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Abstract 
 
Seismic risk assessment is one of the crucial factors of structures and risk assessment against to earthquake of 
any structure is very important to withstand to earthquake or decide to demolish or retrofit. In this paper, the 
seismic risk assessment of steel frame has been performed by developing the fragility curves. The earthquake 
ground motions data from PEER are used to develop the seismic fragility curves for mid-rise steel building. 
Sampling based method, Monte Carlo Simulation (MCS) along-with meta-model developed by using High 
Dimensional Model Representation (HDMR) for constructing seismic fragility curve. In addition, the 
Incremental Dynamic Analysis (IDA) consists of a series of response-history analyses from numerical models of 
the frame subjected to regular incremental basis intensity measures as Peak Ground Acceleration (PGA). After 
comparing these fragility curves it can be expressed that using HDMR makes the seismic risk assessment of steel 
frame more reliable with reduction of thousands time-history analyses.  
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1 Introduction 
 
Earthquake is one of the natural hazards, which have always had an unpredictable influences on infrastructure, communities 
and human life because of its randomness of the shaking intensity and the return period. Therefore, the seismic risk 
assessment can make the quantification of vulnerability involved to a specified earthquake region. For evaluating the 
vulnerability of the low-rise to high-rise RC building, it is necessary to make a methodology like limit state fragility curves. 
Generally, the way of calculating of fragility curve is the conditional probability that the damage measure (DM) exceeds a 
critical threshold for a given seismic intensity measure (IM), such as the peak ground acceleration (PGA). (Erberik, 2007) 
explained the seismic fragility assessment in Turkey on typical low-rise and mid-rise RC frame building by considering 
Duzce damage database. (Rossetto and Elnashai, 2005) developed the displacement-based fragility curves made for the 
seismic assessment of populations of RC structures by analytical curve generation methodology where the building was 
subjected to a number of earthquake records with distinct characteristics. (Park and kim, 2010) presented the First-Order 
Second Moment (FOSM) method, which is the addition of fragility curve computation for steel moment frames with various 
seismic connections subjected to sudden loss of column. (Beilic et al., 2017) expressed a seismic fragility model for Italian 
RC precast building where the risk assessment was compared between two building topologies and these curves were derived 
using both nonlinear static and dynamic analysis. Conventional methods for developing the fragility curve of building frame 
are MCS, Response Surface method, ATC-63 (Thachampuram, 2014). Response Surface Mode (RSM) based on Monte Carlo 
(MC) simulation was reduce the computational efforts with considering the peak ground acceleration (PGA) (Saha et al., 
2016). The fragility curve has been developed by (Unnikrishnan et al., 2013) based on high-dimensional model representation 
based response surface method together with the Monte Carlo simulation, which is then compared with that obtained by using 
Latin hypercube sampling. High Dimensional Model Representation (HDMR) method is a type of response surface method 
that can express input-output relations of complex computational models where this input-output relation can reduce the 
number of iterations of expensive computations especially in problems like fragility curve development (Thachampuram, 
2014). Here also used the Incremental Dynamic Analysis (IDA) method for fragility to compare with HDMR, which is 
described by (Baker, 2015). According to HAZUS, structural damage of a structure is divided into 4 parts, i.e. Slight (S), 
Moderate (M), Extensive (E), and Collapse (C) (FEMA, 2003).  
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2 Structural Models of Steel Frame 
 
In this study, mid-rise (five-storied) steel building have been taken whose detailing is presented in Table 1 and 
Figure 1 shows the 2D model of building for determining the performance of seismic risk assessment by HDMR 
and IDA methods. The frame is symmetrical in nature with 4-bays where the bay width is 5m and the height of 
each story is 3.6 m. For the seismic assessment of frame, the time history analysis is carried out using 
commercially available ETABS 2016 software within considering as the dead load of 4 kN/m2 and Live load of 2 
kN/m2, both contributed from an effective area of 30 m2.  
 

Table 1. Model parameters 
 

Particulars Value Particulars Value 
Building Height 18 m Dead Load, D 4 kN/m2 
Beam Section W18×40 Live load, Lf 2 kN/m2 

Exterior Column Section W18×106 Grade of Steel (fy) 50 MPa 

Interior Column Section W12×158 Type of structure Steel Structure 
Slab Thickness 0.13 m Damping ratio 5% 
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Figure 1. Mid-rise (five-storied) steel moment-resisting frame 
 

 
3 Selection of Ground Motion Data 
 
The ground motion intensities in the fragility functions can be spectral quantities, peak ground motion values, 
modified Mercalli scale etc (Manzur and Noor, 2006). (Hwang and Huo, 1996), (Wen and Wu, 2001), 
(Shinozuka and Sato, 1967) etc. developed various methods to simulate earthquake ground motion. In this study 
twenty sets of earthquake time series are used from Pacific Earthquake Engineering Research (PEER) center 
NGA Strong Motion Database. Table 2 presents the detailing about the PEER earthquake. The earthquake is 
selected based on strong duration i.e., 5-75% areas intensities, because the acceleration data in this area is more 
effective. Figure 2 represents the response spectra of horizontal component of PEER GM. The spectral analysis 
presents the spectral acceleration with respect to period where the black curve presents the mean curve of all 
earthquake accelerations spectral curves.  
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Table 2: Information about 20 earthquakes from PEER Ground Motion Database 
 

No. Earthquake Station M 
R 

(km) 
Year 

Vs30 

(m/s) 
1 San Fernando Castaic - Old Ridge Route 6.61 22.63 1971 450.28 
2 San Fernando Lake Hughes #1 6.61 27.4 1971 425.34 
3 San Fernando Palmdale Fire Station 6.61 28.99 1971 452.86 
4 San Fernando Santa Felita Dam (Outlet) 6.61 24.87 1971 389 
5 Imperial Valley-06 Cerro Prieto 6.53 15.19 1979 471.53 
6 Irpinia_Italy-01 Bisaccia 6.9 21.26 1980 496.46 
7 Irpinia_Italy-01 Calitri 6.9 17.64 1980 455.93 
8 Irpinia_Italy-01 Mercato San Severino 6.9 29.8 1980 428.57 
9 Corinth_Greece Corinth 6.6 10.27 1981 361.4 
10 Loma Prieta Anderson Dam (L Abut) 6.93 20.26 1989 488.77 
11 Loma Prieta Coyote Lake Dam - Southwest Abutment 6.93 20.34 1989 561.43 
12 Cape Mendocino Fortuna - Fortuna Blvd 7.01 19.95 1992 457.06 
13 Cape Mendocino Shelter Cove Airport 7.01 28.78 1992 518.98 
14 Landers Joshua Tree 7.28 11.03 1992 379.32 
15 Landers Morongo Valley Fire Station 7.28 17.36 1992 396.41 
16 Northridge-01 Sunland - Mt Gleason Ave 6.69 13.35 1994 402.16 
17 Duzce_Turkey Lamont 1061 7.14 11.46 1999 481 
18 Duzce_Turkey Lamont 362 7.14 23.41 1999 517 
19 Manjil_Iran Abbar 7.37 12.55 1990 723.95 
20 Cape Mendocino Loleta Fire Station 7.01 25.91 1992 515.65 
 
 
4 Methodology to Determine the Seismic Fragility Function  
 
4.1 Seismic Fragility Function  
A fragility curve expresses the conditional probability of failure of a structure corresponding to the input motion 
parameter, such as the PGA. The seismic demand placed on the structure (D) is greater than the capacity of 
structure (𝐶). Mathematically, it is expressed as 
 

G(C,D) = C - D  (1) 

 
Where, damage gate G (.) is a function of at least two variables representing various experimental, loading, 
modeling and material uncertainties for the structure. Mathematical representation of the conditional probability 
for seismic fragility is given as 
 

P[D C | IM] = P[C - D 0 | IM]   (2) 
 
The capacity C also called strength of a structure and it depends on materials properties, other strength of 
parameters like compression strength, yield stress, design code etc. The demand D is evaluated from modeling 
and variables from analysis like finite element models, ground motion histories, damping, soil-structure 
interaction etc. (Singhal and Kiremudjian, 1998). 
 
4.2 High-Dimensional Model Representation  
High-Dimensional Model Representation (HDMR) is a tool developed for reputable of input–output relations of 
complex, computationally burdensome models in terms of hierarchical interrelated function expansions. For 
high-dimensional input–output systems, a reduced accurate meta-model of the original complex and nonlinear 
system can be obtained by the use of HDMR methodology (Thachampuram, 2014). By the use of Monte Carlo 
simulation of the corresponding reduced model, the analysis with uncertainty of the computationally burdensome 
system or model can then be well approximated (Unnikrishnan et al., 2013). The input variables might 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 by (Li et al., 
2002). There are two particular HDMR expansions reliant on the method adopted to determine the component 
functions in (Thachampuram, 2014), one of these is analysis of variance–HDMR (ANOVA-HDMR) and another 
method is Cut-HDMR. ANOVA-HDMR, which is used for measuring the contributions of the variance of 
individual component, functions on the overall variance of the output. In Cut-HDMR, a reference argument is 
looked-for to determine HDMR functions. 
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In this study, cut-HDMR procedure is used to approximate the original implicit limit state or performance 
function with an explicit performance function for predicting the failure probability of structural or mechanical 
systems subjected to random loads and material properties. In Cut-HDMR a reference point 1 2 Nc {c ,c ,...,c }  is 

first defined in the variable space which is mostly at the mean values of the input variables. The following 
equations express the Cut-HDMR functions. 
 

0f f (c)  (3) 

i
i i i 0f (x ) f (x ,c ) f   (4) 

1 2
1 2 1 2 1 2 i 1 2 2

i i
i i i i i i i i i i 0f (x ,x ) f (x ,x c ) f (x ) f (x ) f     (5) 

 

In Equation (4), 
1 1

i
i 1 2 i 1 i i 1 Nf (x ,c ) f (c ,c ,...,c , x ,c ,...,c ) 

 
designates that all the input variables except are at their 

reference points, and the function given by: 

 1 2
1 1 1 1 1 2 2 2 1 1

i i
i i 1 i 1 i i 1 i 1 i i 1 t 1 i t 1 Nf (x ,x ,c ) f (c ,...,c , x ,c ,...,c x ,c ,...,c , x ,c ,...,c )      designates that the input variables except 

1 2i i(x , x )  are at their reference point values. The f0 term is the output response of the system at the reference 

point. The higher order terms are measured as cuts in the input variable space surroundings the reference point. 
Meta-models, which are polynomial functions representing the mean and standard deviation of the responses, is 
framed by applying HDMR technique.  
 

y y yf f N(0,f )
 

   (6) 

 
Where yμ and yσ are the mean and standard deviation meta-models of the responses respectively, N is the normal 
distribution. The maximum response (inter-story drift) of the structure for twenty ground acceleration records are 
estimated by nonlinear time history analysis at each of the three sampling points, for each random variable of 
scaled PGA as shown in Table 3. The mean and standard deviation of the maximum response for each of these 
cases are calculated and the meta-model for the mean and standard deviation are formulated as shown in 
Equations (7) and (8). 
 

2
yf (0.000005)PGA (0.016)PGA 0.00002

    (7) 

2
yf (0.000002)PGA (0.0073)PGA 0.0000002

    (8) 

 
Table 3. Range of input random variable used for 3-point sampling in HDMR. 

 
Variable PGA (g) 

μ-2σ 0.13 
μ 0.58 

μ+2σ 1.02 
 

4.3 Incremental Dynamic Analysis Approach 
By using a series of nonlinear dynamic analyses under a multiply scaled suite of ground motion records, 
Incremental Dynamic Analysis (IDA) is an emerging analysis method that offers thorough seismic demand and 
capacity prediction capability noted by (Vamvatsikos and Cornell, 2002). While it is a simple concept, 
performing an IDA requires several important steps: 1. Creation of an appropriate model for the structure under 
investigation, 2. selection a suite of ground motion records, 3. for each record, incrementally scaling it to 
multiple levels and running a nonlinear dynamic analysis each time 4. Selection of a ground motion Intensity 
Measure IM (e.g., Sa (T1, 5%), the 5%-damped first-mode spectral acceleration) and a Damage Measure DM 
(e.g., θmax, the maximum over all stories peak inter-story drift ratio) and post process the results of the dynamic 
analyses, 5. Using the IDA data to better understand the behavior of the structure. 
 
 
5 Failure Criteria and Performance Limit States 
 
The inter-story drift of steel frame is counted in this paper as a failure criterion. The Table 4 can describe the 
damage stages properties of the moderate-code seismic design, which have been taken from HAZUS (FEMA, 
2003).  
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Table 4. Damage states for Moderate code seismic provisions level 
 

Building Properties Inter-story drift threshold value of damage state 
Type Height (inches) Slight Moderate Extensive Complete 

Mid-rise (S1M, 5-storied frame) 708 0.004 0.0069 0.0157 0.04 
 
 
6 Fragility Curve Development  
 
To develop fragility curve from HDRM Monte Carlo simulation is performed successively on the overall meta-
model explained by the Equation 6 where the arbitrarily generating 10000 values for input variables and the 
corresponding response as inter-story drift is calculated. For convergence study of simulations and the 
probability of exceedance, it is found that 10000 simulations appropriate for the convergence (Thachampuram, 
2014). 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 time history analysis is carried out on 
this building with the 20 PEER ground motion database. The fragility curve is obtained by joining the points 
represented by probability of exceedance for each PGA. The obtained Fragility curves for each limit states are 
shown in Figure 3. 
 
Another method used for estimating the seismic performance of the structural system is named by Incremental 
Dynamic Analysis (IDA) method. The incremental dynamic analysis relates the scaling of each ground motion in 
a suite until it causes the collapse of the structure explained by (Vamvatsikos and Cornell, 2002). The intensity 
measure of the ground motion is incremented in the IDA method and put into the structural model up to the point 
at which instability occur for inter-story drift. According to (Ibarra and Krawinkler, 2005), fragility curves are 
calculated from data sets by taking logarithms of each ground motion’s IM value corresponding to the onset of 
collapse and computing their mean and standard deviation, which are shown by Equations. (9) and (10).  
 

n

i
i 1

1
ln ln IM

n



   (9) 

n 2
i

i 1

1
(ln(IM / ))

n
 


   (10) 

 

  
 

Figure 2. Acceleration response spectra (20 sets of EQ 
data) 

 
Figure 3. Comparison between HDMR and IDA based 
fragility curves for mid-rise (five-storied) steel moment 

frame 
 
 
7 Result and Discussion 
 
Fragility curve is one of the useful methods for analyzing the seismic risk assessment of any structure. There are 
many methods to explain the fragility curve and in this paper the response surface method called HDMR has 
been used to generate the fragility curves of steel building and a comparison has been made with a conventional 
method. Monte Carlo simulation along with High-Dimensional Model Representation is performed on the 
overall meta-model and the fragility curves for different performance limit states on the inter-story drift are 
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developed and compared with that obtained using Incremental Dynamic Analysis as shown in Figure 3. From the 
observation, it can be said that in each limit state the fragility curve of two different methods is almost same. In 
the HDMR method, the curve for LS1, LS2, LS3 and LS4 comes before than the IDA method but for the failure 
probability of 5%, PGA is smaller in the LS3 in IDA than HDMR. In this research, the three sampling points 
HDMR show similar result respect to the IDA where in IDA method took 400 simulation for this study have 
been taken in mid-storied building. Therefore, it is evident from the study that the computational effort required 
for computing fragility curves using HDMR method is very low compared with that using conventional method 
without any compromise in accuracy compared and time required was reduced by 85% using HDMR with three 
sampling points. Finally, it is summarized that for the seismic analysis of the steel building can be explained by 
fragility curve using different methods, but the point is if the we need the accuracy with time saving way, we can 
rely on the MCS along with HDMR method three points sampling method rather than the IDA method.  
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