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ABSTRACT 

 

EVALUATION AND SELECTION OF GROUND MOTION INTENSITY 

MEASURES FOR NONLINEAR SEISMIC DE MAND AND FRAGILITY 

ANALYSIS OF MDOF SYSTEMS 

 

 

 

Kadaĸ, Koray 

Doctor of Philosophy, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Yakut 

 

 

May 2021, 426 pages 

 

 

In performance-based seismic design methodology, intensity measures are thought 

to be key parameters of ground motion records that relate the seismic hazard levels 

with the structural response or damage. Therefore, it is important to identify efficient 

intensity measures that are capable of reducing the variability in seismic demand 

predictions. There exist several simple-to-advanced scalar and vector ground motion 

intensity measures; however, the literature is limited in the number of comparative 

studies investigating the efficiency of these parameters, especially in the entire 

response range of structures. In order to compensate for such shortcoming, a 

comprehensive research study has been undertaken to identify the most efficient 

intensity measures that would correlate well with key engineering demand 

parameters of low- to relatively high-rise reinforced concrete frames. The study 

elaborates on the subject utilizing both single- and multi-degree-of-freedom systems. 

Based on the correlation performances of a long list of simple scalar intensity 

parameters, a manageable list of indices has been shortlisted on which alternative 

ground motion record subsets were formed. The more complex multi-degree-of-
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freedom systems were later analyzed under these alternative record subsets to 

investigate the efficiency of an expanded list of intensity measures covering more 

advanced scalar and vector indices as well. Besides, the sufficiency of these 

parameters with respect to moment magnitude and source-to-site distance were 

evaluated through statistical analyses. Based on the interpretations of this second 

stage evaluation which utilizes a regression equation-based statistical approach, the 

best candidates have been identified for the reinforced concrete systems examined. 

In the last part of the study, the effect of shortlisted intensity measures on the ground 

motion selection stage of fragility analyses has been examined. Eventually, 

recommendations on the number of bins and records in each bin have been made to 

obtain reliable fragility curves that would lead to sufficiently accurate loss 

estimations of seismic vulnerability studies. 

 

Keywords: Intensity Measures, Seismic Demand Analysis, Efficiency, Sufficiency, 

Fragility Analysis 
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ÖZ 

 

¢OK SERBESTLĶK DERECELĶ SĶSTEMLERĶN DOĴRUSAL OLMAYAN 

SĶSMĶK VE KIRILGANLIK ANALĶZĶ Ķ¢ĶN YER HAREKETĶ ķĶDDET 

¥L¢¦LERĶNĶN DEĴERLENDĶRĶLMESĶ VE SE¢ĶMĶ 

 

 

 

Kadaĸ, Koray 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Ahmet Yakut 

 

 

Mayēs 2021, 426 sayfa 

 

Performansa dayalē sismik tasarēm yºnteminde, ĸiddet ºl­¿leri, sismik tehlike 

seviyesi ile yapēlarēn davranēĸēnē veya hasarēnē iliĸkilendiren önemli yer hareketi 

parametreleridir. Bu nedenle, sismik talep tahminlerindeki deĵiĸkenliĵi azaltabilen 

etkin ĸiddet ºl­¿lerinin belirlenmesi önem arz etmektedir. Literatürde basitten 

geliĸmiĸe bir ­ok skalar ve vektör ĸiddet ºl­¿s¿ mevcut olmasēna raĵmen bu 

parametrelerin ºzellikle yapēlarēn t¿m davranēĸ seviyelerindeki etkinliĵini inceleyen 

karĸēlaĸtērmalē ­alēĸmalarēn sayēsē sēnērlēdēr. Bu eksikliĵi gidermek amacēyla, az ve 

nispeten y¿ksek katlē betonarme ­er­evelerin kritik m¿hendislik talep parametreleri 

ile y¿ksek korelasyon gºsteren etkin ĸiddet ºl­¿lerinin saptanmasē amacēyla 

kapsamlē bir ­alēĸma ¿stlenilmiĸtir. ¢alēĸma, konuyu tek ve ­ok serbestlik dereceli 

sistemlerden yararlanarak detaylandērmaktadēr. Basit skalar ĸiddet 

parametrelerinden oluĸan uzun bir listenin korelasyon performanslarēna gºre daha 

yºnetilebilir bir ĸiddet ºl­¿s¿ listesi teĸkil edilmiĸ ve bu parametrelere gºre alternatif 

yer hareketi kayēt altk¿meleri oluĸturulmuĸtur. Bu alternatif kayēt setleri kullanēlarak 

daha karmaĸēk ­ok serbestlik dereceli sistemler analiz edilmiĸ, ve daha geliĸmiĸ 

skalar ve vektºr ºl­¿lerinden oluĸturulmuĸ geniĸletilmiĸ bir listenin etkinlikleri 
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incelenmiĸtir. Ayrēca, bu parametrelerin moment magnit¿d¿ ve sahaya olan uzaklēĵa 

dayalē yeterlilikleri istatistiki analizler aracēlēĵē ile deĵerlendirilmiĸtir. Baĵlanēm 

denklemine dayalē istatistiki yaklaĸēm kullanēlarak yapēlan ikinci aĸama 

deĵerlendirmenin yorumlarēna gºre incelenen betonarme sistemler i­in en uygun 

adaylar belirlenmiĸtir. Çalēĸmanēn son kēsmēnda, kēsa listeye giren ĸiddet ºl­¿lerinin, 

kērēlganlēk analizlerinde yer hareketi kayētlarēnēn se­imi aĸamasēna olan etkileri 

incelenmiĸtir. Sonu­ olarak, sismik kērēlganlēk ­alēĸmalarēnda yeterince doĵru kayēp 

tahminlerinin hesaplanmasēnda kullanēlacak g¿venilir kērēlganlēk eĵrilerinin elde 

edilebilmesi i­in gerekli ĸiddet seviyesi sayēsē ve bu seviyelerde seçilmesi gereken 

kayēt sayēlarēna yºnelik tavsiyelerde bulunulmuĸtur. 

 

Anahtar Kelimeler: ķiddet Ölçüleri, Sismik Talep Analizi, Etkinlik, Yeterlilik, 

Kērēlganlēk Analizi 
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CHAPTER 1  

1 INTR ODUCTION  

The primary responsibility of a structural engineer is to design and create structures 

that satisfy adequate safety and serviceability requirements generally dictated by the 

design codes. The fundamental philosophy defining this adequacy level is to ensure 

the life safety of humankind especially after sudden hazardous events such as 

earthquakes, and secondarily, to minimize the damage in the structural and non-

structural components due to the loads imposed on these elements. To accomplish 

these imperative objectives, the structural engineers were simply proportioning the 

structural elements for strength, and then checking for drift with the utilization of a 

wide range of analytical tools, ranging from linear static analyses to advanced 

nonlinear inelastic analyses, during the course of his/her profession. However, recent 

years have exhibited the paradigm shift ïas genuinely expressed by Prof. Mete 

Sözen- from force-based approach towards displacement-based design approach, 

where displacement-based approach dictates proportioning on the basis of drift, and 

then checking for strength (Gülkan, 2020). In both approaches, the acceptability 

criteria for a satisfactory design depend on various ñperformance objectivesò defined 

either at the structural element level or at the global level. Regarding these 

objectives, last 40 years of structural engineering community have witnessed the 

development of performance based engineering, which has originated from vital 

challenges and critical observations of earthquake engineering field. Performance 

based engineering, (more specifically, performance-based earthquake engineering, 

PBEE) has enabled to define alternate performance levels for various loading 

conditions, and has focused on the analytical identification of these ñperformance 

levelsò (Priestley, 2000).  
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Having a closer look at the design approach of this engineering trend; in 

performance-based seismic design methodology, a decision maker generally makes 

choices between alternate performance levels. To achieve this, the decision maker 

must consider the appropriate level of seismic hazard to which the structure should 

be designed as well as the acceptable risk that would guide structural performance 

expectations. Implicit in this process is an evaluation of costs and benefits. Figure 

1.1 depicts the Pacific Earthquake Engineering Research Centerôs approach where 

there are four stages: hazard analysis, structural analysis, damage analysis, and loss 

analysis (Porter, 2003).  

 

 

Figure 1.1. PEER methodology (Porter, 2003) 

 

In the hazard analysis, one evaluates the seismic hazard at the facility site, producing 

sample ground-motion time histories whose intensity measure (IM) is appropriate to 

varying hazard levels. In the structural-analysis phase, a nonlinear time-history 

structural analysis is performed to calculate the response of the facility to a ground 

motion (GM) of given IM in terms of drifts, accelerations, or other engineering 
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demand parameters (EDP). In the damage-analysis phase, these EDPs are used with 

component fragility functions to determine measures of damage (DM) to the facility 

components. Finally, given DM, one evaluates repair efforts to determine repair 

costs, operability, and repair duration, and the potential for casualties. These 

measures of performance are referred to as decision variables (DV), since they can 

be used to inform stakeholder decisions about future performance. Each relationship, 

from location and design to IM, IM to EDP, EDP to DM, and DM to DV, involves 

uncertainty and is treated probabilistically. 

An important step in this process is the identification of certain properties of a 

recorded ground motion that are most strongly related to the response or damage 

caused in the structure. A value that quantifies the effect of a record on a structure is 

often called an intensity measure (IM). 

1.1 Overview 

The strong ground motion records; either naturally recorded, artificially generated or 

simulated, exhibit distinctive amplitude, frequency content and duration 

characteristics, and contain valuable information that could be utilized to 

differentiate individual records from others. These information, defining the 

uniqueness of each record, can be demonstrated in simple numerical forms or can be 

revealed with some further computations yielding to more advanced IMs. At this 

point, a list of major IMs from the literature will be briefly presented herein to 

exemplify such variations that would also assist in forming a basis for the elaboration 

of the research subject. Even though short descriptions will be provided in this 

section, interested readers are referred essentially to original references listed and 

alternatively to general references such as Kramer (1996) and companion 

manuscripts; Yēlmaz (2007), Hancēlar (2009), Ye et al. (2013) and Seismosoft (2016) 

manual. 
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Peak Ground Acceleration (PGA) is the largest absolute acceleration value obtained 

from the accelerogram of any strong ground motion. It is one of the simplest 

amplitude-based parameters in the time domain, having a direct relationship with 

inertial forces developed within the structures during seismic events. PGA is suited 

to characterize the GM amplitude at short frequencies. However, it lacks information 

regarding the duration and frequency content of the strong ground motion. 

Peak Ground Velocity (PGV) is the largest absolute velocity obtained from the 

velocity time history of a record, and is more suitable to characterize the GM 

amplitude at intermediate frequencies. 

Peak Ground Displacement (PGD) is a displacement-based amplitude parameter 

obtained from the displacement history of a record, and is generally related to low-

frequency components of the GM record. 

PGV/PGA is simply the ratio of PGV to PGA, and regarded as a significant IM which 

reveals information about the frequency content (i.e., seismological characteristics) 

of the GM (Zhu et al., 1988; Tso et al., 1992; Sucuoĵlu and Nurtuĵ, 1995; Sucuoĵlu 

et al., 1998).  

Root-Mean-Square of Acceleration (arms) is a single parameter combining the effects 

of frequency content and amplitude of the GM record, thus eliminating the 

dominancy of large and high-frequency accelerations. However, it is influenced by 

the duration definition used in the calculation. Correspondingly, the term inside the 

square root is termed as average acceleration intensity or mean-squared 

acceleration. 

ὥ
ρ

ὸ
ὥὸ Ὠὸ ὖ (1.1) 

There also exist velocity and displacement counterparts of arms, namely Root-Mean-

Square of Velocity (vrms) and Root-Mean-Square of Displacement (drms) as well. 
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ὺ
ρ

ὸ
ὺὸ Ὠὸ ὖ (1.2) 

Ὠ
ρ

ὸ
Ὠὸ Ὠὸ ὖ (1.3) 

Arias Intensity (AI), an IM proposed by Arias (1970), is based on the energy content 

of the GM and reflects all three characteristics (i.e., amplitude, frequency content 

and duration). (It is generally abbreviated as Ia in the literature, but to differentiate 

it from Riddell-Garciaôs Acceleration-related index, AI will be used throughout the 

text). 

ὍḳὃὍ
“

ςὫ
ὥὸ Ὠὸ (1.4) 

Nau and Hall (1982) presented a similar index archetype as AI for acceleration, 

velocity and displacement traces of a GM yielding to Nau and Hall indices and their 

root forms, ὥ , ὺ , and Ὠ , respectively. 

Ὁ ὥὸ Ὠὸ    O        ὥ Ὁ (1.5) 

Ὁ ὺὸ Ὠὸ    O        ὺ Ὁ (1.6) 

Ὁ Ὠὸ Ὠὸ    O        Ὠ Ὁ  (1.7) 

Araya and Saragoni (1984) modified the intensity index proposed by Arias (1970), 

with a term ὺ, that is the number of zero-crossings per unit time on the acceleration-

based trace, to improve the reflection of frequency characteristics of GMs. 

ὃὍ ḳὖ
ὃὍ

ὺ
 (1.8) 
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Characteristic Intensity (IC), alternatively termed as Park-Ang intensity, was 

proposed as an indicator of structural damage due to destructiveness of the 

earthquakes and is the combination of root-mean-square-of-acceleration, arms, and 

duration definition, td (Park et al., 1985; Ang, 1990). 

Ὅ ὥȢ ὸȢ (1.9) 

Specific Energy Density (SED) is an IM representing the overall energy of the GM 

record and based on squared-velocity over the entire duration. 

ὛὉὈ ὺὸ Ὠὸ (1.10) 

Cumulative Absolute Velocity (CAV), an intensity index proposed by Electrical 

Power Research Institute (EPRI, 1998), is the absolute area under the GM 

accelerogram and reflects all three characteristics (i.e., amplitude, frequency content 

and duration) as well. 

ὅὃὠ ȿὥὸȿὨὸ (1.11) 

Spectral Acceleration (Sa(T1)) is generally considered as the elastic spectral 

acceleration at the fundamental period of the structure, and its velocity and 

displacement counterparts are Spectral Velocity (Sv(T1)) and Spectral Displacement 

(Sd(T1)), respectively. These spectral IMs are fundamentally based on the response 

spectrum concept where the maximum responses (in terms of displacement, velocity 

and acceleration) of elastic single-degree-of-freedom (SDOF) systems with different 

periods and with specific damping ratios constitute the elastic response spectra of the 

specific GM record, correspondingly. This group of IMs are eventually structure-

specific; thus, indirectly reflects considerable information about the GM 

characteristics which are filtered by the SDOF response (Kramer, 1996). 

Acceleration Spectrum Intensity (ASI), a parameter proposed by Von Thun et al. 

(1988) for characterization of GMs for concrete dams with fundamental periods less 
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than 0.5 sec, considers the area under the elastic acceleration response spectrum for 

the period range defined below. 

ὃὛὍ Ὓ ‚ πȢπυȟὝ
Ȣ

Ȣ

ὨὝ (1.12) 

A modified version of ASI, Modified Acceleration Spectrum Intensity (ASI*), has 

been recently recommended by Yakut and Yēlmaz (2008) after their observation that 

the expanded period range of 0.1-2.5 sec for consideration of the area under the 

elastic acceleration response spectrum correlates better with the seismic demands of 

moment-resisting frames. 

ὃὛὍᶻ Ὓ ‚ πȢπυȟὝ
Ȣ

Ȣ

ὨὝ (1.13) 

Velocity Spectrum Intensity (VSI), an intensity index proposed by Von Thun et al. 

(1988) for characterization of GMs for rockfill and earthfill dams with fundamental 

periods between 0.6 and 2.0 sec, considers the area under the elastic velocity 

response spectrum for the period range defined below. 

ὠὛὍ Ὓ ‚ πȢπυȟὝ
Ȣ

Ȣ

ὨὝ (1.14) 

Housner Intensity (HI), an IM proposed by Housner (1952), considers pseudo 

velocity spectrum with a period range considering the fundamental periods of most 

of the structures, and was considered to be a relation between the earthquake 

intensity and the forces imposed on the structures. 

ὌὍ ὖὛὠ‚ πȢπυȟὝ
Ȣ

Ȣ

ὨὝ (1.15) 

Sustained Maximum Acceleration (SMA), an IM defined by Nuttli (1979), is taken 

as the 3rd highest absolute acceleration value of accelerogram, whereas its velocity 

counterpart, Sustained Maximum Velocity (SMV), is defined similarly using the 

velocity time history. 



 

 

8 

Effective Design Acceleration (EDA), is an intensity parameter corresponding to the 

peak acceleration value obtained after application of low-pass filter (with cut-off 

frequency of 9 Hz) on the accelerogram (Benjamin and Associates, 1988). 

A95 parameter, an index proposed by Sarma and Yang (1987), is closely related with 

AI of the GM record and determined as the limit acceleration level where the total 

AI is computed as 95% of the original AI value. 

Predominant Period (TP) is simply the period of SDOF system yielding the highest 

spectral acceleration in an elastic acceleration response spectrum for a damping ratio 

of 5%. Alternatively, it can be defined as the period corresponding to the highest 

value of the Fourier Amplitude Spectrum. It is considered as an indicator crudely 

related to the frequency content of the GM record. 

Mean Period (Tm) is an IM after Rathje et al. (1998), characterizing the frequency 

content of a GM record by utilizing the Fourier amplitudes between frequencies of 

0.25 and 20 Hz. 

Significant Duration (tr or t5-95 interchangeably) as defined by Trifunac and Brady 

(1975), is a key duration-related parameter aimed at characterizing the duration of 

the strong motion portion of an accelerogram from engineering point of view. It is 

defined as the time interval where the portion of total AI (i.e., thresholds between 

5% and 95% of total AI) is accumulated. There are other duration definitions (such 

as bracketed duration, uniform duration and effective duration) (Bommer and 

Martinez-Pereira, 1999) that could be utilized as an IM (or at least part of a 

compound IM) as well; however, this study neglects other alternative definitions for 

the sake of simplicity and focuses on this widely-preferred form based on the 

conclusions of aforementioned study. 

Effective Peak Acceleration (EPA), an index introduced by Applied Technology 

Council (1978), is generally used in the definition of smoothed design spectra 

presented in building codes. Along with its velocity counterpart, Effective Peak 

Velocity (EPV), they are considered to be normalization factors for the standard 
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spectra. EPA is defined as the arithmetic average of 5%-damped spectral acceleration 

values within the period range 0.1-0.5 sec divided by standard amplification factor 

2.5, whereas EPV is defined as the 5%-damped spectral velocity value at 1 sec 

divided by 2.5. Kurama and Farrow (2003) elaborated further on the definition of 

EPV and recommended that the average of spectral velocity values within the period 

range 0.8-1.2 sec to be considered. The consideration of specific period ranges in the 

calculation of EPA and EPV eventually prevents the domination of local high values 

in the response spectra, making them better alternatives with respect to PGA 

especially (Yēlmaz, 2007). 

Ὁὖὃ
Ὓ πȢρίȟπȢυί

ςȢυ
 (1.16) 

Ὁὖὠ
Ὓ πȢψίȟρȢςί

ςȢυ
 (1.17) 

Yang et al. (2009) recommended improved versions of EPA and EPV, IEPA and 

IEPV, respectivly, with consideration of pulse effects in near-fault ground motions 

and proposed the use of average values obtained within a period band around TPA 

and TPV where these two anchor points refer to the periods at which spectral 

acceleration and spectral velocity reach maxima, respectively. 

ὍὉὖὃ
Ὓ Ὕ  πȢςίȟὝ  πȢςί

ςȢυ
 (1.18) 

ὍὉὖὠ
Ὓ Ὕ  πȢςίȟὝ  πȢςί

ςȢυ
 (1.19) 

Fajfar Index (IF), a compound index introduced by Fajfar et al. (1990), is used as an 

indicator of GM capacity to damage structures which have fundamental periods in 

the intermediate range and is a combination of PGV and significant duration. 

Ὅ ὺ ὸȢ  (1.20) 

Demonstrating the poor correlation performance of miscellaneous IMs with input 

and dissipated energy, Riddell and Garcia (2001) similarly proposed 3 alternative 
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compound indices, Ia, Iv, and Id, to normalize GMs to estimate energy dissipation 

corresponding to acceleration-, velocity- and displacement-sensitive regions of the 

hysteretic energy spectrum, respectively. They recommended utilization of 

significant duration definition in the duration-related parameter. 

Ὅ ὥ  ὸ  (1.21) 

Ὅ ὺ ὸ  (1.22) 

Ὅ Ὠ ὸ  (1.23) 

The literature is not limited to the IMs listed above indeed; on the contrary, there 

exist various other parameters (particularly, the unmentioned indices that can be 

found in Kramer (1996)) that might assist interested scholars in trying to characterize 

the ground motions. However, the inevitable necessity to limit the list to a 

manageable and traceable size, even for research purposes, has prevented those to be 

considered within the scope of the study. Nonetheless, a further list of relatively more 

essential IMs proposed in the last two decades will be presented in the remaining 

part of this sub-section, as the incorporation of these indices will eventually elaborate 

the research study. 

Cordova et al. (2000) stated that spectral quantities based on linear response 

spectrum are inadequate to account for period softening of the structures responding 

in inelastic range due to damages caused by the strong motions. As the period of  the 

structure lengthens due to reduction in the lateral stiffness of the system, the structure 

may attract larger seismic forces which is dependent on the spectral characteristic of 

the GM. This phenomenon was tried to be incorporated into a new two-parameter 

seismic IM through the additional term Ὑ  where this term modifies the effect of 

the spectral value corresponding to the structure examined. 

Ὓ ḳὛ Ὕ Ὑ  where Ὑ  (1.24) 
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The two parameters, c and ‌, are recommended as 2.0 and 0.5, respectively, by 

Cordova et al. (2000) which were calibrated for a limited frame and GM record set. 

However, their proposal still remains as a single value, will be represented as SaC 

from now on, and is relatively practical to calculate. 

Ὓ ḳὛ Ὕ
Ὓ ςὝ

Ὓ Ὕ

Ȣ

 (1.25) 

Baker and Cornell (2004) transformed this single parameter into a new form with 

two individual parameters, and brought the concept of vector IM into picture. 

Ὓ Ὕ
Ὑ ȟ

 where Ὑ ȟ  (1.26) 

They performed a thorough investigation for the choice of Ὕ (for a more reliable 

calculation of the second parameter Ὑ ȟ ) and concluded that this period can be 

either the period corresponding to the second mode of vibration of the system 

responding elastically or can attain values larger than Ὕ for increasing levels of 

ductility of the systems responding in the inelastic range. 

Baker and Cornell (2005) subsequently modified their proposal by switching Ὑ ȟ  

with ‐ parameter, an index reflecting the spectral shape characteristic, where the 

epsilon is instructed to be calculated as the difference between the mean obtained 

from a ground motion prediction equation (GMPE) and the spectral acceleration of 

the GM record. Similar to Ὑ ȟ , this ‐ value has been shown to be an important 

predictor of structural response. 

Ὓ Ὕ
‐

 (1.27) 

Luco and Cornell (2007) introduced various scalar but complex IMs, Ὅὓ, Ὅὓ, 

ὍὓǪ  and Ὅὓȟ , that are specific to a structure by utilizing the concepts of 

modal analysis and modal combination rule square-root-of-sum-of-squares (SRSS). 

By a step-by-step development procedure, the writers finally attained Ὅὓ Ǫ  which 

combines the effects of nonlinearity and the contribution from the second mode. 
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Ὅὓ ὖὊ Ὓ Ὕȟ‒ ᶿὛ Ὕ  (1.28) 

Ὅὓ ὖὊ Ὓ Ὕȟ‒ȟὨ
Ὓ Ὕȟ‒ȟὨ

Ὓ Ὕȟ‒
Ὅὓ (1.29) 

ὍὓǪ ὖὊ Ὓ Ὕȟ‒ ὖὊ Ὓ Ὕȟ‒  
(1.30) 

ὍὓǪ ρ Ὑ Ⱦ

ὖὊ

ὖὊ
Ὅὓ (1.31) 

Ὑ Ⱦ

ὖὊ Ὓ Ὕȟ‒

ὖὊ Ὓ Ὕȟ‒
 (1.32) 

ὍὓǪ
Ὓ Ὕȟ‒ȟὨ

Ὓ Ὕȟ‒
ὍὓǪ  (1.33) 

ὍὓǪ ρ Ὑ Ⱦ

ὖὊ

ὖὊ
Ὅὓ (1.34) 

As a similar approach to estimate the inelastic response of structural systems under 

GMs through a simple index, Bianchini (2008) proposed a scalar IM, Ὓȟ , where 

this measure is computed as the average of spectral acceleration values over a 

specific period range intended to cover the elongated period and periods 

corresponding to higher modes of vibration of MDOF systems. More proper notation 

for this parameter is Ὓȟ , as the index is calculated as the geometric mean of the 

spectral ordinates, 

Ὓȟ Ὕ ȟὝ Ὓ Ὕ

ϳ

 (1.35) 

Kadaĸ et al. (2011) introduced a spectrum-based IM considering both period 

elongation of the structural system and approximate structural capacity reflected 

through yield spectral acceleration. This IM was recommended to be used for pre-

selection of ground motion records that would lead to various levels of nonlinear 

response. 
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Ὅ
ρ

Ὕ Ὕὃ
Ὓ Ὕȟ‚ Ὕ Ὕ ὨὝ (1.36) 

Ὕ ρȢπχὝ
Ὓ Ὕȟ‚

ὃ

Ȣ

ςȢπὝ (1.37) 

Lin et al. (2011) proposed a general form for their new spectral-based IM, Ὓ, 

considering the spectral contributions essentially from Ὓ Ὕ  through Ὓ Ὕ ; 

additionally, from the second vibration mode of MDOF system through Ὓ Ὕ , and 

from the inelastic response through Ὓ Ὕ .  

Ὓ ḳὛ Ὕ Ὓ Ὕ Ὓ Ὕ  (1.38) 

Since the reliable determination of the parameters ‌ȟ‍ȟ‎ and  Ὕ ḳὅὝ  is not 

straightforward, they simplified this formulation into two different expressions, one 

formula for structures generally responding inelastically, and one index for structures 

under significant effects of the second mode.  

For inelastic case;  

Ὓ ḳὛ Ὕ Ὓ ὅὝ  (1.39) 

For higher mode effects case;  

Ὓ ḳὛ Ὕ Ὓ Ὕ  (1.40) 

As a major alternative to ộὛ Ὕ ȟὙ ȟỚ, which was introduced by Baker and 

Cornell (2005), Bojórquez and Iervolino (2010, 2011) proposed two spectral shape-

based IMs, the prime one in vector form as ộὛ Ὕ ȟὔỚ and the secondary 

alternative simplifying the former IM as Ὅ  to a scalar form. They also considered 

the geometric mean of spectral ordinates over a specified period range to define ὔ , 

but normalized it with Ὓ Ὕ . The logic behind the use of average spectral values is 

the fact that a single spectral value at the fundamental period is not a good 

representative for the spectral shape of a GM record where the spectral ordinates at 

other periods might be influential on either nonlinear or higher mode behavior. 



 

 

14 

Ὓ Ὕ
ὔ

 where ὔ
ȟȣȟ

 (1.41) 

Ὅ Ὓ Ὕ ὔ  (1.42) 

De Biasio et al. (2014) has introduced a scalar IM termed as relative average spectral 

acceleration, ὃὛὃ, accounting for nonlinear structural behavior. They considered 

the amount of drop in the fundamental frequency of the system through the 

parameter, Ὑ, reflecting the elongation of the period of the system. 

ὃὛὃὝ ᷿
ȟ
ὨὝ   where ὢ ρ Ὑ

ρππ 
(1.43) 

Theophilou et al. (2017) has recently recommended a more complex vector IM, 

ộὛ Ὕ ȟὛ ὝȟὝ Ớ, incorporating a normalized spectral displacement-based area 

index as the second parameter as opposed to the vector IM, ộὛ Ὕ ȟ‐Ớ, which was 

proposed by Baker and Cornell (2005). 

Ὓ Ὕ

Ὓ ὝȟὝ
 (1.44) 

Ὓ ὝȟὝ
ρ

Ὓ Ὕ Ὕ
Ὓ ὝὨὝȟ    Ὕ Ὕ ὥὲὨ Ὕ ρȢπ ί (1.45) 

Without questioning the individual starting points or goals of relatively outmoded as 

well as recently-proposed IMs exemplified in this section at this stage, overall 

portraying of these parameters has revealed that the literature comprises a great deal 

of IM definitions varying from basic scalar forms to more complex vector forms, 

each trying to the characterize the GM records and generally attempting to relate 

these characteristics to response of the structural systems subjected to seismic events.  

The aforementioned intensity measures and many others can be categorized in 

several schemes, as illustrated in Figure 1.2, and this categorization generally 

supports the researchers from the earthquake engineering field to establish their 

discussions and arguments on IMs around comprehensible classes or groups.   
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Figure 1.2. Categorization of intensity measures 

 

The first grouping refers to the simplicity of the intensity index; whether it is formed 

from a single term and straightforward to determine-present, such as PGA or PGV, 

or requires reasonable-to-extensive computations to achieve the numerical index, as 

in the case of AI or ὍὓǪ , or a combination of two or more individual parameters, 

such as IF. The second classification approach is mainly considering the relevancy 

of the index with certain aspects of the ground motion record, whether the subject 

IM is basically acceleration-, velocity- or displacement-related parameter. The long 

list of IMs presented above has displayed that some parameters rely on the response 

spectrum concept and require spectral values specific to structures examined. This 

requirement brings the differentiation of IMs in two groups; structure-specific (can 

be exemplified as Ὓïtype indices) and non-structure-specific (can be demonstrated 

as PGA, PGV, and AI), which constitutes the third categorization approach. The 

reader will notice from the novel indices that the contemporary research focus has 

been given to structure-specific parameters. The final grouping, in contrast, looks for 

the case whether the subject intensity parameter is a single index (as in the cases of 

ASI, VSI and Ὓ Ὕ  or it is in a vectorial form with two or more individual 

parameters (that can be illustrated as ộὛ Ὕ ȟὙ ȟỚȟộὛ Ὕ ȟὔỚ and 

ộὛ Ὕ ȟὛ ὝȟὝ Ớ.  
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Disregarding the recently proposed advanced IMs, which are structure-specific and 

mostly acceleration-related, the aforementioned scalar IMs can be sorted according 

to the second grouping approach as presented in Table 1.1. Particular discussions 

throughout the text will occasionally refer to this categorization. 

 

Table 1.1 Acceleration-, velocity- and displacement-related scalar IMs 

Acceleration 

related 

Velocity 

related 

Displacement 

related 

ὖὋὃ ὖὋὠ ὖὋὈ 

ὥ , Ὁ, ὥ  ὺ , Ὁ, ὺ  Ὠ , Ὁ , Ὠ  

ὃὍ, ὃ , ὅὃὠ ὛὉὈ  

Ὓ Ὕ  Ὓ Ὕ  Ὓ Ὕ  

ὃὛὍ, ὃὛὍᶻ ὠὛὍȟὌὍ  

ὉὈὃȟὉὖὃȟὍὉὖὃ ὉὖὠȟὍὉὖὠ  

Ὅ, Ὅ Ὅ, Ὅ Ὅ 

 

1.2 Problem Statement 

The fundamental requirement to numerically define a hazard level for a site on which 

the structure is built and to associate this hazard definition with various performance 

metrics via monitorable responses of the structure has directed the researchers and 

professionals of the earthquake engineering field to pick and utilize an easily 

quantifiable intensity measure, and to select and employ GM records that sufficiently 

fit the defined hazard from the IM perspective. The use of such ñappropriateò 

records, especially in nonlinear time history analyses, significantly improves the 

reliability of the technical evaluations and decisions made upon the analysis results 

due to the reduction in the dispersion of peak monitored responses (i.e., EDPs). The 

choice of the ñbest candidateò intensity measure(s) from a list of competitors, which 
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is the first crucial step here, necessitated the establishment of competency criteria 

and has brought efficiency, sufficiency, practicality, scaling robustness, and hazard 

computability concepts into the picture (Luco, 2002; Buratti, 2012; Kazantzi and 

Vamvatsikos, 2015; Kohrangi et al., 2016a, 2016b; OôReilly et al., 2018): 

 

Efficiency is simply defined as the capability to reduce the variability in the EPDs 

obtained from the analyses, thus allowing to reduce the number of GM records to be 

utilized or the number of analyses to be performed for a target accuracy level. 

Sufficiency is defined as the ability of a parameter to render EDP independently 

without requiring additional information such as seismological features; earthquake 

magnitude (for instance, Mw), source-to-site distance (for instance, RJB), or epsilon 

(e).  

Practicality, which is rarely mentioned, is generally referred to as easiness in the 

calculation of the subject parameter. 

Scaling robustness refers to the feature of an IM when scaling of GM records does 

not introduce bias to the EDPs as compared to unscaled GMs. 

Hazard computability is the suitability of an IM for the direct use of current GMPEs 

in extensive hazard computations or at least allowing for the practical generation of 

new GMPEs. 

 

Even though it was expressed previously by Housner and Jennings (1977) that the 

complex earthquake (EQ) phenomenon cannot be fully described by a single 

intensity index to inherently reflect complicated EQ characteristics, getting marked 

as ñefficientò was adequate in the past for a ñgood candidateò IM. However, the 

contemporary approach has forced the pursuit of more strict evaluation criteria for 

candidate IMs, requiring all five aforementioned aspects for screening. Formerly, the 

first criterion was implicitly being investigated through correlation statistics which 

will be described in Chapter 2. Based on the calculation of correlations with 
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monitored EDPs occurring under various seismic events, the IMs having the highest 

coefficients were deemed to be the most essential predictors of structural damage. 

With the frequent utilization of probabilistic approaches utilizing theoretically 

advanced mathematical methods, the evaluation of the efficiency has transformed 

into the calculation of the dispersion of EDPs, and the parameters leading to smaller 

dispersions have been marked as relatively efficient. As an ongoing process of this 

mathematical approach, evaluation of both sufficiency (generally with respect to 

earthquake magnitude and source-to-site distance) and scaling robustness criteria 

was handled generally through the residuals from the former calculations. 

Determination of practicality, yet remained as an expert opinion rather than a 

mathematical definition, whereas determination of hazard computability remained 

as a specialistôs conclusion based on the availability of corresponding ground motion 

prediction equations or constructability of the new ones. 

Although with the emerge of performance-based engineering concepts, the 

probabilistic approaches have enforced the last three criteria to be inquired as well, 

ñefficiencyò constitutes the core criterion in the characterization of ground motions 

and in the reliable use as damage or engineering demand predictors. Starting from 

mid 1980s, the research studies have focused on this norm to identify and incorporate 

suitable parameters in the selection and scaling of GM records (Ay, 2012). The 

following section will briefly present key studies focusing from this perspective. 

1.3 Literature Survey 

The literature harbors a long list of studies majorly focusing on revealing the 

relationship of structural responses and resulting damages with intensity measures, 

and correspondingly, attempting to identify the most influential parameter to reflect 

the ground motion characteristics, especially in terms of their damage potential. 

Among those; relatively dated studies of Uang and Bertero (1988), Cabanas et al. 

(1997), Sucuoĵlu (1997), Elenas (2000), Elenas and Meskouris (2001), Liao et al. 

(2001), Wu et al. (2004), Akkar and Özen (2005), Riddell (2007) have been referred 
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by Yēlmaz (2007) and crucial observations of these studies have been marked 

therein. Owing to the fact that these studies were limited in the employed number of 

ground motion records, structural systems or intensity measures, Yēlmaz (2007) 

carried out a more comprehensive correlation study as opposed to previous 

endeavors with a larger set of both ground motion records (i.e., 80 records) and 

structural models (16 low- to relatively-high rise moment-resisting RC frames with 

a fundamental period range of 0.17-1.07 sec), and evaluated 11 scalar IMs (PGA, 

PGV, EPA, AI, HI, IC, CAV, ASI, VSI, IF, Sa). Along with its companion manuscript 

Yakut and Yēlmaz (2008), this notable research study has revealed important 

observations about the correlation performance of the fundamental IMs considering 

maximum top displacement and maximum inter-story drift ratio. Yakut and Yēlmaz 

(2008) additionally introduced an improved version of ASI, ASI*, yielding higher 

correlations, especially for mid-rise frames. This study is regarded as a cornerstone 

subsequent to the collection of relevant former studies fundamentally investigating 

the efficiency of scalar IMs that are relatively easy to compute. Considering the 

period after the publishment of this study, several studies focusing and elaborating 

on the subject have started to emerge. These studies will be briefly summarized in 

the remaining part of this section without going further into the detailed discussions 

and conclusions. 

Hancēlar (2009) similarly attempted to investigate the correlation between IMs and 

structural response parameters through nonlinear time history analysis of multi 

degree-of-freedom systems. The study utilized 12 low- to high-rise planar frames 

with a fundamental period range of 0.55-2.15 sec and a much larger record database 

with 734 accelerograms. The study principally considered 8 scalar IMs (PGA, PGV, 

PGD, AI, CAV, Sa, Sv, Sd) and 4 different response parameters (maximum inter-

story drift ratio, maximum floor displacement, maximum floor acceleration, 

maximum plastic end rotation of beams) to derive conclusions on the correlation 

performance of selected IMs. 

Buratti (2012) is one of the pioneer studies evaluating the efficiency of a long list of 

scalar and vector IMs, and their sufficiency with respect to Mw and RJB as well. The 
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study employed a very large set of accelerograms with 1704 records to follow a 

regression analysis-based methodology to obtain dispersion statistics of maximum 

displacement demands of various SDOF systems (with a period range of 0.1-2.0 sec) 

and maximum inter-story drift ratio demands of 3 planar RC frames (with a 

fundamental period range of 0.46-0.84 sec). The fundamental conclusion of this 

advanced study is to use highly efficient Ὅ  by Bojórquez and Iervolino (2011) for 

both SDOF and MDOF systems that might be improved with the use of its vectorial 

form as well. 

Cantagallo et al. (2012) utilized 9 RC three-dimensional MDOF systems and two 

different GM sets (with 61 and 85 records corresponding to two distinct hazard 

levels) to investigate the efficiency of a limited number of IMs (PGA, PGV, HI, ASI, 

and three different Sa-based parameters) in estimating the maximum inter-story drift 

ratio demands. They recommended the use of Sa-based parameters as a general 

approach. 

Ye et al. (2013) similarly employed a large seismic index set with 30 simple-to-

compound scalar IMs to evaluate the correlation performance of the indices with 

response parameters obtained from nonlinear time history analyses single and multi-

degree-of-freedom systems subjected to a limited set of 60 GM records. They 

explicitly presented the period-wise variation of correlation results for numerous IMs 

grouped as acceleration-, velocity- and displacement-related indices, and finally 

proposed the use of PGV, as opposed to PGA, in performance-based seismic analysis 

due to its sufficient simplicity, but raised concerns regarding the use of Sa. 

Van Cao and Ronagh (2014a, 2014b) alternatively investigated the correlation 

performance of 23 IMs monitored under 204 near-fault (with pulse-type motions) 

and 1040 far-fault GM records. They considered the maximum inter-story drift ratio 

and a damage index calculated for a three-story planar frame with a fundamental 

period of 0.11 sec. Their limited interpretations from both studies have led to the 

recommendation of VSI as the best descriptor which is followed by HI and Sa. 



 

 

21 

Kostinakis et al. (2015) also considered 3D models (with a fundamental period range 

of 0.70-1.00 sec) in the evaluation of 19 widely used IMs. They utilized 64 pairs of 

GM records and monitored structural responses as well as the overall structural 

damage index. They concluded that Sa, followed by VSI, PGV and HI, are the most 

efficient IMs for the structures employed when the structural response parameters 

are considered. 

Ozmen and Inel (2016) followed an SDOF system-based evaluation approach to 

examine the correlation of 19 common scalar IMs with seismic displacement 

demands. They employed 466 GM records from 28 seismic events and 1056 SDOF 

models (with a period range of 0.14-1.20 sec) representing low- to mid-rise RC 

buildings. They marked VSI and PGV as the best IMs for correlation with seismic 

demands of the examined building stock. Following this study, Ozmen (2017) 

elaborated on the analyses and attempted to develop hybrid intensity parameters, and 

monitored the improvements in correlation performance. 

Palanci and Senel (2019) lately evaluated nine different scalar IMs (PGA, PGV, drms, 

Ia, CAV, ASI, VSI) utilizing both SDOF (with a period range of 0.1-5.0 sec) and 

MDOF (with a fundamental period range of 0.65-1.36 sec) models which were 

subjected to 168 accelerograms. They have comprehensively examined the effect of 

lateral strength ratios (i.e., the ratio of strength capacity at yielding to seismic weight, 

Vt/W), post-yield stiffness ratios, hysteretic models, and soil types on nonlinear 

displacement demands of the structural systems. They have concluded that VSI is 

the most suitable parameter for buildings with a dominant vibration period between 

0.5-2.0 sec. Additionally, they emphasized the pronounced effect of lateral strength 

ratios, whereas VSI is less sensitive to post-yield stiffness ratio, hysteretic behavior, 

and soil type with respect to other IMs they examined. 

Bhasker and Menon (2020) recently utilized the three-story plan irregular SPEAR 

building to assess the correlation of 21 simple-to-advanced scalar IMs with 

maximum inter-story drift ratio under a far-fault GM set including 50 pairs of 

accelerograms. They have concluded for their specific structure that the IM proposed 
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by Bianchini (2008) with consideration of T1-2T1 period range is the most efficient 

IM, and geometric averaging approach for combining the values from individual 

components to obtain a single scalar descriptor is the best combination method with 

respect to other alternatives examined. 

The above-mentioned references constitute the list of studies mainly focusing on the 

comparative evaluation of scalar IMs generally. In addition to such holistic 

examinations, there also exist specific studies with the aim of proposing new IMs 

and comparatively evaluating the performance of their proposition with respect to 

the limited number of commonly used practical IMs. Riddell and Garcia (2001), 

Cordova et al. (2000), Baker and Cornell (2004), Baker and Cornell (2005), Luco 

and Cornell (2007), Bianchini (2008), Lin et al. (2011), Bojórquez and Iervolino 

(2010, 2011), De Biasio et al. (2014, Theophilou et al. (2017), Yakchalian et al. 

(2019) could be emphasized among many other studies available in the literature, 

which have introduced new IM candidates, as already described in Section 1.1. 

Neglecting Riddell and Garcia (2001), these studies, however, were limited to the 

presentation of efficiency and sufficiency metrics as compared to the results of 

spectrum-based Sa in order to display the superiority of their IM proposal over Sa. 

Here, the logic behind the selection of Sa as the reference point could be explained 

in a way that spectrum-based Sa, which is a structure-specific IM, had been once 

regarded as the most efficient parameter with respect to simple scalar IMs such as 

PGA, PGV, or similar, but has been shown later in the literature that Sa ïin its 

original form- is not ñsufficiently efficientò when the collapse capacities of the 

structural systems are being sought or when the higher modes of structures are 

apparent as in the case of high-rise buildings. Apart from this phenomenon, the 

utilization of different structural systems and distinct GM record datasets in the 

above-mentioned studies complicates the mission of any interested scholar on 

identifying the ñmost efficientò or ñbest candidateò IM(s) that would be suitable for 

his/her own seismic assessment studies. Consequently, the lack of a holistic study 

evaluating the comparative performance of both simple scalar parameters formerly 
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considered and more advanced scalar and vector IMs recently proposed has created 

a motivation for this research study. 

1.4 Scope and Organization 

The main objective of this dissertation is to primarily evaluate the efficiency of 

simple-to-advanced scalar as well as recently-proposed vector IMs to reveal their 

correlations with major seismic demands on multi-degree-of-freedom systems, 

reinforced concrete planar frames in particular. Eventually, this goal extends to the 

identification of the most efficient intensity parameter(s), that will be sufficiently 

practical as well, and checking of their sufficiencies with respect to earthquake 

magnitude and source-to-site distance. The approach of this study to identify the 

most efficient IM(s) is two-fold: a single-degree-of-freedom system based evaluation 

stage has been followed first to identify candidate IMs from a long list of basic scalar 

IMs, later utilized to form alternative ground motion record subsets that will be 

employed in the multi-degree-of-freedom system-based evaluation stage. In the 

second stage, the evaluation of efficiency and sufficiency of an expanded list of IMs, 

including more advanced scalar and vector forms, has been elaborated via a 

regression equation-based (i.e., Cloud Analysis oriented) approach. 

The second objective of this study is to examine the effect of a shortened list of IMs 

on the derivation of analytical fragility curves, which are very crucial for seismic 

vulnerability assessments. The selection of an efficient, but also practical IM to 

define the GM record subset and correspondingly derive the fragility curve as a 

function of the selected IM or any other suitable alternative has been investigated 

together with the required number of records to form the GM datasets for accurate 

determination of the resulting curves.  

This study differentiates from recent studies by employing hazard definition-

independent ground motion records in the evaluation stages to reveal the resulting 

dispersion characteristics in the entire response range of the structures analyzed. This 
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approach is considered to be much more suitable for earthquake engineers dealing 

with accelerated regional loss assessment studies without the need for region-

specific data. 

This thesis includes seven chapters generally describing different stages of the 

evaluations and a suite of appendices supplementing these chapters: 

¶ Chapter 1 introduces the research subject and problem, presents definitions 

and general classifications of major intensity measures, and provides a brief 

collection of literature studies evaluating the problem. 

¶ Chapter 2 presents the main seismological features of the ground motion 

database utilized throughout the thesis study and evaluates some of the major 

IMs according to the inter-dependency among them. 

¶ Chapter 3 presents the structural models utilized in this thesis study and 

briefly explains the modelling details and the analysis types performed on the 

mathematical models. 

¶ Chapter 4 describes the methodology and steps to evaluate the efficiency of 

essential IMs from the SDOF system perspective and summarizes the key 

findings that will support MDOF system-based evaluation stages. 

¶ Chapter 5 explains in detail the MDOF system-based approach for the 

evaluation of the efficiency and sufficiency of an expanded list of IMs. It, 

firstly, refers to the ground motion selection problem and directs to the 

supplementary Appendix section, which explains the sampling methods 

utilized to form suitably sized ground motion record subsets that will be 

employed for NTH analyses. It presents key findings obtained from ESDOF 

model-based analyses and correspondingly points out proper GM subsets for 

the utilization in MDOF-based NTH analyses. As an intermediate step, the 

correlation of selected engineering demand parameters of MDOF systems 

with shortlisted IMs is evaluated and comparatively displayed to reduce the 

subset alternatives to fewer cases. The chapter continues with the 

presentation of the prediction equation-based evaluation methodology 
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incorporating certain statistical metrics to validate the prediction equations. 

The chapter discusses the performances of individual IMs under a fewer 

number of alternative GM subsets via these statistical metrics and concludes 

with the representation of best candidate IM(s) qualified from the expanded 

list. 

¶ Chapter 6 is devoted to the evaluation of the effect of candidate IMs as well 

as widely-used IMs such as PGA and PGV on the derivation of fragility 

curves. IM to be considered for the formation of GM subset, IM to be selected 

on which the fragility curve function will be established, and the number of 

bins and records to be utilized for the derivation of accurate fragility curves 

are the topics evaluated and discussed within this chapter. 

¶ Chapter 7 summarizes the steps and key conclusions from individual 

evaluation stages and concludes the thesis with future work 

recommendations. 
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CHAPTER 2  

2 GROUND MOTION DATABASE  

2.1 Introduction  

Comprehensive evaluation of intensity measures from an intensity-based perspective 

necessitates a large database of strong ground motion records with various 

seismological characteristics. Databases such as Pacific Earthquake Engineering 

Research Centerôs (PEER) Ground Motion Databases, Consortium of Organizations 

for Strong Motion Observation Systemsôs (COSMOS) Strong-Motion Virtual Data 

Center (VDC), K-NET and KiK-net of Japan, Turkish Accelerometric Database and 

Analysis System (TADAS) (formerly known as Daphne) have been continuously 

updated and expanded by the responsible institutions with several ground motion 

data, and accelerograms have been made available for researchers and engineering 

practitioners worldwide. This study preferred the use of ground motion records 

available in PEERôs NGA-West Database, and this chapter will present the main 

seismological features of this database and some distinct characteristics from the 

intensity perspective.  

2.2 The Main Ground Motion Database 

The main dataset for this study has been formed employing the accelerograms from 

the former NGA-West Database, which was also known as PEER Ground Motion 

Database (PGMD). PGMD was an improved successor of the Design Ground Motion 

Library software, and the online database was established to facilitate the 

development of improved attenuation relations as part of the Next Generation 

Attenuation Models (NGA) project (Power et al., 2008; Chiou et al., 2008).  
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2.2.1 Major Seismological Features of the Main Set 

NGA-West Database contains 3ô551 three-component strong-motion records from 

173 shallow crustal earthquakes that typically occur in the western part of the United 

States and in Turkey as well. The set, accordingly, includes several earthquakes with 

different fault mechanisms, as summarized in Table 2.1. 

 

Table 2.1 Fault mechanism features of the main set 

Fault Mechanism # of record sequences 

Not defined 85 

Strike-Slip 1004 

Normal 91 

Reverse 1587 

Reverse ï Oblique 695 

Normal - Oblique 89 

Total 3ô551 

 

The Moment Magnitude (Mw) range of the seismic events in the database is between 

4.27 and 7.90, where this seismological data is missing for an insignificant number 

of record sequences in the set, as could be observed from the flat file of the PGMD. 

Similarly, Joyner-Boore Distance (Rjb) data is missing for a considerable amount of 

recordings, whereas the Epicentral Distance (EpiD) data is complete for all of the 

record sequences. The ranges of Rjb and EpiD for the recordings are 0-472.56 km 

and 0.44-557.63 km, respectively. Figures Figure 2.1 and Figure 2.2 display EpiD-

Mw and Rjb- Mw marginal plots with distributions, pointing out the dominance of 

moment magnitudes ~5.90, ~6.20, ~6.30, and ~7.60. Figure 2.3, on the other hand, 

shows the relation between EpiD and Rjb for a reduced number of events where both 

seismological data are available.  
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Figure 2.1. Epicentral distance vs moment magnitude distribution 

 

Figure 2.2. Joyner-Boore distance vs moment magnitude distribution 
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Figure 2.3. Epicentral distance vs Joyner-Boore distance distribution 

2.2.2 Intensity Measure-based Features of the Main Set 

6ô883 horizontal records available from the NGA-West database have been 

processed via SeismoSignal software to compute the fundamental IMs and to derive 

the 5% damped elastic acceleration, velocity, and displacement spectra for a period 

range of 0.02-10.0 seconds. The list of the IMs calculated at this stage is as follows: 

¶ PGA, PGV, PGD, PGV/PGA 

¶ arms, vrms, drms 

¶ AI, SED, CAV 

¶ IC
* (with consideration of total duration of the GM record) 

¶ ASI, ASI*, VSI, HI 

¶ SMA, SMV 

¶ EDA, EPA, EPV 

¶ A95 
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¶ Tp 

¶ Tm 

¶ tr 

In addition to the list above, the following compound IMs are calculated from the 

computed values: 

¶ IC  (with consideration of significant duration of the GM record) 

¶ Ia, Iv, Id (with consideration of significant duration of the GM record) 

¶ IF 

To visualize the general characteristics of the main dataset from the intensity 

measure perspective, histogram plots have been prepared for the above-listed IMs. 

Figure 2.4 shows two sample cases displaying the statistical distributions for PGA 

and PGV. The histogram plots for the remaining cases are presented in Figure A.1 

thru Figure A.4, which can be found in Appendix.  

 

Figure 2.4. Histogram plots for PGA and PGV  
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The charts generally reveal that the number of records with low seismic intensities 

outnumber the records of moderate-to-high levels, thus causing skewed distributions. 

In fact, this is a general problem of the ground motion databases worldwide with the 

scarcity of large magnitude seismic events. Along with the histogram charts showing 

the distributions of the available data, scatter diagrams have been prepared to display 

the relation among a selected group of IMs, namely PGA, PGV, PGV/PGA, ASI, 

ASI*, VSI, HI, and tr. Figure 2.5 and Figure 2.6 present the essential cases for PGA 

and PGV, respectively. The scatter plots show that there are indications of a 

relationship between the IMs examined, except for PGV/PGA and tr cases; however, 

the dispersion increases with increasing levels of seismic intensity as defined with 

PGA or PGV in these sample figures. The graphical observations herein bring 

forward the possibility of correlation among the parameters examined, which will be 

investigated in the next section. 

2.3 Correlation Statistics 

Any interdependence or association between two or more variable quantities can be 

expressed as correlation, and the degree of this relationship between the variables 

can be quantified by correlation metrics. Among various alternatives from the field 

of Statistics; widely-used, yet simple examples are Pearsonôs product-moment 

correlation and Spearmanôs rank-order correlation (Chen and Popovich, 2002; 

Garson, 2013). 

Pearsonôs product-moment correlation, as proposed by Karl Pearson, measures the 

strength of linear interdependence between two continuous variables X and Y. The 

numerical output for Pearsonôs correlation coefficient (also known as Pearsonôs r or 

r) is a value between +1 and ī1 inclusive, and shows both the strength and direction 

of the relationship (Chen and Popovich, 2002). Correspondingly, the direction, 

expressed with the sign of the numerical value, can be positive, null, or negative, 

indicating whether the variables increase or decrease together.  
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Figure 2.5. Scatter plots for selected IMs against PGA (main set) 
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Figure 2.6. Scatter plots for selected IMs against PGV (main set) 
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normally distributed data, the results have been reported to be quite sensitive 

(Kowalski, 1972). The third crucial assumption of Pearsonôs correlation is the 

constant variance assumption which is also known as homoscedasticity. In statistics, 

homogeneity of variance is established when all the variables have the same finite 

variance. On the other hand, when the random variables are heteroscedastic, the 

variance along the sequence of data variables will not be constant, the estimates of 

standard errors will be biased, and thus, it is highly possible that the Pearson 

coefficient will be affected. Figure 2.7 exemplifies the scatter of the data for 

homoscedastic and heteroscedastic cases.  

 

     

(a)   (b) 

Figure 2.7. Scatter plots exemplifying (a) homoscedasticity and (b) 

heteroscedasticity (taken from Wikimedia Commons) 

The above-mentioned assumptions also constitute the drawbacks of Pearsonôs 

correlation. One additional drawback of this correlation index is that the metric is 

highly sensitive to the strong outliers in the data, and therefore, should be used with 

care in the presence of outliers. 

In contrast to Pearsonôs product-moment correlation, the alternative correlation 

index, Spearmanôs rank-order correlation (also known as Spearmanôs r), is a non-

parametric measure and does not assume any distribution for the data in advance 

(Sriramula et al., 2007). It is suitable for both continuous data and discrete ordinal 

variables, and assesses the degree of relationship between rankings of two variables 
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using a monotonic function. Besides, it is much less sensitive to the nature of the 

data with respect to Pearsonôs correlation. Figure 2.8 and Figure 2.9 show sample 

cases with resulting correlation coefficients where two of the aforementioned 

drawbacks of Pearsonôs correlation are present.  

 

Figure 2.8. Correlations for a sample case when the relationship is nonlinear (taken 

from Wikimedia Commons) 

 

Figure 2.9. Correlations for a sample case when there are outliers in the data (taken 

from Wikimedia Commons) 

The figures reveal that Spearmanôs correlation has certain advantages over its 

counterpart, but has gained less interest in the field of earthquake engineering. The 

general approach in similar research-oriented studies was to utilize Pearsonôs 

product-moment correlation, but applying an ln-transformation to the data before 

conducting the correlation analyses. Such modification is attributed to the fact that 
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the IMs (and EDPs as well) are log-normally distributed, and shall be transformed 

before the performance of regression analyses related to the research question 

(Kramer, 1996; Romao et al., 2011). After the proper application of data 

transformation, Pearsonôs correlation coefficient generally improves (i.e., the 

strength of the dependence increases), whereas Spearmanôs correlation coefficient 

remains unchanged, and could be utilized as a validation measure for the widely-

used Pearsonôs metric. 

2.4 Inter -correlational Evaluation 

As expressed earlier in this chapter, there is a possibility of interdependence among 

the IMs computed at this stage. The clarification and quantification of such inter-

correlations are crucial for the advancement of the study, since this attempt will 

facilitate the grouping of IMs so that choosing too many intensity parameters from 

each group for further examinations might be prevented. Consequently, calculation 

of Pearson and Spearman coefficients among the long list of intensity parameters 

have been performed, and Table 2.2 and Table 2.3 display the strength of relationship 

among these measures in terms of Pearson and Spearman metrics, respectively. The 

cells in both tables are highlighted with dark green color showing perfect correlation, 

with light green color for correlation values above 0.90 indicating strong correlation, 

with yellow color for correlation values between 0.50 and 0.90 indicating moderate 

correlation, with red color for correlation values less than zero implying negative 

correlation, and remaining cells are left as white color pointing out to weak or 

insignificant correlation.  
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When the acceleration-related parameters are examined, PGA, arms, AI, IC
*, ASI, 

ASI*, SMA, EDA, A95, IC, Ia show a strong correlation among themselves, whereas 

these parameters show moderate correlation with velocity- and displacement-related 

intensity measures. However, the degree of correlation between acceleration- and 

displacement-related indices is lower with respect to acceleration- versus velocity-

related parameters, as expected. As a general observation, acceleration-related, 

velocity-related, and displacement-related IMs correlate better among their own 

classes. 

The PGV/PGA ratio display generally weak forms of both negative and positive 

correlation with acceleration- and velocity-related parameters, whereas it shows 

moderate correlation with the pulse period Tp, the duration related parameter, and tr, 

Iv, Id, and strong correlation with the mean period Tm. 

The pulse period Tp, the mean period Tm generally show weak forms of both positive 

and negative correlations with the remaining IM set. In contrast, the duration-related 

parameter tr mostly shows a negative correlation with the IMs other than Tp and Tm, 

yet the coefficient values remain below 0.5 level. Thus, it can be emphasized that 

significant duration or specific GM period-related parameters do not have a 

significant correlation with other GM intensity indices. 

The numerical results displaying the inter-correlational characteristics between the 

IMs are aligned with the outcomes of previous studies (Elenas, 2000; Riddell, 2007; 

Yakut and Yēlmaz, 2008). However, the values reported here are generally higher 

than the results of companion studies, which is attributed to the presence of a large 

number of GM records with low intensity levels in the main ground motion database 

employed. 

Finally, considering Pearson and Spearman correlation coefficients calculated for 

each IMi - IM j case, it can be expressed that the results are generally compatible, 

supporting the ln-transformation approach before the calculation of Pearson 

coefficients. 
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CHAPTER 3  

3 STRUCTURAL MODEL DATABASE  

3.1 Introduction  

This chapter presents the structural models utilized throughout the research study to 

primarily evaluate the correlation performance of alternative intensity measures 

(IMs) with selected engineering demand parameters (EDPs) essential for building 

structures. The following sections give general information about the building 

models employed, explains their mathematical modelling details, and summarizes 

their structural characteristics. 

3.2 Description of Structural Systems Utilized 

This study inherits a collection of seven reinforced concrete frames from a former 

study, Kadaĸ (2006), where the structural model set was intended to cover short-to-

relatively long-period range in terms of the fundamental mode characteristic. This 

set contains low- to mid-rise two-dimensional (2D) moment-resisting frames 

(MRFs) possessing different number of stories and bays, which yields their building 

idôs as follows: 

¶ F2S2B is a two-story-two-bay MRF from a California-based building that 

complies with the requirements of Uniform Building Code-1982 (ICBO, 

1982), 

¶ F2S2B2 is another two-story-two-bay MRF obtained from an existing 

building located in the city of Bursa in Turkey, 
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¶ F3S2B is a three-story-two-bay MRF from an existing structure located in 

Bursa-Turkey, 

¶ F5S2B is a five-story-two-bay MRF from an existing building located in 

Bursa-Turkey, 

¶ F5S4B is a five-story-four-bay MRF from a California-based building 

complying with the requirements of Uniform Building Code-1982, 

¶ F5S7B is a five-story-seven-bay MRF obtained from an existing structure 

located in Bursa-Turkey, 

¶ F8S3B is an eight-story-three-bay MRF obtained from a Uniform Building 

Code-1982 compatible building located in California. 

The general geometrical properties of the frames employed are displayed in Figure 

3.1, and the total weight-height properties of the systems are summarized in Table 

3.1, accordingly. The reader is referred to the former manuscript, Kadaĸ (2006), for 

further information regarding the structural properties of the frames utilized. 

 

Table 3.1 Total weight and height of the selected frames (Kadaĸ, 2006) 

Frame 
Total Weight 

(kN) 

Total Height 

(m) 

F2S2B 2700.25 7.92 

F2S2B2 1350.13 6.00 

F3S2B 2221.76 9.00 

F5S2B 2552.33 15.00 

F5S4B 9879.85 19.81 

F5S7B 7545.07 14.20 

F8S3B 17815.65 31.70 
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3.3 Mathematical Modelling of Frames 

Two-dimensional multi-degree-of-freedom (MDOF) representations of the 

employed MRFs were originally created in the well-known OpenSees (McKenna et 

al., 2000) software framework. The fundamental reason for utilizing this open-source 

analysis platform was to facilitate the performance of several simulation-based 

analyses with a reliable modelling and analysis code suite.  

In the mathematical models of the structural systems, the load-carrying structural 

elements (i.e., beams and columns) of the selected frames were defined with force-

based nonlinearBeamColumn elements allowing for distributed plasticity via fiber 

sections with nonlinear constitutive models. Concrete01 uniaxial material type was 

chosen for the unconfined and confined concrete zones of the sections with 

parameters corresponding to individual frame cases. The reinforcing bars, on the 

other hand, were defined with Steel01 uniaxial material type. 

Selected uniaxial material types, as illustrated in Figure 3.2, seem to be the simplest 

alternatives among various constitutive definitions available in OpenSees; however, 

these material definitions generally lead to sufficiently reliable numerical results in 

simulations from the perspective of engineering practice. Eventually, they have been 

preferred within the scope of this study with a modification; consideration of steel 

rebar rupture via MinMax uniaxial material modifier definition, which influences 

sectional, elemental and global capacities, correspondingly. 

The structural elements of the frames were not assigned any distributed mass, but the 

seismic masses due to dead and 25% of live loads were lumped to the mass center of 

each story, and applied accordingly. Rigid diaphragm action and second-order 

effects were not considered in the models. Concerning the viscous damping of the 

structural system under seismic excitations, the damping phenomenon was 

represented using Rayleigh Damping, assuming a 5% damping ratio and stiffness 

proportional damping. Mass proportional damping, however, was neglected due to 

its insignificant effect, especially in the nonlinear response range.  
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Figure 3.2. Concrete01 and Steel01 material models (Kadaĸ, 2006) 

3.4 Description of Analyses Performed on the Structural Systems 

Throughout the study, three different analysis types have been performed on the 

mathematical models, which are briefly described in the previous section:  

(i) Eigenvalue analysis 

(ii)  Nonlinear static analysis 

Concrete01 material

Stress

Strain

 scu

 sc
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Steel01 material
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(iii)  Nonlinear time history analysis 

Eigenvalue analysis was used to determine the dynamic characteristics of the frames 

and was performed after an initial static analysis under gravity loads. Considering 

the modal properties, which are summarized in Table 3.2, it can be expressed that 

the selected MRF frames cover short-to-relatively long period range in terms of the 

fundamental period of the systems, and the structures generally vibrate 

predominantly in their first modes. 

 

Table 3.2 Dynamic characteristics of selected frames (Kadaĸ, 2006) 

 

 

The second analysis type, nonlinear static analysis, was used to reveal the global 

lateral behavior of the MRF frames. Generally applied in the form of a pushover 

analysis by the engineering profession, this simplified nonlinear analysis technique 

considers variant or invariant lateral load patterns, and roughly yields an estimate of 

the lateral strength capacity of the structural system beyond the elastic range (Oĵuz, 

2005; Kadaĸ, 2006). Among alternative invariant lateral load patterns such as 

Uniform, Triangular, Elastic First Mode; it was previously evaluated in Kadaĸ (2006) 

that Elastic First Mode based invariant load pattern is practical and sufficient to 

derive the capacity curves of the frames utilized herein. Even though there exist 

relevant studies criticizing the drawbacks of pushover analyses with invariant load 

Total Fundamental

Modal 

Participation Modal Mass

Mass Period Factor Factor

(t) T1 (s) (G1) (a1)

F2S2B 275.3 0.59 1.339 0.814

F2S2B2 137.6 0.30 1.339 0.815

F3S2B 226.5 0.45 1.416 0.768

F5S2B 260.2 0.75 1.293 0.794

F5S4B 1007.1 0.95 1.362 0.776

F5S7B 769.1 0.66 1.285 0.804

F8S3B 1816.1 1.20 1.430 0.705

FRAME
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patterns and/or proposing relatively improved but more complex methodologies 

(Chopra and Goel, 2002; Antoniou and Pinho, 2004a; Antoniou and Pinho, 2004b; 

Hernandez-Montes et al., 2004; Goel and Chopra, 2005; Papanikolaou et al., 2005; 

Papanikolaou et al., 2006), these approaches are not followed within the scope of 

this study to preserve the practicality from professional engineersô perspective, and 

Elastic First Mode based lateral load pattern was considered in the nonlinear static 

analyses of the frames which were performed after the initial static analysis under 

gravity loads. This approach is thought to be suitable considering the first-mode 

dominant characteristics of the frame set. Subjected to increasing lateral load profile 

with a displacement controlled nonlinear static analysis option, the frames have been 

pushed laterally until the frames lose their lateral strength more than 15% of their 

ultimate strength, and capacity curves (i.e., top displacement vs. base shear force 

data) have been re-obtained due to the modelling modification made on the original 

frames of Kadaĸ (2006). The resulting capacity curves will be presented in the 

following section with their bi-linearized equivalents (please refer to Figure 3.5-

Figure 3.7); however, the height-wise inter-story drift profiles at specific global drift 

levels are presented next in Figure 3.3. As stated in Kadaĸ (2006), the drift profiles 

at various global drift levels are coherent with the general expectations that low-rise 

frames exhibit almost a uniform drift distribution, whereas mid-rise systems yield 

maximum inter-story drift ratio at the second story level. Besides, relatively high-

rise systems yield maximum inter-story drift ratio at middle stories. These trends in 

the drift profiles turned out to be preserved for high global drift levels as well. 

The last analysis type applied to the selected frames is the nonlinear time history 

analysis (NLTHA). This analysis approach is generally appraised as the most 

advanced method in the engineering and research community struggling with 

numerical simulations of any structural system. Combined with carefully defined 

advanced constitutive models and structural element modelling details, the 

numerical analysis results obtained under specific strong-motion acceleration 

records are considered as ótrue responsesô of the structural system subjected to those 

specific events. However, it is apparent that the computational cost for performing 
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nonlinear time history (NTH) analyses on MDOF models is generally very high, and 

the results might be very sensitive to the ground motions complicating the 

evaluation-decision process for the analyst. Consequently, engineering practice 

eventually either favors the use of nonlinear static procedure as opposed to NTH, or 

tries to utilize simplified equivalent versions of the complex MDOF systems to make 

an estimation of the ótrue responseô with some accuracy trade-off. In the performance 

of NTH analyses, 2D MDOF systems have been subjected to gravity loads first, 

analyzed with a nonlinear static analysis approach, and afterwards, transient analyses 

have been performed for individual ground motion records using Newmarkôs time 

integration method. Throughout the analyses, element forces, nodal displacements, 

and story drifts have been recorded, and these outputs have been considered as ótrue 

responseô from the simulations conducted. As stated in Kadaĸ (2006) as well, 

parameters defining convergence criteria and result tolerances have been carefully 

defined to obtain accurate numerical results and to keep the non-converging analyses 

as few in the overall simulation set as possible. However, there exist peculiar cases 

for relatively weak frames from which reliable results could not be attained. The 

results from converging NTH analyses have been processed to obtain the 

corresponding absolute maximum values in terms of top displacement óTDô, inter-

story drift ratio óMIDRô, and base shear óBSô. 

The planar frames utilized herein are relatively simple models with respect to more 

complex 3D MDOF models; consequently, these structural models could be 

preferably further simplified into equivalent single-degree-of-freedom (ESDOF) 

systems to accelerate NLTHA-based assessments. This study considers results from 

these simple models as well during evaluations, and the next section will describe 

the formation of these simple models from the capacity curves previously derived. 

  



 

 

49 

 

 

 

 

Figure 3.3. Inter-story drift profiles at various global drift levels 

3.5 Equivalent SDOF Systems 

Nonlinear static analysis methods, Capacity Spectrum Method (ATC-40, 1996) and 

Displacement Coefficient Method (FEMA-356, 2000), have been employed by the 

earthquake engineering community for long while to determine the seismic 

displacement demand of structures, and resulting element-based forces and 

deformations at the estimated target displacements. Both approaches basically rely 
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on an idealized form of the pushover curve of the structural system under 

consideration and have also led to the development and utilization of simplified 

equivalent systems in the form of SDOF systems. Although there are no strict rules 

on how to define an idealized version of a capacity curve, there exist several 

approaches in the literature, yet remained as recommendations. Kadaĸ (2006) 

investigated four alternatives of available idealization methods (i.e., MULTI-linear, 

ATC, FEMA, and 75%Vy), and recommended the use of the FEMA approach for 

conservative ESDOF-based results with small dispersion. 

In this approach, the capacity curve is bi-linearized, and the elastic part of the 

idealized curve and the yield point (i.e., yield displacement) is defined with an 

iterative procedure to satisfy the following two criteria as depicted in Figure 3.4: 

¶ The areas under the original curve and the idealized curve must be 

approximately equal, 

¶ The elastic segment of the idealized curve must intersect the original 

pushover curve at a strength level approximately 60% of the resulting yield 

base shear.  

 

 

Figure 3.4. FEMA bi-linearization method (Kadaĸ, 2006)   
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The ultimate displacement of the idealized curve normally should be defined as the 

estimated/resulting target displacement under a specific seismic hazard event, thus 

implicitly satisfying the equal energy rule via the equal-area rule. However, this 

approach is not practical to follow while utilizing the idealized capacity curve for 

repetitive evaluations under various hazard levels. Consequently, the ultimate point 

is generally considered as the displacement where the lateral strength of the system 

reduces by 15% from the maximum base shear. Based on these concepts, the capacity 

curves obtained from the nonlinear static analyses described in the previous section 

have been idealized, and the resulting idealizations are displayed in Figure 3.5-

Figure 3.7, along with the original pushover curves. 

As the next step, these FEMA-based bi-linearized force-displacement relationships 

have been converted to the force-displacement relationships of ESDOF systems 

following the method presented in ATC-40. The reader can refer to Kadaĸ (2006) for 

a detailed explanation of the calculation steps. The dynamic characteristics of the 

ESDOF systems obtained from the simplification of the structural models with this 

approach are summarized in Table 3.3. 

 

Table 3.3 Properties of the ESDOF systems 

 

  

Teff Say Sdy Fy M* K* Ŭ

(s) (g) (m) (kN) (t) (kN/m) (%)

F2S2B 0.710 0.526 0.066 1155.9 224.0 17556.7 0.20

F2S2B2 0.356 1.179 0.037 1297.3 112.2 34975.6 0.06

F3S2B 0.544 0.708 0.052 1207.4 174.0 23215.4 3.28

F5S2B 0.881 0.375 0.072 759.4 206.5 10500.0 0.03

F5S4B 1.046 0.436 0.119 3342.6 781.7 28184.0 0.42

F5S7B 0.785 0.482 0.074 2926.3 618.6 39656.7 0.14

F8S3B 1.392 0.306 0.147 3844.2 1281.1 26109.3 0.49

Frame
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Figure 3.5. Capacity curves for F2S2B, F2S2B2, F3S2B and their bi-linear 

equivalents  
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Figure 3.6. Capacity curves for F5S2B, F5S4B, F5S7B and their bi-linear 

equivalents  
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Figure 3.7. Capacity curve for F8S3B and its bi-linear equivalent 

3.6 Assumed Performance Level Limits 

The peak responses from NTH analyses of MDOF or ESDOF systems are generally 

utilized to determine the local (i.e., at the element or section level) or global damage 

states where the damage levels of the structures are differentiated via defined limit 

states (Ay, 2006; Mazēlēg¿ney, 2020). This study considers three performance limit 

states; Immediate Occupancy (IO), Collapse Prevention (CP), and Life Safety (LS), 

as reference points to track the distribution of the EDPs in the entire response range. 

On the basis of bi-linearized capacity curves of the employed frames, the limit for 

each performance level has been determined at the global level, i.e., considering top 

drift as the basis, and has been considered as invariable. For each frame, the limit for 

Immediate Occupancy (IO) performance level has been defined at the yield 

displacement of the system along, while the Collapse Prevention (CP) performance 

limit has been defined at the (nonlinear static analysis-based) collapse displacement 

of the system. The limit for Lif e Safety (LS) performance level has been assumed as 

three-quarters of the collapse displacement (i.e., CP limit). The inter-story drift ratio 

limits for these performance levels have been taken as the average inter-story drift 

ratios at respective top drifts (i.e., global drift ratios). The displacements and drift 
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ratios corresponding to the assumed performance level limits are summarized in 

Table 3.4. 

 

Table 3.4 Top drift and drift ratio values corresponding to assumed performance 

limits of the frames 

 

 

 

 

FRAME TD-IO (m) TD-LS (m) TD-CP (m) IDR-IO IDR-LS IDR-CP

F2S2B 0.088 0.281 0.375 1.1% 3.5% 4.7%

F2S2B2 0.050 0.147 0.196 0.8% 2.5% 3.3%

F3S2B 0.074 0.190 0.253 0.8% 2.1% 2.8%

F5S2B 0.094 0.246 0.328 0.6% 1.6% 2.2%

F5S4B 0.162 0.528 0.704 0.8% 2.7% 3.6%

F5S7B 0.095 0.311 0.414 0.7% 2.2% 2.9%

F8S3B 0.211 0.667 0.889 0.7% 2.1% 2.8%
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CHAPTER 4  

4 EVALUATION OF EFFICIENCY OF INTENSITY MEASURES BASED ON 

SINGLE-DEGREE-OF-FREEDOM SYSTEMS 

4.1 Introduction  

This chapter presents the methodology regarding the evaluation of a preliminary list 

of intensity measures in terms of the ñefficiencyò criterion from the single-degree-

of-freedom (SDOF) system-based perspective. The performance of the selected IMs 

for various strength, ductility, and yield base shear coefficient levels has been 

displayed, and key findings are discussed to pre-select a manageable group of 

parameters for future stages of the research study. 

4.2 Description of Generic Structural Systems and Analysis Approach 

The endeavor to relate certain characteristics of a GM record to resulting structural 

responses directs any researcher to employ a suit of strong-motion records and a 

couple of structural systems in their simulation-based study. Starting with a very 

large GM record set, it becomes quite cumbersome for the analyst to utilize advanced 

3D structural models if the instant goal is to make a general inference over the 

subject. Giving preference to simple structural forms (i.e., single-degree-of-freedom 

systems indeed) brings in practicality eventually, and assists in performing 

simulations and drawing conclusions relatively quickly. This simple approach has 

been undertaken by various studies (Miranda, 2001; Chopra and Chintanapakdee, 

2004; Akkar and Özen, 2005) and has been shown to yield sufficiently accurate 

results for ordinary systems predominantly oscillating in their fundamental mode of 

vibration (Kadaĸ, 2006; Ozmen and Inel, 2016). 
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This study, with the principal aim of identifying the most ñefficientò IM(s), follows 

this simple approach initially and utilizes generic single-degree-of-freedom (SDOF) 

systems (Figure 4.1) to reveal the general relationship between some fundamental 

intensity indices and seismic demands. SA4NOR analysis engine of USDP (2008) 

software was used to form various single mass-spring systems demonstrating 

different period, strength, ductility, and yield base shear coefficient characteristics: 

¶ A total of 44 individual periods ranging between 0.02 and 4.00 sec (i.e., 

T=0.02, 0.04, 0.06, 0.08, 0.1, 0.2, ..., 4.0 s) has been considered to examine 

the period-wise variation of the results. 

¶ Totally, 6 strength reduction (R) factor levels (i.e., R=1, 2, 3, 4, 6, 8) and 6 

ductility (µ) levels (i.e., µ=1, 2, 3, 4, 6, 8) has been considered to investigate 

the variation of the results with respect to strength and ductility levels. 

Additionally, 5 different yield base shear coefficient (– Ὂ ὡϳ  levels (i.e., 

h=0.05, 0.10, 0.15, 0.20, 0.25) have been examined to supplement the 

evaluations.  

 

Figure 4.1. A typical representation of an SDOF system 

 

For the force-deformation definition of generic SDOF systems, two distinct 

hysteresis cases, namely elastic-perfectly-plastic (i.e., Ŭ=0%) and bi-linear hardening 

(i.e., Ŭ=5%) hysteresis models, have been considered (Figure 4.2). Despite the 

availability of more advanced models incorporating stiffness/strength degradation 

and/or pinching behavior (such as Takeda, Clough, or Modified Clough), the 
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hysteresis definitions were limited to the most basic alternatives in order to keep the 

focus on general variation of the results with different period, strength and ductility 

cases neglecting further complexities introduced by the advanced models. 

  

(a) Elastic-perfectly-plastic case (b) Bi-linear hardening case 

 

Figure 4.2. Typical representations of (a) elastic-perfectly-plastic and (b) bi-linear 

hardening hysteresis models 

 

Each SDOF model (with a damping ratio of ɝ=5%) has been employed to conduct 

nonlinear time history analyses under the full set of 6ô883 GM records that are 

available in the main dataset, and drift response of the system has been recorded to 

extract the peak demand from the transient motion. Engineering demand parameters 

(EDPs) such as residual values or energy-related outputs are not considered within 

the scope of the study due to the fact that the peak drift-based responses of SDOF 

systems are the most essential damage indicators of simple equivalents of ordinary 

systems.  

4.3 Evaluation and Discussion of Results 

Extracting peak responses from nearly 10 million SDOF-based analyses, the 

numerical computations continued with the calculation of Pearson and Spearman 

correlation coefficient for each period and for specific R, µ and h cases to reveal the 
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degree of relationship between the displacement demands and a selected list of 

intensity parameters. The long list contains PGA, PGV, PGD, PGV/PGA, arms, vrms, 

drms, AI, IC
*, SED, CAV, ASI, VSI, HI, SMA, SMV, EDA, A95, Tp, Tm, tr, IC, Ia, IF, Iv, 

Id, ASI*, EPA, EPV, Sa, Sv, Sd, and were previously computed as a part of Chapter 

2. Discarding the Spearman-based approach, the Pearson coefficients were 

calculated upon ln-transformed values of both demands and intensity indices, where 

the reason for such transformation is already discussed in Chapter 2. Since both 

coefficients are inherently related to the dispersion in the data variables, they have 

been utilized to visualize the variation in the degree of dispersion with respect to the 

aforementioned aspects; and consequently, both assisted in screening candidate IMs 

according to the ñefficiencyò criterion for further stages of the study. 

The period-wise variation of the numerical results (i.e., r-T relationships) have been 

graphically presented for subject IMs with differentiated strength reduction factor 

(R) and ductility (µ) levels as well as yield base shear coefficient (h) levels. Figure 

4.3 and Figure 4.4 illustrate the case for PGA, whereas graphics for remaining IM 

alternatives are presented in Appendix B (Figure A.5-Figure A.35 for R- and µ-based 

charts, and Figure A.36-Figure A.66 for h-based charts). The evaluations based on 

these figures will be elaborated in 3 sub-sections (strength reduction factor level-, 

ductility level-, and yield base shear coefficient level-based evaluations) to identify 

the correlation levels corresponding to each IM alternative as strong (r>0.9), 

moderate (0.5<r<0.9), weak (0<r<0.5) and negative correlation (r<0). 
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(a) (b) 

  

  

 

(c) (d) 

 

 

Figure 4.3. Variation of correlation coefficient values with period (correlation of 

IM PGA with EDP SDOF top drift  for different R and m cases (a) Elastic-

Perfectly-Plastic, (b) Bilinear Hardening (a=5%), (c) Elastic-Perfectly-Plastic, (d) 

Bilinear Hardening (a=5%)) 
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(a) (b) 

 

Figure 4.4. Variation of correlation coefficient values with period (correlation of 

IM PGA with EDP SDOF top drift  for different h cases (a) Elastic-Perfectly-

Plastic and (b) Bilinear Hardening (a=5%) 

4.3.1 Evaluations Based on Strength Reduction Factor (R) Levels 

The examinations on PGA-specific Pearson- and Spearman-based charts have 

revealed that PGA is correlating very well with the deformation demands when the 

elastic (i.e., R=1 case) very short period structural systems are considered. Systems 

with higher R have shown moderate correlation, especially for elastic-perfectly-

plastic (EPP) systems, whereas systems showing bi-linear hardening hysteretic 

behavior have shown higher correlations with respect to EPP systems. However, this 

performance, represented with r values corresponding to Pearson or Spearman 

correlation coefficients, rapidly diminishes with increasing periods of the SDOF 

system (especially after T=0.5-1.0 sec). The correlation values generally saturated to 

a value of 0.60 after T=2 sec regardless of R level.  

PGV-specific charts have shown that the correlation performance is relatively 

moderate for short-period systems, yet improves for SDOF systems with 

intermediate periods approaching 0.95 and finally accumulates to a value of 0.90. 

Elastic (R=1) cases eventually show lower correlations with regard to R>1 cases, 
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however, the variation in correlation results with respect to R is much less when 

considered to the cases of PGA. EPP and bi-linear hardening cases did yield similar 

performances. 

Elastic (R=1) cases of PGD-based graphics have yielded a weak-to-moderate 

correlation level with a value of 0.5-0.7 for short-to-medium period (T=0.02-0.5 sec) 

systems, whereas R>1 cases have yielded r values of 0.7-0.9 for this period range. 

Starting with intermediate period range, the values started to increase and surpassed 

0.9 level around T=1.0 sec, pointing to strong correlations for long period systems. 

The two hysteresis cases gave similar trends for periods above T=1.0 sec, in contrast, 

for short-to-intermediate period ranges, the R-wise variation of results is much more 

pronounced for EPP cases, yielding to slightly stronger correlations for EPP cases at 

short periods. 

PGV/PGA ratio-based charts have shown that there is a weak correlation between 

this index and SDOF-based drift demands, especially for short-to-intermediate 

systems. Negative correlation values have been observed especially for R=1 cases. 

The correlation performance of this index improved to some extent after T=1.0, 

reaching a value of 0.6. The two hysteresis cases generally yielded similar responses, 

but differentiated in short period range, EPP case causing much variation to R-wise 

outcomes.  

When arms-based figure set is examined, a moderate-to-strong correlation 

performance was observed for different R levels of short-period systems. After 

intermediate periods (T>0.5 sec), rapid decay of the r values are significant, whereas 

the values generally saturate around 0.65 after T=2.0 sec. EPP case seemed to 

introduce variability to the results as opposed to the bi-linear hardening case. Except 

for R=1 cases, the period-wise variation trend has been found to be similar to PGA-

based cases, where PGA is generally superior to arms for very short period systems. 

The vrms-based figure set has yielded moderate correlation for short-to-intermediate 

period systems where this correlation performance has improved for systems around 

T=1.0 sec. The correlation performance stayed constant slightly above 0.9 for long 
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period systems. R levels caused observable variations in the results for short period 

systems (i.e., the case of R=1 is significantly different than other R cases), whereas 

hysteresis definition did not seem influential. 

The observations from drms-based charts are similar to the cases of PGD-based set 

pointing out to poor performance (r=0.5-0.85) at short-to-intermediate period 

(T=0.02-0.5 sec) range along with significant variations for different R levels and 

alternate hysteresis definitions. The correlations increase after T=1.0 sec surpassing 

0.9 level, and gradually approach 0.95. 

When charts particular to AI are examined, it has been observed that bi-linear 

hardening case gave values slightly larger than 0.9 (i.e., approximately 0.95 at peak) 

for systems with short and medium periods, especially for low R levels, where r 

values decay approximately to 0.8 for long period systems. Results for EPP systems 

with higher R and T<1.0 sec tended to be smaller with respect to the outputs of bi-

linear hardening models (i.e., r values are as low as 0.80 for very rigid systems).  

Period-wise variation of IC*-based results have been observed to be similar to AI-

specific outputs except for long period region, where the saturation level for 

coefficients is around 0.75. The effect of increasing R on decreasing r values is 

significant for short-to-medium period structures with EPP hysteretic behavior.  

When SED-specific results are evaluated for different periods and R levels, 

significant variations have been observed for short and medium-period systems 

regardless of hysteresis models. As the fundamental periods of the structures 

approach to T=1.0 sec, the correlation performances improved to 0.9 levels, and 

stayed constant around 0.95 for longer periods. 

CAV has yielded a moderate correlation performance (with a r range of 0.75-0.9) 

for systems with periods T<1.0 sec, and after this period level, the correlations stayed 

constant slightly below 0.90 level. The observations are generally valid for all R 

levels (except for the R=1 case) and for both hysteresis cases. 
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The correlation of ASI with deformation demands turned out to be highly variable 

with respect to R levels, fundamental periods, and hysteresis cases. Even the superior 

performance (with r levels of 0.90) of short-period systems with low R diminishes 

with increasing T, and approaches to 0.6 level after T=2.0 sec. The negative effect 

of increasing R level for short-to-long period systems (T=0.02-1.0 sec) was observed 

to be much more influential for EPP systems. 

VSI has shown a strong correlation (r>0.90), especially for systems R>1, yielding a 

peak value of 0.95 approximately around T=1.0 sec, and gradually decreased to 0.90 

band. Both hysteresis cases showed similar variation with the R=1 case yielding 

lower coefficients for T<1.0 sec. 

SMA-based correlation coefficients exhibited high variation (r=0.7-0.95 for EPP 

model and r=0.80-0.95 for bilinear hardening model) for period range T=0.02-1.0 

sec where the correlations seemed to decrease with increasing R. After T=1.5 sec, 

the coefficients converged to a level of 0.65 designating moderate correlation at long 

periods. 

SMV, similar to VSI, generally showed a relatively strong correlation for systems 

R>1 where coefficients remained constant around 0.90 level after T=1.0 sec. The 

elastic systems with T<1.0 sec seemed to give lower correlation coefficients. Bilinear 

hardening model generally seems to show similar variation as compared to the EPP 

model except for the cases with high R levels and short-period systems. 

Period-wise variation of r values based on EDA and A95 has shown that the general 

trends for these IMs are parallel with SMA for all R levels and for both hysteresis 

cases.  

Predominant period (Tp)- and mean period (Tm)-based indices exhibited very weak 

correlations where the results are highly variable (i.e., dependent on R level), 

especially for systems T<1.0 sec. Even negative correlations have been observed for 

R=1 cases for T<0.5 sec period region. The hysteresis model definition also seemed 

to have a significant effect on the correlation performance of short-period (T<0.5 
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sec) systems. For structures with periods T>2.0 sec, Tm is relatively superior to Tp, 

as the correlation coefficients converge to 0.6 and 0.35, respectively, for long period 

systems. 

When the charts based on significant duration (tr) are examined, it has been observed 

that the duration-related index of GM records generally exhibits negative 

correlations for systems with T<1.0 sec invariant of R levels (except R=6, 8) and 

hysteresis models. After T=1.0 sec, on the other hand, low r values (converging 

around 0.25 level) pointed out significantly weak correlations for long period 

systems. The variation in EPP system-based results is comparable as opposed to 

bilinear hardening cases. 

When the result set corresponding to IC is evaluated, it has been realized that r values 

noticeably varied between 0.80-0.90 range for short-to-intermediate periods with the 

deteriorating effect of R level significantly pronounced for EPP systems. The 

relatively strong correlation performance gradually diminishes after T=1.0 sec and 

consolidates around 0.8 level. 

It has been observed for Riddell and Garciaôs acceleration-, velocity- and 

displacement-based compound indices, Ia, Iv, Id, that the correlation performances 

turned out to be very similar to the individual cases of arms, vrms and drms, respectively. 

The duration parameter in the compound indices did not seem to affect the overall 

correlation performances. 

Fajfar Index, IF, exhibited a period-wise variation similar to Iv, but yielding higher r 

values, especially for short-to-medium period systems. The trends are almost the 

same for both hysteresis cases and for all R levels except R=1, and where R=1 level 

noticeably differentiated from others. 

The acceleration spectrum-based intensity parameter proposed by Yakut and 

Yēlmaz, ASI*, has shown much better correlation performance with respect to the 

original ASI definition, where r values remained within 0.8-0.95 band (0.8 for R=1 

case as the worst) for a period range of T=0.02-1.0 sec. After T=1.0 sec, the 
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correlation coefficients seemed to decrease to a level of 0.8 gradually. Both 

hysteresis cases yielded similar variation, whereas the effect of R levels is slightly 

noticeable for EPP systems. 

Considering a relatively wide period range of T=0.02-4.0 sec, EPA performed 

similarly with respect to PGA in general. The noticeable superiority of PGA or EPA 

over its rival has only been identified for the R=1 (elastic) case for the T=0.02-0.5 

sec period range. Unlike EPA, EPV has performed slightly superior with respect to 

PGV and VSI in the period range of T=0.02-1.5 sec; however, this performance 

gradually diminished for periods T>1.5 sec, and finally saturated just below 0.85 

level. The variation in the results with respect to R is noticeable for the EPP case, 

especially in the period range of T=0.5-1.5 sec range. 

Spectral acceleration at SDOF vibration period, Sa, exhibited a perfect correlation 

with the deformation demands for the R=1 case, which is an expected outcome. 

However, considering the EPP case; the correlation performance of Sa for R>1 cases 

turned out to be highly variable between r values of 0.5-0.95 for T=0.01-1.0 sec, 

starting from an approximate value of 0.8 and abruptly decaying to 0.5 levels and 

then again rising to 0.95 levels. The results exhibited a strong correlation (r values 

gradually approaching 1.0) after T=0.5-1.0 sec for R>1 cases, while values are 

slightly lower for increasing R levels. For the bi-linear hardening case, in contrast, 

the period-wise correlation variations ranged between 0.7-1.0 levels for T=0.02-1.0 

sec, emphasizing the effect of the hysteretic model definition. After T=1.0 sec, the 

trends are similar with EPP cases. 

Spectral velocity at SDOF vibration period, Sv, showed strong correlation 

performance for the R=1 case, as expected. However, the r values showed 

significant variation for R>1 levels, generally changing within the range of 0.5-0.95 

with higher R levels yielding slightly lower r values. After medium-to-long periods, 

the correlation coefficients converged to an approximate value of 0.95. The trends 

turned out to be similar for both hysteretic models except for very short periods.  
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Spectral displacement, Sd, exhibited a perfect correlation with the deformation 

demands for the R=1 case, which is also an expected outcome. However, considering 

the EPP case of R>1 levels; Sd has yielded highly variable r values in the range of 

0.5-0.95 for T=0.01-1.0 sec, starting from an approximate value of 0.8 and suddenly 

decreasing to 0.5 levels, afterwards, again rising to 0.95 levels. The results exhibited 

strong correlation (r values gradually approaching 1.0) after T=0.5-1.0 sec for R>1 

cases, while values are slightly lower for increasing levels of R. For bi-linear 

hardening case, in contrast, the period-wise correlation variations ranged between 

0.7-1.0 levels for T=0.02-1.0 sec, emphasizing the effect of hysteretic model 

definition. After T=1.0 sec, the trends are alike EPP cases. 

The overall comparison of Pearson-based correlation coefficients with their 

Spearman-based counterparts has shown that the numerical results are generally 

comparable. 

Finally, the numerical results evaluated in this section were compared with the 

results of a companion study, Ye et al. (2013), and the correlation values presented 

herein were found to be slightly higher. 

4.3.2 Evaluations Based on Ductility (µ) Levels 

The observations on PGA-specific Pearson- and Spearman-based charts have 

revealed that PGA is correlating very well with the deformation demands of very 

short period structural systems irrespective of ductility (µ) levels and hysteresis 

cases; however, r values fall below 0.8 after T=1.0 sec and generally saturate around 

0.6. 

PGV-specific charts have shown that the correlation performance is relative 

moderately for short-period systems, yet improves for SDOF systems with 

intermediate periods approaching 0.95 and finally saturates to a value of 0.90. Elastic 

(µ=1) cases eventually show lower correlations with regard to inelastic (µ>1) cases, 

however, the variation in correlation results with respect to µ is much less when 
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considered to the case with different R levels. EPP and bi-linear hardening cases did 

yield similar performances. 

The r values of PGD-based charts particular to different µ levels start around 0.6-

0.7 band, indicating a weak-to-moderate correlation performance for short-period 

systems, but increase to 0.9 level around T=1.0 sec, pointing out to strong correlation 

especially for long-period systems. The variability in the µ-based results is limited 

with respect to the R-based charts. The correlation values are generally insignificant 

to hysteresis cases. 

It has been observed for PGV/PGA ratio-based charts that there is a very weak 

correlation for short-to-intermediate period systems (even negative correlation for 

very short period systems) regardless of ductility level and hysteresis case. This poor 

performance slightly improves to a value of 0.6 for long period systems (T>1.0 sec). 

The correlation values are generally insignificant to hysteresis cases. 

When arms-based figure set is examined, the strong correlation for short period 

systems immediately decays with increasing periods, finally saturating to a value of 

0.65-0.70 after T=2.0 sec. The ductility level and hysteresis model definition did not 

seem to cause significant variations in the period-wise results. 

The vrms-based figure set has yielded moderate correlation for short-to-intermediate 

period systems where this correlation performance has improved for systems around 

T=1.0 sec. The correlation performance stayed constant slightly above 0.9 for long-

period systems, regardless of µ levels and hysteresis cases. 

The correlation performance of drms seemed to increase rapidly from weak 

correlation levels (r=0.5) to r=0.9 in the short-to-long period (T=0.02-1.0 sec) range 

without showing observable variation due to µ levels or hysteresis model 

alternatives. After T=1.0 sec, the correlation values gradually increase to 0.95. 

Charts particular to AI have revealed the relatively strong correlation performance 

of AI in the short-to-intermediate period range regardless of µ level or hysteresis 
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model. However, this superiority was lost after T=1.0 sec, and the coefficients 

decreased to r=0.80 corresponding to moderate correlation. 

The period-wise variation of r values for IC* turned out to be similar to AI-specific 

results, with the exception for long-period systems, where r saturates around 0.75. 

No significant difference was observed with respect to µ levels or hysteresis model 

definitions. 

µ-wise variation of SED-based results showed a general trend similar to R-wise 

variations where the only observable difference is that the effect of R level on the r 

results is much more significant for structures with T=0.01-1.0 sec. The moderate-

to-strong correlation performance of SED is valid for both hysteresis cases. 

CAV has yielded a moderate correlation performance (with a r range of 0.75-0.9) 

for systems with periods T<1.0 sec, and after this period level, the correlations stayed 

constant slightly below 0.90 level. The observations are valid for all ductility levels 

and for both hysteresis cases.  

ASI-based charts showed that this intensity measure is effective for short-to-medium 

period structures with r values higher than 0.9, whereas this superior performance 

worsened rapidly after T=0.5 sec saturating at a r level of 0.6. The results did not 

show observable differences considering alternating µ levels and hysteresis cases. 

VSI has shown a strong correlation (r>0.90), especially for medium-to-long period 

systems regardless of µ levels, approaching r=0.95 roughly around T=1.0 sec, and 

gradually decreased to 0.90 band. However, the coefficients remained below 0.90, 

pointing out to moderate correlation performance for the short-to-medium range. The 

observations are valid for both hysteresis models. 

SMA-based correlation coefficients exhibited a strong correlation (r=0.9-0.95 for 

T=0.02-0.5 sec, however, decreased rapidly after this period level converging to 

0.65, indicating a weak correlation performance for medium-to-long period systems. 

The results did not seem to vary with µ levels and alternative hysteresis models.  
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SMV, similar to VSI, generally showed a strong correlation for systems having a 

fundamental period T>0.5 sec irrespective of µ levels and hysteresis models. For 

short period systems with T<0.5, the correlation coefficients were lower than 0.9, 

indicating a moderate correlation performance. 

Period-wise variation of r values based on EDA and A95 has shown that the general 

trends for these IMs are parallel with SMA for all µ levels and for both hysteresis 

cases.  

Predominant period (Tp)- and mean period (Tm)-based indices exhibited very weak 

correlations, especially for systems T<1.0 sec, whereas the correlations increase and 

saturate to 0.35 and 0.60, respectively. The hysteresis model definition and µ levels 

did not seem to affect the trends.  

When the charts based on significant duration (tr) are examined, it has been observed 

that duration-related index of GM records generally exhibit negative correlations for 

systems with T<1.0 sec, whereas after T=1.0 sec, low r values (converging around 

0.25 level) pointed out to significantly weak correlations for long period systems. 

Results are invariant of µ levels and hysteresis models. 

When the result set corresponding to IC is evaluated, it has been realized that the 

relatively strong correlation performance at short periods gradually disappears after 

T=1.0 sec and converges to a r level of 0.8. The observations are valid for both 

hysteresis cases and for all µ levels.  

Riddell and Garciaôs acceleration-, velocity- and displacement-based compound 

indices, Ia, Iv, Id, exhibited very similar correlation performance variations with the 

individual cases of arms, vrms and drms, respectively. The duration parameter in the 

compound indices did not seem to affect the overall correlation performances. 

Fajfar Index, IF, also showed a period-wise variation similar to Iv, but yielding higher 

r values, especially for short-to-medium period systems. The observations are the 

same for all µ levels and for both hysteresis cases. 
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ASI*, has shown much better correlation performance with respect to the original 

ASI definition, where r values remained within 0.8-0.95 band regardless of µ level 

for a period range of T=0.02-1.0 sec. After T=1.0 sec, the correlation coefficients 

seemed to decrease to a level slightly above 0.8 gradually. Both hysteresis cases 

yielded similar trends. 

Considering a relatively wide period range of T=0.02-4.0 sec, EPA performed 

similarly with respect to PGA in general. The noticeable superiority of PGA over its 

rival has only been identified for the T=0.02-0.5 sec period range. Unlike EPA, EPV 

has performed slightly superior with respect to PGV and VSI in the period range of 

T=0.02-1.5 sec; however, this performance gradually diminished for periods T>1.5 

sec, and finally saturated just below 0.85 level. The trends turned out to be alike for 

all µ levels and for both hysteretic behavior cases. 

Spectral acceleration, Sa, exhibited a perfect correlation with the deformation 

demands for the µ=1 case, which is an expected outcome. For other µ cases, the 

correlation coefficients are changing between 0.9-1.0, indicating a strong correlation, 

though the variation of results due to µ is noticeable for the T=0.02-1.0 sec period 

range. Both hysteresis cases yielded similar trends.  

Spectral velocity, Sv, generally showed strong correlation performance for µ =1 case, 

exhibiting almost perfect correlation at medium periods (T º 0.5 sec). However, the 

r values showed variation for other µ levels, generally changing within the range of 

0.85-0.95 with higher µ levels yielding lower r values. After medium-to-long 

periods, the correlation coefficients converged to an approximate value of 0.95. The 

trends turned out to be alike for both hysteretic models.  

Spectral displacement, Sd, displayed a perfect correlation with the deformation 

demands for the µ=1 case, while for other µ cases, the correlation coefficients 

changed between 0.9-1.0, indicating a strong correlation. The results showed 

variation due to changing µ levels for the T=0.02-1.0 sec period range. The trends of 

EPP and bilinear hardening models are similar to the case of Sa, as expected. 
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Finally, the overall comparison of Pearson-based correlation coefficients with their 

Spearman-based counterparts has shown that the numerical results are generally 

almost the same, in accordance with R-based observations. 

4.3.3 Evaluations Based on Yield Base Shear Coefficient (h) Levels 

Overall examination of the period-wise charts developed with respect to changing 

yield base shear coefficients (h) has revealed that the variations of the correlation 

values are generally alike the µ-based variations. Besides, the correlation variations 

are mainly insensitive to changing h except for specific observations for very rigid 

systems (T<0.1 sec). Despite the fact that relatively limited cases of h (i.e., five 

distinct h values representing structural systems with low lateral strength capacities) 

have been evaluated throughout the analyses, these particular cases are considered 

to be representative of the general trend as well. 

The numerical results roughly evaluated in this section were compared with the 

results of two relevant companion studies, Palanci and Senel (2019), and 

Karimzadeh et al. (2021), respectively. The correlation trends (with different h 

levels) presented herein were found to be comparable in general with the result set 

of Karimzadeh et al. (2021), yet significantly different than the results of Palanci and 

Senel (2019). 

4.3.4 Discussion of Correlation Performances of Intensity Measures 

The SDOF-based evaluation of r-T variations of the selected intensity measures with 

changing strength reduction factor (R) and ductility (µ) levels has revealed the 

following interpretations in general: 

¶ PGA, the simplest acceleration-related scalar IM, correlates well with the 

displacement demands of short-period systems; however, as the period of the 
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systems enters into medium or long period range, the correlation performance 

immediately diminishes (Figure 4.5).  

¶ PGV, the simplest velocity-related scalar IM, shows lower correlation 

performance at short periods with respect to PGA, but it demonstrates much 

higher correlations at intermediate and relatively long periods, compensating 

for its drawback (Figure 4.5). This observation is in parallel with the 

conclusions of key literature (Akkar and Özen, 2005). 

¶ The basic displacement-related scalar IM, PGD, shows a strong correlation 

for long-period structural systems invariant of R and µ level (Figure 4.5). 

¶ PGV/PGA ratio, which is a measure related to the frequency content of the 

ground motion, shows a weak correlation for short-to-medium periods 

irrespective of T, R, and µ, whereas its performance slightly improves for 

long-period systems (Figure 4.5). 

    
(a) PGA (b) PGV (c) PGD (d) PGV/PGA 

 

    
(a) PGA (b) PGV (c) PGD (d) PGV/PGA 

 

Figure 4.5. Comparison of Pearson-based results for PGA-PGV-PGD-PGV/PGA 

(Elastic-Perfectly-Plastic case)  
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¶ The acceleration-, velocity- and displacement-related indices arms, vrms and 

drms show trends similar to their simpler counterparts, PGA, PGV, and PGD, 

while arms and vrms correlate slightly better at longer periods with respect to 

PGA and PGV, respectively (Figure 4.6). 

    
(a) PGA (b) arms (c) PGV (d) vrms 

 

    
(a) PGA (b) arms (c) PGV (d) vrms 

 

Figure 4.6. Comparison of Pearson-based results for PGA-arms-PGV-vrms (Elastic-

Perfectly-Plastic case)  

¶ Arias Intensity, AI, and Characteristic Intensity, IC, are akin to PGA, but they 

exhibit higher correlations at long periods. Besides, The acceleration-related 

parameters ASI, SMA, EDA, and A95 exhibit comparable variations with 

respect to PGA, which has been expected due to their high inter-correlations 

with PGA. On the other hand, the modified version of ASI, ASI*, shows a 

better correlation performance with respect to ASI except for very short 

periods, and accordingly, is more efficient with respect to ASI (Figure 4.14). 
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(a) PGA (b) AI  (c) IC (d) ASI (e) ASI* 

 

     
(a) PGA (b) AI (c) IC (d) ASI (e) ASI* 

 

Figure 4.7. Comparison of Pearson-based results for selected PGA-AI-IC-ASI-ASI*  

(Elastic-Perfectly-Plastic case)  

¶ SED and CAV show stable and relatively high correlation performance for 

long period systems, where SED is superior to CAV. However, for the short-

to-intermediate period range, CAV correlates noticeably better than SED 

(Figure 4.8). 

¶ The velocity-related parameters VSI and SMV, similarly, show comparable 

r-T variations with respect to PGV (Figure 4.8). 
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(a) SED (b) CAV (c) PGV (d) VSI (e) SMV 

 

     
(a) SED (b) CAV (c) PGV (d) VSI (e) SMV 

 

Figure 4.8. Comparison of Pearson-based results for SED-CAV-PGV-VSI-SMV 

(Elastic-Perfectly-Plastic case)  

¶ EPA and EPV generally trend similarly with respect to PGA and PGV. 

Although EPV correlates slightly better with respect to PGV for medium- to 

relatively long-period systems (up to T=1.5 sec), after this period limit, the 

performance of EPV is slightly worse (Figure 4.9). 

¶ Ground motion period-related parameters TP, Tm, and duration-related index, 

tr, poorly correlate with the drift demands and could not be regarded as 

efficient intensity measures. On the other hand, it had been stated by Riddell 

(2007) and Yang et al. (2009) that incorporation of significant duration into 

intensity parameters to form compound IMs would improve the correlations 

of PGA and PGV; however, this improvement has been found minor in this 

study (Figure 4.10). 

¶ Among Ia, IF, Iv, and Id; Fajfar Intensity, IF and Riddell and Garciaôs velocity-

related index, Iv, show a stable and good correlation with the displacement 

demands of SDOF systems at a wide period range (Figure 4.10).  
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(a) PGA (b) EPA (c) PGV (d) EPV 

 

    
(a) PGA (b) EPA (c) PGV (d) EPV 

 

Figure 4.9. Comparison of Pearson-based results for PGA-EPA-PGV-EPV 

(Elastic-Perfectly-Plastic case) 

 

     
(a) PGA (b) Ia (c) PGV (d) IF (e) Iv 

 

     
(a) PGA (b) Ia (c) PGV (d) IF (e) Iv 

 

Figure 4.10. Comparison of Pearson-based results for PGA-Ia-PGV-IF-Iv (Elastic-

Perfectly-Plastic case)   
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¶ To re-emphasize, the spectrum-based intensity measures, Sa, Sv, and Sd, are 

of structure-specific parameters and require SDOF response-based 

calculations as opposed to the indices listed above. Among these spectral 

parameters, Sa, and Sd show perfect correlation with drift demands of elastic 

systems, albeit they reveal good correlation for different µ levels. Both of 

them are superior to Sv. However, for different R levels, the performance of 

Sa and Sd couple is very low for short-to-medium periods. 

 

   
(a) Sa (b) Sv (c) Sd 

 

   
(a) Sa (b) Sv (c) Sd 

 

Figure 4.11. Comparison of Pearson-based results for Sa-Sv-Sd (Elastic-Perfectly-

Plastic case) 

¶ In overall, the general observation that acceleration-, velocity- and 

displacement-related IMs are correlating well with the seismic displacement 

demands of the systems in short, medium, and long period ranges, 

respectively, has been re-confirmed with the period-wise variations. Besides, 

the effect of R level on the correlation results seems to be significant up to a 


















































































































































































































































































































































































































































































































































































































































































































