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ABSTRACT 

 0The behavior of the earthquake ground motions recorded at the locations a few kilometers 

away from the active faults is significantly different from the ordinary ground motions. It may contain 

the velocity pulse, which brings the seismic energy in a single large pulse of motion. Mandalay city is 

selected as the studied site area, located about 8 kilometers away from the Sagaing Fault. Under the 

seismic hazard condition of Mandalay, three types of reinforced concrete buildings – 4-story, 10-story, 

and 16-story buildings are studied to represent the low-rise, median-rise, and high-rise buildings 

respectively. These buildings are subjected to the ground motions recorded from far-field and near-fault 

earthquakes using the Nonlinear Response History Analysis (NLRHA) in comparison with the seismic 

response of the linear analysis methods such as Equivalent Lateral Force (ELF) analysis and Response 

Spectrum Analysis (RSA). The effects of ground motion selection methods are also studied through the 

comparison of the two Tall Initiative (TBI) guidelines – TBI (2010) and TBI (2017). The Interstory Drift 

Ratios (IDR) of the buildings are higher in the near-fault ground motions and it is more pronounced in 

fault-normal direction when compared to the fault-parallel direction. The pulse period (Tp) observed in 

the near-fault ground motions are interrelated to the fundamental period of the buildings (T1) in 

determining the structural response of the buildings. The TBI (2017) uses more meaningful and accurate 

intensity measure (IM) in the ground motion selection and produces less seismic demand when 

compared to the TBI (2010). 
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CHAPTER I 

INTRODUCTION 

 

 

1.1  Overview 
 Mandalay city is the cultural and economic center of upper Myanmar, and 

is the second largest city with about 1.3 million populations according to 2014 census 

data. The city undergoes the rapid urbanization with the increasing population and 

emerging economy. The construction sector also becomes increasing to fulfil the 

shortage of living space by developing the high-rise construction and housing complex 

projects. Mandalay city was a royal capital and is full of national heritage buildings, 

monuments and pagodas. The city, on the other hand, has a higher risk of strong 

earthquakes because it is located a few kilometers away from the famous dextral 

strike-slip fault, known as Sagaing fault, and falls within the near-fault regions. That 

fault contributes the larger portion of seismic hazard in Mandalay region. Historical 

earthquake records indicate that many destructive earthquakes occurred in Mandalay 

and its surrounding area. The more recent earthquake event on 16 July in 1956 caused 

serious damage to monuments and buildings, and even injuries and fatalities were 

observed. This research study is motivated by the reason such that how will the 

buildings behave when near-fault earthquakes hit the Mandalay city? Will the effects 

of such near-fault earthquakes be the same to all types of buildings – low-rise to high-

rise buildings? This study will be an initial step to the probabilistic and performance-

based assessment of collapse for the buildings subjected to near-fault ground motions 

in Mandalay region.  

 Researchers found that there is a significant difference between the 

behavior of near-fault and far-field earthquake ground motions. It has been reported 

that the larger pulse portion observed in the velocity time series of near-fault ground 

motion carries strong energy, which may cause serious damage to the buildings with 

longer period. Three types of buildings are analyzed in this study to observe the 

different response of each building. The selected buildings represent the typical office 
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building type commonly found in Myanmar. Therefore, it is believed that the 

important findings in this study can be implemented for the buildings in Mandalay. In 

this study, Nonlinear Response History Analysis (NLRHA) is primarily employed 

using SeismoStruct (SeismoSoft, 2018) to analyze the buildings subjected to far-field 

and near-fault ground motions, comparing structural responses obtained from linear 

structural analysis methods used in current design practice such as Equivalent Lateral 

Force (ELF) analysis and Response Spectrum Analysis (RSA).  In addition, Linear 

Response History Analysis (LRHA) is also used to compare the ground motions 

selections methods. 

 The significance of seismic recording station plays a vital role in studying 

the behavior of near-fault earthquakes because the directionality effects occurred in 

near-fault earthquakes such as forward- and backward directivity effects are observed 

in two different locations of stations. The proper locations should be set to install 

future stations in potential area along the Sagaing fault and other potential active 

faults. 
 

 

1.2  Objectives 
 The primary objective of this thesis is to evaluate the structural response of 

three selected RC buildings which are subjected to near-fault ground motions in 

comparison with the response of far-field ground motions. Mandalay city is selected as 

the study site area, where is located only few kilometers away from the well-known 

Sagaing Fault in Myanmar, which is the type of strike-slip fault. The assumption is 

made that the potential contribution of seismic hazard comes from this nearby fault. 

The following tasks will be carried out in this study. 

 To evaluate the pulse-like effect of near-fault ground motions on the 

Reinforced Concrete buildings with different natural periods (low-rise to high-rise) in 

comparison with the response of far-field ground motions. 

 The fundamental period (T1) of a structure is sensitive to the pulse period 

(Tp), which is observed in pulse-like ground motions. The significance of the ratio 

(T1/Tp) is extended to three dimension analysis of reinforced concrete building in bi-

direction excitation.  
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To compare the results of response history analyses with the current linear 

design methods including static and dynamic such as Equivalent Lateral Force 

Analysis (ELF) and Response Spectrum Analysis (RSA). These linear design methods 

are calculated based on Mandalay seismic hazard condition according to Myanmar 

National Building Code (MNBC, 2016) provision. 

To study the effect of ground motion selection methods for response 

history analysis of tall buildings, comparing Tall Building Initiative guidelines TBI 

(2010) and (2017). The explanation of different intensity measures (IMs) used in the 

guidelines is also presented. 

1.3  Outline of Thesis 
This thesis is divided into five chapters. In the following paragraph, brief 

introduction is presented for each chapter.  

Chapter 2: provides an introduction to the literature regarding with the 

topic of near-fault ground motions. Firstly, the important characteristics of the near-

fault ground motions are described including the observed damage of buildings in 

historic near-fault earthquakes. Next, the directionality effect and different 

methodologies approached to near-fault ground motions are discussed. Finally, the 

velocity pulse extraction algorithm used in this study is explained in detail.  

Chapter 3: the seismicity of Myanmar and Mandalay region, which is the 

selected site area in this study, is presented. This chapter also contains the procedure 

of selecting and scaling ground motions, and several code provisions. 

Chapter 4: the description of three Reinforced Concrete buildings is 

presented; the geometry and layout plan, material and section properties, loading, and 

analytical FEM models including linear and nonlinear models. Several analysis 

methods compared in this study are described.  

Chapter 5: includes the discussion and comparison of the results from 

different methodologies used in the study. 

Chapter 6: presents the conclusion and summary of the results and 

findings in the study, and also describes the suggestions and recommendations for 

future research works. 
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CHAPTER II 

LITERATURE BACKGROUND 

 

 

2.1  Characteristics of Near-fault Earthquakes 
 The earthquake ground motions which are recorded at the regions located 

near the fault rupture produce distinctive characteristics compared to the far-field 

earthquakes. The near-fault ground motions may contain the strong velocity pulse, 

where the seismic energy is concentrated in few cycles of motion. The effects are 

mostly predominant in the fault-normal direction compared to fault-parallel direction. 

However, this is not always the case. In addition, it is strongly dependent on the 

propagation orientation of the fault rupture with respect to the site, which is called 

rupture directivity effect (Somerville et al, 1997).  

  

 
Figure 2.1 Illustration of the rupture directivity effect for the vertical strike-slip fault 

at the event of 1992 Landers earthquake (Somerville et al, 1997) 
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 The above Figure 2.1 presents the schematic illustration of the rupture 

directivity effects occurred in the vertical strike-slip fault at the event of Landers 

earthquake in 1992. It is clearly observed that the two time histories of the fault 

normal components recorded at two different stations – Lucerne and Joshua Tree are 

substantially different from one another.  

 

 
Figure 2.2 Olive view hospital after the San Fernando earthquake in 1971 

 

 The assessment of observed damage and post-earthquake reconnaissance 

indicated that the buildings located at near-fault regions are highly possible to 

experience violent damage compared to the buildings in far-field regions due to strong 

ground shaking. The lessons can be learned from the past major near-fault earthquake 

events; for instance, the San Fernando (1971), the Northridge (1994), the Kobe (1995), 

and the Chi-Chi (1999) earthquakes. Long before such earthquakes, some 

seismologists noticed the potential of near-fault earthquakes. Benioff (1955) reported 

the observed intensity patterns of the Kern County earthquake (1995) in California, 

where the seismological evidence of near-fault phenomenon was also mentioned. In 

1971, the San Fernando earthquake with a magnitude of Ms 6.5 and Mw 6.6 occurred 

in the southern California. It caused severe damage to a number of health-care 

facilities and many building located at densely populated area with higher number of 

fatalities during the event. Researchers conducted post-earthquake studies to 
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understand the response of the Olive View hospital due to the near-fault earthquake 

experienced serious damage as the case study. There had been the acceleration pulses 

with long-duration period observed in ground motion accelerograms recorded in near-

fault regions (Mahin et al, 1976; Bertero et al, 1978). The 1994 Northridge earthquake 

with the magnitude Mw 6.7 also caused the severe damage to the buildings and 

infrastructures including approximately 60 fatalities and more than 7,000 injuries in 

California. The long-period pulse was observed in the fault-normal direction of the 

recorded accelerograms at Rinaldi Receiving station located at near-fault regions. 

Figure 2.3 showed that this pulse behavior also consistently appears in the velocity and 

displacement time histories of the earthquake. Another far-field earthquake was 

compared in the figure – the 1952 Kern County earthquake recorded at Taft station, 

where such pulse behavior did not observed in the ground motion (Chopra and 

Chintanapakdee, 2001). It was observed that the ratios of PGV/PGA and PGD/PGV 

are significantly disparate between the fault-normal components of the near-fault and 

far-field ground motions, which are clearly seen in the peak values of time histories in 

figure 2.3. The ratio of PGD/PGV is quite lower in near-fault earthquakes while the 

ratio of PGV/PGA is much larger (Chopra and Chintanapakdee, 2001). The spectral 

shapes of the response spectra are compared for the fault-normal components of 

earthquakes, as shown in Figure 2.4 – three near-fault earthquakes and one far-field 

earthquake with similar magnitudes. The narrower velocity sensitive region was 

observed in near-fault ground motion compared to far-field earthquake, and is shifted 

towards the longer periods of the response spectrum (Hall et al, 1995). The near-fault 

ground motions possess the characteristics of narrower velocity-sensitive regions and 

wider acceleration- and displacement-sensitive regions (Chopra and Chintanapakdee, 

2001). The effects of wider acceleration-sensitive regions have been studied on the 

response of high-rise buildings; larger seismic demands, reducing flexibility of the 

building, reducing supplemental damping and increasing ductility demand (Malhotra, 

1999). It is noted that the near-fault ground motion with higher PGV/PGA causes less 

contribution of higher mode effects in high-rise buildings, whereas the relatively low 

PGV/PGA ratio has the opposite effect (Malhotra, 1999). 
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Figure 2.3 Fault-normal components are compared for (a) the 1994 Northridge 

earthquake (Rinaldi Receiving Station) and (b) the 1952 Kern County earthquake (Taft 

Station) (Chopra and Chintanapakdee, 2001) 

 

 
Figure 2.4 Comparison of idealized fault-normal component response spectrum 

between three near-fault ground motions and far-field (Taft) ground motion (Chopra 

and Chintanapakdee, 2001) 

 

 A number of researchers investigated the pulse-like effects found in near-

fault ground motions using simple mathematical models. Biggs (1964) studied the 

impulsive response of both elastic and inelastic single degree of freedom systems 
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(SDOF) using simple mathematical pulse models – one-sided triangular, rectangular 

shapes and so on. The natural vibration period of the system is significantly related 

with the amplitude and duration of the pulse (Biggs, 1964). Several researchers, later 

on, extended the simple pulse concept in different approaches to study the significant 

characteristics of near-fault ground motions; for example, Hall et al, 1995; Makris and 

Chang, 2000; Alavi and Krawinkler, 2001; Mavroeidis and Papageorgiou, 2003; and 

so on. It was found that the simple pulse formulation is sufficiently reliable to capture 

the response of SDOF systems at longer periods (Mavroeidis and Papageorgiou, 2003; 

Mavroeidis et al, 2004; Alavi and Krawinkler, 2004). Some researchers described that 

the pulse period found in near-fault ground motions is strongly interrelated to the 

fundamental period of the structure in evaluation of structural response. When the 

fundamental period of the structure (T) is less than or equal to the pulse period (Tp), 

the bottom stories undergo maximum story ductility demands regardless of strength. 

Larger story shear forces can be observed in the upper stories of the structure with T 

greater than Tp. The simple equivalent pulse model can be used to represent the 

characteristics of pulse-like ground motions within the particular range of period ratio 

0.375 < T/Tp < 3.0 (Alavi and Krawinkler, 2004). It was assumed that the multi-degree 

of freedom systems (MDOF) can also be sufficiently represented by the simple pulse 

model if the fundamental mode adequately represents the vibration of the whole 

system (Alavi and Krawinkler, 2004). This assumption might be reasonable for low- 

and medium-rise buildings (i.e. short period buildings), which are mostly governed by 

first mode periods. Some researchers argued that the assumption of validity for tall 

buildings, whose responses are accounted for multi-modes of vibration because the 

high frequencies and higher mode effects are not take into consideration in the simple 

pulse models (Rupakhety and Sigbjörnsson, 2011). This has been a question of interest 

how the simple pulse model is reliable for tall buildings, where the higher modes 

contribution is important. Rupakhety and Sigbjörnsson (2011) studied the reliability of 

simple pulse model of near-fault ground motions proposed by Mavroeidis and 

Papageorgiou (2003), evaluating the elastic response of generic steel moment resisting 

frames in different natural periods. They concluded that the higher mode response of 

tall building cannot be adequately represented by the simple pulse model instead of 

actual near-fault ground motions. The accuracy of the simple pulse model is 
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influenced by the fundamental period of the building with respect to the pulse period. 

The elastic interstory drift demand yields the reliable result for a simple pulse when 

the fundamental period of the building is larger than the pulse period – at least 1.5 

times.  

 Near-fault region is defined as the sites located at small source-to-site 

distance less than 20 km (NIST, 2011), which may experience the rupture directivity 

effects; forward and backward directivity effects, as explained in latter sections. In the 

context of practicing engineering, the near-fault issue was introduced for the first time 

in Uniform Building Code in 1997. According to Act 1629.4.2 (UBC, 1997), it is 

necessary to consider the near-source effect when the structure falls within seismic 

zone 4, and it is located close to the fault rupture. The building code provides two 

near-source factors – acceleration-related Na and velocity-related Nv to multiply the 

site-modified ground motion parameters Ca and Cv, which begin amplification at the 

source-to-site distance less than 10km and 15km respectively. These factors are 

employed depending on the type of seismic source which are able to generate large 

magnitude earthquakes (UBC, 1997).  However, these near-source factors are not 

included in International Building Codes (IBC, 2000) because such building codes are 

not characterized by the artificial truncation of earthquake ground motions. In 2016, 

the near-fault provision was incorporated again in the latest release of ASCE7 standard 

(ASCE7, 2016) for loading criteria for structures. ASCE7 (2016) specifies that the 

given site is classified as near-fault site if either of these two conditions are satisfied; 

the site is located 15 km away from of a causative fault (surface projection area), 

which is able to generate moment magnitude Mw 7.0 or larger events; or the site is 

located 10 km away from surface projection area of a causative fault, which is able to 

generate moment magnitude Mw 6.0 or larger events. 

 

 

2.2  Effect of Rupture Directivity 
 The rupture directivity effect is likely to occur in the near-fault region. It 

can be observed according to the direction of fault rupture propagation and the 

location of the site with reference to the fault. There are generally two types of 

directivity phenomenon such as forward and backward directivity effects. Somerville 
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et al (1997) discovered that the directivity effects cause spatial variations in the 

amplitude and duration of earthquake ground motions as well as significant difference 

in the amplitudes of horizontal ground motions between fault-normal and fault-parallel 

components. These variations become significantly obvious at 0.6 sec period, and 

normally increase in size with increasing period. 

 

 

2.3  Forward Directivity Effect 
 Somerville (1997) explained the occurrence of the forward directivity 

effect based on two conditions. When the fault rupturing initiates and propagates 

toward the station point or site at a travelling speed, which is nearly closed to a speed 

of shear wave velocity, it will undergo forward directivity effect, and the substantial 

amount of seismic energy is carried in a large pulse of seismic wave (Somerville, 

1997). It can usually be seen in the beginning of the records. The orientation of this 

large pulse is perpendicular to the fault because of the radiation pattern of shear 

dislocation on the fault. Another condition is associated with the slip direction of the 

fault, and the condition exists when it is aligned with the station point or site. 

 Since the direction of the fault slip is aligned horizontally with the 

direction of the fault strike, and the fault rupture propagates horizontally along the 

strike of the fault, the strike faults are readily satisfied with the conditions for the 

occurrence of forward directivity. In dip-slip faulting, both reverse and normal faults 

could experience forward directivity effects for the sites locate near the surface 

exposure of the fault when both the directions of fault rupture and slip are aligned up 

with the fault plane (Somerville, 1997). 

 

 

2.4  Backward Directivity Effect 
 It cannot be judged that forward directivity effects can be observed in all 

near-fault ground motions. Backward directivity could occur at the site located close 

to the epicenter of the earthquake when the fault rupture propagates away from the 

site. It contributes the long duration waves with low amplitudes at longer periods, as 

opposed to the forward directivity effects (Somerville, 1997). These two directivity 
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effects in the strike-slip fault are illustrated in Figure 2.5, where the Landers 

earthquake in 1992 was recorded from two different recors – the Lucerne, located 

45km away from the epicenter and the Joshua Tree, located near the epicenter. The 

Lucerne record contains high energy velocity pulse while long duration wave with low 

amplitude is observed in the Joshua Tree record, which is experienced by backward 

directivity effects. 

 

 
Figure 2.5 Illustration of simple velocity pulses and parameters (Bray and Rodriguez-

Marek, 2004) 

 

2.5  Time Domain Approach 
 A number of researchers characterized the forward-directivity effect using 

time-domain approach, in which peak ground velocity (PGV), predominant period 

(Tv), and the significant number of velocity pulses are determined in the velocity time 

series (Bray and Rodriguez-Marek, 2004; Rodriguez-Marek and Bray, 2006; Bray et 

al, 2009). 
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Figure 2.6 Illustration of the directivity effects of the Landers earthquake 1992, 

recorded in two stations – the Lucerne record and the Joshua Tree record (Somerville, 

1997) 

 

2.6  Response Spectrum Approach 
 Some researchers considered the directivity effects in near-fault ground 

motions by modifying the pseudo-acceleration response spectrum from existing 

Ground Motion Prediction Equations (GMPEs) based on the empirically calibrated 

amplification factors (Somerville, 1997; Abrahamson, 2000; Somerville, 2003). There 

are two types of response spectrum approach – Broadband Directivity Model and 

Narrowband Directivity Model.  In broadband model, the spectral ordinates are 
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modified either by monotonically increasing or decreasing over a wide range of 

periods in the response spectrum, whereas the response spectrum is amplified in a 

narrow range of periods with respect to the specific pulse period (Tp) in narrowband 

directivity model (Shahi and Baker, 2011). 

 

 

2.7  Pulse Classification Algorithm (Baker, 2007) 
 Many researchers analyzed sets of near-fault ground motion whether the 

high energy pulses contain in the velocity time series. The velocity pulses, however, 

classified in previous studies are not easily reproducible, and the pulse classification 

schemes were conducted in qualitative approach. In order to overcome the requiring a 

large degree of user judgment, Baker (2007, hereafter B07) developed the quantitative 

classification algorithm to detect the velocity pulses mostly occurred in the near-fault 

ground motions. The algorithm utilized the form of signal processing called Wavelet 

analysis. 

 

 2.7.1  Wavelet Analysis 

 The sine waves are linearly combined to represent a signal in Fourier 

analysis. Meanwhile, a signal is decomposed into several wavelets which are 

translated and scaled along the time series to represent a dominant pulse which formed 

in a specific range of frequencies. Several common wavelet types can be employed to 

represent the mother wavelet. Regarding with the choice of wavelet types, it depends 

on several factors such as orthogonality, compactness, symmetry, etc (Mallat, 1999). 

These wavelet functions are scaled and shifted in time to construct a number of the 

following basic function.  
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, where ϕ = function for mother wavelet; s = scale factor which stretch and shrink the 

wavelet; l = location parameter which shift the wavelet with respect to time  
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Figure 2.7 Common types of mother wavelet for wavelet analysis (Baker, 2007) 

 

 The basic functions are linearly combined to represent the function of the 

signal, f(t). According to the Fourier transform concept, the following convolution 

integral is employed to determine the wavelet coefficients with corresponding scale s 

and location l. Two types of wavelet transform – Continuous Wavelet Transform 

(CWT) and Discrete Wavelet Transform (DWT), are generally available to analyze the 

signal based on the scale and location parameters with corresponding coefficients. In 

Baker (2007) model, the mother wavelet (Daubechies wavelet of order 4) and 

Continuous Wavelet Transform (CWT) are incorporated to classify the velocity pulse 

by computing wavelet coefficients with the corresponding scale and location 

parameters along the time series. 
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 2.7.2  Indentifying Velocity Pulse 

 To indentify the significant part of signal which is caused by near-fault 

effect, the largest pulse is extracted from the velocity time series. There are also two 

additional criteria to those pulse-like records which are most likely produced by the 

effect of rupture directivity – (1) early arriving of pulse in ground motion, which likely 
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occurs due to directivity effect and (2) peak velocity value. The following procedure is 

presented to analyze the any ground motions whether pulse exists or not. 

 The continuous wavelet transform (CWT) of the velocity time series from 

considered ground motion is calculated, and the corresponding coefficient, which has 

the largest absolute value, is determined.  

 The pulse period and position of the velocity pulse is identified at the 

wavelet with corresponding coefficient. It is also noted that the coefficient of each 

wavelet is equivalent to the energy of the corresponding wavelet. 

 The continuous wavelet transform (CWT) and coefficients are also 

computed for the residual ground motion which has already been extracted the 

velocity pulse. 

 Above steps are repeated to extract a total of ten coefficients from the time 

series to reproduce the detailed representation of the pulse-like ground motion, as 

illustrated in Figure 2.8.   

 It should be pointed out that Baker (2007) manually classified a set of 

ground motions and create a statistical model to calibrate the results from the pulse 

identification algorithm. All fault-normal components of ground motions with source 

to site distance within 30 km and magnitudes greater than 5.5 were selected from the 

Next Generation Attenuation (NGA) database, and these available ground motions 

were rotated to fault-normal orientations. A total of 398 ground motion records were 

visually inspected and classified in the velocity time series without consideration of 

other additional seismological parameters. The manual classification resulted in 124 

records which are potentially pulse-like, 190 non pulse-like records, and 84 records 

which can be defined as ambiguous. Baker (2007) model determined two predictor 

variables, which were easy to compute – (1) the ratio of peak ground velocity (PGV) 

of residual ground motion to original ground motion, denoted as “PGV ratio”, and (2) 

the ratio of the energy of residual ground motion to original ground motion, denoted as 

“Energy ratio”. Based on the logistic regression, the following predictive equation was 

developed by Baker (2007) using these two predictor variables, 
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 Pulse indicator is defined as a value between 0 and 1, with the larger value 

gives strong pulse indication of considered ground motion. The energy of the signal is 

computed using the following cumulative squared velocity (CSV) equation, and it is 

also helpful to observe whether the signals contain early or late arriving pulses. By 

using this CSV(t) function for both extracted pulse and original ground motions, the 

time at which each signal arrives the certain percentage of its 100% CSV value are 

determined to conclude whether the pulse arrives early or not. These values for 

original ground motion and extracted pulse are represented as 20% of original signal 

CSV (t20%, original) and 10% of pulse CSV (t10%, pulse) respectively. The cumulative 

squared velocity is defined as; 

 

∫=
1

0

2 )()( duuVtCSV  (2.4) 

 

, where CSV(t)  = cumulative squared velocity of selected ground motion at time; V(u)  

= velocity of selected ground motion at time u. 

 Baker (2007) determined three criteria to classify the pulse-like records 

due to the near-fault effect from the NGA ground motion database, based on the result 

of quantitative wavelet analysis. These criteria are summarized as follows, 

 1) If the pulse indicator score is larger than 0.85, the ground motion is 

pulse-like, whereas PI score below 0.15 is assumed as non pulse-like. 

 2) It can be determined that the pulse arrives early in the ground motion if 

the time t20%, original are larger than the time t10%, pulse. 

 3) The original ground motions with a PGV value of larger than 30 cm/sec 

were selected.  

 The identification of velocity pulse period was also proposed as a part of 

pulse classification algorithm in Baker (2007) model. There were two approaches to 

obtain a velocity pulse period, Tp, - (1) the pseudo-period at which the largest wavelet 

coefficient occurs, and (2) the period corresponding to peak velocity response 

spectrum. The comparison between these two approaches yields fairly similar results. 

The first approach mentioned above is used to determine the pulse period of near-fault 

ground motions in Baker (2007) model. 
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Figure 2.8 Illustration of the procedure for the wavelet decomposition (Baker, 2007)  
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CHAPTER III 

SEISMIC HAZARD AND GROUND MOTIONS 

 

 

3.1  Seismicity of Myanmar 
 Myanmar is located in one of the seismic-prone regions in the world, 

where moderate to destructive earthquakes frequently occurred. It lies in the Alpide 

belt – one of the two major seismic belts in the world, which includes the mountain 

ranges stretching from the Atlantic coast of northern Africa in the west to the islands 

of Sumatra and Java in the east, running across the Himalayan and Mediterranean 

regions including Myanmar between the two far ends. In the context of 

seismotectonic, Myanmar falls in the region where the two major plates converge; the 

Indian plate, which comprised of Indian continent and Indian Ocean and Eurasian 

plate, which composed of Europe, part of Asia, and South China Sea respectively. 

There are two major seismic sources in Myanmar, where moderate to strong 

earthquakes are mostly originated – the active subduction zone, also called Andaman 

mega-thrust zone, in the west and the well-known Sagaing fault in the middle part of 

the country (Win Swe, 1972, 1981; Maung Thein et al, 2009). The Sagaing fault is a 

kind of ridge-trench transform (strike-slip) fault stretching 1400 km distance from the 

Andaman sea spreading area in the south to the eastern Himalaya syntax in the south 

(Wang et al, 2014). It can be divided into several segments depending on the 

geomorphic feature and historic seismicity of the fault. There are five segments along 

the southern section of the Sagaing fault between 16.5˚ and 23.5˚N; Bago segment, 

Pyu segment, Nay Pyi Taw segment, Meiktila segment, and Sagaing segment 

extending from south to north respectively (Wang et al, 2014). There are several major 

fault systems that contributed the strong earthquakes in Myanmar such as Kaladan – 

Mrauk-U fault system, Kabaw fault system, Pyay fault system, 

TangyidaungYenangyat-Chauk Thrust, Tuyin Taung-Gwegyo thrust, Sagaing fault 

system, Momeik fault system, Papun fault system, and Three Pagoda fault (Soe Thuya 

Tun, 2005). The seismicity and tectonic condition of Myanmar is described in figure 
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2.6. The Sagaing fault is the major source of moderate to major shallow crustal 

earthquakes. It can be seen that several strong historic earthquakes had been observed 

along the Sagaing fault and the records are described in figure 2.9. In 1839, a massive 

destructive earthquake severely caused damage to the new capital Amarapoora and the 

old capital Ava near Mandalay city these days. It is the earliest record near Mandalay 

city. There had been a lot of cracks and damages observed in many pagodas, 

especially the famous Mingun pagoda, and it caused approximately 300 to 400 

fatalities in the event. The magnitude 7.1 Sagaing earthquake event occurred near 

Mandalay region in 1956, where many pagodas and non-engineering masonry 

buildings were devastated and even found fatalities. 

 

 

3.2  Seismic Hazard Condition in Mandalay City 
 In this study, Mandalay city is selected as the considered site for the 

evaluation of near-fault seismic demand in Myanmar. It is the second largest city and 

commercial center of the upper Myanmar region, with a total of about 1.3 million 

populations according to 2014 census record. It was once the royal capital of Myanmar 

dynasty. Since it is located at approximately 21.9588° N, 96.0891° E, nearly 8 km 

away from the Sagaing fault in the west, it is anticipated that there is a higher potential 

of occurring near-fault earthquakes including directivity effects along the fault rupture. 

In 2012, Myanmar Earthquake Committee (MEC) conducted the seismic hazard 

assessment for Mandalay using both Probabilistic Seismic Hazard Analysis (PSHA) 

and Deterministic Seismic Hazard Analysis (DSHA) based on several seismic sources. 

The Sagaing fault and the Kyaukkyan fault are primarily indentified as the seismic 

sources, and some other areal sources within 300 km radius of the site are also 

considered (Myo Thant et al, 2012). MNBC (2016) provided the Mapped Maximum 

Considered Earthquake (MCE) spectral response acceleration parameter at short 

period (Ss = 2.01g) and at 1.0sec (S1 = 1.3g) for Mandalay city. These values are 

based on the ground motion data recorded at firm rock (site class B in MNBC 2016) at 

5% damping ratio. Long-period transition period (TL) is specified at 6.0 sec. In this 

study, site classification is determined in accordance with Myanmar National Building 

Code (MNBC, 2016), using the data of seismic microzonation report for Mandalay 
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city (Pyi Soe Thein et al, 2018). The shear wave velocity (VS30) at the upper 30 m of 

the soil profile is calculated based on the standard penetration test (SPT) values from 

several boreholes data throughout the city. According to the study of Pyi Soe Thein et 

al (2018), the spatial variation of VS30 ranges from 220 m/s to 340 m/s for nearly all of 

the sites in Mandalay. It is shown in the figure 2.10. They also indicated that the 

minimum VS30 range is 220-320 m/s for western part of the city encompassing 

Aungmyethazan, Chanayethazan, Mahaaungmye, Chanmyathazi, Pyigyidagun, and 

Amarapura townships, whereas the maximum VS30 range 320-340 m/s can be observed 

in northeastern part of the city such as Patheingyi townships. According to MNBC 

(2016), hence, stiff soil (site class D) is considered for target spectrum, with site 

modification coefficient Fa and Fv for SS and S1 respectively, as described in Table. 

The site-modified values of MCE level Ss and S1 are denoted as SMS and SM1. The 

design spectral values are taken as two third of site-modified MCE spectral values, and 

are called SDS and SD1 in MNBC (2016).  

 

 
Figure 3.1 Shear wave velocity Vs30 map of Mandalay city (Pyi Soe Thein et al, 

2018) 
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Figure 3.2 Seismicity and tectonic map of Myanmar 
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3.3  Earthquake Ground Motions 
 

 3.3.1  Intensity Measures (IMs) 

 There are several different ways in constructing the response spectrum to 

define the intensity measures (IMs) of the earthquake ground motions in evaluating the 

seismic risk assessment. To determine the damage measure (DM) of a building such as 

plastic-hinge rotation (θ), floor displacement, floor acceleration, interstory drift ratio 

(IDR), one can define the IM for a given potential earthquake in either a single 

component or the combination of horizontal components. Peak ground acceleration 

(PGA) is the common type of IM used in the seismic design of the building codes, but 

here we will discuss the implementation of the 5% damped spectral acceleration, Sa 

(T, 5% ξ), which is the response of elastic single degree of freedom system at 5% 

damping. In multi-component ground motion, the geometric-mean response spectrum, 

which is mathematically derived from two horizontal components (referred to Sax(T) 

and Say(T)) as shown in Equation (3.1), was previously adapted in building codes and 

ground motion prediction equations. The response spectrum is computed based on a 

single orientation of the recording sensor, and previous studies have also shown that 

the response quantity is surprisingly variable in another rotation angle with respect to 

original orientation for some ground motion containing directivity effect. In NGA-

West2 ground motion database, the researchers (Boore et al, 2006; Boore, 2010) 

introduced new intensity measures SaRotDpp, which is dependent on the period at 

particular rotation angle regardless of the sensor orientation as installed at the seismic 

station. It is also mentioned as a period-dependent IM. The subscript ppth denotes the 

percentile of the response quantity; SaRotD00, SaRotD50 and SaRotD100 represent the 

minimum, median and maximum value of spectral acceleration for a given period 

respectively, as described in Equation (3.4) and (3.5) (Shahi and Baker, 2012). 
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 )],([max)(100 TSaTSaRotD θ
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=  (3.4) 
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θ

=  (3.5) 

 

 The two horizontal components of the as-recorded earthquake ground 

motion, which are orthogonal to each other, are linearly combined into a single 

acceleration time series with respect to each arbitrary orientation, aRot(t,θ), as 

described in Equation (3.2). The differential equation with mass, stiffness and 

damping term is solved using numerical methods, and the corresponding deformation 

response uRot(t) is obtained for a particular vibration period of interest at a specific 

rotation angle. The pseudo spectral acceleration Sa(θ,T) is computed using the 

Equation (3.3), taking the maximum deformation value. The resultant acceleration 

time series is rotated by one degree angle increment, ranging from 0 degree to 180 

degrees and above same procedure is repeated until the period range is reached to 

construct a pseudo spectral acceleration response spectrum. 

 

 3.3.2  Ground Motion Selection and Scaling 

 The earthquake ground motions are selected using the web-based PEER 

NGA-West2 database tool, which is provided by the Pacific Earthquake Engineering 

Research (PEER) center. The selection process is constrained by several criteria 

including shear wave velocity, range of scaling factors, site condition, style of faulting, 

and site-to-source distance. The magnitude Mw 5.5 to 8 earthquakes produced by the 

strike-slip faults are selected because the scenario seismic source in this study is the 

strike-slip fault type. As mentioned earlier, the MNBC site class ‘D’ is used, and it 

ranges from 600 ft/s (183 m/s) to 1200 ft/s (366 m/s). For near-fault ground motion 

sets, the site-to-source distance is 0km to 15km range whereas the earthquakes 

occurred within the range of 100 km radius are selected for far-field earthquake sets, 

where the velocity pulse is intentionally excluded. In this study, two sets of ground 

motions – near-fault and far-field earthquakes (hereafter referred to ‘pulse-like’ and 

‘non pulse-like’) are primarily used to analyze the different buildings with different 

natural vibration periods in order to study the sensitivity of near-fault effect on the 

natural vibration period of a building. The effect of intensity measures in ground 
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motion selection and scaling is compared for two Tall Building Initiative guidelines 

(TBI, 2010; TBI, 2017) published by the Pacific Earthquake Engineering Research 

Center (PEER). Hence, there will be four different ground motion sets for each 

building; (1) TBI-2010 non pulse-like ground motions set, (2) TBI-2017 non pulse-

like ground motions set, (3) TBI-2010 pulse-like ground motions set, and (4) TBI-

2017 pulse-like ground motions set, as shown in Figures (3.3) and (3.4). In selecting 

and identifying the near-fault ground motions, the quantitative classification algorithm 

(Shahi and Baker, 2014) is employed to extract the dominant velocity pulse from the 

velocity time series. 

  

 3.3.3 TBI (2010) Approach  

 In TBI (2010) ground motions sets, 7 minimum ground motions are used 

for both near-fault and far-field earthquakes. For near-fault earthquakes containing 

velocity pulses, the ground motions are rotated to fault-normal (FN) direction and the 

average spectrum is considered in terms of geometric means of these two rotated 

components. The geometric means of as-recorded horizontal components are used to 

match with target spectrum for far-field earthquakes. The amplitude scaling method is 

employed for both TBI (2010) and TBI (2017) sets within the target period range of 

interest – 0.2T1 to 1.5T1, where T1 denotes the average fundamental period of a 

building in accordance with NIST guideline (NIST, 2011).  

 

 3.3.4  TBI (2017) Approach  

 In TBI (2017) for ground motion selection and scaling, the maximum-

direction response spectra have to be scaled not to fall below at least 90% of the target 

spectrum within the period range of interest. SaRotD100 maximum response spectrum is 

used for far-field earthquake set. In near-fault earthquakes, the fault-normal 

component is taken as the maximum-direction and the ground motions are rotated to 

fault-normal (FN) direction. The average fault-parallel components are ensured not to 

fall below the average SaRotD50 spectrum of that ground motions. 11 ground motions 

are considered to fulfil the minimum requirement of ground motions for response 

history analysis. To be consistent with the first approach, the same scaling method and 

target period range of interest is maintained. 
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Figure 3.3 TBI-2010 ground motions sets (a) Non pulse-like ground motions (b) 

Pulse-like ground motions 

(a) 

(b) 
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Figure 3.4 TBI-2017 ground motions sets (a) Non pulse-like ground motions (b) 

Pulse-like ground motions 

(a) 

(b) 
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Table 3.1 Selected earthquake ground motions. 

No. Record Earthquake Year Mw
1 

Tp2 

(s) 

Rrup3  

(km) 

Vs304  

(m/s) 

Scale Factor 

TBI 2010 TBI 2017 

 Non pulse-like ground motions 

1 6 Imperial Valley 02 1940 6.9 - 6 213 3.04 - 

2 95 Managua Nicaragua 01 1972 6.2 - 4 289 2.9 - 

3 165 Imperial Valley 06 1979 6.5 - 7 242 2.98 - 

4 169 Imperial Valley 06 1979 6.5 - 22 242 3.7 2.66 

5 183 Imperial Valley 06 1979 6.5 - 4 206 3.3 - 

6 725 Superstition Hills 02 1987 6.5 - 11 317 3.9 - 

7 821 Erzican 1992 6.7 - 4 352 2.76 - 

8 902 Big Bear 01 1992 6.5 - 41 359 - 3.54 

9 1634 Manjil 1990 7.4 - 76 303 - 3.32 

10 3756 Landers 1992 7.3 - 41 368 - 3.84 

11 5832 El Mayor Cucapah 2010 7.2 - 27 242 - 3.29 

12 5990 El Mayor Cucapah 2010 7.2 - 28 211 - 3.25 

13 6013 El Mayor Cucapah 2010 7.2 - 28 276 - 3.47 

14 6923 Darfield 2010 7 - 31 255 - 2.52 

15 6953 Darfield 2010 7 - 25 206 - 3.15 

16 6971 Darfield 2010 7 - 30 390 - 3.69 

17 8160 El Mayor Cucapah 2010 7.2 - 35 209 - 3.32 

 Pulse-like ground motions 

18 171 Imperial Valley 06 1979 6.5 3.4 0.0 265 3.2 2.16 

19 184 Imperial Valley 06 1979 6.5 6.3 5 202 3.6 3.4 

20 185 Imperial Valley 06 1979 6.5 4.8 7 203 3.75 3.06 

21 1119 Kobe 1995 6.9 1.8 0.0 312 - 2.4 

22 1602 Duzce 1999 7.1 0.9 12 294 3.2 0.68 

23 4098 Parkfield 02 2004 6 1.3 3 327 - 1.8 

24 4101 Parkfield 02 2004 6 0.5 6 397 - 2.25 

25 4102 Parkfield 02 2004 6 1.0 4 231 3.8 2.88 

26 4126 Parkfield 02 2004 6 0.6 4 261 - 3.11 

27 6960 Darfield 2010 7 9.4 14 293 2.6 3.75 

28 6975 Darfield 2010 7 8.9 6 249 3.8 3.45 

29 6911 Darfield 2010 7 9.9 7 326 - 1.35 

30 6927 Darfield 2010 7 7.4 7 263 - 1.35 

1. The moment magnitude; 2. Pulse period; 3. Closet rupture distance; 4. Average shear wave velocity 

(subsurface depth of 30m) 
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3.4  Pulse Classification Algorithm (Shahi and Baker, 2014)  
 Baker (2007) pulse classification algorithm lacks the ability to classify a 

ground motion as pulse-like in multi-component time histories. Another main 

drawback is that it is unable to classify a ground motion as pulse-like when the pulse 

does not exist in fault-normal orientation. They developed an improved pulse 

classification algorithm which can identify the velocity pulses at arbitrary orientation 

using multi-component ground motions. The same wavelet method is employed by 

computing CWT coefficients from the time series, but the coefficients obtained from 

the bi-directional components are linearly combined into single one at any arbitrary 

rotation angle and the corresponding coefficient is produced. To compute the wavelet 

coefficients over all orientations, the procedure is presented below; 
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where, f1(t) and f2(t) denote the two orthogonal components of a ground motion, and 

the equation (3.4) can be re-written as the equation (3.5) in the form of wavelet 

coefficients (c1 and c2 corresponding to f1 and f2). 

 

)sin(),()cos(),(),,( 21 θθθ ×+×= lsclsclsc  (3.5) 

 

 Shahi and Baker (2014) introduced the new parameter called Principal 

Component (PC), which is the linear combination of the two variables: Energy Ratio 

and PGV Ratio. They observed that these two ratios are correlated with each other. 

The pulse indicator (PI) score equation is developed using two independent variables: 

PC and PGV ratio. 
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 Pulse indicator (PI) score = 0 defines the pulse classification boundary. 

The same procedure developed by Baker (2007) is adapted to identify whether the 

pulses arrive early or not in time histories using the energy function – cumulative 

square velocity (CSV).  

 1) If the pulse indicator score is positive, the ground motion is pulse-like, 

whereas the negative PI score is defined as non pulse-like. 

 2) It can be determined that the pulse arrives early in the ground motion if 

the time t17%, original are larger than the time t5%, pulse. 
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CHAPTER IV 

STRUCTURAL MODELING AND ANALYSIS 

 

 

4.1  Description of the Buildings 
 In this study, three reinforced concrete buildings are considered to study 

the response of the buildings with different natural periods of vibration. To represent 

low-rise, mid-rise, and high-rise buildings, the different archetype buildings with 

identical floor plan and different heights – 4-story, 10-story, and 16-story buildings are 

analyzed. The buildings are selected to be similar with the typical office buildings type 

commonly found in Myanmar. The general layout plan and elevation of each building 

is 18.6m x 36.0m, and the story height is 3.5m, as shown in Figure 3.2 and Figure 3.3. 

The buildings are comprised of four frames (6.2m bay width) in the Y-direction and 

seven frames (6m bay width) in the X-direction. The 15cm thickness one-way floor 

system is employed and monolithically cast with the floor beams. In order of reducing 

the depth of the floor slabs, the secondary beams are placed in parallel with the 

longitudinal direction. To incorporate the ductile behavior of the frames, the special 

moment resisting frame (SMRF) is used for the lateral load resisting system in both 

longitudinal and transverse directions. Detail information about member sections is 

provided in Appendix. The material properties of concrete and steel reinforcement 

employed in this study are described in Table 4.3 and 4.4 respectively. The dead load 

of the building consists of self-weight of the structure such as beams, columns, floors, 

partition walls, insulation, and some other mechanical services. Since all the buildings 

considered in this study are office buildings, superimposed live load is taken as 2.4 

KN/m2 for typical floor and 1.0 kN/m2 for roof. Partition load and mechanical load in 

uniform loading are 1.0 kN/m2 and 0.5 kN/m2 respectively. Minimum load 

consideration for superimposed dead and live load is adapted from the building code 

(MNBC, 2016). 
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Figure 4.1 (a) 3D view of the buildings and (b) Layout plans of the buildings  

 

4.2  Linear FEM Models 
 Linear modeling is conducted in FEM-program ETABS version 16 

(ETABS, 2016), developed by Computers & Structures, Inc. Theoretical concepts and 

assumptions of modeling and analysis features utilized in this program are discussed in 

this section. The coordinate system is used to locate the nodes of the structures, and 

these nodes are connected each other to form structural elements. It is used to define 

the amount of stress, strain and displacement, as well as their directions. Two types of 

coordinate systems are offered in ETABS program such as Cartesian coordinate 

system and Polar coordinate system, which are three-dimensional and right-handed. 

(b) 

(a) 
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There are three axes in rectangular coordinate system, denoted X, Y, and Z, which are 

orthogonal to each other. For global coordinate system, ETABS program always 

assumes that +Z is upward direction, with X-Y plane being horizontal. 

 There are six degrees of freedom in every joint of the structural model. 

Each joint may undergo translational movement along its three local axes, denoted by 

U1, U2, and U3, as well as rotational movement about its three local axes. These 

rotations are expressed as R1, R2, and R3. Since the case study models are carried out 

three-dimensional analysis, all degree of freedom is set an active. The boundary 

condition of the structure is considered to be the fixed support at the base, without 

taking into account the soil-structure interaction (SSI) in this study. Hence, all six 

degree of freedom at support nodes is restrained in both translational and rotational 

directions.  

 Beams and columns of the structure are modeled as elastic frame element, 

which is represented by a straight line connected between two nodes. Section and 

material properties are assigned to frame elements to demonstrate the analytical model 

of real structural behavior. Superimposed loads are directly applied on the floor slabs 

of the buildings. The floor slab of the building is modeled as shell element in this 

study. Diaphragm action is also considered as a part of lateral load resisting system. 

Among the area objects such as shell, membrane, and plate offered by FEM programs, 

shell element uses three- or four-node formulation, which combines the behavior of 

plate and membrane elements because it can translate and rotate in all six degrees of 

freedom in three dimensional structures. It is worth to briefly explain about membrane 

and plate elements here. The membrane element incorporates an isoparametric 

formulation with translational stiffness components in in-plane direction and rotational 

stiffness component in perpendicular direction, while the plate behavior involves a 

rotational stiffness in out-of-plane, two-way directions and a translational stiffness 

component in perpendicular direction (CSI, 2016). Here again, rigid diaphragm is 

assumed for every floor slab diaphragms, in order to achieve the same acceleration, 

velocity and displacement for all nodes on each floor. For structural elements – beams, 

columns, and slabs, the sections are modeled as reduced gross section using property 

modifier in ETABS, to consider the cracked section behavior of reinforced concrete 
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members. These section modifiers are adapted from American Concrete Institute code 

ACI 318 (ACI, 2005), and are listed in Table. 

 

Table 4.1 Effective stiffness of reinforced concrete sections  

Member Effective Stiffness 

Beam (Non-prestressed) Ieff = 0.35Ig 

Column Ieff = 0.70Ig 

Slab Ieff = 0.25Ig 

Wall (Uncracked) Ieff = 0.70Ig 

Wall (Cracked) Ieff = 0.35Ig 
(Adapted from ACI318, 2005); Ig = gross moment of inertia of a section 

 

4.3  Linear Static Procedure 
 The linear static method is computed to compare with the response history 

analyses (RHA) because the linear method is widely used in current design practice 

and it is still a good option for regular low- and medium-rise buildings. The 

calculation is carried out in accordance with the Myanmar National Building Code 

(MNBC, 2016). The step by step procedure is presented below.   

 

 4.3.1  Site Effect and Response Spectral Accelerations 

 The site amplification effect is taken into account employing two site 

modification factors are employed; Fa and Fv for spectral response acceleration at 0.2 

sec period (Ss) and at 1.0 sec period (S1) respectively. The spectral response 

accelerations modified by soil amplification factors are called site-adjusted response 

accelerations. 

 

saMS SFS =  (4.1) 

11 SFS vM =  (4.2) 
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 4.3.2  Design Response Spectral Accelerations 

 The design spectral response accelerations are specified as two third of the 

site-adjusted response accelerations SMS and SM1 denoted by SDS for 0.2 sec period and 

SD1 for 1.0sec period. 

 

MSDS SS
3
2

=  (4.3) 

11 3
2

MD SS =  (4.4) 

 

 4.3.3  Fundamental Period 

 The approximate fundamental period of a building can be calculated as 

following, 

 
x
nta hCT =  (4.5) 

 

, where hn is the height of a building in meter. Coefficient Ct and x are given in MNBC 

Table 3.4.15. To limit the excessive reduction of seismic force, ASCE7 and MNBC 

introduced maximum fundamental period, Tmax, which specifies the upper limit on the 

calculation of fundamental period using Cu factor.  

 

auTCT =max  (4.6) 

 

, where the coefficient Cu is given in MNBC Table 3.4.14 and is depending on design 

spectral response acceleration at 1.0 sec, SD1. Three values of fundamental period are 

calculated and compared for each building in this study; (1) Ta, approximate 

fundamental period calculated from Equation 4.5, (2) Tmax in Equation 4.6, and (3) T1, 

first mode period calculated from dynamic analysis using FEM program. The 

transition period for long-period structures is defined as 6.0 sec. 
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 4.3.4  Base Shear 

 In MNBC, the seismic base shear of the equivalent lateral force method is 

determined as following;  

 

WCV s=  (4.7) 

 

, where Cs is a seismic response coefficient and W is the effective seismic weight of 

the structure, in which the 100 percent self-weight of the building or structure 

including elements permanently attached to the structure and 25 % of floor live load.  

 

 4.3.5  Seismic Response Coefficient, Cs 

 Several equations are provided to calculate Cs depending on the 

fundamental period of a building T1 in the linear static seismic design procedure. 

When the period T1 is less than TS limit, which is the ratio of 1.0 sec period to short 

period (0.2 sec) and normally taken as 5.0 sec, the Equation 4.8 is used by taking the 

spectral acceleration equivalent to SDS f. For the structure whose period is longer than 

the TS limit, the Equation 4.9 and 4.10 with the spectral acceleration SD1 are available 

to use accordingly. To limit the lower bound value of the seismic base shear, Cs should 

not be less than one percent (0.01) in accordance with the following MNBC.  
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, where SDS = the design spectral response acceleration at short period (0.2sec); SD1 = 

the design spectral response acceleration at 1.0sec period; R = the response 

modification factor provided in MNBC Table 3.4.9; I = the seismic important factor.  

 

 4.3.6  Vertical Distribution of Seismic Force 

 The vertical distribution of seismic force along the height in multi-story 

buildings is the function of stiffness and effective mass of the structure (at each floor 

level), as well as the fundamental period of the structure. It is also worth to note that 

the contribution of significant modes behavior plays an important role in distribution 

of force. The exponential value, k is used to consider the contribution of higher modes 

effect of a building. The seismic lateral force, Fx and the vertical distribution factor, 

Cvx are presented in the following equations. 

 

VCF vxx =  (4.12) 

∑
=

= N

i

k
ii

k
xx

vx
hw

hwC

1

 (4.13) 

 

, where wi and wx is the total effective seismic weight located at designated level i or x. 

hi and hx is the height measured from the base to level i or x.  

 

 

4.4  Dynamic Analysis 
 The equation of motion governed for the response of MDOF system 

subjected to earthquake excitation can be described as follow.  

 

)(tumιkuucum g −=++  (4.14) 

 

, where üg(t) = input ground acceleration; c = damping matrix (classical damping); k = 

stiffness matrix; m = mass matrix; ι = influence vector (simply take 1.0 in a case for 

translational motion of a planar system). 
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 The Eigenvalue problem analysis employed to obtain a set of uncoupled 

equations of motions. In the following equation, ω denotes the natural frequency of the 

structure; and ω2 is a diagonal matrix of Eigenvalues; and ϕ represents column vector 

of associated Eigenvectors (mode shapes of the structure).  

 

0][ 2 =− ϕω mk  (4.15) 

 

Displacement (u) for N mode, n = 1, 2….N 

 

∑
=

=
N

n
nn tqtu

1
)()( ϕ  (4.16) 

 

, where φn = Eigenvector at nth mode; qn = modal coordinate at nth mode.  

 

Uncoupled equation of motion 
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M
Lqqq  −=++ 22 ωωξ  (4.17) 

 

Modal participation factor (Гn)  

 The function is used to normalize the modes and to measure the 

contribution of modes in total response of the system. 

 For N mode, n = 1, 2...N, and jth story, j = 1, 2…N 
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Effective modal mass of nth mode 

 

n

n
nnn M

LLM
2

* =Γ=  (4.19) 

 

, and the total mass of the system can be obtained by summing the effective modal 

mass of all modes.  

 

 

4.5  Response Spectrum Analysis (RSA) 
 Firstly, the mass matrix M and stiffness matrix K (lateral stiffness) are 

constructed for a MDOF system and the modal damping ratio is specified. The 

Eigenvalue analysis is carried out to determine the natural frequency ω and mode 

shape ϕ for nth mode of vibration, as explained in above articles. The modal 

participation ratio Γn and effective modal mass M*
n are also computed for nth mode of 

vibration. And then, the floor displacement and equivalent static force responses for nth 

mode are determined using the following equations.  

 

Displacement at each floor level 

 

njnnjn Du ϕΓ=  (4.20) 

 

Deformation corresponding to natural period Tn 

 

2),( nnnnn ATD ωζ =  (4.21) 

 

, where ω is the natural frequency of each mode and An is the pseudo-acceleration, 

which can be obtained from the response spectrum for each corresponding natural 

period. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.   M.Eng. (Civil Engineering) / 39 

Equivalent static lateral force at each floor level 

 

njnjnjn Amf ϕΓ=  (4.22) 

 

 The story shear, story overturning moment and element actions are 

calculated from the above equivalent static lateral force. Finally, the total peak 

response is obtained by combining the peak response at each mode employing one of 

the modal combination rules such as the square root of sum of squares (SRSS) and the 

complete quadratic combination (CQC).  

 

Table 4.2 Periods of three reinforced concrete buildings 

Mode 
4-story building 10-story building 16-story building 

Period (s) Freq. (Hz) Period (s) Freq. (Hz) Period (s) Freq. (Hz) 

1 0.574 1.743 1.185 0.844 1.532 0.653 

2 0.513 1.949 1.132 0.884 1.512 0.661 

3 0.243 4.122 0.49 2.04 0.663 1.509 

4 0.178 5.623 0.422 2.37 0.579 1.728 

5 0.158 6.31 0.39 2.562 0.547 1.827 

6 0.092 10.876 0.239 4.179 0.345 2.901 

7 0.088 11.391 0.216 4.629 0.316 3.169 

8 0.087 11.433 0.179 5.582 0.254 3.94 

9 0.087 11.458 0.154 6.504 0.239 4.181 
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Figure 4.2 Mode shapes of (a) 4-story building (b) 10-story building (c) 16-story 

building 

 

4.6  Nonlinear Modeling of Structures 
 In this study, three-dimensional nonlinear analytical nonlinear models of 

the buildings are created to perform nonlinear response history analysis (NLRHA) 

using SeismoStruct 2018 (Seismosoft, 2018). The elastic section properties are no 

longer valid in nonlinear analysis, and the exerted force is not linearly proportional to 
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the deformation of a structure. There are several types of component models to 

represent the structural elements for nonlinear analysis such as (a) plastic hinge model, 

(b) nonlinear spring hinge model, (c) finite length hinge zone model, (d) fiber section 

model, and (e) finite element model as depicted in Figure 4.3 (NIST, 2010). Each 

model has its own unique feature depending on reliability and computational 

efficiency. It is quite common in practice to model the structural elements using the 

concentrated plastic hinge model with the idealized force-deformation curve. It is 

normally derived from the moment-curvature (M-ψ) analysis of a particular cross-

section at the section level. In addition, the model can be easily calibrated with the 

experimental test results. Another common type is fiber-type model idealization. It can 

be primarily used to describe the flexural behavior of the structural elements. The 

cross-section of a structural element is discretized into a number of smaller fibers. 

There are different types of fibers based on each material type in reinforced concrete 

sections representing steel reinforcement, unconfined concrete and confined concrete. 

The confined concrete material is used to represent the core fibers of a reinforced 

concrete section located within the confinement reinforcement, whereas the outer 

fibers in cover area are usually modeled as unconfined concrete material. Each smaller 

fiber has its particular stress-strain pattern, and the total moment-curvature (M-ψ) 

relationship can be obtained by summing all of the fibers. In analytical models, the 

expected material strength is employed to calculate the stress-strain relationship 

incorporating several hysteretic models for each type of material. In this study, as 

illustrated in Figure 4.5 and 4.6, Mander et al. nonlinear concrete model (con_ma) and 

Menegotto-Pinto steel model (stl_mp) are used for concrete and steel materials 

respectively. The inelastic yielding of a fiber cross-section is distributed along the 

length of the member in two types of formulation – distributed inelasticity and 

concentrated inelasticity.  The nonlinear relationship of a fiber cross-section is broken 

down into multiple integration points along the member length in distributed 

inelasticity type, and the solution is derived incorporating numerical integration rules. 

In concentrated inelasticity frame element type, however, only a fiber cross-section is 

concentrated at each end of the member one plastic hinge length away from the beam-

column joint. The user-defined plastic hinge length is used to derive the member level 
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moment-rotation (M-θ) relationship from the section level moment-curvature (M-ψ) 

relationship. 

 There are several types of element classes available for frame element in 

SeismoStruct; inelastic force-based frame element type (infrmFB), inelastic 

displacement-based frame element type (infrmDB), inelastic force-based plastic hinge 

frame element type (infrmFBPH), inelastic displacement-based plastic hinge frame 

element type (infrmDBPH), and elastic frame element (elfrm). In this study, beams 

and columns, which are part of primary moment resisting frame, are modeled as 

inelastic force-based plastic hinge frame element type (infrmFBPH) that employs 

concentrated inelasticity fiber element type, whereas the elastic frame element (elfrm) 

type is used for secondary beams that resist only gravity load. In capacity design 

concept, beam-column joints are expected not to undergo primary failure and to 

remain elastic under seismic excitation. The buildings are designed to adequately 

withstand the seismic loads. It can be assumed that the beam-column joints have 

adequate longitudinal and transverse reinforcement and behave like the rigid joints. 

The 15 cm thickness floor slab is modeled using special rigid diaphragm link provided 

by SeismoStruct so that the nodes of the slab are rigidly connected to each other and 

move together. The hysteretic behavior of each building is derived by exciting a static 

cyclic load protocol.  The force-deformation curves of three buildings are described in 

Figure 4.7, showing base shear and roof displacement. 

 

 
Figure 4.3 Structural component model types (NIST, 2010) 
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Figure 4.4 Analytical model for reinforced concrete moment resisting frame with 

concentrated inelasticity fiber element type. (NIST, 2017) 

 

 
Figure 4.5 Mander et al stress-strain relationship for confined and unconfined 

concrete (Mander et al, 1988) 
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Figure 4.6 Menegotto and Pinto cyclic stress-strain relationship for steel (Menegotto 

& Pinto, 1973) 

 

Table 4.3 Mander et al nonlinear concrete model 

Mean Compressive Strength 28000 kPa 
Characteristic or Nominal Compressive Strength 20000 kPa 
Mean Tensile Strength 2800 kPa 
Modulus of Elasticity 24870062.32 kPa 
Strain at Peak Stress 0.002 m/m 
Specific Weight 24.00 kN/m3 

 

Table 4.4 Menegotto-Pinto steel model 

Mean Yield Strength 483000.00 kPa 
Characteristic or Nominal Yield Strength 420000.00 kPa 
Modulus of Elasticity 2.0000E+008 kPa 
Strain Hardening Parameter (-) 0.005 
Transition Curve Initial Shape Parameter (-) 20.00 
Transition Curve Calibrating Coefficient A1 (-) 18.50 
Transition Curve Calibrating Coefficient A2 (-) 0.15 
Isotropic Hardening Calibrating Coefficient A3 (-) 0.00 
Isotropic Hardening Calibrating Coefficient A4 (-) 1.00 
Fracture/Buckling Strain (-) 0.10 
Specific Weight 78.00 kN/m3 
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Figure 4.7 Hysteretic behavior of the buildings subjected static cyclic load pattern; (a) 

4-story building, (b) 10-story building and (c) 16-story building 

(b) 

(a) 

(c) 
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4.7  Damping 
 In nonlinear dynamic analysis, the damping parameters for the buildings 

are calculated using classical damping method (Rayleigh damping) accounting both 

mass-proportional damping and stiffness-proportional damping together. These 

parameters are briefly explained as follows. 

 

Mass-proportional damping 

maC 0=  (4.23) 

nn MaC 0=  (4.24) 

 

 
Figure 4.8 Rayleigh damping of (a) 4-story building (b) 10-story building (c) 16-story 

building.
  

(a) 

(b) (c) 
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Stiffness-proportional damping 

kaC 1=  (4.25) 

nnnn MaKaC 2
11 ω==  (4.26) 

 

Modal Damping Ratio (using mass-proportional damping) 

n
n

a
ω

ξ 1
2
0=  (4.27) 

iia ωξ20 =  (4.28) 

 

Modal Damping Ratio (using stiffness-proportional damping) 

nn
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1=  (4.29) 

j

ja
ω
ξ2

1 =  (4.30) 

 

Rayleigh Damping 

kamaC 10 +=  (4.31) 

 

Damping Ratio 
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, where the coefficients a0 and a1 can be derived from the specific damping ratio of 

interest, ξi and ξj for ith and jth modes. The expression can be described in both matrix 

form and algebraic equations as following. 
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Table 4.5 Damping ratios of the buildings 

Mode 
4-story building 10-story building 16-story building 

Period (s) Damping (%) Period (s) Damping (%) Period (s) Damping (%) 

1 0.574 0.03 1.185 0.03 1.532 0.03 

2 0.513 0.028 1.132 0.03 1.512 0.03 

3 0.243 0.021 0.49 0.023 0.663 0.024 

4 0.178 0.022 0.422 0.024 0.579 0.024 

5 0.158 0.023 0.39 0.024 0.547 0.025 

6 0.092 0.03 0.239 0.03 0.345 0.03 

7 0.088 0.032 0.216 0.033 0.316 0.032 

8 0.087 0.032 0.179 0.038 0.254 0.038 

9 0.087 0.032 0.154 0.043 0.239 0.04 

 

4.8  Nonlinear Response History Analysis (NLRHA) 
 The equation of motion for the inelastic behavior of the system can be 

derived using the resisting force term fs(u), as described in the following equation. In 

nonlinear system, the force-deformation relationship of a particular structural element 

under cyclic loading can be expressed in terms of hysteretic pattern. 

 

)()( tgumιusfucum  −=++  (4.36) 

 

Using numerical solution of above equation, the displacement at nth floor uj(t), j = 1, 2, 

…., N, can be calculated from nth number of nonlinear differential equations 

considering mass matrix (m), damping matrix (c), inelastic force-deformation term 

fs(u) and ground acceleration term üg(t). The internal forces can be derived from the 

displacement. The formulation of variable stiffness matrix is repeated for every time 

step and the nonlinear differential equations are solved. Unlike the linear system, the 

uncoupled equations cannot be transformed into modal coordinates. Solving the 

coupled differential equations in inelastic system with larger degree of freedom 
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(DOFs) requires tremendous computational effort. In this study, the Hibler-Hughes-

Taylor integration scheme with SeismoStruct recommended values (Alpha = -0.10, 

Beta = 0.3025, Gamma = 0.60) is employed for numerical solving in nonlinear time 

history analysis.  

 

 

4.9  Performance Assessment and Acceptance Criteria 
 The assessment of the structural performance of the analytical models 

under earthquake excitation is evaluated according to ASCE41-17. In this study, 

beams and columns elements of a moment resisting frame are classified as primary 

component, whereas the secondary beams are assumed as secondary components, 

which are not the primary parts of a seismic resisting system. ASCE41-17 defines the 

actions as all the loads acting on a structural component and the corresponding 

deformation parameters such as displacement and chord rotation of that particular 

component. The actions can be classified as two types based on failure mechanism – 

deformation-controlled action and force-controlled action. The deformation-controlled 

action is used to model the actions with ductile failure mechanism, which goes beyond 

the yielding capacity; for example, moment action (M) of the beam and moment (M) 

and shear action (V) of the shear wall. The non-ductile and brittle actions are classified 

as force-controlled actions such as shear action (V) of the beam, axial load (P) and 

shear (V) of the column, and axial load (P) of the shear wall. The response of a 

component due to each particular action can be described as the generalized force-

deformation curve, as shown in the Figure 4.8, representing various stages of 

nonlinear stiffness as following. 

A to B: linear elastic strength 

B to C: strain hardening strength (usually described as fraction of initial 

stiffness) 

C to D: after the ultimate component strength is reached at point C, the 

strength degradation occurs between point C and D. 

D to E: the residual strength before the point E, where the component 

sustains no longer strength. 
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 ASCE41 offers different limit states of deformation capacity to make the 

performance assessment of a structural component such as Immediate Occupancy 

(IO), Life Safety (LS), and Collapse Prevention (CP). 

 IO – the capacity reached onset of developing visible damage 

 LS – the capacity is typically assumed as 75 % of Collapse Prevention 

capacity 

 CP – the capacity usually reached at or near to the ductile limit   

 

 
Figure 4.9 Generalized force-deformation relationship of a component 

 

4.10  Engineering Demand Parameters (EDPs) 
 The interstory drift ratio for multi-story buildings, which is usually 

represented as percentage of story height, at story j level is described as the difference 

of story displacements (u) between two adjacent floor levels at nth mode. 
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The maximum interstory drift at story j level can be presented by 

 

)(max)(max, tIDRtIDR jj =  (4.39) 

 

 To measure the central tendency value and variability of engineering 

demand parameters (EDPs), the following two statistical parameters are used. 
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CHAPTER V 

RESULTS AND DISCUSSION 

 

 

5.1  Nonlinear Response History Analysis (NLRHA) Results 
 In this study, the pulse-like effect of near-fault earthquakes is primarily 

studied on three types of reinforced concrete buildings with different natural vibration 

periods representing low-rise, mid-rise and high-rise buildings. The nonlinear response 

history analysis is conducted for two ground motions suites – pulse-like and non 

pulse-like ground motions. Each ground motion suite contains 11 ground motions, and 

the ground motions are selected and scaled according to TBI (2017) provision. In 

addition, the linear static method ELF and linear dynamic method (RSA) at the design 

level seismic hazard, which are currently used in design practice, are also compared 

with the time history analyses. Three dimensional time history analysis is conducted 

by bi-directional excitation of each ground motion. The major component fault normal 

(FN) of the ground motion is applied to X-direction while applying fault parallel (FP) 

component in Y-direction of the building in pulse-like ground motions. The major 

component is assumed as as-recorded horizontal component in non pulse-like ground 

motions.  

 The interstory drift ratio (IDR) results from NLRHA are shown in Figure 

5.2 for three buildings – 4-story, 10-story and 16-story buildings, comparing non 

pulse-like and pulse-like records. In addition to the individual records, the average 

IDR and standard deviation of the whole ground motions suite are calculated to 

observe the height-wise central tendency value of IDR and its variability. It can 

generally be seen that the pulse-like ground motions produce larger seismic demand in 

both directions of three buildings compared to non pulse-like ground motions. This 

behavior is clearly apparent in X-direction of the building where the fault normal 

component is applied, but the mean values did not show obvious difference between 

these two ground motions suites in Y-direction. The structural response produced by 

non pulse-like ground motions suite indicated less variability than that of the pulse-
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like ground motions suite in which each ground motion has a particular spectral shape 

depending on the occurrence of the pulse in the velocity time series. The variability is 

defined as the mean value plus or minus one standard deviation (μ +/- σ), denoted as 

thick dashed black line in the Figure 5.2. In pulse-like ground motions, we can observe 

that the mean IDRs for 10-story and 16-story buildings are fairly less than the 2% IDR 

limit, which is specified for linear static method in the building codes. For 4-story 

building, however, IDRs at bottom stories exceed the 2% limit. Here again, IDRs in 

non pulse-like ground motions are significantly less than the 2% limit for all buildings.  

 The average IDR results are also compared with the design level linear 

static (ELF) and dynamic methods (RSA) in Figure 5.5. The elastic base shear results 

obtained from linear methods are reduced by response modification factor R, and the 

corresponding inelastic story drifts are obtained incorporating deflection amplification 

factor, Cd according to Myanmar National Building Code (MNBC, 2016). The IDR of 

RSA is based on the as-calculated base shear from response spectrum analysis without 

any scaling. It estimated the lowest seismic demand among all other analyses in X-

direction where primary components are applied, whereas ELF is considerably higher 

even at the design level earthquake. It is somewhat comparable with the pulse-like 

seismic demand along the height of the buildings. But the seismic demand is 

underestimated at the bottom stories compared to time history analyses. It is especially 

more pronounced in short period buildings.  

 The near-fault earthquakes which contain dominant velocity pulses are 

selected, and the ground motions are processed using classification algorithm to obtain 

pulse period (Tp). The fundamental period of each building is normalized with the 

pulse period (Tp) of every pulse-like ground motions to obtain the pulse period ratio 

(T1/Tp), as described in the Figure 5.1. The figure illustrates that the pulse period (Tp) 

ranges from 0.52s (for Parkfield 02 earthquake) to 9.92s (for Darfield earthquake) in 

the vertical axis and the pulse period ratio (T1/Tp) varying from 0.06 to 2.95 in the 

horizontal axis. About half of the selected pulse-like ground motions have much larger 

pulse period than the fundamental periods of the buildings. The figure shows the data 

points for 4-story building are accumulated in the area where (T1/Tp) is less than 1.5. 

The ratios are fairly distributed for 10-story and 16-story buildings. Each IDR result 

obtained from both ground motions suites is illustrated for three buildings in the 
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Figure 5.3. It is generally observed that the larger interstory drift demand takes place 

at the bottom stories of shorter period building compared to longer period building for 

both pulse-like and non pulse-like ground motions except some ground motions. The 

behavior is rather obvious in some pulse-like ground motions, and it is also related to 

the pulse period ratio (T1/Tp). In the record 4102, 4126 and 4098, the interstory drift 

demand is larger at the upper stories of 10-story and 16-story buildings (T1/Tp larger 

than 1.0) and the migration of demand moves toward the base for 4-story building 

with the ratio less than 1.0. In the records – 171, 184, 185, 6911 and 6927, the 

maximum IDR demand occurs at the bottom stories of all buildings when the ratio 

(T1/Tp) is considerably smaller than 1.0. The significance of pulse period ratio (T1/Tp) 

seems to be more pronounced in longer period buildings. For 10-story and 16-story 

buildings, the distribution of demand is fairly uniform without abrupt changes along 

the height of the buildings in non pulse-like ground motions.   

 
Figure 5.1 The ratio of fundamental period of the buildings to pulse period 

 

 The behavior of structural response found in pulse-like ground motions is 

also observed in some non pulse-like ground motions especially when the site-to-

source distance falls within the near-fault region. The yielding limit state is used to 

quantify the damaged hinges developed in the structural components of the buildings. 
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It can generally be seen that the hinges uniformly developed along the height and the 

demand depleted at the top in 10- and 16-story buildings. The demand is higher at the 

bottom in 4-story building. The beam hinges usually outnumber the column hinges in 

both non pulse-like and pulse-like records of all buildings. However, there is no 

significant difference in damage distribution pattern between these two ground 

motions sets, as depicted in Figure 5.4, with the average demand is uniformly 

distributed at the middle and bottom stories and mitigates at the top. The variability of 

the demand is considerably larger in pulse-like ground motions sets compared to non-

pulse like sets. The higher demand in upper stories is observed in few ground motions. 

The individual results for yielding hinges for three buildings are shown in the 

appendix B, Figure B.1 to B.22. 

 

 

5.2  Ground Motions Selection and Scaling for RHA 
 As a part of this research, the effect of ground motion selection and scaling 

procedure for response history analysis (RHA) is also studied using four different sets 

of ground motions. The detail explanation has been described in chapter 3. The 

numerical modeling is based on linear properties of materials and structural elements, 

considering the code-based parameters to gain inelastic behavior. The amplified 

interstory drift ratio (Cd x Δe) is used as a primary engineering demand parameter for 

the structural damage measure. In Figure 5.6, TBI (2017) ground motions sets satisfied 

with the 2% drift limitation while TBI (2010) sets failed to comply with the limitation 

in X-direction of the buildings. This behavior can also be seen in Y-direction with 

lower seismic demand, where the minor components of the ground motions are 

applied. Comparing two ground motion modification procedures, TBI-2017 adapted 

the maximum-direction IM, which is defined as SaRotD100 for far-field earthquakes and 

fault-normal component for near-fault earthquakes. Allowing a certain extent of 

flexibility in matching the target spectrum, TBI-2017 reduced some conservatism by 

providing a more meaningful definition of intensity measure rather than in terms of the 

average spectrum.  
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Figure 5.2 Mean interstory drift ratios (IDR) for (a) non pulse-like records (b) pulse-

like records. 

(a) (b) 
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Figure 5.3 Interstory drift ratios (IDR) for (a) non pulse-like records (b) pulse-like 

records. 

(a) (b) 
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Figure 5.4 Damage quantifications (yielding hinges) for (a) non pulse-like records (b) 

pulse-like records. 

(a) (b) 
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Figure 5.5 Comparison of mean interstory drift ratios (IDR) for ELF, RSA and 

LNRHA 

(a) (b) 
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Figure 5.6 Mean interstory drift ratios (IDR) in comparison of ground motion 

selection methods 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

6.1  Conclusions 
 The comprehensive study has been conducted to understand the behavior 

of different natural periods of RC building when subjected to pulse-like ground 

motions found in near-fault earthquakes. Several conclusions drawn from the current 

research study are listed below. 

 1) In general, the seismic demand of pulse-like ground motions are 

apparently larger in the principal direction of the building where fault-normal 

components are applied. In fault-parallel excitation direction, it was observed 

considerable difference in IDR demand compared to non pulse-like ground motions. 

 2) In pulse-like ground motions, a large variability of structural response 

was observed along the height of the building. It is believed that the dominant velocity 

pulse causes some peaks in the response spectrum. 

 3) It was found that the seismic demand produced by ELF at design level 

is rather comparable along the height to that of pulse-like ground motions in longer 

period buildings, but ELF underestimated the demand in lower stories. The ELF is 

quite low for 4-story building, where the pulse-like seismic demand occurs at the 

lower stories. RSA is the lowest among all other analyses, and it is usually a good 

practice to scale RSA base shear in comparison with ELF result. 

 4) In bi-directional excitation, the larger drift demand is pronounced at the 

lower stories of the longer natural period buildings when the pulse period ratio (T1/Tp) 

is larger than the unity. When it comes to the ratio (T1/Tp) less than one, the demand 

migrated toward the lower stories of the building. According to this study, the pulse-

like ground motions cause the maximum seismic demand at the base for short natural 

period building regardless of the ratio. 

 5) In comparing the ground motions selection procedures, TBI (2010) 

suites give rather conservative result in structural response of the buildings. TBI 
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(2017) adapted the intensity measure with maximum-direction spectral acceleration. 

Even though the ground motions processing take a computational effort, it gives more 

reliable result adapting the period-dependent maximum spectral acceleration on 

corresponding orientation.  

 

 

6.2  Recommendations 
 This section describes several recommendations for future work, which 

have not been covered in the current study for several reasons.   

 1) Geometric nonlinearity is not considered in this study to avoid the 

premature collapse of the whole building prior to knowing the height-wise of 

distribution of yielding. But P-Δ effect plays an important role in nonlinear structural 

analysis. It should be addressed in the future research. 

 2) The code-based target spectrum is used to scale the ground motions to 

target period range. The spectral shape of the spectrum also plays an important role in 

the ground motion modification. Hence, the conditional mean spectrum (CMS), which 

allows the scaling for specific period point, should be used for several significant 

natural periods of a building. 

 3) The number of ground motions is still limited in this study. More 

ground motions should be considered in future study to provide the better statistical 

meaning. 
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APPENDIX A 

BUILDINGS ANALYSIS INFORMATION 

 

 
Table A.1 Design information of structural member sections 

Section 

Name 

Section Size 

(mm) 

Long. Reinforcement Trans. 

Reinforcement Top Bottom Side 

Beams 

B30X40 300x400 3@#7 3@#7 0@#5 (2-2)@#3/100mm 

B40X75 400x750 4@#7 4@#7 8@#5 (2-4)@#3/120mm 

B40X60 400x600 4@#7 4@#7 6@#5 (2-3)@#3/100mm 

B45X80 450x800 4@#8 4@#8 8@#5 (2-4)@#3/120mm 

B45X85 450x850 5@#8 5@#8 10@#5 (2-4)@#3/120mm 

B50X90 500x900 5@#8 5@#8 10@#5 (2-4)@#3/120mm 

B50X95 500x950 6@#8 6@#8 12@#5 (2-4)@#3/120mm 

B40X70 400x700 4@#7 4@#7 8@#5 (2-4)@#3/120mm 

B40X55 400x550 4@#7 4@#7 6@#5 (2-3)@#3/100mm 

Columns 

C65 650x650 4@#8 6@#8 6@#8 (3-3)@#4/100mm 

C70 700x700 4@#8 6@#8 6@#8 (3-3)@#4/100mm 

C75 750x750 4@#8 10@#8 10@#8 (5-5)@#4/100mm 

C80 800x800 4@#8 10@#8 10@#8 (5-5)@#4/100mm 

C85 850x850 4@#8 10@#8 10@#8 (5-5)@#4/100mm 

C65X80 650x800 4@#8 6@#8 10@#8 (4-3)@#4/100mm 

C70X80 700x800 4@#8 6@#8 10@#8 (4-3)@#4/100mm 

C75X90 750x900 4@#8 10@#8 10@#8 (4-4)@#4/100mm 

C80X95 800x950 4@#8 10@#8 14@#8 (5-4)@#4/100mm 

C85X100 850x1000 4@#8 10@#8 14@#8 (6-5)@#4/100mm 
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Table A.2 Modal participation factors for 4-story building 

Mode Period (s) Ux Uy Uz Rx Ry Rz 

1 0.574 42.54 0 -0.001 0 97.6 0 

2 0.513 0 -42.01 0 98.42 0 -12.52 

3 0.243 0 0.97 0 -3.22 0 -549.52 

4 0.178 17.71 0 -0.004 0 -136.23 0 

5 0.158 0 18.51 0 125.26 0 3.73 

6 0.092 -0.02 0 -5.40 0 -0.5 0 

7 0.088 11.27 0 0.6 0 -66.92 0 

8 0.087 0.33 0 -20.31 0 -3.82 0 

9 0.087 0 0.20 0 5.54 0 -198.75 

 

 

Table A.3 Effective modal mass percentages for 4-story building 

Mode Period (s) Ux (%) Uy (%) Uz (%) Rx (%) Ry (%) Rz (%) 

1 0.574 78.17 0.00 0.00 0.00 3.02 0.00 

2 0.513 0.00 76.27 0.00 8.67 0.00 0.04 

3 0.243 0.00 0.04 0.00 0.01 0.00 84.16 

4 0.178 13.55 0.00 0.00 0.00 5.88 0.00 

5 0.158 0.00 14.80 0.00 14.04 0.00 0.00 

6 0.092 0.00 0.00 1.26 0.00 0.00 0.00 

7 0.088 5.49 0.00 0.02 0.00 1.42 0.00 

8 0.087 0.00 0.00 17.81 0.00 0.00 0.00 

9 0.087 0.0 0.00 0.00 0.03 0.00 11.01 
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Table A.4 Modal participation factors for 10-story building 

Mode Period (s) Ux Uy Uz Rx Ry Rz 

1 1.185 70.13 0 0 0 410.68 0 

2 1.132 0 69.43 0 -421.42 0 16.99 

3 0.49 0 1.34 0 -9.79 0 -898 

4 0.422 -27.55 0 0.01 0 534.15 0 

5 0.39 0 -28.92 0 -524.59 0 -6.1 

6 0.239 17.2 0 0.01 0 -239.38 0 

7 0.216 0 17.11 0 224.3 0 4.86 

8 0.179 0 -0.54 0 -15.61 0 341.11 

9 0.154 -12.8 0 0.06 0 240.64 0 

 

 

Table A.5 Effective modal mass percentages for 10-story building 

Mode Period (s) Ux (%) Uy (%) Uz (%) Rx (%) Ry (%) Rz (%) 

1 1.185 76.07 0.00 0.00 0.00 11.81 0.00 

2 1.132 0.00 74.55 0.00 20.79 0.00 0.03 

3 0.49 0.00 0.03 0.00 0.01 0.00 79.58 

4 0.422 11.74 0.00 0.00 0.00 19.98 0.00 

5 0.39 0.00 12.93 0.00 32.22 0.00 0.00 

6 0.239 4.57 0.00 0.00 0.00 4.01 0.00 

7 0.216 0.00 4.53 0.00 5.89 0.00 0.00 

8 0.179 0.00 0.00 0.00 0.03 0.00 11.48 

9 0.154 2.53 0.00 0.00 0.00 4.05 0.00 
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Table A.6 Modal participation factors for 16-story building 

Mode Period (s) Ux Uy Uz Rx Ry Rz 

1 1.532 0 89.23 0 -961.72 0 23.33 

2 1.512 89.99 0 0.01 0 946.38 0.01 

3 0.663 0 1.2 0 -37.23 0 -1153.1 

4 0.579 -39.43 0 0.02 0 1010.54 0 

5 0.547 0 -41.14 0 -1011.4 0 4 

6 0.345 24.46 0 0 0 -541.11 -0.01 

7 0.316 0 23.98 0 499.72 0 7.45 

8 0.254 0 -1 0 -30.59 0.03 483.48 

9 0.239 -17.85 0 0.03 0 495.25 -0.02 

 

 

Table A.7 Effective modal mass percentages for 16-story building 

Mode Period (s) Ux (%) Uy (%) Uz (%) Rx (%) Ry (%) Rz (%) 

1 1.532 0.00 70.20 0.00 28.36 0.00 0.03 

2 1.512 71.40 0.00 0.00 0.00 20.96 0.00 

3 0.663 0.00 0.01 0.00 0.04 0.00 74.35 

4 0.579 13.71 0.00 0.00 0.00 23.90 0.00 

5 0.547 0.00 14.92 0.00 31.37 0.00 0.00 

6 0.345 5.28 0.00 0.00 0.00 6.85 0.00 

7 0.316 0.00 5.07 0.00 7.66 0.00 0.00 

8 0.254 0.00 0.01 0.00 0.03 0.00 13.07 

9 0.239 2.81 0.00 0.00 0.00 5.74 0.00 
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APPENDIX B 

DAMAGE QUANTIFICATIONS OF BUILDINGS 

 

 

 
Figure B.1 Plastic hinge quantifications for non pulse-like record NGA-169 
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Figure B.2 Plastic hinge quantifications for non pulse-like record NGA-902 

 

 

Figure B.3 Plastic hinge quantifications for non pulse-like record NGA-1634 
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Figure B.4 Plastic hinge quantifications for non pulse-like record NGA-3756 

 

 

Figure B.5 Plastic hinge quantifications for non pulse-like record NGA-5832 
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Figure B.6 Plastic hinge quantifications for non pulse-like record NGA-5990 

 

 

Figure B.7 Plastic hinge quantifications for non pulse-like record NGA-6013 
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Figure B.8 Plastic hinge quantifications for non pulse-like record NGA-6923 

 

 

Figure B.9 Plastic hinge quantifications for non pulse-like record NGA-6953 
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Figure B.10 Plastic hinge quantifications for non pulse-like record NGA-6971 

 

 

Figure B.11 Plastic hinge quantifications for non pulse-like record NGA-8160 
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Figure B.12 Plastic hinge quantifications for pulse-like record NGA-171 

 

 

Figure B.13 Plastic hinge quantifications for pulse-like record NGA-184 
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Figure B.14 Plastic hinge quantifications for pulse-like record NGA-185 

 

 

Figure B.15 Plastic hinge quantifications for pulse-like record NGA-1119 
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Figure B.16 Plastic hinge quantifications for pulse-like record NGA-1602 

 

 

Figure B.17 Plastic hinge quantifications for pulse-like record NGA-4098 
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Figure B.18 Plastic hinge quantifications for pulse-like record NGA-4101 

 

 

Figure B.19 Plastic hinge quantifications for pulse-like record NGA-4102 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad Studies, Mahidol Univ.  M.Eng. (Civil Engineering) / 83 

Figure B.20 Plastic hinge quantifications for pulse-like record NGA-4126 

 

 

Figure B.21 Plastic hinge quantifications for pulse-like record NGA-6911 
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Figure B.22 Plastic hinge quantifications for pulse-like record NGA-6927 
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