International Journal of Enhanced Research in Science, Technology & Engineering
ISSN: 2319-7463, Vol. 14 Issue 5, May-2025

Development of Fragility Curves for RC Frame

Rambha Thakur!, Navin Kumar?

!Assistant Professor, Department of Civil Engineering, Rattan Institute of Technology and Management,
Haryana, India

“Research Scholar, Department of Civil Engineering, Rattan Institute of Technology and Management,
Haryana, India

ABSTRACT

Fragility curves provide the conditional probability of structural response when subjected to earthquake loads
as a function of ground motion intensity or other design parameters. Seismic fragility curves are used mainly by
decision makers for the assessment of seismic losses both for pre-earthquake disaster planning as well as post-
earthquake recovery programs. Generation of fragility curves in conventional methods involves development of
large number of computational models that represent the inherent variation in the material properties of
particular building type and its earthquake time history analyses to obtain an accurate and reliable estimate of
the probability of exceedance of the chosen damage parameter. There are many Response surface methods
available in the literature that is capable of representing the limit state surface depending on the problem type.
High Dimensional Model Representation (HDMR) method is a type of response surface method that can express
input-output relations of complex computational models. This input-output relation can reduce the humber of
iterations of expensive computations especially in problems like fragility curve development. Unnikrishnan et al.
(2012) applied this technique in fragility evaluation for the first time and demonstrated its computational
efficiency compared to computationally intensive Monte Carlo method. In this study, fragility curve of an RC
frame is developed using HDMR response surface method. There are also other simplified approaches which are
computationally easy for fragility curve development. Cornell et.al. (2002) proposed such a simplified method
which assumes a power law model between the damage parameter and intensity measure of earthquake. This
study presents Fragility curves evaluated using HDMR and its computational efficiency with reference to the one
using the method suggested by Cornell et al (2002).

INTRODUCTION

Fragility Curves

Former to an earthquake, vulnerability evaluations of buildings are normally carried out for judging the requirement for
strengthening vital facilities and buildings against later earthquakes. The best way to accomplish such assessments is
Fragility curves. Fragility curves epitomise the conditional probability that a response of a particular structure may
exceed the performance limit at a given ground motion intensity. These curves are valuable tools for the valuation of
probability of structural damage due to earthquakes as a function of ground motion indices otherwise design
parameters.

Fragility curves - show the probability of failure verse us peak ground acceleration. Fig 1.1 shows a typical fragility
curve with PGA along the x-axis and probability of failure along y-axis. A point in the curve represents the probability
of exceedance of the damage parameter, which can be lateral drift, storey drift, base shear etc., over the limiting value
mentioned, at a given ground motion intensity parameter.

Earthquake engineering has evolved over the years and it is now moving towards Performance-based methods rather
than the existing force based approaches. The concept of design for the force is now changing towards design for a
particular performance objective required by the stake holders. The engineers are familiar with the performance
measures such as strain, drift, acceleration etc. but the stakeholders may be more familiar with cost involved for design
making. To convert the performance of a particular structure to a format involving repair cost in a systematic way there
are many factors to consider.

Probabilistic seismic hazard (Probability of earthquake with certain intensity), Response analysis (Exceedance
probability of a demand parameter of structure for a specific intensity measure of earthquake), Damage analysis
(Damage of structure given a particular demand parameter), Loss analysis (Cost involved for a particular damage) are
the four components of the a performance based earthquake engineering frame work introduced by Moehle and
Deierlein (2004). Figure 1.2 shows the components involved in performance-based earthquake engineering frame work.
The second component in this frame work is the development of fragility curves.
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Figurel.2 Performance-Based Earthquake Engineering Frame Work

Fig 1.3 shows typical fragility curves for different limiting values for damage parameter. The intensity measure here is
the spectral displacement of the earthquake. As the limiting value increases the curve shifts towards right and becomes
more flat. From the figure it can be seen that at weak shaking the probability of exceedance for the limit state
corresponding to slight damage is high. For strong earthquakes probability of exceedance is 100% for the first curve,
which means slight damage is sure, moderate and extensive damages are likely to occur. But probability that Complete
damage will occur is low. Regions of various damage states such as slight, moderate, Extensive and complete damages
are marked between each fragility curves. With the severity of damage, the parameter defining the limit state of damage
increases, and the exceedance probability decreases.
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Figure 1.3 Fragility curves for 4 different limit states(TobasandLobo 2008)
METHODS OF DEVELOPMENTS OF FRGILITY CURVES

Conventional methods for computing building fragilities are:

Monte Carlo simulation (MCS)
Cornellet al.(2002)

Response Surface Method
ATC-63

The Latin hypercube sampling method is a competent sampling technique which makes sure that the complete ranges of
input variables are sampled. Meta models are a more advanced approach for fragility analysis, which is a statistical
estimate of the complex and implicit occurrences, expressed by the use of response surface methods. Response is
evaluated in a closed-form function of input variables thus reducing the computational effort. One of the most common
meta model used is the response surface methodology. This methodology states not simply to the use of a response
surface as a multivariate function, but also to the determination of polynomial coefficients. A response surface equation
is simply a polynomial representation to a data set. The process of obtaining the polynomial is more accurate by using a
large data set.

Cornell et al. (2002) proposed a methodology to characterize the fragility function as the probability of exceedance of
the designated Engineering Demand Parameter(EDP) for a selected physical limit state (DS) for a particular ground
motion intensity quota (IM). Fragility curve reaching a specified damage state or more is represented as a function of
that particular demand. More detailed explanation of this method is given in Chapter 2.
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Motivation of The Present Study

Generation of fragility curves in conventional methods involves development of large number of computational models
that represent the inherent variation in the material properties of particular building type and its earthquake time history
analyses to obtain an accurate and reliable estimate of the probability of exceedance of the chosen damage parameter.
There are many Response surface methods available in the literature that is capable of representing the limit state
surface depending on the problem type. High Dimensional Model Representation (HDMR) method (more explanation
of this method is provided in Chapter 2) is a type of response surface method that can express input-output relations of
complex computational models.

OBJECTIVES OF THE STUDY

Based on the preceding discussions, the main objectives of the current study has been quoted as follows

» Develop fragility function using high dimensional model representation (HDMR) response surface method for a
typical RC frame.
» Develop fragility function as per the method suggested by Cornell et al. (2002)for the same frame.

» Study of Fragility curves developed using HDMR and its computational efficiency with reference to the one using
the method suggested by Cornell et al (2002).

SCOPE OF WORK

The present study is limited a single RC plane frame without shear wall, basement, and plinth beam. The stiffness and
strength of Infill walls is not considered. The Soil structure interface effects are not taken into account in the study. The
flexibility of floor diaphragms is ignored and is considered as stiff diaphragm. The column bases are assumed to be
fixed in the study. Open Sees platform (McKenna et al., 2000) is used in the present study to implement the simulation
of large number of computational models for fragility evaluation. The nonlinearity in the material properties are
modeled using fiber models available in Open Sees platform.

REVIEW OF LITERATURE
Introduction
As the present study deals with fragility curve development, a detailed literature review has been conducted on various
conventional methods involved in fragility curve development like Monte Carlo Simulation, method proposed by
Cornell et al. (2002), Latin Hypercube Sampling, Response Surface Method etc.. In the later part a general review of
High Dimensional Model Representation technique and its application in Fragility curve evaluation are discussed.

Fragility Analysis

A reinforced concrete 25 story moment resisting structure with three-bays was considered by Tantala and Deodatis
(2002). Fragility curves are developed for wide series of ground motion intensities. Time histories demonstrated by
stochastic procedures were used. The nonlinear analysis was done by taking into account the P-A effects and ignoring
soil-structure collaboration. The nonlinearity in the material properties in the model was achieved with nonlinear
rotational springs. Monte Carlo simulation method is used for the simulation of the ground motion. The simulation for
durations of strong ground motions was done at 2, 7 and 12 seconds labels to observe the effects. Stochastic process
was adopted for modelling. The analyses were done by using DRAIN-2D as a dynamic analysis with inelastic time
histories data. The arbitrary material strengths for every beam and column were simulated using Latin Hypercube
sampling.

Schotanus (2002) applied a general and urbane method for seismic fragility analysis of systems previously proposed by
Veneziano et.al (1983) to a reinforced concrete frame. Response surface was used to switch the capacity part in an
analytical limit- state function (g- function), with a categorical functional relationship which fits a second order
polynomial, and is used as input for SORM analysis. Such an explicit function highly reduces the number of costly
numerical analyses needed compared to classical methods that determine the failure domain.

Murat and Polat et al. (2006) established the fragility curves for mid-rise RC frame buildings located in Istanbul, which
were designed according to the 1975 version of the Turkish seismic design code that was based on numerical
replication with respect to the number of stories of the buildings. Buildings of 3, 5 and 7 story were designed according
to the Turkish seismic design code. To investigate the effect due to the number of stories of the building on fragility
constraints, regression analysis was carried out between fragility parameters and the number of stories of the building. It
was found that fragility parameters change widely due to the number of stories of the building.

Craigetal. (2007) labeled the results of research to develop a methodology to rapidly assess the fragility of structures
and geostructures over a specified region by developing a procedure based on the use of computationally efficient Meta
models to represent the overall structural conduct of the collection. In particular, response surface meta models were
developed using a Design of trials approach to select the most influential parameters. Monte Carlo simulation was
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carried out using probability distributions for the parameters that are distinctive of the target collection of structures or
geo structures, and the fragility of the collection is estimated from the computed responses.

Ji et al. (2007) presented an analytical agenda and sample application for the seismic fragility assessment of reinforced-
concrete tall buildings. A simple lumped-parameter prototype was presented for an existing skyscraper structure with
dual core walls and a reinforced concrete frame. The exactness of the individual components of this model was
compared with the estimates of more detailed analytical models and sample fragility curves were presented. The
proposed framework was mostly applicable for developing fragility relationships for high-rise building structures with
frames and cores or walls.

Guneyisi and Altay (2008) detected the behaviour of already existing R/C office structures through fragility plots
considering the circumstances as before and after retrofitted by liquid viscous (VS) dampers The R/C building was
modelled as a 3- dimensional analytical model and was established in ETABS version 7.2 Structural Analysis Program
for the analysis. The seismic reaction of the buildings was obtained by the nonlinear dynamic analysis with pushover
investigation by IDARC version 6.1 packages. The fragility curves were made for four damage conditions which are
slight, moderate, major, and collapse states. The fragility curve produced for the structure are resolved that with the aid
of retrofitting the chances of failure on building can be minimized.

Samoah (2012) studied the fragility performance of non-ductile RC frames in low and medium seismic zones. The
structural capability of the structures was studied by inelastic pushover analysis and seismic demand is investigated by
inelastic time history analysis followed by evaluation of fragility curves. Three non-ductile RC frames symmetrical and
regular in plan and elevation were studied which were designed rendering to BS 8110 (1985). The buildings taken into
account were a 3- storey3-bay, a 4-storey2-bayand a 6-storey3 bay buildings to acquire an appreciable result. A macro-
element package IDARC2D (1996) was established as the inelastic static and dynamic analysis of non-ductile RC
frames. The modeling and analysis for The non-ductile RC frame buildings are done adequately on the basis of their
structural properties.

Towashiraporn (2004) suggested an alternative methodology for carrying out the structural simulation. The use of
Response Surface Methodology in connection with the Monte Carlo simulations abridges the process of fragility
computation. The usefulness of the response surface meta models becomes more apparent for promptly deriving
fragility curves for buildings in a portfolio. After meta models applicable for building inventory in a geographical
expanse are developed, they can be used for analysis of any portfolio of interest, located within the same region. The
ability for quick estimation of fragility relation for a discrete building in a target portfolio was a noteworthy step toward
more accurate seismic loss estimation.

Cornell et al. (2002) investigated a recognized probabilistic framework for seismic design and assessment of structures
and its solicitation to steel moment-resisting frame buildings based on the 2000 SAC, Federal Emergency Management
Agency (FEMA) steel moment frame guidelines. The framework was based on recognizing a performance objective
expressed as the probability of exceedance for a specified performance level, that related to __demand‘* and
__capacity‘* of which were described by the nonlinear dynamic displacements of the structure. To describe the
randomness and improbability in the structural demand given the ground motion level and the structural capacity
probabilistic model distributions were used. This method is termed as Cornell‘s method in this study.

Cornell’s Method in Detail

According to this technique a fragility function denotes the probability of exceedance of the nominated Engineering
Demand Parameter (EDP) for a selected structural limit state (DS) for a specific ground motion intensity measure (IM).
These curves are cumulative probability distributions that specify the probability that a component/ system will be
damaged to a given damage state or a more severe one, as a function of a particular ultimatum. Fragility curve damaged
to a given damage state or a more severe one, as a function of a particular demand.

High Dimensional Model Representation

Two types of HDMRs were demonstrated by Rabitz H et al. (1999): ANOVA-HDMR which is the same as the analysis
of variance (ANOVA) decomposition used in statistics, and cut-HDMR which was be shown to be computationally
more efficient than the ANOVA decomposition. Application of the HDMR tools affectedly reduced the computational
struggle needed in representing the input—output relationships of a physical system.

Alis and Rabitz (2001) illustrated the application of Random-sample High Dimensional Model Representation (RS-
HDMR) by captivating two examples, Sensitivity analysis and an inverse problem in dynamical systems. RS-HDMR
was shown to be computationally very efficient to compute sensitivity catalogues withhigh accuracy, and as such this
method can be used to construct a data-generating dynamical system.

Rajib et al. (2009) proposed a new computational tool for forecasting failure probability of structural/mechanical
systems subject to random loads, material properties, and geometry. Results of nine numerical examples which involved
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mathematical functions and structural mechanics problems showed that the proposed method provides accurate and
computationally efficient estimates of the probability of failure.

HDMR Method in General

HDMR is a method reputable for the expression of input-output relations of complex, computationally arduous models
in terms of hierarchical interrelated function expansions. A reduced and accurate meta model of the original complex
and nonlinear system can be obtained by the use of HDMR approach. The uncertainty analysis of the computationally
burdensome system or model can then be well approximated by the use of Monte Carlo simulation of the corresponding
condensed model, at a much lower computational cost without negotiating the accuracy. The input variables can be the
specified initial and boundary conditions, parameters and functions involved in the model, or field control variables and
the output variables would be the solutions to the model or observed system response.

Where,

e fysymbolizes the response f(x) at a selected reference point generally the mean point, which is a constant.

e The function (x;) is the first order term representing the individual contribution of the variablex;upon the output.

e The functionfiqjp(x:1,x:ip) is the second order term, which describes the cooperative effects of the variables x;qand
xiptogether upon the output.

e The higher order terms gives the collaborative effects of increasing numbers of input variables acting mutually to
influence the output.

e The lastterm fiqio. . (xi1,Xip,....xipy)contains any residual dependence of all the input variables locked together in a
cooperative way to influence the output f(x).

HDMR Technique for Seismic Fragility Evaluation

Unnikrishnan et al. (2012) applied HDMR-based response surface method for the generation of the seismic fragility
curves for an RC frame structure for the first time. Advantage of using this method was the reduction in computational
effort and time when compared with other existing methods. Two simple case studies were taken — Spring-Mass system
and RC plane frame. The results were validated using conventional methods like LHS (Latin hypercube sampling)

Methodology of HDMR in Fragility Evaluation

The principal step in the computation of the seismic fragility curves using HDMR is the definition of the input and
output variables. Seismic intensity parameter is also defined and used as an input variable. To recognize the damage
states, depending upon the type of structure being considered, Base Shear, Maximum Roof displacement, Peak inter
storey drift, Damage indices, Ductility ratio and Energy dissipation capacity can be used.

Computational seismic analysis was performed on those structural models using Scaled earthquake records (20 in
number) as the loading inputs. Mean and standard deviation of the response from the analysis using 20 earthquake
records for each combination of input variables were calculatedMeta models are polynomial functions representing the
mean and standard deviation. The two meta models are combined to form the overall meta model as specified in
Equation (2).

y=yu+[0,y5] 2

Where y,andy, are the mean and standard deviation meta models of the responses respectively, Nis the normal
distribution. Monte Carlo techniques with a large number of simulations were carried out on the overall meta model
using probability density functions for the input variables. The process was repeated for different levels of earthquake
intensity and fragility curve is plotted.

Summary

The review of the study indicates that there have been numerous research efforts found on the seismic behavior of RC
buildings, Fragility analysis and nonlinear analysis. Also with regard to use of High Dimensional Model Representation
in Fragility Analysis, there were very few studies conducted. The main objective is to study comparison of fragility
curve developed by two approximate methods such as recently introduced HDMR method and Cornell‘s method. The
first part the present study will attempt to conduct Fragility analysis using HDMR. In the second part, Cornell ‘s method
will be used for the same, and is compared with Fragility curve obtained using HDMR.

DEVELOPMENT OF FRAGILITY CURVES USING HDMR

GENERAL
This chapter is based on the development of the fragility curves using HDMR technique. The frame considered,

Page | 59



International Journal of Enhanced Research in Science, Technology & Engineering
ISSN: 2319-7463, Vol. 14 Issue 5, May-2025

uncertainties in material properties and ground motion data, limit states and finally fragility evaluation is detailed here.
For the study, the peak ground acceleration is taken as the seismic intensity measure and the roof displacement is
considered as the engineering demand parameter for generation of fragility curves for different performance levels

Description of the Structure

In this study an RC frame having six stories and three bays is considered. The frame is designed according to IS 456-
2000 using M20 concrete and Fe415 steel. The details of the building elevation and reinforcement details of beams and
columns are shown in Figure 3.1. The frame is having a storey height of 3.6 m and bay width of 5 m. The base of the
frame is considered as fixed. In addition to self-weights of beams and columns, the dead load (due to slabs and infill
walls) and live loads prescribed for all beams are 35 kN/m and 15 kN/m respectively.
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Modelling of Rc Members For Non Linear Dynamic Analysis

A modified model of Mander et al.(1988b) is used to define section stress strain relation. The modelling of the structure
is done in Open Sees (Open System for Earthquake Engineering Simulation) which is an object oriented open-source
software framework used to model structural and geotechnical systems and simulate their earthquake response. Open
Sees is primarily written in C++and uses some FORTRAN and C numerical libraries for linear equation solving, and
material and element customs. Open Sees has progressive capabilities for modelling and analysing the nonlinear
response of systems using a wide range of material models, elements, and solution algorithms. It is an open-source; the
website provides information about the software architecture, access to the source code,and the development process.

Modelling of Uncertainties

The uncertainties in the material properties are unavoidable in reality. The uncertainty in the material properties are
modelled by considering the parameters defining the materials as random variables. Some of studies (Rajeev and
Tesfamariam, 1999, Unnikrishnan et al., 2012) conducted shows that the major random variables to be considered in
fragility study are compressive strength of concrete (f), yield strength of steel (f,) and Young‘s modulus of concrete
(Ec). The distribution characteristics and the values used in this work is taken from Ranganathan (1990) and these are
specified in Table 3.1.

Earthquake Ground Motions

Randomness in ground motion is taken into account by using 44 scaled earthquake records. The ground motion data is
taken from the work done by Haselton etal.(2007).In this research and related work, a general far-field ground motion
set was established for use in structural analyses and performance valuation. 22 pairs of motions that cover the FEMA
P695 (ATC-63) far-field ground motion set details of which are given in Table 3.2. This 22 pairs (44 components) of
ground motions are used in this study.
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Failure Criteria and Performance Limits

In this study roof displacement as often preferred by many researchers is taken as the failure criteria because of the ease
and convenience allied with its estimation. The limit states considered are according to Federal Emergency
Management Agency (FEMA) 356. The limit states associated with various performance levels of reinforced concrete
frames is given in Figure 3.2 and Table 3.3 (FEMA 356, 2000).

Meta Model Formulation Using HDMR

The meta model, which is the polynomial relationship between the structural response (y) and the random variables (f.,
E., and f,) that define the structure and intensity measure (PGA). To arrive at the meta model, the computational models
are developed at selected values of input variables and nonlinear dynamic analysis of each model for 22 pairs of ground
motions is conducted. Three point sampling method as per the HDMR method is followed for the selection of values for
each input variables. Supposing there are only two random variables, the three point sampling procedure can be
explained with the grid lines as shown Fig 53824. It can be seen that the vertical line shows the random variable fy and
horizontal line shows the random variable fc. The centre point, p is the mean point, which means that the computational
model is developed for both the random variables at their mean values.

Convergence Study

The determination of optimum number of simulations to yield a reasonably accurate probability of failure in MCS is
carried out by estimating the probability of exceedance for various numbers of simulations ranging from 10 to 100000.
This procedure is repeated for arbitrary PGA values such as 0.2g, 0.55g and 1g. The variation of number of simulations
and the probability of exceedance for these cases are shown in Figures 3.4a, 3.4b and 3.4c. It is found that 10000
simulations is appropriate for the convergence.

Monte Carlo Simulation of the Meta model

Monte Carlo simulation is performed successively on the overall Meta model by arbitrarilygenerating10000values for
input variables and the corresponding response (roof displacement) is calculated. Probability of exceedance for each
PGA is calculated by dividing the number of cases exceeding the limiting response value by the total number of
simulations (10000). The fragility curve is obtained by joining the points represented by probability of exceedance for
each PGA. This procedure is repeated for all the limit states values given in Table 3.2. The obtained Fragility curves for
each limit sta7es are shown in Figure 3.5.
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Figure 3.5 Fragility Curve using HDMR

The inference of the Fragility curve obtained can be explained as, if an earthquake of PGA 1g occurs 97.73 % the roof
displacement of the frame will exceed the limit 216 mm.

DISCUSSIONS

From the study conducted it is evident that HDMR is a computationally easy and cost effective method that can be used
for fragility evaluation. The accurate method prescribed for fragility analysis is the Monte Carlo technique which takes
exponentially long time to complete when compared to HDMR. In this work, to develop the fragility curve only 9 sets
of input variables were taken, each of which underwent time history analysis with 44 scaled ground motion intensities,
and metamodel is obtained. Each set took an approximate of 5 hours to complete. Conducting MCS on the metamodel
by generating 10000 values takes only few minutes. For conducting overall Monte Carlo simulation for Fragility
evaluation 10,000 to 100,000 sets of input variables are to be taken. The total computational time for all these analysis
is about 2 days for HDMR. MCS for generating the same fragility curve requires about 2100 days. The computational
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efficiency in this problem is approximately 99%. The meta model is the representation of how the output variable (in
this study roof displacement) varies with each of the input parameters. compressive strength of concrete (f¢), yield

strength of steel (fy) and is least dependent on the Young*s modulus of concrete (E).

In this study 3 point sampling of HDMR is used to obtain the metamodel. The sampling points considered are p, L +20
and p -26.Theuse of 5 point sampling which considers pu, p + o, p - 6, p +26 and p -26 for sampling is expected to be
more accurate when compared to 3 point sampling. The number of terms used from the HDMR equation, as given in
Equation 2.5, for the development of Meta model also can contribute to the accuracy. In this work only the first two
terms, that is the response at the mean point, which is a constant and the first order term representing the individual
contribution of the variables is considered. Considering further terms may increase the precision of the Meta model.

FRAGILITY EVALUATION USING CORNELL’S METHOD

General

In this chapter a conventional method for development of fragility curve is used. The method is termed Cornell‘s
method in this study which was developed by Cornell et al. in the year 2002. The detailed description of the method has
been explained in Chapter 2. This method assumes power law to represent the input (PGA) and output (roof
displacement) relation. This method uses Latin Hypercube sampling to generate the input sets. The same uncertainties
in materials and ground motion, as taken in HDMR method conducted in Chapter 3, are used in this method also.

Cornell’s Method
Cornell‘s method suggests Latin hypercube sampling of the random variables, compressive strength (f.) and Young‘s
modulus of concrete (E.) and steel yield strength (f,).

Latin Hypercube sampling is a sampling technique designed to accurately produce the input distribution through
sampling in fewer repetitions when compared with the Monte Carlo method. The fundamental to Latin Hypercube
sampling is stratification of the input probability distributions. Stratification divides the cumulative curve into equal
interims on the cumulative probability scale (0 to 1.0). A model is then randomly taken from each interval or
stratification of the input distribution. Sampling is enforced to represent values in each interval, and thus, is forced to re
create the input probability distribution. A sample is taken from every stratification. However, once a sample is drawn
from stratification, this stratification is not sampled from again — its value is already represented in the sampled set.
This conserves randomness and independence and avoids unwanted correlation between variables. 30 input variable
sets for each random variable is generated using LHS method and the generated samples are given in Table 4.1.

Computational models of the frame are developed for the 30 sets of random variables. PGA values, which are used to
scale the ground motion intensities, are uniformly distributed in the rangeof0.1g to 1.0gto 30values. For each set, time
history analysis is done with the 44 earthquake records, scaled using the PGA values, and mean of maximum roof
displacement obtained from each set is taken. The maximum roof displacements are also specified in Table 4.1.

Probabilistic Seismic Demand Model (PSDM)

Probabilistic seismic demand model is the relationship between maximum displacement (EDP) and the PGA (IM).
Cornell (2002) assume power law model for PSDM as given by Equation 2.4. In order to find the parameters of the
PSDM model, the maximum roof displacement (y) and the corresponding PGA from the set 1 to 30is expressed in a
logarithmic graph. The parameters of the power law model (a, b) are found out by regression method for the frame to
form the PSDM model. Figure 4.1 shows the plot of maximum roof displacement (y) and the corresponding PGA
values in logarithmic graph. The straight line is the fitted curve and the parameters of the PSDM model are obtained as
a=928.75 and b = 1.1261 which is also shown in

Probabilistic Seismic Demand Model(a=928.75,b=1.1261) The PSDM model obtained in this case is,
y=928.75(PGA)***** (4.1)

Fragility Curve
The dispersion in capacity, f. is reliant on the building type and construction excellence. For ., ATC 58 50% draft
suggests 0.10, 0.25 and 0.40 depending on the quality of construction. In this study, dispersion in capacity has been
assumed as0.25.

Bd|IM is the dispersion in the demand for given IM is found out using the equation 2.3b. The Fragility curves evaluated

using the equation 2.2 for all limit states namely Immediate Occupancy (10), Life Safety (LS) and Collapse Prevention
(CP) and are shown in Figure 4.2.
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Figure 4.2 Fragility curve using Cornell‘s Method

Comparison of Fragility Curves Obtained Using Hdmr And Cornell’s Method

In this section the fragility curves developed using HDMR technique and Cornell‘s method is compared. Plots showing
fragility curves using both the methods, taking into account each limit states, is shown in different figures. Figure 4.3
shows both curves for Immediate Occupancy, Figure 4.4 and 4.5 shows the comparison of the curves for Life Safety
and Collapse Prevention limit states respectively. From the graphs showing the comparison of both methods the initial
part seems to be same but the later part of the curve shows slight difference. The error in the fragility curve developed
by HDMR method compared to that of Cornell method can be estimated using an error index proposed by Men
jivar(2004).The error index is calculated for all the three cases and presented in the Table 3.6. This can be due to the
various assumptions and approximations of the two approaches.
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Figure 4.3 Comparison of fragility curve developed using HDMR and Cornell‘s method for the limit state
Immediate Occupancy (10)

Comparison of Computational Efficiency

A comparison of computational efficiency between HDMR and Cornell‘s method is given in Table 3.7. To have a
comparison with the Monte Carlo Simulation (accurate) the expected computational requirement for the same is also
tabulated.

Time taken for single analysis (computational model developed using a set of input variables and its time history

analysis for 44 scaled earthquake records) is about 5 hours. From the table it is evident that HDMR method is fairly
efficient in the computational time when compared to MCS.
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DISCUSSIONS

In this chapter Cornell‘s method was successfully used for development of fragility curves. But the number of sampling
points taken in this study is only 30 due to the factors of time. The fragility curves may differ from the accurate one due
several kind of assumptions and approximations. By increasing the number of sampling sets the curve can be made
more accurate and close to the one that will be obtained using Monte Carlo Simulation which is out of scope of this
study.

The comparative study between HDMR and Cornell‘s method shows light variation in the graphs obtained. This can be
due to the approximations in Cornell‘s method, like number of sampling points, or the limited study conducted on
HDMR. In the present study, only first two terms in the HDMR equation (Equation 2.5) are considered and also a 3
point sampling is used. Reducing these approximations may provide more accurate results.

SUMMARY AND CONCLUSIONS

Summary

Fragility curves are useful representation of conditional probability of structural response when subjected to earthquake
loads as a function of ground motion intensity. Fragility curve has an important role in the present scenario in the pre-
and post- earthquake damage and loss estimation to the design makers. Generation of fragility curves in conventional
methods involves earthquake simulation of large number of computational models that represent the inherent variation
in the material properties of a particular building type to obtain an accurate and reliable estimate of the probability of
exceedance of the chosen damage parameter. High Dimensional Model Representation (HDMR)method is a type of
response surface method that can express input-output relations of complex computational models. This input-output
relation can reduce the number of iterations of expensive computations especially in problems like fragility curve
development. HDMR method was implemented in fragility curve development for the first time by Unnikrishnan et al.
(2011). In this study, fragility curve of an RC frame is developed using three point sampling HDMR response surface
method considering the first two terms of the generalized HDMR input output relation. A method proposed by Cornell
et.al. (2002) is one of the popular and simplified approaches for fragility curve development. This method assumes a
power law model between the damage parameter and intensity measure of earthquake. The objective of the present
study was to develop the fragility curve for an RC frame applying HDMR expansion and study the relative
computational efficiency and accuracy with reference to the one proposed by Cornell (2002). The conclusions obtained
from the study, limitations of the present work and the future scopes of this research are quoted in this chapter.

CONCLUSIONS
The following are the major conclusions that are reached from the studies conducted:

HDMR method of Fragility Evaluation

o Computational efficiency with reference to Monte Carlo Simulation

»  Time History analysis of one model for 44 earthquake data takes about Shour for the considered plane frame.

»  If Monte Carlo simulation is used for the evaluation of fragility curve a minimum of 10,000 time history analysis
is to be performed.

»  In HDMR 3-point sampling method, only 9 Time History analysis was done to obtain the meta model, on which

Monte Carlo simulation was done using the meta model (generating 10,000 random values for the input
variables), which takes only few minutes.

»  The time consumption is reduced by about 99.9% compared to MCS when HDMR s used.

Fragility Evaluation using Cornell’s Method

e  Computational efficiency of this method when compared to MCS is about 99.6%.

] Comparative study between fragility curves obtained by Cornell‘s method and HDMR shows that the initial part
of the curve is almost same but in the further section of the curve (at higher PGA values), slight difference is
observed which can be attributed to the approximations and assumptions followed by both methods.

LIMITATIONS OF THE STUDY AND SCOPE OF FUTURE WORK
The limitations of the present study are summarized below.

»  The present study considered only one plane frame for fragility evaluation. More number of frames which may
include 3-D fames can be used for the same and effectiveness of HDMR can be studied.
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Uncertainties in modelling are considered only for compressive strength and Young‘s modulus of concrete and
yield strength of steel.

HDMR Method

>
>

Only 3-point sampling is used while conducting the fragility evaluation using HDMR. The use of 5-point
sampling may give more accurate results. In addition to 3-point sampling 5-point sampling can also be utilized.

In the development of Meta model only the first two terms of HDMR equation (Equation 2.5) is used. The use of
further terms in the HDMR equation can be incorporated in future works.

CORNELL’S Method

>

>
>
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In the present study only 30 input sets are considered for development of Fragility curve using this method. Use of
more input sets may lead to higher accuracy.

Other methods like response surface methodology can be used for fragility assessment.

Monte Carlo Simulation technique for fragility evaluation, even though it may take long time, can be used by the
help of High Performance Computational Facilities for getting the most accurate fragility curves, and the
correctness of other methods can be studied.
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