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Abstract

This study proposed an efficient and reliable fragility estimation by metamedbkbds. To evaluate
seismic risk, it is important to account for ground motions and strugbaraimeter uncertainties
Nevertheless, seismic fragility analysis with uncertainties is impradiicee it requires many time
consuming nonlinear dynamic simulations. To this end, an efficient approach based on matamodel
conjunction with Monte Carlo simulation is proposed to develop fragility cuBegeral metamodel
methods such as KriginResponse Surface Method (RSM), and Radial Basis Function (RBF) are
investigated for this purpose. Optimum Latin Hypercube Design is used to generate “space filling”
samples for nonlinear dynamic analysis under seismic excitations A metamodelnsatedsiased on
these Design of Experiment samples which include the input parameters and ouilityt rizagits.
Kriging and RBF are better than the RSM metamodel. The fragility curvesecgenerated based on
metamodel by considering the randomness of earthquake ground motions and uncertainties in material
properties. Finally, seisimic risk are evaluated by fragilty curves. Thpwation time is significantly
reduced by applying the metamodel method with acceptable accuracy. The proposed methadology al
avoids nonlinear dynamic non-convergent problems. Kriging and RBF methods complemertieach ot
and are able to accurately evaluate fragility curves.

Keywords: Fragility curves; Earthquake; Metamodel; Probabilistic seismic assessment; Giolue

Simulation

1 Introduction

Consideration of uncertainty in seismic analysis is important. Printerisiuse earthquake is a random
natural event and no two earthquakes are alike [1]. In addition to uncertaingessinic ground
motions, seismic risk evaluation should consider uncertainties in structural anthinpeteameters.
Probabilistic methods provide a quantitative means to account for these inhererthinties in
structural safety assessment [2]. In this context, fragility curvesemyeuseful in presenting the
probability of failure (in terms of life safety, for example) widspect to an input parameter such as
peak ground acceleration (PGA) [3]. They can be developed by employing analyticaicadnapid
hybrid methods, and expert judgment in some cases. Analytical fragility metlaodsattracted
significant attention from researchers because of their theoretical basistber methods. However,
these methods involve solving nonlinear dynamic equations and the computationé &ftgrifor the

multiple simulations needed in considering seismic uncertainties.

Fragility analysis has been widely applied for seismic evaluation of bridhdsajne buildings[5], and
masonry buildings[1]. These methods have the potential to overcome the excessive comjuati
problem for seismic probabilistic evaluation. However, there is a scarcitgvaheed metamodel
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methods such as Kriging and Radial Basis Function (RBF) that evaluate the seismidifyr&iaafility

analysis.

The main purpose of this study is to develop a methodology to obtain fragility cuitbesigh
efficiency and accuracy. Typical random variables are chosed to describe uncerttiatieg) ahe
structural behavior. There are two challenges involved in this task. The first challenge is¢atihedu

huge computation time. The second challenge is to overcome non-convergence problem in numerous
nonlinear dynamic analyses. A four story building in Italy [6] is selected akiaimdtion case study.

Three metamodel methods are compared, such as RSM, Kriging and RBF metamodels.

2 Theories and M ethodology
2.1 Fragility function

A fragility function is defined as:

P(C|IM = x) = ® (‘“(’g/ 9)) (1)

whereP(C|IM = x) is the probability of structure to collapdd/ = x is a ground motion with
intensity measured is the standard normal cumulative distributi®ris the median of the fragility

function, and3 is the standard deviation of IM).
2.2 Analytical Fragility Curves development methods

Vamvatsikos and Cornell (2002) predidtnonlinear structural dynamic properties under seismic
ground motions by the Incremental Dynamic Analysis (IDA) [7]. IDA utilizes scaledngl motions
to find different structural damage states till the structure collapsé@sails to develop analytical
fragility curves. Multiple Stripe Analysis (MSA) can also establish accuratglity curves with a
minimal number of nonlinear dynamic analyses. We assume that the observatitbaypsie from each

ground motion is independent records. The probability that a ground motionMvithy; is given by

the binomial distribution as follow:

. . nj Zj n;:—z;
p(Zj collapses in n; ground motions) = (Z]-) p; (1 —pph™™ (2)

Equation (1) is substituted for pj, so that the fragility parameters are explicitassoll

Likelihood = [I12, (rzl]’ ) ® (%) <1 —-® (%)) ©

Estimates of the fragility function parameters are obtained by maximizismdjkelihood function as

shown in the following equation.

~ n; In(x;/0) In(x;/6)
{9, B} = arg r%%xzjril {ln (Z:) + zjln® ( . J;' ) + (nj — Z]-)ln<1 -0 (%))} 4)
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2.3 Metamodel M ethods

Metamodel methods are applied for predicting the relationship between tteangwutputs with high
efficiency. As shown in Figure 1, the basic principle of metamodel methods can bbeatkasriollows.
The original system solution space includes input and output information. Firsfpiltediesign
parameters are generated with Design of Experiment. Second, the output responsaiscéioni
the original system solution space. Third, the input and output relationsieipsoastructed by
metamodel. If the metamodel accuracy is sufficiently high, the metamodel caadbmstead of the
original system without requiring time consuming calculations to obtain the otgppbnses.
Convergent problem in nonlinear dynamic analysis process is unavoidable. During B¢a@Espr
selecting sample points which are near the convergent problem point can smooth @alsataples.
In this way, the metamodel method can overcome convergent problem or failure casesheuring
seismic risk analysis for buildings.

Original System DOE | Metamodel

Figure 1: Basic principle of metamodel methods

2.4 Metamodel Accuracy Evaluation

The accuracy of the metamodel is evaluated by several statistical indicamreol-mean-square error
(RMSE) and the Ror the data points used to construct the metamodel are calculated. Furthermore, the
average error (AveErr), RMSE and the maximum error (MaxErr) for all of the datts paiich not

used in generating the models are also checked. These statistical indicators may be defined:as follow

: . S i
s 5)
n , ) Zn:M
with S% = Z(yl _yi) Syy:;ylz_(lln j (6)
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AvgErT = - .21: v -
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MaxErr = Maxpy'y;y'q 9

wheren is the number of data, is the measured response ands the predicted response for each

data point.
3. Numerical Cases

3.1 Four story building model
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Figure 2 Finite element model of the four-story building and Layout for the building

Fragility analysis is applied to a four-story building model and the layouhcagnsin figure 2. The
model describes a typical four-story building constructed in the 1960s in Iltaltrangthened with
reinforced concrete jackets. The detailed finite element method of the foubsilning models are
created by Seismsoft [G]o illustrate the effectiveness of the proposed methodology, fragility curves
are evaluated by the metamodel. First, the Optimum Latin Hypercube Simulation methtzdesim
design points for the seismic dynamic analysis. Second, RSM, RBF and Krigiihgds are employed

for constructing a metamodel. Thirdly, Monte Carlo Simulations based on the metamgoeielployed

for the fragility analysis of the four-story building.

3.2 Uncertainties

Building performance under future earthquakes is largely unknown and cannot loeedredth
certainty. In this study, the compressive and tensile strengths of concrete, assteal gield strengths
are chosen as principal random variables. PGA is assumed to have a uniform distriltittorange

0.6g to 1.2 g. The distribution characteristics and the values are given in Table 1.

Table 1. Uncertainties of random variables

Variable Mean (MPa)| COV(%) | Probabilistic distribution
Concrete yield strength (fc) 24 21 Normal
Young's modulus of concrete (Ec 23,025 20.6 Normal
Steel yield strength (fy) 400 10 Normal
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Twenty uncorrelated earthquake acceleration histories consistent witthetfign requirements are
artificially generated and used as input ground motion. Input variables includmdbgainties in
construction material properties and uncertainties in ground motions. Uncertaimgfiesnd motions
use a suite of artificial accelerograms [8, 9].Three performance levels defined in FENRedxed,
as shown in table 2.

Table 2. Limits associated with various structural performance levels

Structural performance level

Permissible top drift ratio (%)

Immediate Occupancy (I0) 1%
Life Safety (LS) 2%
Collapse Prevention (CP) 4%

3.3 Comparison of Multiple Stripes Analysis and I ncremental Dynamic Analysis

The incremental dynamic analysis (IDA) can be used to obtain seismic capabiéystfucture. The
different damage states could be obtained from the capacity curves. The fcagiég described the
probability of the defined limit state of a structure as a function of gromettbn intensity measures,
IM.

Collapse Prevention (CP)
T

Probability of Exceeding damage

PGA(g)

Figure 3: The fragility curves developed by MSA and IDA with different ground motion records

Multiple-stripe analysis (MSA) is a collection of single-stripe analysespeed at multiple levels of

the spectral acceleratiohd]. This will provide estimates of fragility curves parameté&g] for each

curve. Ground motion selection needs to be both “sufficient” and “efficient”. This work adopts the
spectral representation based simulation methodology used in stochastic engifexrilogy-rise
buildings, approximately10 to 20 ground motion records are usually sufficient to provideatedeq
accuracy in the estimation of seismic demand. Here, we compared12,20, and 48 records. As shown in
figure 3, the accuracy of 20 ground motions is similar to 48 grountmsobdf the IDA developed

fragility curves. There is a significant error for 12 ground motions recanthpared with 48 records.

Hence, 20 ground motions records are selected for fragility analysis in this study.

3.4 Metamodel Accuracy Evaluation
In the present study, the Optimal Latin Hypercube method is used as Design of Expddi@Ent (

method. Several metamodels are constructed to perform the comparison. A good fit is dicthieved
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coefficient of determination Ris close to 1. This coefficient is nevertheless often insufficient for
accuracy evaluation since it increases with the number of data points used. Hence vdii atiodet
using additional data points which are not used in the training set is essentibé parpose of these
statistical tests, 45 additional combinations of input variables are generated santloentesulting

statistical measures are computed and displayed in Table 3.

Table 3. Metamodel accuracy evaluation indicators for the prediction of the fragility

Data Statistical | Fragility curves paramete®) | Fragility curves parameteip(
criteria RSM | RBF | Kriging | RSM | RBF | Kriging

Set | R2 094 | 095 0.95 0.34 | 0.773 0.67
(30 | AveErr(%) | 1.66 1.49 1.53 14.68 | 8.577 10.39

points) | RMSE (%) | 1.40 | 0.83 0.79 10.59 | 3.769 4.68
MaxErr (%) | 3.97 | 4.06 5.54 50.76 | 36.29 43.26

Set |l R2 092 | 0091 0.91 0.16 | 0.252 0.22
(18 | AveErr (%) | 1.83 1.95 1.95 16.53 | 15573 | 15.92

points) | RMSE (%) | 1.39 1.26 1.24 10.75 | 8.791 8.74
MaxErr (%) | 4.45 | 4.74 5.46 68.53 | 64.04 61.72

Set Il R2 071 | 0.90 0.87 -1.94 | -0.26 -0.43
(12 | AveErr (%) | 3.55 | 2.04 2.40 30.86 | 20.22 21.51
points) | RMSE (%) | 2.89 1.64 2.00 2449 | 15.04 16.63
MaxErr (%) | 8.63 | 4.34 5.92 97.28 | 66.59 70.79

The R value is also reduced when few sample data are used, as shown in data set Il and llIslf there i
a set of data samples with a significant difference between the measurguedicted values, the
RZapproaches zero or negative. In Table 3, dataset Il and data set Ill are used to toatclheee is a
significant amount of error in the metamodel. The maximum absolute erigrigdarger than 50%.

The root mean square error foris larger than 10%. In data set |, the 30 samples RSM is able tapredic

6 with good accuracy. However, it is unable to preflietith acceptable accuracy. In data set I, the R

for the RSM predictingis smaller than 0.5, maximum absolute error for the RSM predigtiadarger

than 50%. For RBF and Kriging model, théiRlarger than 0.5 and the maximum absolute error is
smaller than 50%. Both the 30 samples for RBF and the 30 samples for Krggalgeto predicH, )

with acceptable accuracy. According to the above analysis, data set | is usesdntacttre metamodel

for the fragility analysis by considering uncertainties.

Kriging and RBF metamodels are more appropriate than RSM metamodel for the relationship between
the input probabilistic seismic analysis and output fragility analysistsestiich have higher order
nonlinearity and sometime even discontinuous properties. Kriging and RBF metamede®re
appropriate than RSM metamodel for simulating such relationships. Itis vemtamito use a suitable

metamodel to represent the most significant properties.
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3.5 Development of fragility curves by considering uncertainties

The proposed approach utilizes the metamodel method for obtaining fragility consiglering
uncertainties. The performance comparison of the fragility analysis timeandltlwithout the use of
metamodel is shown in Figure 4. The computation time is based on a desktop comthutesingle
3.4-GHz processor. Monte Carlo simulations of 10,000 samples are used for develogihgduages
considering uncertainties. In the case of twenty ground motions, the compuita¢iés 16.3 days with
applying the metamodel but would be increased by more than two orders of magnitodéayfitying

the metamodel. The strategy for developing fragility curves is based on metamtckeldoes not
require a large number of nonlinear dynamic analyses. Hence the metamodel method eatheeduc

computation time significantly and help in avoiding nonlinear dynamic non-convergent problem.

The metamodel method is used in calculating the fragility curves for tldénlglby considering ground

motions and material properties uncertainties. Tens of thousands of fragiligs are developed based

on constructed Kriging and RBF, as shown in Figure 5. But in order to avoid undatisti of the

building fragility, a more robust means of probabilistic seismic risk evalustiogcessary. To obtain

the fragility curves, 10,000 simulations are sufficient [11]. Usirg retamodel, Monte Carlo
simulations of 10,000 samples are used to estimate the mean and standard deviation. Since simulations
are conducted based on the metamodel, the fragility analysis only requires several miraugasglen

3.4 GHz processor). Fragility curves for the three limit states (Imnee@etupancy, Life Safety and

Collapse Prevention) are determined by considering uncertainties that emeedaaithin some ranges.

[ ing time of develop fragility curves

14000

12000

10000

8000

6000

4000

2000

0

Number of Ground motions

Figure 4: Comparison of consuming time of develop fragility curves considering uncertainties

RBF(Monte Carlo Simulation)

Kriging(Monte Carlo Simulation)

Probability of collapse

PGA(g)

PGA(g)

Figur&: Fragility curves generated by Monte Carlo Simulation based on the Metamodel

4. Conclusions
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The proposed approach utilizes the metamodel in combination with Monte Carlo sinsu(@iCS)
for obtaining fragility curves. This strategy makes it practicalaiwycout probabilistic seismic risk
evaluation by using MCS which would otherwise be very computationally demanding. The nasdom
of the ground motions and material uncertainties are considered in the fragilitsimnamong the
three metamodel methods studied, Kriging and RBF are able to accurately predictilihedoages
when compared with response surface method (RSM). Fragility curves consideringintiesitan
be predicted directly based on metamodels for seismic risk assessment of buBgirts way, the
fragility analysis can avoid requiring the repetition of seismic nolinear dgsaifhe advantages of the
proposed methodology are as follows.

1) Uncertainties in material properties and ground motion randomness are considsisthio risk
assessment.

2) The computational time is significantly reduced by two orders of magnitude.

3) The metamodel method could smooth calculation samples. Hence, the nonlinear dynamsg analysi
convergent problem could be avoided by using the MSA methodology.

4) The main strength of this method lies in its versatility. Uncertainties in bothriiceuse model and

ground motion model can be considered easily.
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