, the out-of-plane failure of the walls is generally avoided 

and the seismic response is primarily governed by the in-plane resistance action of the 

walls (Fig. 1) [2]..  

The poor performance of masonry buildings in earthquakes is because of the following 

reasons: (a) the material itself is brittle and its strength degradation due to load repetition 

is severe; (b) masonry has great weight because of thick walls. Consequently the inertia 

forces are large; (c) large stiffness of the material, which leads to large response to 

earthquake waves of short natural period; and (d) quality of construction is not consistent 

because of quality of the locally manufactured masonry units (bricks), unskilled labor, etc. 

that leads to large variability in strength [1]. 

 

Figure 1. Box Action in Masonry Structure 

The objective of this paper is to introduce a procedure for the development of PGD 

based fragility curves as per Hazus-MH [3], for typical stone masonry buildings in 

Chennai City and to present the generated results. It was first necessary to make an 

inventory of the existing URM building and to include their special structural and material 

characteristics. 

 

2. Analytical Fragility Analysis 
 

Fragility curve refers to the probability of reaching or exceeding a given damage state 

defined as a function of earthquake loading. The output of the fragility analysis is a set of 

fragility curves describing different damage or limit states. Fragility curves can be 

obtained from empirical, judgmental, analytical and hybrid approaches [4]. Because of the 

scarcity of observational damage data in region of moderate seismicity such as Chennai 

and the subjectivity of judgmental damage data, analytical development of fragility curves 

is adopted. Analytical methods rely on structural modeling and analytical evaluation of 

the likelihood for a given building to experience damage by earthquakes of a given 

intensity and magnitude. 

The derivation process of analytical fragility curves for a particular building comprises 

several components: (a) building inventory, (b) damage/limit state model, (c) building 

capacity model, (d) seismic hazard, (e) seismic demand model, and (f) fragility generation 

(Fig. 2). 

 

3. Validation of the Proposed Model 
 

Journals “Simplified Drift Based Fragility Assessment of Confined Masonry Buildings 

by Ruiz Garcia and Teran Gilmore” and “Simplified Method of Fragility Analysis of 

Structures with Non-Traditional Seismic Protection by S.L.Dimova and K.Hirata” was 

validated. Equivalent-frame modeling of the structure was undertaken by SAP software 

package. Non-linear static pushover analysis was performed using SAP2000. Fragility 
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curves were generated by adopting HAZUS method and compared to the original results 

of the journal. The HAZUS manual method applied on different journals shows the result 

similarity of 98.9% shows the evaluation to be effective. 

 

 

Figure 2. Derivation Process of Analytical Fragility Curves 

 

4. Inventory of URM Building in Chennai City 
 

A detailed inventory has been carried out to characterize the URM buildings in 

Chennai city. Two buildings were considered for study, one located at Old Washermenpet 

(URM1) and the other located at Vepery (URM2). Fig. 3 and 4 shows the plan of URM 

building selected for study located.  

URM1 was constructed during early 20th century. The massive facade walls are 

relatively thick, with thickness of 46 cm, and have regular window and door opening on 

one side of the building. The story height ranges from 2.45m (headroom) to 2.75m (floor 

height). Lateral walls are of thickness 30.5cm. The typical floor is made of madras tile 

roofing system. The massive facade wall and lateral walls provide the buildings lateral 

resistance in both directions. 

URM2 was constructed in 1913 and has been steadily serving for the past 100years. 

The facade wall thickness was about 50cm, and has regular openings on all sides of the 

building. The story height ranges from 2.5m (headroom) to 3.0m (floor height). Lateral 

walls are of thickness 40cm. Floor is made of madras tile roofing system. Plan 

irregularity was observed in the structure. Both the structure rests on type II soil as per IS 

1893:2002. 

 

5. Equivalent Frame Modeling of URM Building 
 

Equivalent frame modeling of masonry walls has been used successfully in many 

previous studies [2] for the assessment of seismic behaviour of masonry buildings in 

Bhuj, India. In this method, multistory masonry walls are modeled as equivalent frames 

made of vertical (pier) and horizontal (spandrels) elements with rigid intersecting joint 

elements. The equivalent frame model adopted in this study is shown in Fig 5(a) for a 

typical masonry wall. The effective height of the pier is calculated according to the 

criteria of Dolce [1989] and can be expressed as: 

���� =  �′ +  �
�.�′  . 
. (� −�′)                (1) 
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where h’, D, H for the given pier can be obtained as shown in Fig 5(b). The nonlinear 

behaviour of piers and spandrels is modeled by inserting plastic hinges at pre-defined 

locations in the frame elements, to overcome the limitation of inability of EFM to 

automatically simulate the effect of varying axial stresses on piers 

 

Figure 3. Structural Plan URM1 

 
 

Figure 4. Structural Plan URM2 

. 
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Figure5. (a) Equivalent Frame Modeling of a Typical Multistory Masonry 
Wall with Door and Window openings, and (b) Definition of Effective Height 

of Piers as per Dolce [1989] 

6. Preliminary Analysis 
 

Equivalent-frame modeling of the structure was undertaken by SAP software package 

for URM1 and URM2. Non-linear static pushover analysis (NSPA) was performed using 

SAP2000 corresponding to gravity load. In the present study, pushover analysis have been 

performed, by assigning the mechanical properties of masonry used for construction 

during early 20th century. The pushover curve obtained from the proposed model is 

presented in Fig 6.  

Figure 7 shows the bi-linearized capacity curve of URM structure under study. The 

original curvilinear capacity curves have been idealized by a bilinear shape using FEMA 

356 [2000] guidelines. This bilinear capacity curve is obtained in order to be compared 

with the demand spectrum, and to define the damage states. URM2 was subjected to 

maximum displacement of 55mm, whereas URM1 showed 45mm roof displacement.  

The damage states model is analysed using SAP as an EFM. The damage limit states 

are considered by HAZUS manual, and are as follows: (a) slight; (b) moderate; (c) 

extreme and (d) collapse/complete. The roof displacement corresponding to each damage 

state of the building is represented in Figure 8. 

 

7. Fragility Curve Generation 
 

As discussed earlier, fragility curve is defined as the probability of exceeding a given 

damage state defined as a function of earthquake loading. In this paper, the function of 

earthquake loading considered is PGD. The Cumulative Distribution Function (CDF) 

defining probability of exceeding a specified damage state obtained as per HAZUS and I. 

Zentner, et. al., is as follows: 

P[ds|Sd]=Φ� �
���  �� � ��

��,����=� �
� ���√(��)

��� � !
"#$%&('�/'�,��)"

)��" *
            (2) 
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   (a) URM1     (b) URM2 

Figure 6. Capacity Curve  

 
(a) URM1     (b) URM2 

Figure 7. Bi – linear Capacity Curve 

 
(a) URM1     (b) URM2 

Figure 8. Damage State Model 

where, Sd,ds is the median value of spectral displacement; βds is the standard deviation of 

natural logarithm of spectral displacement for damage state and Φ standard normal 

cumulative distribution function. Since the demand spectrum for equivalent damping is 

dependent on building capacity, a convolution process is required to find the total 

variability βds as shown below: 
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+,- =  .(/012 3+4 , +56)� + (+7 ,-)�               (3) 

where, /012 3+4 , +56 is a complex numerical process and difficult to perform as the 

demand and capacity are correlated. To avoid this difficulty, sets of pre-calculated valued 

of damage-state beta values have been compiled and provided in tabular form in HAZUS 

[3]. The pre-calculated βds values for medium-rise buildings as given in HAZUS are 

reproduced in Table 1. The generated fragility curve is shown in figure 9. 

Table 1. Medium-Rise Structural System Fragility Variability 

Damage States 

For Medium rise structures (35’ or 15.855m) 

Median (Sd,ds) 

(in inches) 

Median (Sd,ds) 

(in mm) 
Beta (βds) 

Slight 0.50 12.7 0.99 

Medium 1.01 25.7 0.97 

Extreme 2.52 64.08 0.90 

Collapse 5.88 149.352 0.88 

 

8. Conclusion 
 

A simplified hybrid methodology for the derivation of analytical fragility curves for 

URM buildings constructed during early 20th century, based on EFM-NSPA of the entire 

structure was derived. The capacity curve parameters were developed using NSPA. The 

capacity curve parameters were used to define damage states and estimate vulnerability 

functions. The fragility curves were derived for both the structures. From the fragility 

curves it is concluded that damage probability of URM1 is high at slight and moderate 

earthquakes, whereas URM2 behaved well under slight earthquakes. In spite of plan 

irregularity observed in URM2, the structures shows better resistance to earthquakes due 

to good quality of materials used during its construction. With increased seismic intensity, 

the structure collapses due to out-of-plane failure of the wall.  

 
(a) URM1     (b) URM2 

Figure 9. Fragility Curve 
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