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# Event Year Station T, (f:l;;:z) (lc)lcn;/\s]) M, C(l](;[l))'h Fault Type*
1 Imperial Valley-06 1979 Aeropuerto Mexicali 24 | 350.56 | 443 | 6.5 0.3 Strike-Slip
2 Imperial Valley-06 1979 Brawley Airport 4.0 | 155.03 | 36.1 6.5 10.4 Strike-Slip
3 Imperial Valley-06 1979 EC Meloland Overpass FF 3.3 | 370.82 | 115.0 | 6.5 0.1 Strike-Slip
4 Imperial Valley-06 1979 El Centro Array #4 4.6 | 35032 779 | 6.5 7.1 Strike-Slip
5 Imperial Valley-06 1979 Holtville Post Office 4.8 | 253.19 | 551 | 65 7.7 Strike-Slip
6 Mammoth Lakes-06 1980 | Long Valley Dam (Upr L Abut) | 1.1 | 391.33 | 33.1 5.9 ? Strike-Slip
7 Westmorland 1981 Parachute Test Site 3.6 | 168.68 | 358 | 59 16.7 Strike-Slip
8 | Taiwan SMART1(40) | 1986 SMART1 C00 1.6 | 201.10 | 31.2 | 6.3 ? Reverse
9 N. Palm Springs 1986 North Palm Springs 14 | 65694 | 73.6 | 6.1 4.0 Reverse-Oblique
10 | Whittier Narrows-01 1987 Downey - Co MaintBldg 0.8 | 229.69 | 304 | 6.0 20.8 | Reverse-Oblique
11 Loma Prieta 1989 Gilroy Array #2 1.7 | 39847 | 457 | 69 11.1 | Reverse-Oblique
12 Erzican, Turkey 1992 Erzincan 2.7 | 477.15 | 954 | 6.7 4.4 Strike-Slip
13 Landers 1992 Yermo Fire Station 75 | 21755 | 532 | 73 23.6 Strike-Slip
14 Northridge-01 1994 | Newhall - W Pico CanyonRd. | 2.4 | 417.56 | 87.8 | 6.7 55 Reverse
15 Kobe, Japan 1995 Takarazuka 14 | 63297 | 726 | 69 0.3 Strike-Slip
16 Kobe, Japan 1995 Takatori 1.6 | 669.04 | 169.6 | 6.9 1.5 Strike-Slip
17 Chi-Chi, Taiwan 1999 CHY101 4.8 | 44275 | 854 | 7.6 10.0 | Reverse-Oblique
18 Chi-Chi, Taiwan 1999 TCU065 5.7 | 806.18 | 127.7 | 7.6 0.6 Reverse-Oblique
19 | Chi-Chi, Taiwan-06 1999 CHY101 2.8 | 12391 | 363 | 6.3 36.0 Reverse
20 Northridge-01 1994 Pardee - SCE 1.2 | 54642 | 76.10 | 6.7 55 Reverse
* Pulse period of the earthquake record, ® Closest distance to fault, © Faulting mechanism
™ 31595 U3 Sl se5 s Dlaselo :(F) Jour
# Event Year Station Cor(l(ll[:g)gent (fxfl;/?z) (l;(;/\s]) fc(;g M, Fault Type
1 Landers 1992 Yermo, Fire Station 270 240.15 | 51.39 | 43.83 | 7.28 Strike-Slip
2 San Fernando 1971 | Los Angeles, Hollywood Storage Bldg. 360 22049 | 21.71 | 1591 |6.61 Reverse
3 Loma Prieta 1989 Agnews, Agnews State Hospital 0 166.32 | 33.50 | 23.88 | 7.1 | Reverse-Oblique
4 Morgan Hill 1984 Gilroy Array #4, 2905 Anderson Rd 360 342.12 | 17.30 | 33.08 | 6.19 Strike-Slip
5 | Northwest Calif-03 | 1951 Ferndale City Hall 314 109.27 | 7.86 | 10.94 | 5.8 Strike-Slip
6 Morgan Hill 1984 Gilroy Array #2 90 208.82 | 12.74 | 2.48 |6.19 Strike-Slip
7 Northridge 1994 Santa Monica City Hall 90 866.42 | 41.60 | 15.16 | 6.8 Reverse
8 Imperial Valley 1979 El Centro #13, Strobel Residence 230 135.92 | 13.65 7.73 6.8 Strike-Slip
9 Gazli USSR 1976 Karakyr 90 847.53 | 67.63 | 20.71 | 6.8 Reverse
10 Parkfield 1966 Cholame - Shandon Array #5 85 43537 | 25.04 | 5.78 |6.19 Strike-Slip
11 | Imperial Valley-07 | 1979 Calexico, Fire Station 225 97.01 8.13 1.03 | 5.01 Strike-Slip
12 Landers 1992 Palm Springs, Airport 90 87.29 | 13.91 5.26 7.5 Strike-Slip
13 San Fernando 1971 Whittier Narrows Dam Bldg. 233 106.03 | 10.55 | 6.46 |6.61 Reverse
14|  Morganmill | 1984 | Gilroy Array #3};12:::”3“ Treatment 90 197.36 | 1330 | 3.66 |6.19|  Strike-Slip
15| Loma Pricta 1989 | Gilroy Array #2’1\14{::5 101 Bolsa Road 0 36271 | 3475 | 951 | 7.1 | Reverse-Oblique
16| LomaPrieta | 1989 | Gilroy Amay #3};22”3“ Treatment 90 19736 | 1330 | 10.84 | 6.1 | Reverse-Oblique
17 | Whittier Narrows | 1987 Los Angeles, 116th St School 270 14739 | 11.40 | 1.42 |5.99 | Reverse-Oblique
18 | Whittier Narrows | 1987 Downey, County Maintenance Bldg. 180 200.62 | 30.67 | 5.44 |5.99 | Reverse-Oblique
19 | Imperial Valley-06 | 1979 Calexico, Fire Station 225 271.73 | 2245 | 993 |[6.53 Strike-Slip
20 Landers 1992 Mission Creek Fault 90 129.05 | 14.62 | 11.42 |7.28 Strike-Slip
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The recent trend in structural earthquake engineering practice is to use performance-based seismic evaluation
methods for the estimation of inelastic demands in structures. Nonlinear static analysis, commonly referred to as
pushover analysis, is becoming a popular simplified tool for seismic performance evaluation of existing and new
structures. The pushover analysis of a structure is a static nonlinear analysis under permanent vertical load vectors
and gradually increasing lateral loads until reaching the predetermined target displacement at roof level. Target
displacement serves as an estimate of the global displacement of the structure expected to experience in a design
earthquake. The accurate estimation of target displacement associated with specific performance objective affect the
accuracy of seismic demand predictions of pushover analysis. Recently, the researchers have proposed various
enhanced methods that aim to capture the true seismic-induced target displacements. Most of the reported research
on development of improved Nonlinear Static Procedures (NSPs) is based on the response of analytical models
subjected to Far-Fault (FF) earthquake records and less have been investigated for Near-Fault (NF) ground motions.
NF motions differ from FF ones in that they often contain strong coherent dynamic long period pulses and/or
permanent ground displacements. Out of the two kinds of NF ground motions, ground motions with velocity pulses
caused by NF directivity effects have received a great deal of attention because of their potential to cause severe
damage to structures. Capacity Spectrum Method (CSM) and Displacement Coefficient Method (DCM) are the two
methods presented in FEMA-440 (2005) and ASCE/SEI 41-13 (2013) as standard methods of estimating the target
displacement. DCM is considered in this paper as the basis of the presented method. In DCM, the target
displacement, which corresponds to the displacement at roof level of a building, shall be calculated by applying
appropriate modification factors to the elastic spectral displacement of SDOF system. In this method, CO is
modification factor to relate spectral displacement of an equivalent SDOF system to the roof displacement of the
building, C1 is the modification factor to relate the expected maximum displacements of an inelastic SDOF
oscillator, and C2 is the modification factor to represent the effect of pinched hysteretic shape, stiffness degradation,
and strength deterioration on the maximum displacement response. It should be noted that the coefficients of this
equation have been derived from FF motions in FEMA-440 (2005). Therefore, applying these coefficients to
estimate the target displacement for NF ground motion may not yield accurate results. Due to this, CN, need to be
used to modify the C1 coefficient when a SDOF system is subjected to NF ground motion. This modification factor
was previously presented by Esfahanian and Aghakouchak (2015). This paper investigates inelastic seismic
demands of the normal component of near-fault pulse-like ground motions. 20 near-fault and 20 far-fault ground
motions and the responses of 10-, 15-, and 20-story multi degrees of freedom (MDOF) systems constitute the
dataset. These systems are all steel moment-resisting frames, designed according to allowable stress design method.

The buildings’ lateral load-resisting system is steel special moment-resisting frame. All buildings are 15 m in width.
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The bays are 5 m on center with three bays. Story heights of all buildings are 3.2 m. The seismic masses of all level
floors for each structure are assumed to be equal and consist of dead load plus 20% of live load. Dead and live loads
are equal to 650 and 200 kg/m2 on the floor area that loading width of the frames is assumed to be 5 m. Design is
performed based on the weak beam-strong column. In analysis and design, P-A (second order) effects are included.
Nonlinear static and dynamic analyses were performed by the OpenSees (2013) software to simulate the
performance of structural systems subjected to earthquakes. Both geometrical nonlinearity and material inelasticity
were taken into account in the models. The material inelasticity was explicitly considered by employing a fiber
modeling approach. Beams and columns have been modeled as finite elements with distributed inelasticity in a
specified length of the member ends, using force-beam-column elements. For all of the NL-THAs, the damping
matrix was defined using Rayleigh damping with a damping ratio of 5% for the first and third modes of vibration. In
this paper, wavelet analysis method, presented by Baker (2007, 2008) is used for selecting pulse-like NF ground
motions. NL-THA is utilized as the benchmark for comparison with nonlinear static analysis results. A new method
for estimating target displacements are presented, using response spectrum analysis method and appropriate
modification factors. As the proposed method considers the MDOF effects, CO coefficient is not used in this method
and only C1, C2, and CN are applied in this method. The target displacements resulting from the proposed
procedure are then compared to those from the NL-THA and displacement coefficient method of ASCE 41-13, as
well as to those predicted from Modal Pushover Analysis (MPA) methods. MPA is an enhanced NSP presented by
Chopra, which utilizes the concept of modal combinations through several pushover analyses using invariant load
patterns based on elastic mode shapes where the total response is determined with combination of each mode at the
end (Chopra and Goel, 2001, 2002). It should be noted that, various methods applied to nonlinear models developed
using generally accepted methods provide either overestimation or underestimation of the target roof displacement
when compared to the value derived from NL-THA of recorded motions. It is shown that these procedures may lead
to significantly different estimates of the target displacement, particularly for high-rise buildings responding in the
nonlinear range. The results of the proposed procedure demonstrate acceptable values for target displacement,

especially for near-fault earthquake records in comparison to the approximate and exact ones.

Keywords: Nonlinear Analysis; Static and Dynamic Analysis; Near-Fault and Far-Fault Earthquakes; Target

Displacement; Fema-440.





