
Unedite
d ve

rsi
on publish

ed onlin
e on 20/02/2024

Evaluation of constant ductility displacement response spectra for 1 

near-fault ground motions of the 1999 Chi-Chi earthquake 2 

Konkula Rama Neeraja1, Faisal Mehraj Wani2, Chereddy Navyatha3, Jaya 3 

Prakash Vemuri4and Chenna Rajaram5* 4 

1Graduate Student, Department of Civil Engineering, Rajeev Gandhi Memorial College of Engineering and5 

Technology, Nandyal, A.P, INDIA. 6 

2Doctoral Student, Mahindra University, Hyderabad, Telangana, INDIA.7 

3Assistant Professor of Civil Engineering, Rajeev Gandhi Memorial College of Engineering and Technology,8 

Nandyal, A.P, INDIA.9 

4Assistant Professor of Civil Engineering, Mahindra University, Hyderabad, Telangana, INDIA. 10 

5Associate Professor of Civil Engineering, Rajeev Gandhi Memorial College of Engineering and Technology,11 

Nandyal, A.P, INDIA. 12 

drchenna78@gmail.com, Contact No: +91 90323 4519713 

14 

Abstract: 15 

This paper investigates the Constant Ductility Displacement Response Spectra (CDDRS) for16 

near-fault ground motions (NFGM) of the 1999 Chi-Chi earthquake. The complex source17 

mechanism was mainly caused by a rupture on the Chelungpu fault that spanned about 100 18 

kilometres. In order to comprehend, a dataset of sixty three NFGM records have been considered19 

to understand the effects of CDDRS due to hanging wall, foot wall, and directivity effects. The20 

CDDRS are generated using SEISMO SIGNAL tool for the selected ground motions. Significant 21 

variation is observed in both elastic and inelastic CDDRS for tall buildings due to hanging wall22 

effect. In addition, the variations in inelastic spectra are found to be more prominent due to23 

backward directivity effect. Moreover, the inelastic displacement spectra values for pulse-like24 
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ground motions are much higher than the spectra values associated with non-pulse ground 25 

motions. 26 

Keywords: Taiwan; near-fault ground motions; constant ductility response spectra; seismic 27 

hazard 28 

 29 

Introduction  30 

The 1999 Chi-Chi earthquake (921 earthquake), which was one of the greatest reverse fault 31 

earthquakes, occurred in the seismically active area of Taiwan at a depth of 7 km, along the 32 

Chelungpu fault, caused by the collision of the Eurasian and Philippine sea plates[1]. The data 33 

from recent earthquakes has shown that the ground motion records in the near-fault (NF) region 34 

are quite distinct from those obtained from far-field regions[2]. The near-fault ground motion 35 

records contain most of the energy in a single or few pulses. Such intense concentration of 36 

energy can cause enormous structural damage. The preliminary investigation indicates that 37 

around 3000 buildings were collapsed and 6000 buildings were partially damaged during the 38 

earthquake[3,4]. In addition to buildings, other structures like bridges, dams, railways, and 39 

highways were also suffered severe damage during the earthquake[5]. Damage incurred by 40 

several cities adjacent to the fault and the number of buildings affected by the type of structure is 41 

depicted in figure 1. Severe damage took place to structures along the length of the fault during 42 

the earthquake. The Chelungpu fault trace passed beneath the building in Wu-Feng as shown in 43 

figure 1. This rupture produced a vertical displacement of about 2 m through the building. The 44 

building was severely damaged due to the differential movement of the fault trace. Another 45 

spectacular structural failure is the famous Shihkang dam which was directly uplifted by the fault 46 

trace[6]. It was offset by approximately 10 m near its right abutment, primarily due to the dip-slip 47 

fault rupture. 48 
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In the recent years, displacement-based seismic design has been increasingly implemented as 49 

compared to the traditional lateral forces design. Here, the CDDRS plays a crucial role for 50 

evaluation of the preliminary design of new structures. Several researchers have examined the 51 

influence of ductility requirements for engineering structures under earthquakes[7-11]. Freeman 52 

originally developed the Capacity Spectrum Method (CSM) in 1970s, and later Newmark 53 

presented the idea of an inelastic response spectrum based on elastic spectra for single-degree-of-54 

freedom systems (SDOF)[10]. Reduction factors were introduced for developing inelastic 55 

response spectra for the ground motions from the 1940 El-Centro and 1952 Taft 56 

earthquakes[12,13]. Response Reduction Factors (R) were derived for the behavior of strength and 57 

stiffness degrading systems[14,15]. The ductility ratio, the period of the structure, and the site 58 

conditions were found to have a significant impact on the response spectra[16]. The impact of soil 59 

conditions was not thoroughly studied until 1990. Later, the influence of inelastic strength 60 

requirements of SDOF considering soil conditions was examined for various ground motion 61 

records[17]. Over the years, several empirical equations have been proposed using the constant 62 

ductility spectra or damage spectra for the Inelastic Displacement Ratio (IDR), but these studies 63 

did not consider pulse-like (PL) ground motions. A recent study performed on the evaluation of 64 

constant damage IDR with PL ground motions indicates that these represent greater hazard for 65 

structures with strength-degrading behavior[18]. The modern shift towards performance-based 66 

earthquake engineering emphasizes strongly the crucial importance of inelastic response 67 

spectrum for both SDOF and MDOF systems under PL ground motions[19, 20]. Large pulse period 68 

and peak ground velocity greatly increase the inelastic displacement, velocity, and acceleration 69 

spectra, indicating that the inelastic response spectra are sensitive to ground motion 70 

characteristics and structural hysteresis behavior[21]. Further, to account for the impact of the soil 71 

classification and focal mechanism, the study suggests an elastic displacement response spectrum 72 
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methodology for near-fault ground motions, that can be used in seismic design since they closely 73 

resemble the average elastic displacement response spectra of real earthquake[22]. A constant 74 

ductility energy factor spectra were introduced using Gauss–Newton technique for both near and 75 

far-fault ground motions[23]. It is shown that significant correlation exists between the computed 76 

and estimated energy constant-ductility energy factor spectra. The design of structures as per the 77 

contemporary displacement-based methods requires the displacement response spectra for 78 

ground motions at the site of interest. Under severe ground motions, the behavior of the structure 79 

is inelastic in nature, thus understanding the spectral properties for ductile systems are essential. 80 

The structure can be seismically designed to achieve sufficient strength as per these constant 81 

ductility response spectra. 82 

The examination of literature indicated that the CDDRS have not been critically examined for 83 

NFGMs under various site geology conditions. A key reason could be the limited availability of 84 

ground motion records. Since the characteristics of NFGMs are strongly influenced by source 85 

rupture processes, they vary significantly from far-field ground motions. Hence, it is essential to 86 

examine their constant ductility spectra which can offer insights based on the observed variations 87 

from elastic spectra, for various ductility ratios. The main objective of the present study is to 88 

investigate the inelastic spectral displacements for various ductility ratios ranging from 1.5 to 3.0 89 

at an interval of 0.5 under NFGMs of the 1999 Chi-Chi earthquake. The study examines the 90 

displacement response spectra due to near-fault characteristics and velocity pulses. The study 91 

also comprises the variation of CDDRS with respect to site geological conditions. 92 

 93 

Strong Motion Dataset of Taiwan 94 

A Peak Ground Acceleration (PGA) of larger than 1 g was recorded on the southern part of the 95 

hanging wall and the PGA was gradually decreased to 0.5 g towards the north. Unusually large 96 
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values of Peak Ground Velocity (PGV) were also recorded: TCU068 station had a PGV of 383 97 

cm/s and TCU052 station had a PGV of 254 cm/s. The ground motions were recorded at over 98 

150 locations on the hanging wall and 340 locations on the footwall of the Chelungpu fault. In 99 

this study, a strong ground motion dataset of 63 NF seismic stations, within 20 km of the 100 

Chelungpu fault are collected from the Consortium of Organizations for Strong-Motion 101 

Observation Systems (COSMOS) for the 1999 Chi-Chi earthquake. Further, the ground motions 102 

are classified according to forward rupture directivity, backward rupture directivity, hanging wall 103 

effect and foot wall effect, out of which 6 stations are located on the hanging wall, and 57 104 

stations are located on the footwall as shown in table 1. Figure 2 shows the geographic locations 105 

of seismic stations used in the analysis. The site geology of soil is classified according to the 106 

National Earthquake Hazards Reduction Program (NEHRP) guidelines based on shear wave 107 

velocity at top 30 m. Around 42 sites possess stiff soils in the top 30 m with Vs,30 varies within 108 

180-360 m/s and 3 sites possess soft soil with Vs,30 is less than 180 m/s. The amplification factors 109 

are high (2.5-2.7) for the sites TCU065 and TCU072 located 10 km apart from the fault. In 110 

addition, resonant phenomenon in subsurface soils was observed for the sites located in the NF 111 

zones of the 1999 Chi-Chi earthquake. 112 

 113 

Methodology to Construct Constant Ductility Displacement Response Spectrum 114 

The current section briefly discusses the methodology to construct the CDDRS for elasto-plastic 115 

systems consistent with various levels of the ductility ratio[24-26]. The schematic diagram is 116 

shown in figure 3. A step-by-step procedure is described below. 117 

Step-1: The accelerogram )(tu g
 is numerically defined. 118 

Step-2: Select the damping ratio, and fundamental natural time period, Tn.  119 
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Step-3: Identify the linear system’s response u(t) and select peak response uo(t).  Calculate the 120 

peak force fo = kuo. 121 

Step-4: Find the elasto-plastic system’s response u(t)for the same time period and damping ratio. 122 

Calculate the yield force, oyy fff   for a range of values ( yf = 0.5, 0.25, 0.125). Find the 123 

maximum deformation um and the corresponding ductility factor (µ) from u(t). Repeat the 124 

analysis using other values of yf  and, µ.  125 

Step-5: Determine the value, yf , for the selected µ, using the results of step-4. If more than one 126 

yf  value corresponds to a specific value of µ, the largest value of yf  is chosen.  127 

Step-6: The spectrum appropriate for the value selected in step 5 is produced by repeating steps 128 

2 through 5 over a range of time periods. 129 

Step-7: For various values of µ, repeat steps 2 through 6. 130 

The analysis considers the displacement ductility µ values ranging from 1.5 to 3.0 with an 131 

interval of 0.5, as the typical ranges of µ are in between 3.0 and 6.0[27]. In this analysis, the 132 

recently proposed Pulse Indicator (PI) by Kardoutsou is used for classification of PL and NPL 133 

ground motions[22]. The results will change if other PI are used for the analysis, as the PI 134 

formulation differs for other authors. The PI is characterized based on cross-correlation factor (r) 135 

and the equation is as follows. 136 
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Where f
~

 and g~  being the mean values of the functions f and g, respectively. td is the time delay 138 

parameter at which the pulse starts.  139 

Results and Discussion  140 
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Characteristics of Near-Fault Ground Motions 141 

Large pulse amplitude and long pulse duration are the key features in the velocity records of 142 

NFGMs. These observations are substantially different from far-field ground motions as 143 

illustrated in figure 4. Further, most of the energy content is confined in a single or a few pulses. 144 

These pulses can also be due to the directivity effect and the fling effect. In this section, CDDRS 145 

are examined for hanging wall, footwall, forward and backward rupture directivity for various 146 

ductility ratios (µ = 1.5, 2.0, 2.5, 3.0) are shown in figure 5. As, the spectral displacements vary 147 

for each ground motion record at a particular fundamental period of the structure, it is essential 148 

to use the mean values. Further, the ground motions are classified as either PL or NPL using 149 

different schemes, to evaluate the CDDRS for obtaining the structural response. 150 

Hanging wall: A set of six stations are situated on the hanging wall side of the Chelungpu 151 

fault. The spectra of ground motions from these stations, for various ductility ratios, are 152 

compared with the elastic displacement spectrum. A variation is observed between inelastic 153 

spectra of different ductility ratios. No significant variation is observed between the elastic and 154 

the inelastic spectra till Tn reaches 2.35 s. and significant variation is observed beyond Tn = 2.35 155 

s (i.e., for tall buildings).  156 

Footwall: A set of fifty-seven stations are situated on the footwall side of the Chelungpu 157 

fault. The spectra of ground motions from these stations, for various ductility ratios, are 158 

compared with the elastic displacement spectrum. It has been observed that there is insignificant 159 

variation between inelastic displacement spectra of various ductility ratios and the elastic 160 

displacement spectrum on footwall.  161 

Forward rupture directivity: A set of fifty-three stations are located on the forward rupture 162 

directivity side of the Chelungpu fault. The spectra of ground motions from these stations, for 163 

various ductility ratios, are compared with the elastic displacement spectrum. There is no 164 
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significant variation in the inelastic spectra obtained for different ductility ratios and the elastic 165 

spectrum. It indicates that the forward rupture directivity has no substantial effect on the elastic 166 

and the inelastic displacement spectra.  167 

Backward rupture directivity: A set of ten stations are located on the backward rupture 168 

directivity side of the Chelungpu fault. The spectra of these stations, for various ductility ratios, 169 

are compared with the elastic displacement spectrum. It is observed that there is a significant 170 

variation between the inelastic spectra of different ductility ratios and the elastic spectrum. No 171 

significant difference is observed between inelastic spectra with various ductility ratios. The 172 

average elastic and inelastic spectra for various ductility ratios are shown in figure 6. 173 

 174 

Velocity Pulse Parameters 175 

The ground motion records are classified as PL, NPL and ambiguous using the approach 176 

proposed by Kardoutsou[28]. The current study uses Kardoutsou PI for pulse classification. 177 

According to this approach, if the PI values are greater than 0.65 the ground motions are termed 178 

as PL. If PI is less than 0.55, such ground motions are termed as NPL. If the value of PI lies 179 

between 0.55 and 0.65, the ground motions are termed as ambiguous. A sharp velocity pulses 180 

exhibit high amplitude and long pulse duration may lead to significant damage to engineered 181 

structures. The current study examines the effect of pulse period and pulse identification on 182 

CDDRS.  183 

Pulse period: Four different pulse periods 1.2 s, 1.8 s, 3.3 s, and 3.9 s are considered for the 184 

study. No substantial change in inelastic response spectra is observed for the fundamental time 185 

period, T<1.3 s and significant change is observed beyond T=1.3 s. This indicates that the 186 

velocity pulse periods can influence the inelastic response spectra for high-rise buildings. Figure 187 

7 shows the inelastic displacement spectra. 188 



Unedite
d ve

rsi
on publish

ed onlin
e on 20/02/2024

Pulse identification: The inelastic displacement spectra are drawn for ductility ratios of 1.5, 189 

2.0, 2.5, and 3.0. Since the ground motion data is large, an average inelastic spectrum is 190 

considered for all µ values. It is observed that the inelastic displacement spectra values for PL 191 

ground motions are twice the values observed for NPL ground motions. No significant deviation 192 

is observed in the inelastic displacement spectra of PL and NPL ground motions for various 193 

ductility values shown in figure 7. However, a deviation is observed in ambiguous ground 194 

motions for T > 2.5 s. The results may vary with other definitions of PI. For this purpose, a 195 

comparison has also been performed using other PIs proposed by various authors. Figure 8 196 

represents the inelastic displacement spectra for PL, and NPL proposed by various researchers 197 

for ductility ratio µ = 3.0[29-31, 27]. It is observed that the PL spectra, based on Baker and Panella 198 

PI’s, lead to higher inelastic spectral displacements due to a higher PI values defined by both 199 

researchers. According to Baker and Panella, the PL ground motions are those for which the PI 200 

values are greater than 0.85, and 0.7, respectively. It is also observed that the NPL spectra based 201 

on Baker’s PI, lead to lower displacement values. These observations indicate the importance of 202 

PL and NPL ground motions for developing CDDRS. 203 

Effect of Closest Distance from the fault, R 204 

Various distances: To study the inelastic displacement response spectra for various 205 

closest distances from the fault, a plot is drawn as shown in figure 9. High displacement values 206 

are observed for the closest distance to fault, R=1.1 km till T < 2.3 s. No significant change is 207 

observed in spectra for T < 2.3 s for higher distance values. Beyond this range, the displacement 208 

values are considerably high. 209 

Same distance: Two seismic stations located at the same closest distance to the fault, 210 

i.e.13.3 km are examined. While one station is situated on a hanging wall, the other station is 211 

situated on the footwall. The inelastic displacement spectra are developed for ground motions 212 
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from the two stations with different ductility ratios. From the results, it is observed that the 213 

station located on the hanging wall leads to larger displacement values as compared to the station 214 

located on the footwall, as shown in figure 9. In the case of hanging walls, the seismic energy 215 

gets trapped on the wedge portion resulting in higher acceleration values.  216 

Effect of site classification 217 

In the 1999 Chi-Chi earthquake, most recording stations were situated on soil. The soil 218 

behavior was non-linear in the NF region[32]. Since detailed borelog data and subsurface soil 219 

properties are often not available for every site, sites are usually classified into various classes, 220 

using information from a combination of sources, i.e. geological maps, digital elevation models, 221 

borelog data, shear wave velocity and response spectra from historical ground motion data. The 222 

site class description used in the present study is based on geological studies of the region 223 

reported by Lee[33].  224 

From figure 10, no significant change is observed in inelastic displacement spectra for 225 

various µ values for Tn is less than 1.0 s (for low-rise and mid-rise buildings) and considerable 226 

change is observed for Tn beyond 1.0 s. For higher site classification, the inelastic displacement 227 

values change abnormally for Tn beyond 1.0 s due to nonlinearity of soil. Overall, the results 228 

obtained from various site classifications indicate the NFGMs have a distinct impact in the 229 

various CDRS. The results thereby provide an insight into the general evaluation of CDDRS for 230 

NFGMs. 231 

 232 

CDDRS with different authors 233 

A comparison is done between CDDRS obtained from the Seismosignal and Open Seismo 234 

MATLAB application tools for validation purposes[34, 35]. The present study uses the commercial 235 

Seismosignal tool for developing CDDRS at four seismic stations WNT, CHY028, CHY080, 236 
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TCU065 that are located 2.2 km, 8.7 km, 3.1 km, 2.5 km from the Chelungpu fault respectively. 237 

A key reason for the selection of the tool is that it is an easy to use, reliable and the most widely 238 

used tool by various researchers worldwide. For the purpose of validation, the derived results are 239 

compared with the Open-Seismo MATLAB tool developed by George Papazafeiropoulas[36]. It is 240 

known that conventional time integration algorithms are incorporated in Seismosignal to 241 

calculate the dynamic response. However, the Open-Seismo MATLAB tool computed the 242 

CDDRS through nonlinear dynamic analyses of elasto-plastic hysteretic systems, rather than 243 

simplified approaches. The target ductility µ = 3.0 is considered in the analysis. No significant 244 

change in inelastic spectra is observed using both application tools. A slight variation is observed 245 

for the station CHY028 at periods between fundamental natural periods T = 2.25 s and 3.0 s. 246 

Though the percentage of error is negligible, a slight variation is observed between spectra using 247 

both application tools as shown in figure 11. The variation in the results is due to the following: 248 

 Seismosignal tool uses conventional time integration algorithms and Open-Seismo 249 

MATLAB uses advanced time integration algorithms to minimize the errors for certain 250 

cases.  251 

 Elasto-plastic bilinear kinematic hardening constitutive models for Single Degree of 252 

Freedom (SDOF) systems are implemented in Open-Seismo MATLAB. 253 

 Open-Seismo MATLAB uses Generalized Single Step Single Solve (GSSSS) algorithms 254 

for calculating the displacement of the SDOF systems and Seismosignal tool uses 255 

Newmark’s family algorithms.  256 

Conclusions 257 

The structural damage in near-fault regions was high and it was reported that unreinforced 258 

masonry structures and reinforced concrete structures were destroyed in Taichung and Nantou 259 

during the 1999 Chi-Chi earthquake. Literature on constant ductility spectra for near-fault 260 
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ground motions is limited due to scarcity of near-fault data recorded in major earthquakes. The 261 

current study presents CDDRS from various ground motion records of the 1999 Chi-Chi 262 

earthquake due to near-fault characteristics. Some salient conclusions are now discussed.  263 

 The elastic and inelastic CDDRS have no remarkable effect across all periods of 264 

buildings due to the ground motions located on foot wall of the Chelungpu fault. On other 265 

hand, significant variations are observed in both elastic and inelastic CDDRS for tall 266 

buildings (Tn> 2.35 s) due to hanging wall effect. Reconnaissance studies also indicate 267 

that greater structural damage was observed on the hanging wall side. 268 

 Notable changes are observed in the inelastic CDDRS due to backward rupture 269 

directivity, but no effect is observed on the CDDRS due to forward rupture directivity.   270 

 Inelastic CDDRS for PL ground motions are twice than NPL ground motions due to large 271 

amplitude and period of ground motions.   272 

 Further, the results obtained from various site classifications indicate the near-fault 273 

ground motions have a significant and distinct impact in the CDRS. Both low-rise and 274 

mid-rise buildings, no significant change are observed in the inelastic CDRS for different 275 

ductility values of mid-rise buildings (Tn< 1.0 s), and significant variation is observed for 276 

high-rise buildings (Tn> 1.0 s). 277 

 Finally the results are validated using two softwares and it is observed that the results are 278 

to be within a reasonable level of accuracy. 279 

The CDDRS evaluation does not incorporate the influence arising from the various orientations 280 

of ground motion records. 281 

 282 

 283 
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   (a)       (b) 379 

 380 
   (c)       (d) 381 
 382 

Figure 1. Damage of structures due to surface rupture and statistics of the damaged buildings in affected areas 383 
during 1999 Chi-Chi earthquake (a) the Chelungpu fault passed beneath this apartment building in Wu Feng (Photo 384 

Courtesy: K. Kelson). (b) view to the east of surface fault rupture through Shihkang Dam (Photo Courtesy: J.D. 385 
Bray). (c) number of damaged buildings in affected areas of Taiwan, and (d) number of damaged RC and brick 386 

masonry buildings. 387 
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  388 

Figure 2. Location of seismic stations considered in the analysis 389 

  390 
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 391 

 392 

Figure 3. Schematic diagram of constructing constant ductility response spectrum 393 

 394 
 395 

 396 
 397 

Figure 4. Velocity pulses at two different stations 398 
399 
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  400 
 401 

 402 
Figure 5. Inelastic spectral displacements for hanging wall, foot wall, forward and backward 403 

rupture directivity of near- fault ground motions during 1999 Chi-Chi earthquake (µ=3.0). The 404 

average elastic spectrum and inelastic spectrum are represented with blue and red colors 405 

respectively. 406 

  407 
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 408 

 409 

Figure 6. Mean of elastic and inelastic spectral displacements for different ductility ratios 410 

 411 

 412 
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414 

 415 

Figure 7. Comparison of displacement spectra for various pulse periods and various ductility 416 

ratios of pulse-like, non pulse-like, and ambiguous ground motions of the 1999 Chi-Chi 417 

earthquake.  418 

 419 
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Figure 8. Classification of inelastic displacement spectra for pulse-like and non-pulse like ground 420 

motions defined by various researchers (µ=3.0). The current study uses Kardoutsou PI for pulse 421 

classification. 422 

 423 

Figure 9. Comparison of inelastic displacement spectra with the stations located at different 424 

distances and same distance from fault (µ=3.0) 425 
 426 

 427 

 428 
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Figure 10. Comparison of inelastic displacement spectra with various site classifications B, C, D, 429 

and E for various ductility ratios 430 

 431 

 432 

Figure 11. Comparison of inelastic displacement spectra with various methods proposed by 433 

different authors 434 

 435 

 436 

 437 

  438 
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Table 1.Details of seismic stations of the 1999 Chi-Chi earthquake occurred on 20 September 439 

1999 with a magnitude of Mw7.6 (latitude: 23.86, longitude: 120.80) (Data Source: COSMOS) 440 

SN

o 

Station 

Name 

Station 

Lat. 

Station 

Long. 

Closest 

Distance 

to Fault 

(km) 

Epicentral 

Distance 

(km) 

Site 

Geology 

Near-Fault Characteristics 

Hanging 

Wall 

Foot 

Wall 

Forward 

Rupture 

Backward 

Rupture 

1 TCU078 23.81 120.85 8.30 7.40 D *   *   

2 TCU089 23.90 120.86 12.80 7.95 C *   *   

3 WNT 23.88 120.68 2.20 12.94 D   * *   

4 TCU076 23.91 120.68 3.20 14.71 D   * *   

5 TCU075 23.98 120.68 3.40 19.16 D   * *   

6 TCU122 23.81 120.61 9.20 21.72 D   * *   

7 TCU074 23.96 120.96 13.80 21.27 D *   *   

8 TCU072 24.04 120.85 7.90 20.76 D *   *   

9 TCU138 23.92 120.60 11.30 23.67 D   * *   

10 TCU116 23.86 120.58 12.50 24.33 E   * *   

11 CHY024 23.76 120.61 9.30 24.33 D   * * * 

12 TCU120 23.98 120.61 9.90 24.62 C   * *   

13 TCU065 24.06 120.69 2.50 25.10 D   * *   

14 TCU067 24.09 120.72 1.10 27.11 D   * *   

15 CHY025 23.78 120.51 18.80 32.97 E   * *   

16 CSMIP 23.69 120.56 13.30 32.67 D   *   * 

17 CHY101 23.69 120.56 13.30 32.67 D   *   * 

18 TCU123 24.02 120.54 17.10 33.40 D   * *   

19 CHY080 23.60 120.68 3.10 32.18 ---   *   * 

20 CHY028 23.63 120.61 8.70 33.28 D   *   * 

21 TCU063 24.11 120.61 10.30 34.64 D   * *   

22 TCU055 24.14 120.66 5.60 34.61 D   * *   

23 TCU109 24.08 120.57 14.70 35.53 D   * *   

24 TCU082 24.15 120.68 4.50 34.70 D   * *   

25 TCU 24.15 120.68 4.50 34.70 D   * *   

26 TCU106 24.08 120.55 16.70 37.00 D   * *   

27 TCU107 24.07 120.54 17.80 37.21 D   * *   

28 TCU054 24.16 120.68 4.60 36.15 D   * *   

29 TCU051 24.16 120.65 7.00 37.12 D   * *   

30 TCU049 24.18 120.69 3.30 37.40 D   * *   

31 TCU056 24.16 120.62 9.80 38.45 D   * *   

32 TCU052 24.20 120.74 1.80 38.08 D * 

 

*   

33 CHY074 23.51 120.80 14.40 38.88 C *     * 

34 CHY029 23.61 120.52 16.40 41.65 C   *   * 
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35 TCU053 24.19 120.67 5.50 39.73 D   * *   

36 TCU050 24.18 120.63 8.90 40.12 D   * *   

37 TCU057 24.17 120.61 11.20 40.56 C   * *   

38 TCU061 24.14 120.55 17.20 41.31 D   * *   

39 CHY006 23.58 120.55 14.50 41.38 D   *   * 

40 TCU100 24.19 120.62 10.80 41.51 C   * *   

41 TCU048 24.18 120.59 13.40 42.50 C   * *   

42 TCU060 24.22 120.64 8.10 43.98 D   * *   

43 TCU101 24.24 120.71 1.90 43.54 D   * *   

44 CHY035 23.52 120.58 15.20 44.71 D   *   * 

45 TCU102 24.25 120.72 1.20 44.05 D   * *   

46 TCU070 24.20 120.54 18.40 47.08 C   * *   

47 CHY034 23.52 120.54 18.20 47.11 D   *   * 

48 TCU068 24.28 120.77 3.00 46.43 D   * *   

49 TCU136 24.26 120.65 7.50 47.33 C   * *   

50 TCU104 24.25 120.60 12.50 48.06 C   * *   

51 TCU105 24.24 120.56 16.80 49.80 C   * *   

52 TCU103 24.31 120.71 2.40 50.94 D   * *   

53 TCU059 24.27 120.56 16.50 52.35 D   * *   

54 TCU087 24.35 120.77 3.40 54.23 C   * *   

55 TCU064 24.35 120.61 12.20 57.84 D   * *   

56 TCU088 24.25 121.18 13.20 60.40 B *   *   

57 NSY 24.42 120.76 9.10 61.86 C   * *   

58 TCU128 24.42 120.76 9.10 61.86 C   * *   

59 TCU036 24.45 120.70 12.70 66.32 D   * *   

60 TCU040 24.45 120.64 15.00 67.78 E   * *   

61 TCU046 24.46 120.85 16.50 66.80 B   * *   

62 TCU039 24.49 120.78 17.50 70.11 C   * *   

63 TCU038 24.49 120.66 18.20 71.59 D   * *   

 441 

 442 

 443 

  444 
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 458 

Abstract: 459 

This paper investigates the Constant Ductility Displacement Response Spectra (CDDRS) for 460 

near-fault ground motions (NFGM) of the 1999 Chi-Chi earthquake. The complex source 461 

mechanism was mainly caused by a rupture on the Chelungpu fault that spanned about 100 462 

kilometres. In order to comprehend, a dataset of sixty three NFGM records have been considered 463 

to understand the effects of CDDRS due to hanging wall, foot wall, and directivity effects. The 464 

CDDRS are generated using SEISMO SIGNAL tool for the selected ground motions. Significant 465 

variation is observed in both elastic and inelastic CDDRS for tall buildings due to hanging wall 466 

effect. In addition, the variations in inelastic spectra are found to be more prominent due to 467 

backward directivity effect. Moreover, the inelastic displacement spectra values for pulse-like 468 

mailto:drchenna78@gmail.com
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ground motions are much higher than the spectra values associated with non-pulse ground 469 

motions. 470 

Keywords: Taiwan; near-fault ground motions; constant ductility response spectra; seismic 471 

hazard 472 

 473 

Introduction  474 

The 1999 Chi-Chi earthquake (921 earthquake), which was one of the greatest reverse fault 475 

earthquakes, occurred in the seismically active area of Taiwan at a depth of 7 km, along the 476 

Chelungpu fault, caused by the collision of the Eurasian and Philippine sea plates[1]. The data 477 

from recent earthquakes has shown that the ground motion records in the near-fault (NF) region 478 

are quite distinct from those obtained from far-field regions[2]. The near-fault ground motion 479 

records contain most of the energy in a single or few pulses. Such intense concentration of 480 

energy can cause enormous structural damage. The preliminary investigation indicates that 481 

around 3000 buildings were collapsed and 6000 buildings were partially damaged during the 482 

earthquake[3,4]. In addition to buildings, other structures like bridges, dams, railways, and 483 

highways were also suffered severe damage during the earthquake[5]. Damage incurred by 484 

several cities adjacent to the fault and the number of buildings affected by the type of structure is 485 

depicted in figure 1. Severe damage took place to structures along the length of the fault during 486 

the earthquake. The Chelungpu fault trace passed beneath the building in Wu-Feng as shown in 487 

figure 1. This rupture produced a vertical displacement of about 2 m through the building. The 488 

building was severely damaged due to the differential movement of the fault trace. Another 489 

spectacular structural failure is the famous Shihkang dam which was directly uplifted by the fault 490 

trace[6]. It was offset by approximately 10 m near its right abutment, primarily due to the dip-slip 491 

fault rupture. 492 
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In the recent years, displacement-based seismic design has been increasingly implemented as 493 

compared to the traditional lateral forces design. Here, the CDDRS plays a crucial role for 494 

evaluation of the preliminary design of new structures. Several researchers have examined the 495 

influence of ductility requirements for engineering structures under earthquakes[7-11]. Freeman 496 

originally developed the Capacity Spectrum Method (CSM) in 1970s, and later Newmark 497 

presented the idea of an inelastic response spectrum based on elastic spectra for single-degree-of-498 

freedom systems (SDOF)[10]. Reduction factors were introduced for developing inelastic 499 

response spectra for the ground motions from the 1940 El-Centro and 1952 Taft 500 

earthquakes[12,13]. Response Reduction Factors (R) were derived for the behavior of strength and 501 

stiffness degrading systems[14,15]. The ductility ratio, the period of the structure, and the site 502 

conditions were found to have a significant impact on the response spectra[16]. The impact of soil 503 

conditions was not thoroughly studied until 1990. Later, the influence of inelastic strength 504 

requirements of SDOF considering soil conditions was examined for various ground motion 505 

records[17]. Over the years, several empirical equations have been proposed using the constant 506 

ductility spectra or damage spectra for the Inelastic Displacement Ratio (IDR), but these studies 507 

did not consider pulse-like (PL) ground motions. A recent study performed on the evaluation of 508 

constant damage IDR with PL ground motions indicates that these represent greater hazard for 509 

structures with strength-degrading behavior[18]. The modern shift towards performance-based 510 

earthquake engineering emphasizes strongly the crucial importance of inelastic response 511 

spectrum for both SDOF and MDOF systems under PL ground motions[19, 20]. Large pulse period 512 

and peak ground velocity greatly increase the inelastic displacement, velocity, and acceleration 513 

spectra, indicating that the inelastic response spectra are sensitive to ground motion 514 

characteristics and structural hysteresis behavior[21]. Further, to account for the impact of the soil 515 

classification and focal mechanism, the study suggests an elastic displacement response spectrum 516 
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methodology for near-fault ground motions, that can be used in seismic design since they closely 517 

resemble the average elastic displacement response spectra of real earthquake[22]. A constant 518 

ductility energy factor spectra were introduced using Gauss–Newton technique for both near and 519 

far-fault ground motions[23]. It is shown that significant correlation exists between the computed 520 

and estimated energy constant-ductility energy factor spectra. The design of structures as per the 521 

contemporary displacement-based methods requires the displacement response spectra for 522 

ground motions at the site of interest. Under severe ground motions, the behavior of the structure 523 

is inelastic in nature, thus understanding the spectral properties for ductile systems are essential. 524 

The structure can be seismically designed to achieve sufficient strength as per these constant 525 

ductility response spectra. 526 

The examination of literature indicated that the CDDRS have not been critically examined for 527 

NFGMs under various site geology conditions. A key reason could be the limited availability of 528 

ground motion records. Since the characteristics of NFGMs are strongly influenced by source 529 

rupture processes, they vary significantly from far-field ground motions. Hence, it is essential to 530 

examine their constant ductility spectra which can offer insights based on the observed variations 531 

from elastic spectra, for various ductility ratios. The main objective of the present study is to 532 

investigate the inelastic spectral displacements for various ductility ratios ranging from 1.5 to 3.0 533 

at an interval of 0.5 under NFGMs of the 1999 Chi-Chi earthquake. The study examines the 534 

displacement response spectra due to near-fault characteristics and velocity pulses. The study 535 

also comprises the variation of CDDRS with respect to site geological conditions. 536 

 537 

Strong Motion Dataset of Taiwan 538 

A Peak Ground Acceleration (PGA) of larger than 1 g was recorded on the southern part of the 539 

hanging wall and the PGA was gradually decreased to 0.5 g towards the north. Unusually large 540 
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values of Peak Ground Velocity (PGV) were also recorded: TCU068 station had a PGV of 383 541 

cm/s and TCU052 station had a PGV of 254 cm/s. The ground motions were recorded at over 542 

150 locations on the hanging wall and 340 locations on the footwall of the Chelungpu fault. In 543 

this study, a strong ground motion dataset of 63 NF seismic stations, within 20 km of the 544 

Chelungpu fault are collected from the Consortium of Organizations for Strong-Motion 545 

Observation Systems (COSMOS) for the 1999 Chi-Chi earthquake. Further, the ground motions 546 

are classified according to forward rupture directivity, backward rupture directivity, hanging wall 547 

effect and foot wall effect, out of which 6 stations are located on the hanging wall, and 57 548 

stations are located on the footwall as shown in table 1. Figure 2 shows the geographic locations 549 

of seismic stations used in the analysis. The site geology of soil is classified according to the 550 

National Earthquake Hazards Reduction Program (NEHRP) guidelines based on shear wave 551 

velocity at top 30 m. Around 42 sites possess stiff soils in the top 30 m with Vs,30 varies within 552 

180-360 m/s and 3 sites possess soft soil with Vs,30 is less than 180 m/s. The amplification factors 553 

are high (2.5-2.7) for the sites TCU065 and TCU072 located 10 km apart from the fault. In 554 

addition, resonant phenomenon in subsurface soils was observed for the sites located in the NF 555 

zones of the 1999 Chi-Chi earthquake. 556 

 557 

Methodology to Construct Constant Ductility Displacement Response Spectrum 558 

The current section briefly discusses the methodology to construct the CDDRS for elasto-plastic 559 

systems consistent with various levels of the ductility ratio[24-26]. The schematic diagram is 560 

shown in figure 3. A step-by-step procedure is described below. 561 

Step-1: The accelerogram )(tu g
 is numerically defined. 562 

Step-2: Select the damping ratio, and fundamental natural time period, Tn.  563 
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Step-3: Identify the linear system’s response u(t) and select peak response uo(t).  Calculate the 564 

peak force fo = kuo. 565 

Step-4: Find the elasto-plastic system’s response u(t)for the same time period and damping ratio. 566 

Calculate the yield force, oyy fff   for a range of values ( yf = 0.5, 0.25, 0.125). Find the 567 

maximum deformation um and the corresponding ductility factor (µ) from u(t). Repeat the 568 

analysis using other values of yf  and, µ.  569 

Step-5: Determine the value, yf , for the selected µ, using the results of step-4. If more than one 570 

yf  value corresponds to a specific value of µ, the largest value of yf  is chosen.  571 

Step-6: The spectrum appropriate for the value selected in step 5 is produced by repeating steps 572 

2 through 5 over a range of time periods. 573 

Step-7: For various values of µ, repeat steps 2 through 6. 574 

The analysis considers the displacement ductility µ values ranging from 1.5 to 3.0 with an 575 

interval of 0.5, as the typical ranges of µ are in between 3.0 and 6.0[27]. In this analysis, the 576 

recently proposed Pulse Indicator (PI) by Kardoutsou is used for classification of PL and NPL 577 

ground motions[22]. The results will change if other PI are used for the analysis, as the PI 578 

formulation differs for other authors. The PI is characterized based on cross-correlation factor (r) 579 

and the equation is as follows. 580 
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Where f
~

 and g~  being the mean values of the functions f and g, respectively. td is the time delay 582 

parameter at which the pulse starts.  583 

Results and Discussion  584 
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Characteristics of Near-Fault Ground Motions 585 

Large pulse amplitude and long pulse duration are the key features in the velocity records of 586 

NFGMs. These observations are substantially different from far-field ground motions as 587 

illustrated in figure 4. Further, most of the energy content is confined in a single or a few pulses. 588 

These pulses can also be due to the directivity effect and the fling effect. In this section, CDDRS 589 

are examined for hanging wall, footwall, forward and backward rupture directivity for various 590 

ductility ratios (µ = 1.5, 2.0, 2.5, 3.0) are shown in figure 5. As, the spectral displacements vary 591 

for each ground motion record at a particular fundamental period of the structure, it is essential 592 

to use the mean values. Further, the ground motions are classified as either PL or NPL using 593 

different schemes, to evaluate the CDDRS for obtaining the structural response. 594 

Hanging wall: A set of six stations are situated on the hanging wall side of the Chelungpu 595 

fault. The spectra of ground motions from these stations, for various ductility ratios, are 596 

compared with the elastic displacement spectrum. A variation is observed between inelastic 597 

spectra of different ductility ratios. No significant variation is observed between the elastic and 598 

the inelastic spectra till Tn reaches 2.35 s. and significant variation is observed beyond Tn = 2.35 599 

s (i.e., for tall buildings).  600 

Footwall: A set of fifty-seven stations are situated on the footwall side of the Chelungpu 601 

fault. The spectra of ground motions from these stations, for various ductility ratios, are 602 

compared with the elastic displacement spectrum. It has been observed that there is insignificant 603 

variation between inelastic displacement spectra of various ductility ratios and the elastic 604 

displacement spectrum on footwall.  605 

Forward rupture directivity: A set of fifty-three stations are located on the forward rupture 606 

directivity side of the Chelungpu fault. The spectra of ground motions from these stations, for 607 

various ductility ratios, are compared with the elastic displacement spectrum. There is no 608 
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significant variation in the inelastic spectra obtained for different ductility ratios and the elastic 609 

spectrum. It indicates that the forward rupture directivity has no substantial effect on the elastic 610 

and the inelastic displacement spectra.  611 

Backward rupture directivity: A set of ten stations are located on the backward rupture 612 

directivity side of the Chelungpu fault. The spectra of these stations, for various ductility ratios, 613 

are compared with the elastic displacement spectrum. It is observed that there is a significant 614 

variation between the inelastic spectra of different ductility ratios and the elastic spectrum. No 615 

significant difference is observed between inelastic spectra with various ductility ratios. The 616 

average elastic and inelastic spectra for various ductility ratios are shown in figure 6. 617 

 618 

Velocity Pulse Parameters 619 

The ground motion records are classified as PL, NPL and ambiguous using the approach 620 

proposed by Kardoutsou[28]. The current study uses Kardoutsou PI for pulse classification. 621 

According to this approach, if the PI values are greater than 0.65 the ground motions are termed 622 

as PL. If PI is less than 0.55, such ground motions are termed as NPL. If the value of PI lies 623 

between 0.55 and 0.65, the ground motions are termed as ambiguous. A sharp velocity pulses 624 

exhibit high amplitude and long pulse duration may lead to significant damage to engineered 625 

structures. The current study examines the effect of pulse period and pulse identification on 626 

CDDRS.  627 

Pulse period: Four different pulse periods 1.2 s, 1.8 s, 3.3 s, and 3.9 s are considered for the 628 

study. No substantial change in inelastic response spectra is observed for the fundamental time 629 

period, T<1.3 s and significant change is observed beyond T=1.3 s. This indicates that the 630 

velocity pulse periods can influence the inelastic response spectra for high-rise buildings. Figure 631 

7 shows the inelastic displacement spectra. 632 
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Pulse identification: The inelastic displacement spectra are drawn for ductility ratios of 1.5, 633 

2.0, 2.5, and 3.0. Since the ground motion data is large, an average inelastic spectrum is 634 

considered for all µ values. It is observed that the inelastic displacement spectra values for PL 635 

ground motions are twice the values observed for NPL ground motions. No significant deviation 636 

is observed in the inelastic displacement spectra of PL and NPL ground motions for various 637 

ductility values shown in figure 7. However, a deviation is observed in ambiguous ground 638 

motions for T > 2.5 s. The results may vary with other definitions of PI. For this purpose, a 639 

comparison has also been performed using other PIs proposed by various authors. Figure 8 640 

represents the inelastic displacement spectra for PL, and NPL proposed by various researchers 641 

for ductility ratio µ = 3.0[29-31, 27]. It is observed that the PL spectra, based on Baker and Panella 642 

PI’s, lead to higher inelastic spectral displacements due to a higher PI values defined by both 643 

researchers. According to Baker and Panella, the PL ground motions are those for which the PI 644 

values are greater than 0.85, and 0.7, respectively. It is also observed that the NPL spectra based 645 

on Baker’s PI, lead to lower displacement values. These observations indicate the importance of 646 

PL and NPL ground motions for developing CDDRS. 647 

Effect of Closest Distance from the fault, R 648 

Various distances: To study the inelastic displacement response spectra for various 649 

closest distances from the fault, a plot is drawn as shown in figure 9. High displacement values 650 

are observed for the closest distance to fault, R=1.1 km till T < 2.3 s. No significant change is 651 

observed in spectra for T < 2.3 s for higher distance values. Beyond this range, the displacement 652 

values are considerably high. 653 

Same distance: Two seismic stations located at the same closest distance to the fault, 654 

i.e.13.3 km are examined. While one station is situated on a hanging wall, the other station is 655 

situated on the footwall. The inelastic displacement spectra are developed for ground motions 656 
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from the two stations with different ductility ratios. From the results, it is observed that the 657 

station located on the hanging wall leads to larger displacement values as compared to the station 658 

located on the footwall, as shown in figure 9. In the case of hanging walls, the seismic energy 659 

gets trapped on the wedge portion resulting in higher acceleration values.  660 

Effect of site classification 661 

In the 1999 Chi-Chi earthquake, most recording stations were situated on soil. The soil 662 

behavior was non-linear in the NF region[32]. Since detailed borelog data and subsurface soil 663 

properties are often not available for every site, sites are usually classified into various classes, 664 

using information from a combination of sources, i.e. geological maps, digital elevation models, 665 

borelog data, shear wave velocity and response spectra from historical ground motion data. The 666 

site class description used in the present study is based on geological studies of the region 667 

reported by Lee[33].  668 

From figure 10, no significant change is observed in inelastic displacement spectra for 669 

various µ values for Tn is less than 1.0 s (for low-rise and mid-rise buildings) and considerable 670 

change is observed for Tn beyond 1.0 s. For higher site classification, the inelastic displacement 671 

values change abnormally for Tn beyond 1.0 s due to nonlinearity of soil. Overall, the results 672 

obtained from various site classifications indicate the NFGMs have a distinct impact in the 673 

various CDRS. The results thereby provide an insight into the general evaluation of CDDRS for 674 

NFGMs. 675 

 676 

CDDRS with different authors 677 

A comparison is done between CDDRS obtained from the Seismosignal and Open Seismo 678 

MATLAB application tools for validation purposes[34, 35]. The present study uses the commercial 679 

Seismosignal tool for developing CDDRS at four seismic stations WNT, CHY028, CHY080, 680 
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TCU065 that are located 2.2 km, 8.7 km, 3.1 km, 2.5 km from the Chelungpu fault respectively. 681 

A key reason for the selection of the tool is that it is an easy to use, reliable and the most widely 682 

used tool by various researchers worldwide. For the purpose of validation, the derived results are 683 

compared with the Open-Seismo MATLAB tool developed by George Papazafeiropoulas[36]. It is 684 

known that conventional time integration algorithms are incorporated in Seismosignal to 685 

calculate the dynamic response. However, the Open-Seismo MATLAB tool computed the 686 

CDDRS through nonlinear dynamic analyses of elasto-plastic hysteretic systems, rather than 687 

simplified approaches. The target ductility µ = 3.0 is considered in the analysis. No significant 688 

change in inelastic spectra is observed using both application tools. A slight variation is observed 689 

for the station CHY028 at periods between fundamental natural periods T = 2.25 s and 3.0 s. 690 

Though the percentage of error is negligible, a slight variation is observed between spectra using 691 

both application tools as shown in figure 11. The variation in the results is due to the following: 692 

 Seismosignal tool uses conventional time integration algorithms and Open-Seismo 693 

MATLAB uses advanced time integration algorithms to minimize the errors for certain 694 

cases.  695 

 Elasto-plastic bilinear kinematic hardening constitutive models for Single Degree of 696 

Freedom (SDOF) systems are implemented in Open-Seismo MATLAB. 697 

 Open-Seismo MATLAB uses Generalized Single Step Single Solve (GSSSS) algorithms 698 

for calculating the displacement of the SDOF systems and Seismosignal tool uses 699 

Newmark’s family algorithms.  700 

Conclusions 701 

The structural damage in near-fault regions was high and it was reported that unreinforced 702 

masonry structures and reinforced concrete structures were destroyed in Taichung and Nantou 703 

during the 1999 Chi-Chi earthquake. Literature on constant ductility spectra for near-fault 704 
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ground motions is limited due to scarcity of near-fault data recorded in major earthquakes. The 705 

current study presents CDDRS from various ground motion records of the 1999 Chi-Chi 706 

earthquake due to near-fault characteristics. Some salient conclusions are now discussed.  707 

 The elastic and inelastic CDDRS have no remarkable effect across all periods of 708 

buildings due to the ground motions located on foot wall of the Chelungpu fault. On other 709 

hand, significant variations are observed in both elastic and inelastic CDDRS for tall 710 

buildings (Tn> 2.35 s) due to hanging wall effect. Reconnaissance studies also indicate 711 

that greater structural damage was observed on the hanging wall side. 712 

 Notable changes are observed in the inelastic CDDRS due to backward rupture 713 

directivity, but no effect is observed on the CDDRS due to forward rupture directivity.   714 

 Inelastic CDDRS for PL ground motions are twice than NPL ground motions due to large 715 

amplitude and period of ground motions.   716 

 Further, the results obtained from various site classifications indicate the near-fault 717 

ground motions have a significant and distinct impact in the CDRS. Both low-rise and 718 

mid-rise buildings, no significant change are observed in the inelastic CDRS for different 719 

ductility values of mid-rise buildings (Tn< 1.0 s), and significant variation is observed for 720 

high-rise buildings (Tn> 1.0 s). 721 

 Finally the results are validated using two softwares and it is observed that the results are 722 

to be within a reasonable level of accuracy. 723 

The CDDRS evaluation does not incorporate the influence arising from the various orientations 724 

of ground motion records. 725 

 726 

 727 
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   (a)       (b) 823 

 824 
   (c)       (d) 825 
 826 

Figure 1. Damage of structures due to surface rupture and statistics of the damaged buildings in affected areas 827 
during 1999 Chi-Chi earthquake (a) the Chelungpu fault passed beneath this apartment building in Wu Feng (Photo 828 

Courtesy: K. Kelson). (b) view to the east of surface fault rupture through Shihkang Dam (Photo Courtesy: J.D. 829 
Bray). (c) number of damaged buildings in affected areas of Taiwan, and (d) number of damaged RC and brick 830 

masonry buildings. 831 
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  832 

Figure 2. Location of seismic stations considered in the analysis 833 

  834 
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 835 

 836 

Figure 3. Schematic diagram of constructing constant ductility response spectrum 837 

 838 
 839 

 840 
 841 

Figure 4. Velocity pulses at two different stations 842 
843 



Unedite
d ve

rsi
on publish

ed onlin
e on 20/02/2024

  844 
 845 

 846 
Figure 5. Inelastic spectral displacements for hanging wall, foot wall, forward and backward 847 

rupture directivity of near- fault ground motions during 1999 Chi-Chi earthquake (µ=3.0). The 848 

average elastic spectrum and inelastic spectrum are represented with blue and red colors 849 

respectively. 850 

  851 
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 852 

 853 

Figure 6. Mean of elastic and inelastic spectral displacements for different ductility ratios 854 

 855 

 856 

  857 
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858 

 859 

Figure 7. Comparison of displacement spectra for various pulse periods and various ductility 860 

ratios of pulse-like, non pulse-like, and ambiguous ground motions of the 1999 Chi-Chi 861 

earthquake.  862 

 863 
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Figure 8. Classification of inelastic displacement spectra for pulse-like and non-pulse like ground 864 

motions defined by various researchers (µ=3.0). The current study uses Kardoutsou PI for pulse 865 

classification. 866 

 867 

Figure 9. Comparison of inelastic displacement spectra with the stations located at different 868 

distances and same distance from fault (µ=3.0) 869 
 870 

 871 

 872 
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Figure 10. Comparison of inelastic displacement spectra with various site classifications B, C, D, 873 

and E for various ductility ratios 874 

 875 

 876 

Figure 11. Comparison of inelastic displacement spectra with various methods proposed by 877 

different authors 878 

 879 

 880 

 881 

  882 
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Table 1.Details of seismic stations of the 1999 Chi-Chi earthquake occurred on 20 September 883 

1999 with a magnitude of Mw7.6 (latitude: 23.86, longitude: 120.80) (Data Source: COSMOS) 884 

SN

o 

Station 

Name 

Station 

Lat. 

Station 

Long. 

Closest 

Distance 

to Fault 

(km) 

Epicentral 

Distance 

(km) 

Site 

Geology 

Near-Fault Characteristics 

Hanging 

Wall 

Foot 

Wall 

Forward 

Rupture 

Backward 

Rupture 

1 TCU078 23.81 120.85 8.30 7.40 D *   *   

2 TCU089 23.90 120.86 12.80 7.95 C *   *   

3 WNT 23.88 120.68 2.20 12.94 D   * *   

4 TCU076 23.91 120.68 3.20 14.71 D   * *   

5 TCU075 23.98 120.68 3.40 19.16 D   * *   

6 TCU122 23.81 120.61 9.20 21.72 D   * *   

7 TCU074 23.96 120.96 13.80 21.27 D *   *   

8 TCU072 24.04 120.85 7.90 20.76 D *   *   

9 TCU138 23.92 120.60 11.30 23.67 D   * *   

10 TCU116 23.86 120.58 12.50 24.33 E   * *   

11 CHY024 23.76 120.61 9.30 24.33 D   * * * 

12 TCU120 23.98 120.61 9.90 24.62 C   * *   

13 TCU065 24.06 120.69 2.50 25.10 D   * *   

14 TCU067 24.09 120.72 1.10 27.11 D   * *   

15 CHY025 23.78 120.51 18.80 32.97 E   * *   

16 CSMIP 23.69 120.56 13.30 32.67 D   *   * 

17 CHY101 23.69 120.56 13.30 32.67 D   *   * 

18 TCU123 24.02 120.54 17.10 33.40 D   * *   

19 CHY080 23.60 120.68 3.10 32.18 ---   *   * 

20 CHY028 23.63 120.61 8.70 33.28 D   *   * 

21 TCU063 24.11 120.61 10.30 34.64 D   * *   

22 TCU055 24.14 120.66 5.60 34.61 D   * *   

23 TCU109 24.08 120.57 14.70 35.53 D   * *   

24 TCU082 24.15 120.68 4.50 34.70 D   * *   

25 TCU 24.15 120.68 4.50 34.70 D   * *   

26 TCU106 24.08 120.55 16.70 37.00 D   * *   

27 TCU107 24.07 120.54 17.80 37.21 D   * *   

28 TCU054 24.16 120.68 4.60 36.15 D   * *   

29 TCU051 24.16 120.65 7.00 37.12 D   * *   

30 TCU049 24.18 120.69 3.30 37.40 D   * *   

31 TCU056 24.16 120.62 9.80 38.45 D   * *   

32 TCU052 24.20 120.74 1.80 38.08 D * 

 

*   

33 CHY074 23.51 120.80 14.40 38.88 C *     * 

34 CHY029 23.61 120.52 16.40 41.65 C   *   * 
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35 TCU053 24.19 120.67 5.50 39.73 D * *

36 TCU050 24.18 120.63 8.90 40.12 D * *

37 TCU057 24.17 120.61 11.20 40.56 C * *

38 TCU061 24.14 120.55 17.20 41.31 D * *

39 CHY006 23.58 120.55 14.50 41.38 D * *

40 TCU100 24.19 120.62 10.80 41.51 C * *

41 TCU048 24.18 120.59 13.40 42.50 C * *

42 TCU060 24.22 120.64 8.10 43.98 D * *

43 TCU101 24.24 120.71 1.90 43.54 D * *

44 CHY035 23.52 120.58 15.20 44.71 D * *

45 TCU102 24.25 120.72 1.20 44.05 D * *

46 TCU070 24.20 120.54 18.40 47.08 C * *

47 CHY034 23.52 120.54 18.20 47.11 D * *

48 TCU068 24.28 120.77 3.00 46.43 D * *

49 TCU136 24.26 120.65 7.50 47.33 C * *

50 TCU104 24.25 120.60 12.50 48.06 C * *

51 TCU105 24.24 120.56 16.80 49.80 C * *

52 TCU103 24.31 120.71 2.40 50.94 D * *

53 TCU059 24.27 120.56 16.50 52.35 D * *

54 TCU087 24.35 120.77 3.40 54.23 C * *

55 TCU064 24.35 120.61 12.20 57.84 D * *

56 TCU088 24.25 121.18 13.20 60.40 B * *

57 NSY 24.42 120.76 9.10 61.86 C * *

58 TCU128 24.42 120.76 9.10 61.86 C * *

59 TCU036 24.45 120.70 12.70 66.32 D * *

60 TCU040 24.45 120.64 15.00 67.78 E * *

61 TCU046 24.46 120.85 16.50 66.80 B * *

62 TCU039 24.49 120.78 17.50 70.11 C * *

63 TCU038 24.49 120.66 18.20 71.59 D * *

885 

886 




