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ABSTRACT 

There are different methods in seismic design codes for scaling earthquake ground motion records for the purpose of 

performing nonlinear time history analysis. The main objective of this study is to evaluate how different scaling 

approaches affect the results of nonlinear time history analysis. Reduced the scatter in estimated drift angles was the main 

criteria to measure the effectiveness of different scaling methods. For this purpose, three steel moment resisting frames 

with different height (3, 6, and 10 stories) were subjected to Incremental Dynamic Analysis under a suite of twenty near-

fault and far-fault ground motions. The results indicate that the scaling method based on UBC 97 causes a more 

significant dispersion in the responses compared to the other considered methods. 

Keywords - ground motion scaling method, incremental dynamic analysis, steel moment frame, near-fault, far-fault 

ground motion 

1. INTRODUCTION  

Earthquake ground motions have caused severe 

casualties and damage to structures for over the past 

decades. Many attempts have been made to design the 

structure under seismic loads with appropriate safety 

margins. Time history and pushover analyses are the 

two conventional numerical methods for simulating the 

seismic loads on the structures. These methods can be 

employed for the design of new structures and seismic 

evaluation of existing structures. Pushover analysis is a 

nonlinear static analysis, which lateral loads are 

monotonically increased from zero to failure level to 

evaluate possible plastic hinge formation and damages 

in the structure. In many previous studies, pushover 

analysis has been used to numerically estimate seismic 

parameters of structures and compare them with 

suggested value in the seismic codes or evaluate the 

seismic performance of existing building under 

earthquake ground motion records [1-12]. Although 

pushover analysis is more practical for engineering 

offices and less time consuming than time history 

analysis, it does not explicitly address the real 

performance of structures under seismic loads. In 

pushover analyses, lateral load patterns cannot simulate 

the dynamic characteristic of loading correctly when an 

element undergoes non-linear behavior. Therefore, in 

some cases performing a time history analysis is 

unavoidable to find the real nonlinear behavior of 

structures under strong earthquake excitations. 

In codes and standards related to seismic design and 

evaluation of seismic performance of structures, some 

specifications are mentioned for conducting a time 

history analysis. Some of these specifications are 

related to criteria for selecting appropriate earthquake 

ground motion records and scaling methods. 

Considering the importance of ground motion scaling, 

there are many researches in this field aim to increase 

the efficiency of the scaling method. In this paper, 

besides studying the different scaling methods, their 

accuracy has been evaluated to estimate the seismic 

demands of steel moment frames. 

Time history analyses are utilized in the design of new 

structures and the evaluation of seismic performance of 

existing structures [13-21]. In ATC-58-1 [22], three 

different methods are specified to evaluate seismic 

performance: intensity-based method, scenario-based 

method, and time-based method. Choosing the right 

method for selecting and scaling earthquake ground 

motion records depends on the type of assessment or 

design target. The most common method for evaluating 

structural performance is the intensity-based method. In 

this method, the response of the structure and its 

components is evaluated in term of the intensity of 

earthquakes. The intensity of earthquake depends on 

factors such as ground motion magnitude, distance from 

the seismic source, and site condition. To determining 

criteria of effectiveness in the intensity of earthquakes, 

parameters such as peak ground acceleration (PGA), 

peak ground velocity (PGV), and peak ground 
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displacement (PGD) are used. Another parameter to 

measure the intensity of an earthquake is the 

acceleration spectrum value for the first vibration mode 

of the structure for a specific ground motion. In this 

paper, the intensity-based method was employed as a 

scaling evaluation method. 

Scaling of earthquake ground motion records is a 

significant step for seismic design and evaluation of 

structures when nonlinear time history analysis is 

employed. In general, record scaling can be conducted 

in both frequency and time domain. Time-domain 

scaling is conducted by changing in the acceleration 

amplitudes of an earthquake ground motion record 

without any change in its phase and frequency content. 

In this method, all the values of acceleration are 

multiplied by a specific coefficient. In frequency-

domain scaling method, the frequency and phase 

content of the earthquake are adjusted in a way that the 

resulted spectrum approaches the target spectrum. In the 

seismic codes and standards, time-domain scaling is 

recommended [23].  

In time-domain scaling method, the phase and 

frequency contents of the records are not changed 

through the scaling procedure. Moreover, using this 

method, two primary goals of scaling, i.e., appropriate 

and accurate estimation of seismic response quantities 

and high efficiency can be satisfied [24]. In the first 

method peak ground acceleration was used to scale 

ground motion accelerations in the time domain. This 

method is not very efficient and causes a large 

dispersion in values of structural response (under 

various earthquake ground motion records) [25-27]. 

In this regard, other intensity measures such as 

maximum effective ground motion velocity were also 

used, but the results were not convincing [28]. The 

reason is that the seismic characteristics of structures 

are not considered in these measures. To consider the 

vibrational properties of the structure, a scaling method 

was proposed based on the values of the elastic 

spectrum and the first vibration mode. This method 

promotes the accuracy of ground motion scaling, 

especially for the structures with the first dominant 

vibration mode [29]. On the other hand, this scaling 

method does not have enough accuracy for the 

structures which are expected to suffer high 

nonlinearity, i.e., moment frames with high ductility or 

with the significant higher vibration mode, i.e., irregular 

structures [30, 31]. To consider the effect of higher 

modes, a scalar intensity measure was proposed as a 

combination of acceleration spectrum values of the first 

and second structure modes (Sa (T1) and Sa (T2)) as well 

as vector quantities containing acceleration spectrum 

values of the first mode and the ratio Sa(T1)/Sa(T2) [32, 

33]. Although this method improves the accuracy of 

scaling, it still does not have a sufficient accuracy for 

near fault earthquakes [34]. To consider the structure 

period elongation due to the structure nonlinearity, a 

combined intensity measure including Sa(T1) and 

Sa(cT1) (c>1) was recommended [35, 36]. In the other 

proposed method, the difference between the elastic 

earthquake and the target spectrum (or design spectrum) 

is minimized [37, 38]. 

In all the mentioned methods, only the vibration period 

of structure determines the scale factor, and other 

criteria such as ultimate strength and nonlinear behavior 

of the structure were not considered. Although these 

methods do not have sufficient accuracy for near-fault 

earthquakes and the structures in the nonlinear region, 

they are still widely utilized as the standard methods in 

the structural design codes. Recently, many efforts have 

been made to solve the problems related to these scaling 

methods. To overcome the problems with the traditional 

scaling methods, normalization before scaling is 

proposed in FEMA 695 [39]. Moreover, some methods 

based on the nonlinear displacement response spectrum 

have been proposed [40]. These methods increase the 

accuracy of scaling method and reduce the scattering in 

time history analysis results and might be included in 

the design codes very soon. The other method was 

proposed by Chopra, which is based on the results of 

modal pushover analyses. Despite having a decent 

accuracy, it requires a high skill for a structural 

engineer to perform nonlinear analyses and it is time-

consuming. [24]. 

The purpose of scaling earthquake records is that a 

scaled record can apply a specific intensity from 

earthquake to the structure. Therefore, one of the most 

important factors in determining a scaling method is to 

define a quantity for the earthquake intensity. The 

design codes scale records based on a comparison 

between earthquake spectra and the target design 

spectrum by considering acceleration spectrum values 

as the earthquake intensity measures. In these methods, 

earthquake records are scaled in a way that the values of 

a scaled record spectrum (or their average spectrum 

values) are not less than the target spectrum within a 

specific period range. This interval is defined between 

0.2T1 and 1.5T1 in most design codes such as UBC 97 

[41] and ASCE 7-10 [42], where T1 is the first mode of 

vibration. According to the recommendations of 

American Institute for Standardization and Technology 
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(NIST) [23], for moment frame structures, the interval 

(0.2T1,3T1), and for structures with shear wall system or 

braced frames, the interval (0.2T1,2T1) are 

recommended, respectively. 

1.1 Scaling Method Based on Uniform Building Code 

(UBC 97) 

According to UBC 97, the following method is used to 

scale accelerations: 

1. All accelerations are scaled to their maximum 

amplitude, i.e., the maximum accelerations are 

equal to the gravity acceleration; 

2. The acceleration response spectra of each 

scaled acceleration pair is determined by 

considering a 5% damping ratio; 

3. Response spectra of each acceleration pair are 

combined with each other using square root of 

the sum of the squares (SRSS) and a single 

compound spectrum for each pair is 

constructed; 

4. The combined response spectra for the pair of 

all the accelerations (derived from step 3) are 

averaged and compared with the design 

response spectrum. The scale factors are 

determined in a way that the averaged 

spectrum within the period range of 0.2T to 

1.5T is not less than 1.4 times of the design 

response spectrum values. At the end, the 

accelerations are multiplied by the caculated 

scale factors. In this method, the same scale 

factor is obtained for all accelerations, and this 

scale factor should be applied to the 

normalized acceleration (normalized to the 

gravity acceleration). In time history analyses, 

in addition to introducing the scaled 

accelerations, according to the seismicity of 

the area, the peak accelerations are also 

considered [41]. 

1.2. Scaling Method Based on ASCE 07-10 

Regulations 

In ASCE 07-10 [42], scaling earthquake records is 

slightly different from UBC 97. According to ASCE, in 

the 3D analysis of structures, non-normalized records 

are used. The acceleration spectra values Sa are 

compared with the design spectra. Also, there is no 

need to apply the same scale factor to the records. In 

this method, the acceleration spectra of the horizontal 

components of the record pairs are combined using 

square root of sum of squares without any 

normalization. At the end, the calculated scale factors 

are multiplied to the pair accelerations. The scale 

factors are determined in a way that the average 

spectrum obtained from the acceleration pairs in the 

time interval of 0.2T to 1.5T should not be less than the 

values for the design spectrum. 

1.3. Scaling Method Based on FEMA P695 

In order to perform an incremental dynamic analysis to 

estimate collapse in structures, a scaling method for 

earthquake records was recommended in FEMA 695 

[39]. This method consists of two steps. First, 

normalizing the earthquake records to their peak ground 

velocity (PGVPEER), which is done before scaling the 

records. Peak ground velocity (PGVPEER) is defined as 

an average geometry of the peak ground velocities of 

two horizontal earthquake components considering 

different applying angles. Normalization of 

accelerations is performed to eliminate the effect of 

factors such as magnitude, distance from fault, and site 

conditions. Therefore, a correction factor 

(normalization coefficient) is obtained for each record 

and the orthogonal earthquake components are 

multiplied by it. The correction factor is obtained from 

Eq. (1). 

NMi = Median (PGVPEER,i)/PGVPEER,i (1) 

In this equation, NMi is normalization coefficient 

related to the record i, which is multiplied by 

acceleration values of both components. The term 

Median (PGVPEER,i) refers to the median values of 

PGVPEER for all records and PGVPEER,i is the value of 

peak ground velocity (PEER) for i
th

 record.  

In FEMA 695, it has been stipulated that the record for 

near-fault earthquakes must be rotated in parallel and 

perpendicular to the fault before using in analyses. 

In next step, the records are scaled to a specific 

intensity criterion, in a way that the average value of the 

acceleration spectra in the fundamental period of the 

structure becomes greater than the target spectrum. 

2. EARTHQUAKE AND SCALING METHOD 

SELECTION CRITERIA 

Two important indicators in determining the proper 

performance of the record selecting and scaling 

methods are accuracy and efficiency. The purpose of 

accuracy criterion is reaching the expected target 
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response, and the purpose of efficiency is to minimize 

the amount of scattering in structural responses in terms 

of ground motion records [43]. Parameters such as 

standard deviation (SD), mean square error (MSE), and 

mean relative error (MRE) are used to determine the 

dispersion of results. The standard deviation (SD) is 

calculated according to Eq. (2). Also, MSE and MRE 

are obtained according to Eq. (3) and Eq. (4), 

respectively [43]. 

𝛿 = √ 1

𝑚
∑ (

𝐸𝐷𝑃(𝑖)−𝐸𝐷𝑃̅̅ ̅̅ ̅̅

𝐸𝐷𝑃̅̅ ̅̅ ̅̅
)
2

𝑚
𝑖=1   (2) 

𝑀𝑆𝐸 =
1

𝑚
∑ (𝐸𝐷𝑃(𝑖) − 𝐸𝐷𝑃̅̅ ̅̅ ̅̅ )2𝑚
𝑖=1  (3) 

𝑀𝑅𝐸 =
1

𝑚
∑ |

𝐸𝐷𝑃(𝑖)−𝐸𝐷𝑃̅̅ ̅̅ ̅̅

𝐸𝐷𝑃̅̅ ̅̅ ̅̅
|𝑚

𝑖=1   (4) 

In these equations, m is the number of acceleration 

record pairs. 𝐸𝐷𝑃(𝑖) and 𝐸𝐷𝑃̅̅ ̅̅ ̅̅  are the seismic demand 

quantities obtained from the i
th

 record and the average 

seismic response quantities respectively. 

3. RESEARCH OBJECTIVES 

In this paper, the efficiency of various scaling methods 

for evaluating the seismic responses of steel moment 

frames has been evaluated. For this purpose, two-

dimensional models and non-linear time history 

analysis have been used. The studied models included 

three special steel moment frames of 3, 6, and 10-story. 

The structural configurations are shown in Fig. 1 and 

the designed sections of the structural elements are 

presented in Table 1. 

 

Fig. 1 Configuration of structures

Incremental dynamic analysis has been used for 

evaluating the seismic responses of the structures [14]. 

In this method, the seismic responses of the structures 

are estimated by using different earthquake intensities. 

Two sets of earthquake records of near-fault and far-

fault were utilized for the analyses. The record suits are 

presented in Table 2. First, the records are scaled using 

the following methods: 

1. Scaling method based on the value of 

acceleration spectrum for the first vibration 

mode; 

2. Scaling method based on UBC 97; 

3. Scaling method based on FEMA 695. 

In the following, the efficiency of different scaling 

methods has been evaluated. The results are presented 

separately for far and near-fault records. 
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Table 1. Steel moment frames sections 

Frame 

structure 

Fundamental 

period (s) 
Story number Column section (mm) Beam section (mm) 

3-story 0.86 1-3 Box 280*280*10 H300*200*10*14 

6-story 1.22 
1-3 Box 280*280*15 H300*200*10*14 

3-6 Box 280*280*10 H260*180*10*14 

10-story 1.69 

1-3 Box 380*380*20 H380*200*12*20 

4, 5 Box 340*340*20 H380*200*12*20 

6 Box 340*340*20 H340*200*12*20 

7, 8 Box 320*320*16 H340*200*12*20 

9, 10 Box 260*260*16 H300*160*10*20 

Story number Column section (mm) Beam section (mm) 

1-3 Box 280*280*10 H300*200*10*14 

1-3 Box 280*280*15 H300*200*10*14 

3-6 Box 280*280*10 H260*180*10*14 

1-3 Box 380*380*20 H380*200*12*20 

4, 5 Box 340*340*20 H380*200*12*20 

6 Box 340*340*20 H340*200*12*20 

7, 8 Box 320*320*16 H340*200*12*20 

9, 10 Box 260*260*16 H300*160*10*20 

 

3.1. Earthquake Records 

In this paper, twenty earthquake records have been 

utilized to evaluate the different scaling methods using 

incremental dynamic analysis. Ten records have 

velocity pulses and the others are ordinary ground 

motions. All earthquake ground motion records used in 

dynamic analysis and scaling are based on soil type C in 

the USGS classification. The earthquake magnitudes 

are taken in the range of 6.1 to 7.6. The record 

specifications are presented in Table 2. 

The criterion for discriminating the near-fault records 

with a pulse from ordinary earthquake records are 

chosen based on Baker's research [44]. 

3.2. Designing Structures and Finite Element Model 

The office buildings of 3, 6, and 10-story, with steel 

special moment frame systems, are selected for 

investigation (Fig. 1). Loading and designing of 

structures were carried out in accordance with ASCE 7-

10 and AISC 2010 [42, 45]. Load resistance factor 

design (LRFD) method has been used to design the 

steel structures. The response modification coefficient 

of 8 is adopted in accordance with ASCE 7-10 [42] 

recommendation to calculate design base shear. Soil 

condition is assumed to be site class C. Buildings are in 

a high seismic region (PGA = 0.35). The static method 

was used for analyzing structures against earthquakes. 

Live and dead loads are 500 kg / m2 and 250 kg / m2, 

respectively. The dead load of roof floor is similar to 

other floors, but the live load is 150 kg / m2. The height 
of all floors is 3.2 meters. ST37 steel type with 

mechanical characteristics such as yield strength, 

ultimate strength and elastic modulus of 2.1*106, 2400, 

and 3700 kg/cm2 have been used, respectively. Linear 

modeling and designing of structures were performed 

by using ETABS software version 9.5 and nonlinear 

modeling and analyzing was conducted by Seismo 

Struct software version 6 [46]. The software is able to 

consider geometrical nonlinearity (including P-Delta 

effects) in addition to material nonlinearity. The plastic 

hinges of beams and columns are modeled based on the 

fiber elements [47]. Steel hysteresis curve is considered 

as a bilinear curve with a hardening rate of 3%. 

Rayleigh damping of 2% and 5% are considered for the 

first and second vibration modes of the structures. The 

fundamental periods of the frames are 0.86, 1.22, and 

1.69 seconds, respectively. 

 

 

 



 

Morteza Razi / Journal of Advanced Engineering Research, 2018, 5 (2), 52-61 

Research Article                  57 www.jaeronline.com 

 

Table 2. Earthquake record specifications 

Earthquake records Magnitude Distance from epicenter (km) PGA (g) 

1-Far-fault 

Chi-Chi, Taiwan, 1999 7.6 11.14 0.35 

Imperial Valley, 1979 6.5 10.4 0.32 

Loma Prieta, 1989 6.9 12.7 0.32 

Loma Prieta, 1989 6.9 14.4 0.37 

Northridge, 1994 6.7 15.8 0.42 

Northridge, 1994 6.7 13 0.41 

Tabas, 1978 7.4 26.1 0.09 

Kobe, 1995 6.9 95.72 0.143 

N. Palm Springs, 1986 6.06 64.8 0.121 

Manjil, 1990 7.37 64.67 0.1 

2-Near-fault 

Chi-Chi, 1999 7.6 0.24 0.42 

Chi-Chi, 1999 7.6 1.09 0.57 

Erzincan, 1992 6.9 2 0.50 

Northridge, 1994 6.7 7.1 0.84 

Landers, 1992 7.3 23.6 0.25 

Loma, 1989 6.9 11.1 0.32 

Imperial Valley, 1979 6.5 10.4 0.16 

Kobe, 1995 6.9 0.3 0.69 

Cape Mendocino, 1992 7 8.2 0.59 

 

3.3. Scaling Evaluation Method 

In this study, minimizing dispersion of structural 

responses for different records is contemplated as the 

efficiency criterion for scaling methods. For this 

purpose, the coefficient of variation (CV) of the seismic 

responses is employed. This criterion can provide the 

variance of structural responses for different records in 

the normalized form. This coefficient is obtained 

according to Eq. 5 by dividing the standard deviation 

(SD) on the mean value. 

𝐶𝑉 = 𝛿𝑖(𝑖 = 1: 𝑛)/𝑀𝑒𝑎𝑛  (5) 

In this equation, δ is the standard deviation (SD), n is 

the number of variables, and the mean is the average 

values of variables. 

The fewer values of CV show smaller dispersion in the 

seismic responses and more efficiency of the scaling 

methods. 

 

4. ANALYSIS AND RESULT 

Incremental dynamic analysis has been used to 

determine the values of seismic responses of the 

structures under different earthquake intensities. The 

analyses were carried out using far and near-fault 

earthquakes and the responses of structures for the 

various earthquake intensities and for each of the 

scaling methods are estimated. A relative inter-story 

displacement (drift angle) is one of the most critical 

damage criteria for structures. Therefore, this parameter 

was considered as a response quantity in this study. The 

maximum drift angle curves in terms of different PGA 

of the records are presented in Fig. 2. The acceleration 

spectrum values for each structure and scaling method 

were calculated, and by using IDA curves in Fig. 2, 

maximum inter-story drift angles corresponding to each 

acceleration spectrum were calculated. The values of 

standard deviation (SD) and dispersion coefficients for 

each scaling method and for each structure under 

different sets of earthquake excitation were obtained 

and presented in Table 3 to 5. 
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                                                          (a)                                                                                     (b) 

 

                    
                                                          (c)                                                                                     (d) 

 

                
                                                          (e)                                                                                     (f) 

Fig. 2 Incremental dynamic analysis curves for near-fault and ordinary earthquake records  

for 3, 6, and 10-story steel moment frames 

 

Table 3 is related to UBC 97 scaling method, Table 4 is 

related to the FEM P695 method, and Table 6 is related 

to the scaling method based on absolute values of 

acceleration spectrum. In these tables, the standard 

deviation (SD) and coefficient of variation (CV) are 

related to the seismic response values obtained from 

different record sets and are separately presented for far 

and near-fault records and for three considered 

structures. The dispersion criterion has been used as an 

efficiency indicator for comparing the scaling methods. 
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Table 3. Precision indicators of UBC 97 scaling method 

for far and near-fault earthquakes 

Structure type 3-story 6-story 10-story 

Far-fault records 

SD 1.814 6.853 4.392 

CV 0.483 0.965 0.923 

Near-fault records 

SD 1.6`31 3.781 6.614 

CV 0.483 1.741 1.189 

 

Table 4. Precision indicators of FEMA 695 scaling 

method for far and near-fault earthquakes 

Structure type 3-story 6-story 10-story 

Far-fault records 

SD 0.687 0.913 0.61 

CV 0.251 0.271 0.277 

Near-fault records 

SD 1.124 1.009 0.962 

CV 0.421 0.351 0.379 

 

Table 5. Precision indicators of scaling method based 

on absolute value of acceleration spectrum for first 

vibrational mode for far and near-fault earthquakes 

Structure type 3-story 6-story 10-story 

Far-fault records 

SD 1.169 1.84 1.334 

CV 0.380 0.608 0.508 

Near-fault records 

SD 0.940 1.671 0.339 

CV 0.312 0.531 0.200 

 

5. CONCLUSION 

The efficiencies and precisions of different scaling 

methods in estimating the seismic responses of moment 

steel frames for far and near-fault earthquake ground 

motion records have been investigated. For this 

purpose, three special steel moment frames with three 

different heights (3, 6, and 10-story) and twenty 

earthquake records (ten far-fault and ten near-fault 

records) were selected. Incremental dynamic analyses 

were performed to estimate seismic responses for 

different scaling methods on the studied structures. The 

analysis results show that, scaling by UBC 97 method 

causes a large dispersion of the response results, while 

the normalization based on the peak ground velocity 

significantly reduces the dispersion of the results, and 

increases efficiency. The average coefficient of 

variations for scaling methods of UBC 97, absolute 

acceleration spectrum value of the first mode and 

FEMA 695 are 0.96, 0.42 and 0.32, respectively. In 

another word, the average variation coefficient by 

FEMA method is about 66% less than the equivalent 

value for UBC 97 scaling method. Furthermore, by 

comparing scaling methods for near and far-fault 

records, it is observed that variations of the responses 

with different scaling methods for near-fault 

earthquakes are more than the results obtained from far-

fault earthquakes for UBC 97 and FEMA 695 methods  
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