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ABSTRACT  

 

 Shells only a few centimeters thick can cover very large spans and their geometrical 

forms, singly and in combination, are practically numberless. Incremental Dynamic Analysis 

(IDA) procedure is adopted here for the analysis of sample building that offers thorough seismic 

demand and limit-state capacity prediction capability. The seismic performance of the RC Shell 

Structure is quantified in terms of yield and collapse capacities in terms of various ground 

motion indices, which are derived from IDA curves. The fragility curves for yielding and 

collapse damage levels are developed by statistically interpreting the results of the time-history 

analyses. Hazard-survival curves are generated by changing the horizontal axis of the fragility 

curves from ground motion intensities to their annual probability of exceedance using the log-log 

linear ground motion hazard model. The results express at a glance the probabilities of yielding 

and collapse against various levels of ground motion intensities. SAP2000 (version-14) is used 

for analyzing the shell structure. Pushover analysis, N-2 method, Incremental dynamic Analysis 

and Fragility Analysis has been applied on shell structure. Present work can be used as the 

guideline for the seismic behavior of Shell structure. 
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INTRODUCTION 

From architectural and functional points of view, shells have their applicability as roofing units 

in many of the public buildings. Thin shells offer many of the attributes that architects and 

engineers are looking for in an ideal structure. Shells only a few centimeters thick can cover 

very large spans and their geometrical forms, singly and in combination, are practically 

numberless. Shells are thin because they are curved in such a fashion as to keep bending 

stresses to a minimum. The extent of their acceptance will depend upon, among other things, 

economics and value of aesthetic effects, suitably to functional requirement and how their 
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structural behavior is understood. The performance and behavior of shell structures when 

subjected to seismic loads suggests that the requirement of establishing a methodology for 

studying the response of shell structure to earthquake loads has become essential. Earthquake 

engineering is a sector of civil engineering that deals with the mitigation of earthquake induced 

damage on structures and the minimization of loss of life. During the last forty years this sector 

has advanced considerably due to the rapid developments of computers and computing the 

improved experimental facilities, and the development of new methods of seismic design and 

assessment of structures. This advancement though has not been enough to resist the 

catastrophic consequences that earthquakes impose. However, it has led to some improvement 

of design and assessment procedures with a shift from traditional force-based procedures to 

displacement-based procedures as inelastic displacements have been deemed to be more 

representative of different structural performance levels. 

 

SHELL STRUCTURE 

Barrel shells are perhaps the most useful of the shell structures because they can span up to 150 

feet with a minimum of material. They are very efficient structures because it uses the arch 

form to reduce stresses and thicknesses in the transverse direction. The curve of the cross 

section of the barrel is usually a circle. However, any other form maybe used, such as the 

ellipse, a parabola, or a funicular curve which fits the thrust line of the applied load. Each curve 

has its particular structural and aesthetic qualities. A cylindrical shell has a large radius in 

comparison to the length. The two types of shells have uses which are altogether different and 

the architectural and engineering problems require a different approach. If the span is large in 

comparison to the width, the form is called a long shell. If the length is short, it is called a short 

shell. An arbitrary ratio for long shells is a span/radius ratio of 5. A short shell has a span/radius 

ration less than 1 and shells between these limits are called intermediate shells. 

 

 
Fig 1: Basic Elements of Shell Structure 
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In the Fig. 1, the edge beams are provided at the lowest point of the shell and the arch is placed 

on top of the shell so that forms may be moved through the barrel. In small structures, the edge 

beam can be omitted if the shell is thickened. The shell structure is constructed either with 

diaphragm or without diaphragm. The main purpose of diaphragm is to transmit lateral forces 

to the vertical resisting members. 

 

METHODOLOGY 

The estimation of seismic demands at performance levels which are low needs an explicit 

consideration of inelastic behavior of the structure. It is now common to estimate seismic 

demands in a simplified manner by nonlinear static analysis or pushover analysis. The 

extensive literature survey on seismic performance and shell structures reveals that pushover 

analysis has been widely adopted in the seismic analysis of low and medium rise structures; 

however few research references about pushover analysis of long span spatial structures have 

been reported till now. Also no such specific study of shell structures of their seismic 

performance is available. But by extrapolating of existing methodologies for framed structures 

a methodology is adopted. The methodology is divided into selection of parameters, 

development of model and step by step procedure of the nonlinear static pushover analysis and 

Nonlinear Dynamic Analysis in SAP2000 for current work. The structural analysis program 

SAP2000 is a software package from Computers and Structures, which is based on the finite 

element method for modeling and analysis. Also it has the capability of designing and 

optimizing building structures. 

 

The seismic performance i.e. analysis of shell structures is attempted in the current project. For 

this, the proposed methodology is as follows: 

1. An extensive survey of the literature on the response of shell structures to seismic 

loading is performed 

2. Provisions related to seismic analysis and design of shell structures is presented. 

3. Finite element modeling schemes for reinforced concrete shell structures is presented. 

4. A problem of a shell structure is taken and analyzed by the Pushover analysis. 

5. Based on the numerical and parametric study, a step by step procedure for the simplified 

seismic analysis of shell structures has been suggested. 

6. A problem of a shell structure is taken and converted to the SDOF model by N-2 

method. 

7. A problem of a shell structure is taken and analyzed by Time History Analysis for 7 

selected ground motions. 

8. Plot IDA Curve between PGA and Drift for selected 7 Ground Motion & with the help 

of IDA curve plot Fragility Curve and Hazard Survival Curve. 

Three-dimensional shell models are used to represent typical construction of spatial structure. 

The typical height of the columns is 6.0 meters. The structures are analyzed for seismic loads 

using SAP2000 structural analysis software package. 

The following assumptions are considered for the lateral elastic analysis: 

1) Un-cracked sections for beams and columns are used in the analysis. 

2) Shear deformation effects are neglected. 

3) The floor diaphragms are rigid enough to distribute uniformly the lateral loads on the 

vertical elements. 

4) The out-of-plane deformations are absorbed by the rigid horizontal diaphragms. 
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The modeling approach includes the development of model, discretization of model, finite 

element modeling using SAP2000, selection of analysis procedures and hinge properties. The 

basic principle of finite element modeling is discretization, on the basis of this we have a 36m 

X 20m shell & discretized the elements & observe the deflection for the static loads.  

 

From the study of finite element discretization approach we have reached to the conclusion that 

for 36m span, the results were more appropriate for the element size of 2m by 1m. Finite 

Element Modeling using SAP 2000: The structure is idealized as an assemblage of thin 

constant thickness shell element with each element subdivided into 3 number of layers (as 

shown in Figure 2). 

 

 
Fig 2: Layered Shell model 

 

The layered shell allows any number of layers to be defined in the thickness direction, each 

with an independent location, thickness, behavior, and material. Material behavior may be 

nonlinear. The layered Shell usually represents full-shell behavior, although we can control this 

on a layer-by-layer basis unless the layering is fully symmetrical in the thickness direction. 

 

FRAGILITY ANALYSIS 

Seismic fragility is the probability that a geotechnical, structural, and/or non-structural system 

violates at least a limit state when subjected to a seismic event of specified intensity. Seismic 

fragility analysis of a structure is defined as the amount of expected damage induced to it by a 

particular level of earthquake intensity and describes the probability of failure of a structure 

under different levels of ground shaking. Current methods for fragility analysis use peak 

ground acceleration (PGA), pseudo spectral acceleration (PSa), velocity (PSv), or spectral 

displacement (Sd) to characterize seismic intensity. 

 

The elements of the seismic response of building can be obtained either analytically (analytical 

fragility curves) or obtained through empirical data collection and evaluation spotting sizes 

(empirical fragility curves). Figure 1 shows a proposed process flow diagram for deriving the 

analytical fragility curves. As noted, there are three main stages, leading to fragility diagram 

curves. In the first stage, the model is created and the input data is selected, during the second 

phase, analysis of tensions and failures are made and the process is completed in the third stage 

with the export of fragility curves through statistical analysis and adaptation of appropriate 

probability density function on the observations. 
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Fig 3: Flow Chart of Fragility Analysis 

 

The Various Methods for the assessment of Seismic Fragility analysis are as follows: 

1. Equivalent Single Degree of Freedom Model System. 

2. Nonlinear Static Procedure 

3. Nonlinear Dynamic Analysis 

 

Fragility analysis gives Fragility Curve which is defined as the damage level (Yielding 

/Collapse) at various levels of Intensity Measures are then plotted for these two damage levels 

are developed by statically interpreting the results of the time history analyses. Hazard survival 

curves are generated by changing the horizontal axis of fragility curves from ground motion 

intensities to their annual probability of exceedance using the log-log linear ground motion 

hazard model. The results express at a glance the probabilities of yielding & collapse against 

various levels of ground motion intensities. 

 

Fragility curves, used for the assessment of seismic losses, are in increasing demand, both for 

pre earthquake disaster planning and post-earthquake recovery and retrofitting programs. For 

the development of fragility curves a clear methodology and its applied corresponding stages 

are followed. The construction of fragility curves includes three Sets of information import: 

 The ones related to the intensity of the seismic event 

 The ones that describe the critical properties for the capacity of the structure. 

 Those that determine the quantification of the behavior of the structure. 

 

The elements of the seismic response of building can be obtained either analytically (analytical 

fragility curves) or obtained through empirical data collection and evaluation spotting sizes 

(empirical fragility curves). Figure 3 shows a proposed process flow diagram for deriving the 

analytical fragility curves. As noted, there are three main stages, leading to fragility diagram 
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curves. In the first stage, the model is created and the input data is selected, during the second 

phase, analysis of tensions and failures are made and the process is completed in the third stage 

with the export of fragility curves through statistical analysis and adaptation of appropriate 

probability density function on the observations. The Various Methods for the assessment of 

Seismic Fragility analysis are as follows: 

1. Equivalent Single Degree of Freedom Model System 

2.  Nonlinear Static Procedure 

3.  Nonlinear Dynamic Analysis 

 

Fragility analysis gives Fragility Curve which is defined as the damage level (Yielding 

/Collapse) at various level of Intensity Measures are then plotted for these two damage levels 

are developed by statically interpreting the results of the time history analyses. Hazard survival 

curves are generated by changing the horizontal axis of fragility curves from ground motion 

intensities to their annual probability of exceedance using the log-log linear ground motion 

hazard model. The results express at a glance the probabilities of yielding & collapse against 

various levels of ground motion intensities. 

 

PUSHOVER ANALYSIS 

A pushover analysis is performed by subjecting a structure to a monotonically increasing 

pattern of lateral loads, representing the inertial forces which would be experienced by the 

structure, when subjected to ground shaking. Under incrementally increasing loads, various 

structural elements may yield sequentially. Consequently, at each event, the structure 

experiences a loss in stiffness. Using a pushover analysis, a characteristic of non-linear force 

displacement relationship can be determined. 

 

SAP2000 introduces the capability of providing plastic hinges at discrete user defined hinges 

along the clear length of a frame element. The plastic hinge represents the post-yield behavior 

in one or more degree of freedom. Uncoupled moment, torsion, axial force and shear hinges are 

available to be modeled along the frame element. Default hinge properties are provided based 

on FEMA-356 criteria. 

    

Hinge length is the distance over which the plastic strain or plastic curvature is integrated. 

Hinge length can be used to obtain full nonlinear behavior all over the total element length. In 

this study, the potential plastic hinges are located at the ends of the element, since this is the 

location of the maximum straining actions for beams or columns. 

 

Hinge properties are used to define nonlinear force-displacement or moment-rotation behavior 

that can be assigned to discrete locations along the length of frame (line) objects. These 

nonlinear hinges are used during static nonlinear analysis and nonlinear direct integration time 

history analysis only. For all other types of analysis, the hinges are rigid and have no effect on 

the behavior of the member. Two kinds of hinge properties are available in SAP2000: 

1. Auto hinge properties are defined by the program. The program cannot fully define the 

auto properties until the section to which they apply has been identified.  

2. User-defined hinge properties can be based on auto properties or they can be fully user 

defined. 
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Hinge length is the distance over which the plastic strain or plastic curvature is integrated. 

Some guidelines like FEMA-356 give some recommendations for hinge length. Typically this 

length is taken as a fraction of the element length, and is often in the order of the depth of the 

section, particularly for moment-rotation hinges. Hinge length can be used to obtain full 

nonlinear behavior all over the total element length. 

 

The ATC-40 and FEMA-356 documents have developed modeling procedures, acceptance 

criteria and analysis procedures for pushover analysis. These documents define force-

deformation criteria for hinges used in pushover analysis. As shown in Fig.3, five points 

labeled A, B, C, D, and E are used to define the force-deflection(moment-rotation) behavior of 

the hinge and three points labeled IO, LS and CP are used to define the acceptance criteria for 

the hinge. 

 

 
Fig 4: Force-displacement or moment-rotation curve for a hinge definition used in SAP2000 

(plastic deformation curve) 

 

The plastic deformation curve is characterized by the following points: 

1. Point A represents the origin. 

2. Point B represents the yielding state. No deformation occurs in the hinge up to point B, 

regardless of the deformation value specified for point B. Only the plastic deformation 

beyond point B will be exhibited by the hinge.  

3. Point C represents the ultimate capacity for pushover analysis. 

4. Point D represents the residual strength for pushover analysis. 

5. Point E represents total failure. Beyond point E the hinge will drop load. 

 

The user may specify additional deformation measures at points IO (immediate occupancy), LS 

(life safety), and CP (collapse prevention). These are informational measures that are reported 

in the analysis results and used for performance-based design. They do not have any effect on 

the behavior of the structure. Prior to reaching point B, the deformation is linear and occurs in 

the frame element itself, not the hinge. Plastic deformation beyond point B occurs in the hinge 

in addition to any elastic deformation that may occur in the element. 
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In this study, only two types of hinges are used to simulate the plastic hinge formation through 

the nonlinear behavior of the structure. The first is the coupled axial and moment hinge (P-M2-

M3) which is assigned to the column elements. The hinge properties of this type are created 

based on the interaction surface that represents where yielding first occurs for different 

combinations of axial force, minor moment, and major moment acting on the section. The 

second type is the moment hinge (M3) which is assigned to the beam elements. 

 

CONCLUSIONS 

From the basis of Fragility Analysis of RC Shell conclusion are – 

1. From the basis of IDA curve’s result of SDOF model of RC shell Structure (for 

Pushover in X and Pushover in Y) are almost same. 

2. Fragility curves gives the probability of exceeding of discrete damage states of structure 

by incorporating uncertainties associated with the capacity of structure demand imposed 

on structure & defining damage state thresholds. 

3. The Hazard survival curve clearly shows the deficiency of RC Shell structure against 

SE, DBE, & MCE. There is no chance of survival of any of such structure under 

probable MCE ground motions. 

4. Under probable DBE ground motion, the probability of RC Shell for surviving yielding 

is 22% & collapse is 60%. 

5. The probability of RC Shell Structure remaining elastic in probable SE ground motion is 

56% which is acceptable. 

6. The predicted 73% probability of yielding for RC Shell Structure under DBE levels 

deemed to be too high for modern structures. 

7. The predicted 13% probability of collapse under DBE levels is although not very high 

but unacceptable. 

8. A very serious threatening fact has come out from present study that there exists 89% 

probability of yielding under MCE levels & 60% probability of collapse for RC Shell 

Structure. Under expected MCE these type of structure will undergo disaster. 

9. The drift capacity having 5% probability of exceeding yield damage state is just 0.22 & 

exceeding collapse state is 0.99 for RC Shell Structure. For modern structure these 

values are not acceptable.   

 

From Pushover Analysis of Shell various conclusions are come out- 

1. Pushover Analysis can be effectively used in assessing the seismic performance 

evaluation of structures with certain limitations. 

2. Capacity Spectrum Method is iterative process to estimate inelastic displacement and 

Displacement Coefficient Method is direct method of estimating target displacement. 

 

This study is performed considering a representative type of non-seismic RC Shell Structure. 

The study can be extended further considering variability in buildings.  

 

FUTURE SCOPE OF WORK 

Following areas can be considered for future study. 

1. Considering variability of different Shell structures. 

2. Apply nonlinear Time history analysis in MDOF model of Shell Structure. 

3. Apply the methodology developed in this work to other structures. 
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