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ABSTRACT

To perform a design or assessment considering earthquakes, Non-Linear Time History
Analysis (NLTHA) is the approach that attempts to fully represent the seismic response
of buildings without any of the major simplifying assumptions, such as ignoring
nonlinearity and /or dynamic effects. Even though there is a clear need for analysis, there
are many uncertainties regarding its application the primary difficulty in using this type
of recording is the lacking of a unified criterion in the selection of the ground motion
parameters. Therefore, this situation creates a necessity to investigate methods for

earthquake selection and their respective reliability verification.

The present study describes the procedure for the selection of ground motion and
identifying ground motion parameters to understand their effect on the response of the
structure. Characterisation is one of the necessary studies to compare about the behaviour

varying the type of earthquake (near field/far field) ground.

Furthermore, the study aims at obtaining the seismic response of building incorporating
the effects of near-field and far-field ground motions on building structure and

comparison of results for both types of ground motions.
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CHAPTER -1

INTRODUCTION

1.1. Overview

Earthquakes have been a major destructive natural hazard causing extensive damage to human
lives and property. Therefore, it’s always been our interest to analyze and study different
aspects of ground motion shakings and simultaneously apply them to building structures to
minimize human and property damage.

So far, Nonlinear Time History Analysis is the approach that attempts to fully represent the
seismic response of buildings without any of the major simplifying assumptions such as
ignoring nonlinearity and /or dynamic effects. Even though there is a clear need for analysis,
there are many uncertainties regarding its application the primary difficulty in using this type
of recording is the lacking of a unified criterion in the selection of the ground motion parameter.

1.2. Performance of buildings in past earthquakes

Shaking of ground is the principal cause of earthquake-induced damage. As the earth vibrates,
all buildings on the ground surface will respond to that vibration in varying degrees.
Earthquake-induced velocities, accelerations and displacements can damage or destroy a
building unless it has been designed and constructed to be earthquake resistant. Therefore,
effect of ground shaking on buildings is a principal area of consideration for designing
earthquake-resistant buildings. Seismic design loads are very difficult to determine due to the
random nature of earthquake motions. However, experiences from past strong earthquakes
have shown that reasonable and prudent practices can keep a building safe during an
earthquake.

RCC structures have withstood earthquakes well, without significant damage. When there is
horizontal bending, a tough member capable of taking bending is found to perform better
during earthquakes. Even more strength can be gained by adding steel bars to the corner
portions or holes. Even the dry-packed stone masonry walls having continuous lintel bands
over openings and cross walls didn’t undergo any damage. Failure factors for RC frame
buildings:

Failures are mainly due to lack of good design of beams /columns frame action and foundation.



Poor construction quality, insufficient detailing, or improper placement of reinforcement,
notably at joints and in columns and beams for ductility. Inadequate diaphragm action of roof
and floors. Inadequate treatment of masonry walls. Common type of damage in RC frame
buildings includes the damage is mostly due to failure of infill, or failure of columns or beams.
Spalling of concrete in columns. The column may sustain damage from cracking or buckling
as a result of excessive bending mixed with dead weight. When columns are thin and stirrup
spacing is wide, there is a significant amount of column buckling. Due to shearing action, a
major fracture appears close to the rigid joints of the frame, which could cause the structure to
completely collapse. Additionally, the differential settlement results in too many moments in
the frame, which could cause failure. Because beam failure is less harmful than common

failure, the frame should be designed so that the plastic hinge is only used on the beam.

1.3. Major Concerns and Motivation of the Study

There are numerous metrics that can be used to describe the ground motion of an earthquake,
each of which indicates a distinct aspect of the shaking, such as the peak amplitudes, the
frequency content, or the energy carried in the signal. A complete characterization of the
ground motion must include a measure of its duration, or more specifically the duration of that
part of the signal that is strong. The most distinguished characteristic of near-field ground
motions is the pulses generated by the directivity effect and fling-step effect. The acceleration-
time, velocity-time, and displacement-time histories of these pulse-type ground motions
usually contain one or more discrete pulses, with the velocity history occurring more
frequently. The effects of near-field ground motions were evident and the studies were carried
out as early as 1978 but still, in present times it lacks a proper definition.

Somerville et al. (1997) defines near field ground motions as record obtained in the vicinity of
a fault with apparent velocity pulse (pulse duration larger than 1.0 s), the distance of the fault
of the ground motion record less than 10 km, and the peak ground velocity/peak ground
acceleration (PGV/PGA) value which is larger than 0.1 s. Stewart et al. (2001) recommended
that 20~60 km should be the appropriate range of the upper limit to the distance from the sites
to the fault. Many more definitions have been developed over time, but still, no precise one is

being adopted.



1.4. Objectives of the Present Study

The primary objectives of the present work are -
e Selection of ground motions and its characterization.
e Performance assessment of fully-infilled reinforced concrete frame.
e Study on the influence of ground motion parameters on the nonlinear response of fully-
infilled reinforced concrete frame.

e Effects of NF and FF ground motion records on response of fully-infilled frame

1.5. Organization and Outline of the Thesis

To carry out the considered objectives, the present thesis is divided into five chapters and is
structured as follows:

Chapter 1 serves as the Introduction, providing an overview of Near-field (NF) and Far-field
(FF) ground motions and addressing the key concerns and motivations behind the study. It
includes a brief summary of NF and FF and its effects on RC Buildings, outlines the objectives
of the research, and sets the stage for the subsequent chapters. Chapter 2 presents a
comprehensive review of previous research conducted on the characteristics and properties of
NF and FF earthquake records. The primary focus is on differentiating characteristics of both
types of earthquakes. Through this review, the need for the current research is identified based
on the existing gaps and limitations in the literature.

Chapter 3 presents the overall workflow and methodology to be adopted in the study. It briefly
explains the input parameters to be taken as raw data and applied to the modelled frame to
derive the response of the frame after the application of Non-Linear Time History Analysis.
Chapter 4 describes the input parameters in detail and the characterization of ground motions
to evaluate different energy and spectral parameters for NF and FF ground motions and their
inter-relationship b/w each other through various comparative graphs.

Chapter 5 evaluates the effects with and without infill on various parameters, such as
Displacement, Potential Energy, and Base Shear to characterized parameters such as PGA etc.
and on the lateral response of different frame configurations. Several Comparative plots are
prepared to derive various conclusions. Chapter 6 summarizes the major outcomes drawn from

the study.
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CHAPTER -2

LITERATURE REVIEW

2.1. Overview

There are numerous characteristics that can be used to describe the ground motion of
an earthquake, each of which indicates a distinct aspect of the shaking, such as the peak
amplitudes, the frequency content, or the energy contained in the signal. The duration
of the ground motion, or more specifically the duration of the signal's strong portion,
must be measured in order to fully characterize it.

Many studies about of nature of ground motion shaking have been investigated and
computed mathematically but still due to a lack of proper application and a unified
approach in the design of the structure. To date the seismic damage is related to Peak
Ground Acceleration, Peak Ground Velocity and Peak Ground Displacement computed
using different codal provisions and methodologies to compute and thereafter provide

reinforcement incorporating seismic effects.

2.2. History of NF and FF ground motions

The complexity in study of earthquake ground motion is primarily due to the listed three
factors: (i) the seismic waves that are generated at the time of earthquake fault
movement are not of a homogeneous character (source effect), (ii) as these waves travel
through earth on their way from the fault to project site, they are modified by the soil
and rock media (path effect), and (iii) once they reach the project site, these seismic
waves undergo further modifications, which are dependent upon the characteristics of
the ground and soil at the site (local site effects).

The source effect will be discussed in further contexts.

The effects of near-field ground motions were evident and the studies were carried out
as early as 1978. All the methods at that time used standard ground response spectrum
shapes and effective acceleration values smaller than the expected peak values, which
are not reliable at near-fault sites. Therefore, additional research needed to take place
on the different parameters that define the characteristics of severe, long-duration

pulses, i.e., the 19



largest incremental velocity and the associated ‘effective’ acceleration that can be
developed according to the faulting mechanism and the mechanical characteristics of
the soil present at a site.

(Singh et al. 1985) further detailed the near-field properties and emphasized the
importance of studying the different characteristics of near-field characteristics and
their co-relation with Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV)
and Peak Ground Displacement (PGD) and concluded that PGA did saturated and
showed up less dependency upon source distance, while PGV and PGD show a
somewhat stronger dependency but due to lack of near-field ground motion datasets,
the study was not able to conclude the characteristics appropriately.

(Bolt et al. 2003) defines Near-fault ground motions as motions which often contain
large long-period (2-5 s) wave pulses. They can be generated by (i) constructive
interference of the radiated waves due to the directivity of the fault rupture, or (ii)
movement of the ground associated with the permanent geodetic offset. To distinguish
b/w the two effects, separate, the terms “directivity pulse” and “fling-step” are coined
for the rupture directivity and elastic rebound effects, respectively. Krawinkler et al.
1998).

2.3. Characterization of near and far field ground motions

The rupture directivity effect is essentially a manifestation of Doppler’s effect in seismic wave

propagation and affects the ground motion in a fault parallel direction. This occurs when velocity

of the rupture is close to velocity of the shear waves in rock mass near the source. When

compared to seismic waves seen at an equally spaced location in the opposite direction of the

direction of the fault rupture, seismic waves at a site in the direction of the fault rupture will have

a higher frequency. This phenomenon is illustrated schematically in Figure 2.1. The rupture

directivity effect, in particular, causes a large amplitude, short duration pulse at the site in the

direction of the rupture and a small amplitude, long duration pulse at the site in the direction

opposite to the direction of the fault rupture.
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Figure 2.1 lllustration of directivity effect on ground motion at sites toward and away
from the direction of fault rupture (Singh et al. 1985)

The 1999 Turkey and Taiwan earthquakes produced some near-field strong motion data
that revealed some permanent ground displacement that happens over a ruptured fault. This
static displacement termed the fling step, occurs over a finite time interval of several
seconds as the fault slip is developed. The fling step involves a large, unidirectional velocity
pulse to accommodate this displacement in the slip-parallel direction and is not strongly
coupled with the rupture directivity pulse. In strike-slip faulting, the directivity pulse occurs
on the strike-normal component while the fling step occurs on the strike-parallel
component. In dip-slip faulting, both the fling step and the directivity pulse occur on the
strike-normal component. Figure 2.2 shows a schematic illustration of the orientations of

fling step and rupture directivity pulse.

STRIKE SLIP DIP SLIP
(Plain view) (Cross Section)
=
| |

[

Fault J"\\
Fling Step ™.
Ground Surface

\J P Directivity Pulse Airecli\-"i[\; Pulse
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Figure 2.2 Schematic illustration of the orientations of fling step and directivity pulse
in strike-slip and dip-slip faults (Singh et al. 1985)



The most destructive aspect of the rupture directivity effect is the large velocity pulse,
which might result in one yield reversal with a large ductility demand. On the other hand,
the fling step affects the peak velocity and displacement of ground motions. These near-
fault source effects, which comprise brief and impulsive ground motions, cannot be
adequately described in the frequency domain which characterizes a uniform distribution
of energy throughout the duration of motion. Thus, the conventional characterization of
design ground motion in the form of response spectra needs to be augmented with a
simplified description of the near-source pulses in the time domain. A simple
characterization is indeed possible with the use of approximate period of the dominant pulse
(Tv), Peak Horizontal Velocity (PHV), and the number of significant half-cycles of motion
in the larger, fault-normal direction (Krawinkler et al. 1998).
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Component of e
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Figure 2.3 Schematic partition of the rupture directivity pulse and fault displacement
between the strike normal and strike parallel components of ground displacement.
Waveforms containing static ground displacement are shown as dashed lines; versions
of these waveforms with the static displacement removed are shown as dotted lines.
(Krawinkler et al. 1998)



2.4. Understanding the nature of near and far field ground motions

Burks et al. 2014

The basic aim of this study revolves around computing the structural capacity of
nonlinear SDOFs using multiple versions of the same ground motion record, including
a baseline corrected version with static offsets preserved, a filtered version from the
NGA database with static offsets removed, and artificial versions with an idealized
pulse added to the filtered record.

Three idealized pulses referred to as type A, type B, and type C, to analyze the effects,
where type A and type C represent fling and type B represents a directivity pulse with
no static offset. 40 variations of each type of pulse, each with a different Tp and a
constant maximum acceleration, Ap (each set of pulses was additionally high-pass
filtered at a cutoff frequency, fc, of 0.2 Hz and 0.5 Hz to investigate the effect of record
filtering on collapse capacity (Makris et al. 2004).

With the other two fling parameters remaining constant, each fling parameter was
changed 40 times, giving each recording a total of 120 pulse C displacements. Also,
pulse C displacements to each filtered NGA recording were added in order to represent
the artificial fling to filtered near-fault records (Stewart et al. 2001, Abrahamson et al.
2002).
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Figure 2.4 Acceleration time histories of selected pulses used to compute collapse
capacity (Burks et al. 2014)

Table 2.1 Fling parameters of the baseline corrected versions of the three ground
motion records used in this study (Burks et. al. 2014)

EQ Name | Year Mw Station Name | Orientation | Dp (cm) | Tp (s) t1 (S)
Chi-Chi 1999 7.6 TCUO068 N/S 551.0 3.19 33.9
Darfield | 2010 7.0 GDLC E/W 134.2 3.37 17.9
Kocaeli 1999 7.5 YPT N/S 148.4 2.84 10.2

where Dp is displacement amplitude, Tp is pulse period, and t; is the arrival time

Two systems namely SDOF 1 (natural period of 1.32 s) and SDOF 2 (natural period of
3s). SDOF 1 is based on an SDOF approximation of a 4- story experimental structure
(Lignos et al. 2011) and SDOF 2 with a longer natural period is closer to the observed
pulse periods from the recorded ground motions.

Until instability and collapse take place, Incremental Dynamic Analysis (IDA) is
accomplished by incrementally scaling up a single ground motion and computing a
structural demand parameter, such as inter-story drift or floor acceleration. The IDA is
repeated for a set of ground motions to get a probabilistic description of collapse
(Ibarra et al. 2005). On SDOF 1, several IDAs were carried out using the idealized
pulse ground motions, which were categorized according to the pulse type and filter
cutoff frequency.The filter cutoff frequency of 0.2 Hz has a negligible effect on the
collapse capacity for all pulse types, while the cutoff frequency of 0.5 Hz causes an
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increase in collapse capacity for all pulse types. This rise is likely due to decrease in the
energy of pulses from filtering.

For all three records, the version with static offsets preserved via baseline correction
and the version with static offsets removed via filtering from the NGA database resulted
in a similar collapse capacity. This shows that the dynamic part of the fling is kept even
though the static offset is removed from the NGA version. Additionally, the filtered
NGA version's collapse capacity was reduced for the majority of records and fling
parameters when pulse C was added. The collapse capacity did, however, increase in a
few notable cases, such as a few tiny displacement amplitudes for the TCUO068 record

and extremely brief periods for all records.

2.5. Defining parameters of near and far-field ground motions

Near-field ground motions are characterized by several parameters out of which the
distance closest to the rupture fault and the ratio PGV/PGA is the most prominent to be

studied. Table 2.2 describes parameters adopted by different literature.

Table 2.2 Literature for defining NF ground motions

Sr. No. Reference Rjb (km) PGV/PGA (sec)
1 Kalkan et. al. 2006 - >0.1
2 Adanur et. al. 2012 <10 >0.1
3 Zhang and Wang 2013 - >0.1
4 Davoodi et. al. 2015 <30 >0.1
5 Sharma et. al. 2021 <15 >0.1
6 Nabid et. al. 2019 <12 >0.1
7 Bhandari et. al. 2019 <15-20 >0.1
8 Emamikoupaei et. al. 2023 - >0.1

2.6. Ground motion parameters related to near-field ground motions

(Poreddy et al. 2022)

The study focuses on the relationship between ground motion parameters (GMPs) and
seismic damage of different types of structures subjected to a set of near-field ground
motions with magnitudes ranging from M. 6.9 — M. 8.8. When engineers do seismic
studies of structures, it is well recognized that peak ground values of acceleration,

velocity, and displacement are more significant. Peak values alone, though, do not
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reveal the full extent of powerful ground motions' ability to harm structures. Therefore,

a total of 16 parameters are selected to analyze the relationship with strong ground

motions which are defined as follows-

Table 2.3 Ground motion parameters used for analysis in this study (Poreddy et al.

2022)
Sr. No. Parameter Definition/Mathematical Formulation Reference
The maximum absolute value of (Gutenberg et al
1 Peak Ground Acceleration (PGA) acceleration time history obtained from 19 42% '
the accelerogram
. The maximum absolute value of (Rosenblueth et al.
2 Peak Ground Velocity (PGV) velocity time history 1964)
The maximum absolute value of (Newmark et al.
3 Peak Ground Displacement (PGD) displacement time history 1973)
4 Significant Duration Tge = Ts_os0, ([a(£)]?) (Trlfgggg)et al.
The ratio between PGV and PGA of the
5 PGVIPGA ground motion
Root Mean Square Acceleration N 2 (Housner et al.
6 (Arms rms = T L la(®)]*at 1964)
. 1 (&
7 Root Mean Square Velocity (Vrms) Vrms = |7 — [v(t)]dt
sig Jt,
. . . (Tsig .
8 Avias Intensity (la) I, = @f [a(t)]?dt (Arias,1970)
0
9 Characteristic Intensity (Ic) I = (agus)®® - (Tsig) ™ (Park et al. 1985)
Tsig
10 Specific Energy Density (SED) = f [v(t)]?dt
0
Tsig
11 Cumulative Absolute Velocity (CAV) = f la(t)|dt (EPRI et al. 1988)
0
Acceleration Spectrum Intensity _ 05 (Von Thun et al.
12 (AS|) ASI('S) - J:)1 PSA(fO.OS’ T)dT 1988)
05 (Housner et al
13 Velocity Spectrum Intensity (VSI) VSI(§) = f VSA (&5, T)AT 1952) '
0.1
Sustained Maximum Acceleration The third highest absolute value of .
14 (SMA) acceleration in the time history record (Nuttli etal. 1979)
The ground motion contains large
motions with pulse wave forms that
15 Velocity Pulse Amplitude (Apuise) differ from either in the acceleration,
velocity, or displacement time series.
16 Velocity Pulse Period (TPulse) Time is taken to complete one cycle in

the velocity pulse waveform.

For the analysis, three types of buildings namely, low-rise buildings, mid-rise buildings,

and high-rise buildings whose fundamental periods are 0.4 s, 0.82 s, and 1.1 s

respectively are chosen.

The correlation coefficients b/w different parameters are described below in table-

Table 2.4 Correlation coefficients of ground motion parameters and damage of
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different types of buildings (Poreddy et al. 2022)

PGA | PGV | PGD Th (V/A)max | Arms | Vims Al Ic SED | CAV ASI VSI SMA | Apuise | Truise Do Dy Du
PGA 1.00
PGV 027 1.00
PGD 014 030] 1.00
To 018 | 034] -004| 1.00
ViMwa | 51| 037 -0.06 | -0.03 1.00
Arms 080 047| 008 | 054 043 1.00
Vems 0.00| 073 077] 026 030 025/ 1.00
Al 044 049| 002 082 was| 080] 032] 100
fe 060 028 0.08| 060 037] 077 014] 058] 1.00
SED 0.04| 056]| 040| 033 021 | 023] 0.63[ 024 037 100
CAY 038 | 048] 001| 092 014| 076 031 097] 0.68] 032] 1.00
ASI 086 038 0.16] 039 090 017 063| 076] 04| 059 1.00
Vsl 036| 074]| 0.10] 065 0.03 0.71- 081 | 048] 054| 080 053] 1.00
SMA 080 042 023| 040 047 086 027| 066] 076] 021 [ 063| 092 058| 1.00
Arulse 021] 091| 013 031 039 043] 0.62| 051| 019] 047| 048] 031| 075| 038 1.00
Truse 027 025 -006] 0.1 062 | 027 019] 0.13| 014 0.12| 009 | -025] -009] -026| 023 1.00
D o1 o1 021 -002 016 | -0.04| 021 -0.04| 008] 0.01] -0.02| -007| 003| -0.11| 008| 021 1.00
D 022 007] 020] -003 030 -018] 024 -011] 019] 020] -0.10| -020| 001 -021| 009| 029 071 1.00
D -0.17 0.08 0.21 -0.01 026 -0.13 | 0.25 -0.06 | -0.16 ] 0.18 | -0.06 | -0.15 0.03 -0.17 0.09 0.26 | 0.77] 097 1.00

where Yellow has a Very Strong correlation (0.9-1.0), Orange has a Strong correlation
(0.7-0.89), and Blue has a Moderate correlation (0.4-0.69).

Therefore, it can be concluded that PGA is strongly correlated with Awms (0.8), ASI
(0.86), and SMA (0.8). Given that the pulse velocity is generated from the velocity time
history the parameter PGV is very strongly correlated with Aruse (0.91). However, PGV
is strongly correlated with Vims (0.73).

2.7. Performance of RC frames under near and far- field

Moniri et al. 2017

The aim of this study revolves around acquiring the responses of 6, 10 and 15-storey
moment RC frames to near-fault ground motions and the extent of differences existing
in comparison with those of far-fault ground motions using critical parameters like
maximum top displacements, inter-storey drift ratios (IDR) using the incremental
dynamic analysis (IDA) method.

14 far-field and 14 near-field ones i.e.,total 28 ground motion records have been used,
for this purpose. Far-field ground motions of 6.1-7.5 magnitudes at distances 50-115
km from the site and recorded on soft or firm soils are the first group of records. The

second group involves near-field ground motions of 6.6 and 7.6 magnitude recorded at
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distances 0.24-11 km from the site and on soft or firm soils.
28 records for each building model i.e., 84 nonlinear time history analyses have been

obtained.
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Figure 2.5 Seismic response for 6-storey RC frame under far fault ground motions; (a)
inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)
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Figure 2.6 Seismic response for 6-storey RC frame under near-fault ground motions;
(a) inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)
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Figure 2.7 Seismic response for 10-storey RC frame under far fault ground motions;
(a) inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)
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Figure 2.8 Seismic response for 10-storey RC frame under near-fault ground motions;
(a) inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)
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Figure 2.9 Seismic response for 15-storey RC frame under far fault ground motions;
(@) inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)
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Figure 2.10 Seismic response for 15-storey RC frame under near-fault ground motions;
(a) inter- Storey Drift’s profile, (b) top displacement profile (Moniri et al. 2017)

The results show that inter-story drift is more significant in near-field records as
compared to far-field records. Near-field records also tend to introduce significant
demands on the upper floors of the structure.

A similar trend was observed by Displacement graphs, being more in near-field as
compared to far-field ones.

Far-fault motions enter input energy into the system gradually. Although, on average,
deformation demands are less than those in the near-fault records, structural systems
are subjected to more plastic cycles. Therefore, the cumulative effects of far-fault

records are minor.

2.8. Fragility Curve under Incremental Dynamic Analysis

(Nazri et al. 2015)
A new approach for seismic design has been discussed namely performance-based
seismic design (PBSD), which is a new approach to earthquake-resistant design of

structures. The main aim of this study is to derive fragility curves of steel and concrete
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frames and calibrate Incremental Dynamic Analysis (IDA) curves based on building
materials and frame heights.

In this study, structure frames, which are three and six storeys in height, are to analyse
the dynamic loading of the structures. Seven ground motions classified as Near Field
(NF) and Far Field (FF) excitations are used for analysis purposes. The following
criteria were used to select the ground motion records: (a) for NF the Joyner—Boore
distance is less than 20 km, however it is more than 20 km for FF records(Li et al. 2015)
and (b) the earthquake magnitude is within the range of 5-6. These ground motions
were scaled to correspond to the spectra of the elastic response. The elastic response
spectra generated ranged from 0.05 to 0.6 g in increments of 0.05 g.

The five performance levels prescribed by FEMA-273 namely Operational Phase (OP)
with 0.5% drift, Immediate Occupancy (10) with 1% drift, Damage Control (DC) with
1.5% drift, Life Safety LS with less than 2.5% drift, and Collapse Prevention (CP) with
more than 2.5% drift are used as structure performance benchmarks in generating the
IDA curve.

The fragility curve is defined as a log-normal function that expresses the probability of
reaching or exceeding a specific damage state. The fragility curve is a highly useful
method for predicting the extent of probable damage.It can indicate the likelihood that
a structure will sustain damage beyond a specific state when subjected to different
levels of ground shaking (Silva et al. 2014. Ibrahim et al. 2011)

The following conclusions from the above-mentioned study performed can be-

(i) The drift profiles of the three- and six-storey structures under the NF records are
almost similar. However, they have a different drift percentage. Similar findings are
obtained from the structures under the FF records. The drift profiles indicate that the
steel frame is stiffer than the concrete frame for the three-storey structures under the
NF and FF records. For six-story constructions, the NF and FF records show that the

concrete frame is stiffer than the steel frame.
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Figure 2.11 IDA curves based on NF records for a (a) three-storied concrete frame
structure. (b) Six-storey concrete frame (Nazri et al. 2015)
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Figure 2.12 IDA curves based on FF records for a (a) three-storied concrete frame
structure. (b) Six-storey concrete frame (Nazri et al. 2015)

(if) Based on the ground motion data for NF, the three-storey steel frame exhibits the
highest probability of attaining or exceeding the OP (72%) and CP (7%) values.The
concrete frame has the highest probability of reaching or exceeding the OP level at 98%
for the six-storey structures. The steel frame has the highest probability of damage at
the CP level (50 %). The concrete frame has the highest probability of reaching or
exceeding the OP level based on the FF records, which registers 89% for the three-
storey structures and 100% for the six-storey structures. Additionally, the concrete
frame has the highest probability for both storeys at the CP level, registering 5% for
three- and six-story constructions, respectively.

(iii) A comparison of the fragility curves between NF and FF records revealed that the
FF records had a higher likelihood of reaching the OP level. Concrete material exhibited

a higher probability of OP for both NF and FF records. However, NF records showed
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that at the CP level stage, the steel frame construction had the highest likelihood of
damage. Meanwhile, a concrete frame has the highest probability of damage for the

frame structure exposed to the FF records.
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Figure 2.13 Fragility curve for a three-storey frame. (a) Fragility curve for a steel
frame. (b) Fragility curve for a concrete frame (Nazri et al. 2015)

Probability

OP (FF)
10(FF) H
DC (FF)
LS (FF)
CP(FF)

0 ol 02 03 04 05 08
PGA (g)

(a)

Figure 2.14 Fragility curve for a six-storey frame. (a) Fragility curve for a steel frame.
(b) Fragility curve for a concrete frame (Nazri et al. 2015)

2.9. Summary and Research Gap

From the review made regarding the non-linear analysis of a structure using near-field
and far-field ground motion, only PGA and PGV are the most efficient parameters for
the assessment of seismic damage to date and corresponding factors for design.

The near-field ground motions exhibit pulse-like ground motions which constitute a
significant challenge to the performance of buildings, as they are characterized by long
intense velocity, displacement, or acceleration pulses.

Since NF ground motions exhibits strong pulse-like waves, which exhibits a completely
different nature as compared to FF ones. Therefore, there is a need to characterize the

ground motions differently and apply to a portal frame in order to observe the effects
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on seismic response by application of both types of ground motions.
Selection of ground motions parameters and their correlation is another crucial study

which needs to be carried out in to observe the effects of NF and FF ground motions.
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CHAPTER -3

WORK METHODOLOGY

3.1. Overview

The present study discusses the overall workflow and adopted methodology to see the
effects of NF and FF ground motions. The input ground motion characterization has
been discussed briefly. Modelling of two different configurations of reinforced concrete
(RC) building frames has been done using SAP: 2000. Beams and columns are
modelled as flexible members, while the equivalent diagonal strut method has been
adopted to model Masonry infill. NF and FF ground motions are applied and the effects
of both these are observed via different parameters after successfully performing Non-
Linear Time History Analysis (NLTHA).

3.2. Work Methodology

Earthquake records for two types of ground motions namely Near Field (NF) and Far
Field (FF) earthquake records were collected in the form of time history (acceleration
vs time) from PEER-NGA West 2. The raw data is treated as input data to the modelled
frame as discussed in the coming sections. After running the complete analysis, the
required output parameters are derived. The workflow of the process in discussed
below-

Input ground
motions

[euSisowsiag

v

Characterization

Energy Spectral
Parameters Parameters

Figure 3.1 Workflow chart of the adopted methodology
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3.2.1. Softwares Used

1. SeismoSignal v2023- SeismoSignal is a signal processing software that constitutes
an easy and effective way to process strong-motion data, having a user-friendly
interface and being capable of deriving several strong-motion parameters at any instant.
The software is capable to read accelerograms saved in different text file formats, which
may then be filtered and baseline-corrected. Polynomials up to the 3rd order may be
employed for the latter, whilst three different digital filters are available, all of which
capable of carrying out, causal or acausal, high pass, lowpass, bandpass and band stop

filtering.

2. Microsoft Excel- It is a software program by Microsoft that uses spreadsheets to
organize numbers and data with formulas and functions. It consists of various features
which make it simple to access data in graphical format and make derive further results

from the same.

3. SAP-2000 (v19.2.1)- SAP2000 is general-purpose civil-engineering software used
for the analysis and design of any type of structural system, including stadiums, towers,
industrial plants, offshore structures, piping systems, buildings, dams, soils, machine
parts and many others.

4. Plot Digitizer (v2.6.9)- PlotDigitizer is a data extraction tool that allows users to
extract data from graphs and scientific visuals. For this purpose, the image is imported
into the software. After that, both the axes are calibrated with the image and the required

plot is selected in order to further extract data.

3.2.2. Input ground motion parameters

For analysis purposes, PEER-NGA West-2 was used to collect an unscaled data file for
a particular earthquake by defining the characteristic and parameters required. The
clubbed data is downloaded in the form of zip format having various notepad files
containing different acceleration files of that earthquake with an excel file sorted
according to the parameters of the earthquakes. The raw acceleration file was used as
an input in SeismoSignal to analyze and obtain the different properties and plots for the

earthquake. The required plots were made from the data extracted from the
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SeismoSignal.

3.2.3. Modelling

Three-bay, four-story (3B-4S) frames were modelled to validate the research carried
out by Kaushik et. al. 2009. RC frame is assumed to be fixed at the bottom and soil-
structure interaction in the present study. 3B-4S frame is modelled for validation
purposes as discussed further, while single storied frame derived from 3B-4S was used

for further study. The structural details of the frame are shown in Figure 3.2
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Figure 3.2 Details of the four-story RC building considered in the present study (a)
Plan of the building; (b) Elevation of the frame and section (Kaushik et. Bal., 2009)

Two types of configurations have been modelled as listed below-
a. Bare Frame (BF)- No masonry infill provided. The strength and stiffness of the

infill are neglected in all stories (Figure 3.3 (a)).
b. Fully-infilled Frame (FI)- Masonry infill is provided at all story levels. The

strength and stiffness of the infill are ignored in all stories (Figure 3.3 (b)).
The sections are designed in “Section Designer” of SAP:2000, in order to facilitate fibre

hinges and sections as discussed in further sections. The detailed modelling for both

frames has been discussed in further contexts.
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(a) (b)
Figure 3.3 3B-4S frame modelled in SAP:2000 for validation (a) BF (b) FI

Bare frame (BF)
The four-story bare frame was modelled in SAP:2000 as shown in Figure 3.2 (a) with

the use of material properties as listed in Table 3.1.

Table 3.1 Material properties of BF (Kaushik et. al. 2009)

Concrete

M25 Cube strength fa=25MPa, Modulus of
elasticity of concrete Ec=25000MPa

Steel

Fe415 Yield Strength, f,=415MPa

Strain at the onset of strain hardening | 0.02

Ultimate Strain Capacity 0.13

Fully-Infill Frame (F1)
The four-story fully-infilled frame was modelled in SAP:2000 with the material

properties as listed in Table 3.2
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Table 3.2 Material Properties of Fl as input in software (Kaushik et. al. 2009)

Concrete

M25 Cubg s_trength fe=25MPa, Modulus of
elasticity of concrete Ec=25000MPa

Steel

Min. Yield Strength

f,=415 MPa

Min. Tensile Stress

f,=518.750 MPa

Excepted Yield Stress

fye=456.50 MPa

Excepted Tensile Stress

f1e=666.5938 MPa

Strain at the onset of strain hardening

0.02

Ultimate Strain Capacity

0.025

Infill

=550%4.1=2255 MPa

Em=550 fm’ (where fm’ is the masonry prism strength in MPa)

Stress-strain values for the infill material for 1:0:6 material are as shown in Table 3.1.

The stress-strain curve for the same is shown in Figure 3.4

Table 3.3 Stress-strain relationship for 1:0:6 material (Kaushik et al 2007)

Stress (MPa) Strain
1.4 0.0009
3.1 0.0021
3.7 0.0029
4.1 0.0036
2.6 0.0059
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Figure 3.4 Stress-strain curve adopted for masonry (Kaushik et al 2007)

A damping of 5% has been considered and a combination of (DL+0.25*LL) has been

analyzed as Gravity load, before Non-Linear Analysis.

Load Calculations

Dead Load

Distributed Load = Unit Weight of Concrete x Thickness x Unit length
Ground Floor = 25kN/m3 x 0.12 m x 1m = 3kN/m

First Floor = 25kN/m®x 0.12 m x 1m = 3kN/m

Second Floor = 25kN/m? x0.12 m x1m = 3kN/m

Third Floor = 25kN/m? x0.12 m x1m = 3kN/m

Live Load
Ground floor:

Total Load one whole floor = 2kN/m? x 4.5m x 9m = 81kN
81 kN

Distributed Live load on slab = s 9 KN/m

First floor:

Total Load one whole floor = 2kN/m? x4.5mx 9m = 81kN
Distributed Live load on slab = 8;:11\': 9 kN/m
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Second floor:
Total Load one whole floor = 2kN/m? x4.5m x9m = 81kN

Distributed Live load on slab = 8;::\’: 9 kN/m

Third floor:

Total Load one whole floor = 0.75kN/m? x4.5m x9m = 30.375kN
30.375 kN

Distributed Live load on slab = =3.375kN/m
Infill Load

For the calculation of infill load, the frame is idealised in order to derive load for a

general frame as shown in Figure 3.5.

Figure 3.5 Representative model for infill load calculation for 3B-4S frame

Ground floor:

Volume enclosed :( {(B1 X H2) +( B2 : H2) +(B3 x H2)} n {(B1 x H1) +( B2 : H1) +(B3 X Hl)})xt
= ( {(3x3.2)+(3 ><23.2) +(3 x3.2)} n {(3x 4.4)+(3 ><24.4) +(3 X 4.4)} ) x0.22

=7.524 m3
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Total weight = (Volume enclosed X 18) kN = 135.432 kN

Total weight _ 135.432
B1+B2+B3 9

Distributed weight = = 15.048 kN/m

First floor:

{(B1 x H3) +( B2 x H3) +(B3 X H3)} 4 {(B1 X H2) +( B2 X H2) +(B3 X H2)}

Volume enclosed =( > 2

)xt

—( {(3x3.2) +(3 ><23.2) +(3 % 3.2)} 4 {(3x3.2)+(3 ><23.2) +(3 X 3.2)} )% 0.22

= 6.336 m3
Total weight = (Volume enclosed X 18) kN = 114.048 kN

Total weight _ 114.048
B1+B2+B3 9

Distributed weight = =12.672 kN/m

Second floor:

Volume enclosed =( {(B1 X H4) +(B2 ;( H4) +(B3 X H4)} + {(B1 x H3) +(B2 : H3) +(B3 x H3)})Xt
= ( {(3x3.2) +(3 ><23.2) +(3 X 3..2)} + {(3%x3.2) +(3 x23.2) +(3 x 3..2)} ) x 0.22

= 6.336 m3
Total weight = (Volume enclosed x 18) kN = 114.048 kN

Total weight _ 114.048
B1+B2+B3 9

Distributed weight = =12.672 kN/m

Third floor:

(B1 x H4) +( B2 X H4) +(B3 X H4)X ¢
2

Volume enclosed =

_ ( {(3x3.2)+(3 ><23.2) +(3 x 3..2)}) % 0.22

= 3.168 m3
Total weight = (Volume enclosed X 18) kN = 57.024 kN

Total weight _ 57.024
B1+B2+B3 9

Distributed weight = = 6.336 kKN/m

Non-Linear Static Analysis

The P-M interaction surface and M-6 curves (flexural plastic hinges) for RC members
are specified using auto hinges provided by FEMA 356 (2000). The five points A, B,
C, D, and E are used to define the backbone for the hinge rotation behaviour of RC
members. Point A corresponds to the unloaded condition. Point B corresponds to the

nominal yield strength of steel. Point C indicates resistance equal to the nominal
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strength. Line CD represents to initial failure of the member. It may be associated with
phenomena such as fracture of the flexural reinforcement, spalling of concrete or shear
failure following initial yield. Line DE represents the member’s residual strength. Point
E corresponds to the deformation limit. Three more points., IO (Immediate Occupancy),
LS (Life Safety), and CP (Collapse Prevention) are used to define the acceptance

criteria of the hinge as shown in Figure 3.6.

= o

g 10 o LS CP

= 08 -

2 0.6 -

2 04 A

= D E

502 1 o——o
00 A |

0 0005 0.01 0015 0.02 0.025

Rotation (radians)

Figure 3.6 Idealized Moment Rotation curve for flexural members (FEMA356-2000)

Non-Linear Hinges

Fibre hinges obtained using section designer integrated with SAP:2000 was used to
model a custom cross-section that defines non-linearity in RC members, therefore,
enabling to perform nonlinear time-history analysis. Fibre hinges are ideal for dynamic
behaviour since they capture nonlinear hysteretic effects efficiently. In fibre hinges, the
cross-section is discretized into a series of representative axial fibres, which extend
longitudinally along its hinge length. Depending on the material in its tributary area,
each fibre has its stress-strain relationship. The stress-strain curve for was defined
above in Table 3.3

The Pivot hysteretic model (Cavaleri and Trapani 2014) was used for the equivalent
strut to model the hysteretic effects in masonry infill as shown in Figure 3.7. The points
S1, S2 and S3 on the compression envelope represent, the yield, the peak and the
restoring force, respectively, which corresponds to a reduction of 30% of the peak
strength. S1 and S2 are the yield and peak displacements, respectively, and S3 is the
final displacement after softening. I, 11, and Ill define the yielding, peak and softening

branches of the model. The pivot model is primarily based on geometric rules (which
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define loading and unloading branches rather than analytical rules. This reduces not
only the computational effort but also the number of hysteretic parameters involved.
Moreover, the Pivot model has great flexibility in modelling unsymmetrical tension-

compression behaviour, as in the case of infill (equivalent diagonal struts).

oFy2r - - - l—;— ———————
no tension branch
o) ‘ 8:) : o |’ T
,'7 o -
XA T
S, TE
Sy i 1
Sz 1
| strength envelope P:.Foundamental pivot point

\(compression)

Figure 3.7 Hysteretic Pivot Law for equivalent diagonal strut (Cavaleri and Trapani
2014)

Hinge Length Calculation:
The hinge length for beams and column used in this model were calculated using the

formula provided by Paulay and Priestley 1992 as given in Eq. 3.1-

Ip = 0.08L + 0.022dbfy (Eq. 3.1)
where:
Ip = Hinge length (in m)
L = length of member (in m)
db = diameter of longitudinal steel (in m)

fy = yield strength of longitudinal steel (in MPa)

The hinge length for Infill hinges is taken as one-fourth of strut length.

l—LS
P=7%

where Ls = Length of strut
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For Columns-

Ground Floor:

Ip = (0.08x 4.4)+(0.022x % x415) = 0.4981 m

First, Second and Third floors:

Ip = (0.08x 3.2)+(0.022% —- x415) = 0.4021 m

For Beams-

Ground and First Floor =

Ip = (0.08x 3)+(0.022x - x415) = 0.4226 m
Second Floor =

Ip = (0.08x 3)+(0.022x —- x415) = 0.38608 m
Third Floor =

Ip = (0.08x 3)+(0.022x % x415) = 0.34956 m

Location of plastic hinges:

For Beams: (Ip+depth of column)/2

For Columns: (Ip+depth of beam)/2

For infill strut: At the centre of the strut (i.e., relative distance=0.5)

i e s e

'R

—

| IO TN VL
1 - Flexure Hinge
2 - Axial Hinge

DT |

Figure 3.8 Location of flexural hinge in RC members and axial hinge in equivalent
strut modelled for masonry infill
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3.2.4. Output

The bare frame and fully-infilled frames were replicated as per Kaushik et al 2009 so
as to validate the research by comparing the output Pushover Curve for the modelled
frame and as per the research. Both frames were calibrated with the research in order to
carry out further study.
Furthermore, structural response to a particular ground motion was obtained using Non-
Linear Time History Analysis was performed for a single-story frame. The structural
response consists of the complete history of any particular response of the structure
when a ground motion is applied at the base of the structure. The equation of motion as
shown in Eq. 3.2

Mii(t) + Cu(t) + Ku(t) = -Miig(t) (Eq. 3.2)
Here, K is the stiffness matrix, C is the damping matrix, M is the diagonal mass matrix,
u, u and i are the displacement, velocity and acceleration of the structure at any instant
t, in case of earthquake loading these are relative values with respect to ground, and iig
is the ground acceleration.
Fast Non-Linear Analysis (FNA) integrated method in SAP:2000 was used to imply he
given data inputs and conditions and run the analysis. A set of ground motions are
applied at the base of the structure in order to assess the seismic performance of the
structure with varying earthquake intensity.
The comparative graphs for response and energy parameters were plotted in order to

conclude the properties of near and far-field earthquake records.
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CHAPTER -4

CHARACTERISATION OF GROUND MOTION

4.1. Overview

The principal objective of engineering seismology is to provide quantitative estimates of
expected levels of seismic ground-motion as the basic input to earthquake-resistant design, the
evaluation of collateral seismic hazards and seismic risk assessment. This invariably entails
characterizing the complex nature of strong-motion accelerograms using simple parameters to
correlate with the outputs. This chapter, thus discusses the identification and estimation of

ground motion characteristics to identify the destructive potential of the ground motion.

4.2. Ground Motion Database Record

The ground motion acceleration is downloaded in raw (unscaled form) from the PEER-NGA
database. NGA-West 2 ground motion database was used to search for the unscaled data. The
present study intends to compare the effects of near-field (NF) and far-field (FF) records for a
particular earthquake. NF ground motions are characterized by its closest distance from the
rupture fault and PGV/PGA ratio. The closest distance is known as Joyner Boore distance (Rjb).
For NF, Rj» should be less than 15 km and PGV/PGA ratio to be more than 0.1 sec, whereas
the FF ground motions have Rj, more than 15 km and PGV/PGA ratio less than 0.1 sec.
Therefore, a pulse is selected as an “Only pulse record” to obtain the near-field records and
“Non-Pulse Records” to obtain the far-field time series. Data is downloaded as a zip file
containing several time histories with an MS excel file governing different parameters and

stations.

For each ground motion, two stations are chosen such that one belongs to NF and the other FF
category. The selected acceleration files are then used as an input to the software SeismoSignal
SeismoSoft (2023) to extract and characterize the parameters required for seismic damage
analysis. The final selection of ground motion data is done to obtain a good variation in their
characterizing parameters. Detailed characterization of selected ground motions and their

values for NF and FF are given in Table 4.1 and Table 4.2, respectively and are discussed next.
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Table 4.1 Properties of selected NF ground motion records (PEER-NGA West2)

Dominant
S Year | Earthquake Station M | PGA (VIA) Al SEZD Freq.
No. max (Cm /S) f4
1 | 1971  SanFemado = Hacoimabam (Upper | ooi 519 0095 | goa7 963698 | 4773
left abut)
. 763.132
2 | 1979 | Coyote Lake Gilroy Array #6 574 | 0422 0107  0.775 0.976
3 | 1979  'mperial Agrarias 6.53 | 0.287 | 0.124 0964 218 1 gg06
Valley
4 | 1979 Montenegro = Bar-Skupstina Opstine | 6.80 | 0.373 | 0.113 1982 2794618 ' 1 g7y
5 1080 Irpinia Sturno(STN) 6.00 | 0.227 | 0.166  1.184 1972886 | 5p5q
6 | 1981 @ San Salvador | NationalGeograficallnst | 7.14 | 0.404 | 0.142 | 1.093 | 2341.360 1.172
7 1981 | Westmorland ParachuteTestSite 6.90 | 0.232 | 0.244 | 0.711 3541.773 1.513
8 1986  Kalamata Ka'amitr?g(gj:‘)“) @nd 540 0162 0081 0105 44315 3.458
9 | 1987 S“pﬁrfl:;“o” Parachute Test Site | 6.54 0432 0317  3.741 4118206 1 4 5a7
10 | 1989 = LomaPrieta = Gilroy - Historic Bldg | 6.93 | 0.285  0.155 | 0.721 102642 1 g g5g
11 1992 Cape Bunker Hill FAA | 7.01 0177 0390 0645 31712 1 (4635
Mendocino
12 1992 Landers Lucerne 728 0131 0160 0207 1013363 | (o5
Jensen Filter Plant 981.81
13 | 1994 | Northridge Administrative 6.69 | 0.287 | 0.124 | 0.964 ' 1.025
Building
14 1995 Kobe Takarazuka 6.90 | 0697 0010 3070 921827 | (56
15 | 1099 Kocaeli Yarimea 751 | 0226 0313 1330 14273258 (968
16 | 2000 Tottori TTROOS 620 0314 0113 1696 1710836 1 (gos
17 | 2003 Bam Bam 6.60 | 0287 0124 0964 8181 1.025
. 444,285
18 | 2004  Parkfield | PARKFIELD - EADES | 6.00 0317  0.086  0.636 1.147
19 | 2007 | Chetsu-oki | “0etsuKakizakiku 1oy 303 0165 | 1318 4182131 | 0.696
Kakizaki
20 2009 L’Aquilla L'Aquila- Parking | 7.10 | 0.336  0.098  1.011 3°%477 ' (561
21 | 2011  Christchurch | "29€S Rs‘izgoiump'”g 6.20 | 0596 0139 2165 ‘924832 1 (a5
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Table 4.2 Properties of selected FF ground motion records. (PEER-NGA West2)

Dominant
S Year | Earthquake Station M | PGA (VIA) Al SEZD Freq.
No. max (Cm /5) f4
Cholame - 7943
1 1971 | San Fernado Shandon 6.61 | 0.005 | 0.240 0.001 ’ 0.708
Array #8
2 1978 | Tabas Kashmar | 7.35 0033 0283 0052 @ 247-2%7 0.635
3 | 1979  Coyote Lake \'/4;”';;/ 574 0037 0066 0018 & 100354 2.685
4 | 1979~ 'mperial DELTA | 653 0061 0033 0025 @ 2% 2.783
Valley
Debar - 17.205
5 | 1979 | Montengero Skupstina 7.1 | 0.053 | 0.054 0.057 ’ 5.359
Opstine
. . 21.935
6 | 1980 Irpinia Tricarico 6.9 | 0.021 | 0.159 0.009 1.074
7 | 1081  Westmorland | NUaNdFire oo 6901 | 0043 | 0121 | 3015 4.248
Station
g | 19g7 | Superstition - Calipatria | oo\ | 199 0gg | 345 294678 3.906
Hills Fire Station
APEEL 2 -
9 | 1989  LomaPrieta = Redwood @ 6.93 0274 0199 1258 | 2>°6-62 0.952
City
Butler
10 | 1992 Cape Vally | 7.01 0154 0100 0351 | 28699 1.367
Mendocino .
Station 2
Anaheim - 850.673
111992 Landers | (raMe 728 0052 0326 | 0.103 0.488
12 | 1994 | Northridge Alr;?;::ga 6.69 0067 0049 0073 10983 4.663
13 | 1995 Kobe FUK 690 0034 0126 0038 @ °000% 1.465
14 1999  Duzce Ambarli | 7.4 | 0038 0181 0039 186295 0.549
. 0.241
15 1999  Kocaeli Tokat | 7.51 0001 0.183 | 0.00006 1.605
16 2000 Tottori Tricarico | 6.61 0076 0056 0118 @ 26003 3.712
. 23.651
17 | 2003 Bam Andoohjerd | 6.60 | 0.032 | 0.090 0.019 2.746
18 | 2004 Niigata FKS020 | 6.63 0048 0132 0081 @ 27/8273 0.369
Fresno -
. NSMP
19 | 2004  Parkfield o | 600 0005 00805 0.00035 062 1.501
Office
20 | 2007  Chetsu-oki | JoetsuKita 6.80 0091 0146 0348 /1049 0.684
21 2009 L’Aquilla Badia = 620 0002 0145 000018 °1° 1.343
Tedalda
22 | 2010 Darfield DCZ | 7.00 0001 0462 000003 09348 0.140
23 | 2011  Christchurch =~ BDCS | 620  0.002 00821 000007 202191 6.079
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4.3. Ground Motion Time History

Time history refers to a record of ground motion over time during an earthquake event.
It is a graphical representation or a set of numerical values that describe the
acceleration, velocity, or displacement of the ground at a specific location as a function
of time. The time history record of ground motion can be used to assess the structural
response, including stresses, strains, and deformations, and evaluate the potential for
structural damage or failure through time history analysis. It captures the dynamic
characteristics of the earthquake, including its duration, frequency content, and
amplitude variations over time. This detailed analysis helps in designing structures to
withstand the anticipated ground motions and ensures the safety and resilience of
infrastructure in earthquake-prone regions. Acceleration time history for NF and FF

records of selected ground motions are shown in Figure 4.1 and Figure 4.2, respectively.

As discussed in the literature, the near and far-field exhibit very different types of
characteristics, therefore having different types of behaviour and damage to the
buildings. Near-field earthquakes have a shorter duration and typically exhibit higher
frequency content as compared to far-field. Moreover, NF ground motions carry
complexity in their waveform due to directivity and local site effects making it an
important parameter to study.
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Figure 4.1 Acceleration Time histories for selected Near Field (NF) records
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Figure 4.2 Acceleration Time history plots for selected FF ground motion records

4.4. Characterization of Ground Motion

The ground motion characterization has been done based on the following energy
parameters — viz. Arias Intensity, Energy Flux, Fourier Amplitude, and Power
Amplitude each of which is discussed in detail in the following section. The spectrum
characteristics, such as the Fourier spectra, dominant frequency and the power spectra

are also discussed.
4.4.1. Energy Parameters

Arias Intensity (Al)

Arias Intensity can be seen as a premise that the damage experienced during an
earthquake is proportional to the energy per unit weight dissipated by the structure
during the total duration of the earthquake (Villaverde, 2009). It has been observed to
be one of the most prominent parameters to access the probabilistic damage to the

structure during an earthquake. Arias Intensity has been calculated by using Eq. 4.1,
n T
la =355), la(O]?de (Eq. 4.1)

where g is the acceleration due to gravity, a(t) is the recorded acceleration time

history, T is the duration of ground motion.

A typical plot of Arias Intensity (Al) vs Period is shown in Figure 4.3 for both NF and

FF records and a comparative plot in Figure 4.4 for all earthquakes considered.
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Figure 4.3 Typical plot of Arias Intensity (%) vs Period for Cape Mendocino ground
motion — (a) NF (Left) and (b) FF (Right).
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Figure 4.4 Comparative plots of Arias Intensity (%) vs Period for all the ground
motions — (a) NF (Left) and (b) FF (Right)

NF ground motions constitutes for more early peaks of Arias intensity as compared to
FF ground motions. On an average, NF ground motion attains its peak of Arias intensity
in 0 to 20 secs, while FF ground motions attain its peak in 0 to 40 secs. Also, NF

constitutes a higher value of Arias intensity as compared to FF ones.

Energy Flux

Energy flux is defined as the amount of energy transmitted per unit of time through a
medium. Measuring and analyzing energy flux in earthquake engineering is important

for understanding the potential impact of seismic waves on structures and
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infrastructure. It helps engineers assess the dynamic response and structural
vulnerability of buildings, bridges, dams, and other critical facilities.
Specific Energy Density is calculated using the formula given below in Eq. 4.2., where

v(t) represents velocity at any time (t).

t
SED = [*** v[(D]*dt (Eq. 4.2)
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Figure 4.5 Typical plot of Energy Flux vs Period for Cape Mendocino ground motion
—(a) NF (Left) and (b) FF (Right).

[y
L1
[=Y
M

o

o
111
o
o

Energy Flux
o
[+)]
Energy Flux
=
[<)]

o
=Y
NN NN NN
o
=3

0.2 A / 0.2
N ] 0
0 20 40 60 80 100
(@) (b)

Figure 4.6 Comparative plots of Energy Flux vs Period for all the ground motions — (a)
NF (Left) and (b) FF (Right)

A similar trend of Energy Flux has been observed as that of Arias Intensity. On an

individual level, the energy flux of a NF ground motion is considerably large as
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compared to FF. On the other hand, the comparative plots depict that, NF ground

motions achieve their maximum value of energy flux much earlier than FF ones.
4.4.2. Spectral Parameters

Fourier Amplitude

Fourier amplitude is used to study the frequency content or spectral characteristics of
the seismic waves generated by the earthquake. The Fourier amplitude spectrum of
seismic waves provides information about the amplitudes or magnitudes of different
frequencies present in the waveforms and helps in understanding the distribution of
energy across different frequency ranges. Specifically, the Fourier amplitude spectrum
can be used to determine the dominant frequencies or resonance frequencies of the
earthquake waves. This information is crucial for assessing the potential impact on
structures and infrastructure, as different structures have different natural frequencies
of vibration, and resonance with the earthquake waves can lead to amplification of
ground motion. Overall, Fourier amplitude analysis plays a significant role in
earthquake seismology by providing valuable information about the frequency content,
energy distribution, and characteristics of seismic waves, which is essential for
earthquake monitoring, hazard assessment, and engineering design. Figure 4.7 shows a
typical plot of Fourier Amplitude w.r.t Frequency for Westmorland (both NF and FF)
ground motion record. The dominant frequency as observed for NF is 1.51367 Hz and
that for FF is 4.24805 Hz.
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Figure 4.7 Typical plot of Fourier Amplitude vs Frequency for Cape Mendocino
ground motion — (a) NF (Left) and (b) FF (Right).
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Differences can be observed very strongly by observing the peaks in NF and FF. NF
ground motions have a higher value of amplitude in a shorter time as compared to FF
ones, making a structure more prone to damage. While FF ground motions exhibit an
overall compressed peak as compared to NF ones and give less damage to the structure.

Also, the peak amplitude can be seen more in NF as compared to FF.

Dominant Frequency/ Period

Dominant frequency, mentioned in the above context is defined as frequency
corresponding to maximum Fourier amplitude (Telgarsky et. al., 2013) It is one of the
significant parameters as the dynamic response of structures strongly depends on their
natural frequencies and the frequency content of the ground motion. If the dominant
frequency of the ground motion matches or is close to the natural frequency of a
structure, it can lead to resonance, causing increased vibrations and potential damage
to the structure. Understanding the dominant frequency allows us to design structures

to attenuate resonance effects and ensure their stability during earthquakes.

Dominant frequency for selected NF and FF ground motions have been listed in Table
4.3.

Table 4.3 Dominant frequency for selected NF and FF ground motion records

Dominant Dominant
Sr. No. Year Earthquake Freq. Freq.
NF FF

1 1971 San Fernando 4,773 0.708

2 1978 Tabas 0.635

3 1979 Coyote Lake 0.976 2.685

4 1979 Imperial 0.806 2783
Valley

5 1979 Montenegro 1.074 5.359

6 1980 Irpinia 2.531 1.074

7 1981 San Salvador 1.172

8 1981 Westmorland 1.513 4,248

9 1986 Kalamata 3.458

10 1987 Superstition 0.537 3.906
Hills

11 1989 Loma Prieta 0.659 0.952

12 1992 Cape 0.635 1.367

Mendocino
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13 1992 Landers 0.256 0.488

14 1994 Northridge 1.025 4.663
15 1995 Kobe 0.586 1.465
16 1999 Duzce 0.549
17 1999 Kocaeli 0.268 1.605
18 2000 Tottori 0.925 3.712
19 2003 Bam 1.025 2.746
20 2004 Niigata 0.369
21 2004 Parkfield 1.147 1.501
22 2007 Chetsu-oki 0.696 0.684
23 2009 L’Aquilla 0.561 1.343
24 2010 Darfield 0.140
25 2011 Christchurch 0.635 6.079

Frequency Ratio is defined as ratio of dominant frequency and frequency of the

building. The values for all the ground motions have been listen in Table-4.1.

Power Amplitude

Power Amplitude represents the distribution of power or energy across different
frequencies in a signal. It is derived from the Fourier amplitude spectrum by squaring
the amplitudes at each frequency. It provides information about the relative
contributions of different frequencies to the overall power or energy content of the
signal. This is particularly important when assessing the response of structures to
earthquake ground motion since the energy content can be more relevant than the

amplitude alone.
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Figure 4.8 Typical plot of Power Amplitude vs Frequency for Cape Mendocino ground
motion — (a) NF (Left) and (b) FF (Right).

Response Spectrum

Response spectrum is a graphical representation of the maximum response of a structure
to a range of ground motion intensities at different frequencies. It is commonly used in
structural engineering to assess the dynamic behaviour and seismic performance of
buildings, bridges, and other structures. The response spectrum shows how the structure
would respond to various ground motion inputs, such as earthquake accelerations, by
plotting the maximum structural response (displacement, velocity, or acceleration)
against the corresponding frequency content of the ground motion. The spectrum is

typically represented as a curve or a set of curves.

The shape of the response spectrum curve is determined by the characteristics of the
ground motion, including its amplitude and frequency content. It provides valuable
information about the structure's vulnerability to different frequency components of
ground motion. The higher the peak amplitude of the response spectrum at a particular
frequency, the more significant the structural response will be at that frequency.
Response spectra are often derived from recorded seismic accelerations or synthesized
ground motion records. These spectra can be created for different ground motion
intensities, such as design-basis earthquakes, to evaluate the potential structural

response under different seismic events.

The acceleration response is observed for all the ground motion records considered.
Combined spectra are observed by calculation of the Average and Square Root of the
Sum of Squares (SRSS). The spectra have been shown in Figure 4.9 and Figure 4.10
for NF and FF ground motion records respectively.
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4.5. Comparative plots

The comparative plots of other parameters w.r.t (\V/A) were plotted and represented in

Figure 4.11 and Figure 4.12 for NF and FF ground motions respectively. The scattering

of plots signifies that ground motions (both NF and FF) are selected so that, the

diversification could account for better analysis as each ground motion possess a

different range of selected parameter. The following observations were drawn from

respective plots-

Avrias Intensity: Most of the values of Arias Intensity lie in b/w V/A ratio of 0.1 to 0.2

sec, having a value ranging from 0.2 to 12 m/sec for NF, while this ranges b/w 0.2 to

0.4 m/sec for FF ground motions.
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Predominant Period: Most of the values of the Predominant period lie b/w V/A ratio of

0 to 0.2 sec, having a value ranging from 0.1 to 1 sec for NF and 0 to 0.8 sec for FF

ground motions.

Specific Energy Density: Most of the values of specific energy density lie b/w 0 to 9

cm?/sec for NF and 0.1 to 30 cm?/sec for FF.
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Figure 4.12 Comparative plots of FF ground motion parameters w.r.t V/A ratio

4.6. Chapter Summary

This chapter focuses primarily on input ground motion datasets. This briefly discusses
from the extraction of raw ground motion data from PEER-NGA for characterization
for further analysis. Two types of characterization have been discussed viz. Energy
Parameters and Spectral Parameters. Several Co-relative graphs have been built to

understand the characteristics and nature of NF and FF ground motions.
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CHAPTER -5

NON-LINEAR ANALYSIS OF RC FRAME

5.1. Overview

After characterizing the ground motion and modelling of the application frame as per the study,
the pushover results of Four-storey, three-bay frames are validated as per Kaushik et. al. 2009.
Single storey frame was derived further to perform Non-Linear Time History Analysis and
observe the trends of different parameters and their correlation with different lateral responses
of the frame.

5.2. Validation of Kaushik et al 2009

As described in previous chapters, the validation frame was replicated as per given in Kaushik
et al 2009. The capacity curve obtained by Pushover Analysis of BF and FI is as shown in

Figure 5.1 and Figure 5.2.
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Figure 5.1 Pushover curve for BF (Kaushik et. al. 2009)
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For comparison of the present study with the research, Seismic weight was converted into Base
shear by derived value from SAP:2000 and drift were converted into displacement by
multiplication with storey height. The comparison plots obtained for validation are as shown

in Figure 5.3 and Figure 5.4
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Figure 5.3 Pushover Curve for validating Bare Frame (BF)

51



2,500
. Kaushik et al 2009
] Present Study
2,000 - /)
z
:*4/1,500 E
S
(a5}
(5]
5) i
@ 1,000 ]
©
o
500 ]
0 ] T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.0 0.1 0.1 0.2 0.2 0.3 0.3
Displacement (m)
Figure 5.4 Pushover Curve for validating Fully-Infilled Frame (FI)
5.3. Output

Non-Linear Time History Analysis was performed for one bayed, single-storey frame derived
frame from a four-storied validation frame. Each acceleration value of an earthquake was
divided by its maximum absolute value. This scaling was done for every earthquake before
input to SAP:2000. Six load cases were created to analyze the results corresponding to the
multipliers of PGA i.e. 0.1g, 0.3g, 0.5g, 0.7g, 0.9g, 1.1g for each earthquake. The
corresponding, response was observed for the frame with parameters as listed in further

sections.

5.3.1. Displacement Response

Displacement refers to the shifting of ground from its original position. It is one of the most
crucial parameters of all as it directly influences the response of a structure. Displacement vs
time plot is a basic to analyse the behaviour of a structure, as it gives displacement at any
instant of time. A typical displacement vs time graph for specified accelerations is shown in
Figure 5.5
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acceleration values

The maximum absolute displacement was extracted from Joint Displacement vs Time plot from
SeismoSignal. Correspondingly, the maximum absolute displacement was calculated and
plotted against PGA for both NF and FF earthquake records. The comparative plots have been

shown in Figure 5.6.
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Figure 5.6 Comparative plots of Maximum Absolute displacement vs PGA for NF and FF
earthquake records

For a particular ground motion, NF constitutes a higher displacement impact on a structure as

compared to FF ones. Figure 5.7 depicts the correlation b/w the two.
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Figure 5.7 FF vs NF displacement response

The mean of absolute displacement for all earthquake records is calculated and plotted in

Figure 5.8
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Furthermore, the maximum displacement response has been correlated with PGA and Arias

Intensity as shown in Figure
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Figure 5.9 Correlation plot of maximum displacement response with PGA and Arias Intensity
for NF ground motions
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5.3.2. Potential Energy

In earthquake engineering, potential energy refers to the energy stored within a system that can
be released during an earthquake. This energy is primarily associated with the elastic
deformation of the Earth's crust and the subsequent release of stored stress along fault lines.
Therefore, Potential Energy becomes one of the crucial energy parameters to be analyzed. A

typical Potential Energy vs time plot is shown in Figure 5.12
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Figure 5.11 Typical Potential Energy vs Time plot for Bam-NF earthquake

The maximum potential energy was calculated and plotted against PGA for both NF and FF

earthquake records. The comparative plots have been shown in Figure 5.13
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Figure 5.12 Comparative plots of Maximum Absolute Potential vs PGA for NF and FF
earthquake records
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5.3.3. Base Shear

Base shear refers to the total lateral force that is exerted at the base of a structure during an
earthquake. It represents the horizontal force that acts on a building or structure due to ground
motion caused by an earthquake.

By designing structures to resist the base shear forces, the aim is to minimize the potential for
structural damage, ensure the safety of occupants, and enhance the overall seismic performance

of buildings during earthquakes. A typical Base shear vs time plot is shown in Figure 5.18
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Figure 5.17 Comparative plots of Maximum Absolute Base Shear vs PGA for NF and FF

earthquake records
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5.3.4. Regression Analysis

The regression analysis was performed for both ground motions (NF and FF). The inter-
relationships derived from regression has been shown from Equation 5.1 to Equation 5 .6.
Coefficient of Determination, R?- It is a statistical measure which represents the proportion
of variance for a dependent variable that can be explained by independent variables in
regression analysis. More the value of R?, the stronger relation holds between the dependent
and the independent variables of regression model. When the variance accounts to be high, the
data points tend to fall closer to the fitted regression line as illustrated in Figure 5.21

R-squared : 17% R-squared : 83%

Figure 5.21 Visual representation of R?
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The observed value for R? is greater than 0.9(90%) for FF ground motions, while greater than
0.55(55%) for NF ground motions. This clearly indicates that regression model with considered

parameters holds a strong relationship in case of FF ground motions as compared to NF

For NF-ground motions (R?>0.55)

Max Disp. = 0.095-0.0019*Al+0.676*PGA-0.162*(V/A)-0.027* f4 (Eqn. 5.1)
Max. P.E. = 1.412+0.764*Al+73.045*PGA-22.45*(V/A) -4.305* f4 (Egn. 5.2)
Max. Base Sh. = 15.85+1.219*Al+187.158*PGA+14.273*(V/A) -4.878* f;  (Egn. 5.3)

For FF-ground motions (R?>0.90)

Max. Disp. = 0.024-0.046*Al+0.563*PGA-0.246*(V/A) +0.0024*f4 (Egn. 5.4)
Max. P.E.= -4.604-11.42*Al+41.096*PGA-42.88*(V/A)+0.487*f (Egn. 5.5)
Max. Base Sh/= 3.898 -3.755 *Al+164.834*PGA-40.75*(V/A) +0.984*f, (Eqn. 5.6)
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CHAPTER -6

SUMMARY AND CONCLUSIONS

6.1. Overall Summary

NF ground motions exhibits strong pulse waves which are very different in nature as compared
to FF ground motions. Therefore, difference b/w both type of ground motions has been
observed. The input ground motions have been characterized and response spectrum has been
plotted to observe the affects. The ground motions have been input to one-story fully infilled
portal frame in order to access the difference in response of NF and FF on seismic response.

6.2. Conclusions

The following conclusions are drawn from the nonlinear analysis using the considered NF and

FF ground motions in the present study —

1. Characterization of ground motion: Ground motions have been characterized based on
Energy parameters (Arias Intensity and Energy Flux) and Spectral Parameters (Fourier
Amplitude and Power Amplitude). The scattering of plots signifies that ground motions
(both NF and FF) are selected so that, the diversification could account for better analysis
as each ground motion possess a different range of selected parameter. Specific Energy Plots
shows the most scattering amongst all signifying more variations in NF and FF response.
Response spectrum peaks have been comparatively large for NF, making structures more
prone to seismic damage as compared to FF ones. NF Response spectrum more seismic
demands as compared to FF and even combined response spectrum. Dominant frequency
was observed to be greater for FF which signifies that FF ground motions reaches its
maximum amplitude after NF and having strong short pulses in case of NF.

2. Non-Lineear Time History Analysis (NLTHA): Regression Analysis have been performed
and inter-relationship between response (Output) with ground motion parameters (Al, PGA,
fa, SED, (V/A) max) was derived. The regression model for FF holds a strong validation as
compared to NF ground motions. FF ground motions hold a strong correlation with PGA,

Al and fq. (V/A) and fq shows a good correlation amongst output response parameters.
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6.3. Future Scope

The present study considered the response of single-story portal frame over varying ground
motion parameters to visualize the effects of NF and FF ground motions. A multi-storey frame
can be analyzed in similar manner and subsequently response parameters such as Interstory

Drift, Displacement etc. can be accessed for NF and FF ground motions separately.
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APPENDIX-I

CHARACTERIZATION OF GROUND MOTIONS:
Energy parameters:-
Arias Intensity (NF):
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APPENDIX-II

Displacement response (NLTHA)
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0.E+00
-2.E-05
-4.E-05
-6.E-05

4.E-04
3.E-04
2.E-04
1.E-04
0.E+00
-1.E-04
-2.E-04
-3.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

0.5g

Time

Displacement

Displacement

Displacement

Displacement
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2.E-04
2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

Time

Time

0.7g

Time

Time




Niigata-FF:

6.E-05 2.E-04
4.E-05 0.1g 1.E-04
é 2.E-05 g 5.E-05
3 @ 0.E+00
L;_ 0.E+00 ‘_;_
o 2 -5.E-05
8 2E05 A0 8
: -1.E-04
-4.E-05 -2.E-04
Time Time
-6.E-05 -2.E-04
3.E-04 4.E-04
0.5g
2.E-04 2 E-04
t t
g 1.E-04 S
§ § 0.E+00
8 0.E+00 s
z 2 ) E04
B4 2 0 = -2.E-
8 1E04 e
-2.E-04 4.E-04
- -
-3.E-04 me -6.E-04 me
6.E-04 6.E-04
AE-04 4.E-04 1.1g
g 2.E-04 g 204
g @ 0.E+00
£ 0.E+00 2 200
°a 0 2 -2.E-04
8 2E04 e
: -4.E-04
-4.E-04 -6.E-04
Time Time
-6.E-04 -8.E-04
Northridge-NF:
3.E-04 4.E-04
2.E-04
2.E-04
£ 1.E-04 - £
£ £
3 0.E+00 - § 0.E+00 -
i} )
o o
-1.E-04
2 2 2,04
-2.E-04
-4.E-04
-3.E-04
Time Time
-4.E-04 -6.E-04
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6.E-04 6.E-04
4.E-04 - 4.E-04 -
£ 2.E-04 A £ 2.E-04 A
£ £
g 0.E+00 A g 0.E+00 A
) i)
2 -2.E-04 A 2 -2.E-04
o o
-4.E-04 - -4.E-04 -
-6.E-04 - -6.E-04 -
Time Time
-8.E-04 -8.E-04
6.E-05 2.E-04
4.E-05 -
1.E-04 A
£ 2.E-05 A £
£ £
8 0.E+00 8 0.E+00 +
) i)
Q. o
o -2.E-05 a
2 2 -1.E-04 1
-4.E-05 -
-2.E-04 -
-6.E-05 -
Time Time
-8.E-05 -3.E-04
Northridge-FF:
6.E-05 2.E-04
AE-05 2.E-04
. 2 1E-04
g 2805 £ 5.E05
[+ [+
5 0.E+00 S 0.E+00
2 2
8 ,eos a -5.E-05
-1.E-04
-4.E-05 2 E-08
Time
-6.E-05 -2.E-04
3.E-04 4.E-04
2.E-04 2.E-04
t t
g 1.E-04 ]
§ § 0.E+00
5 0.E+00 &
2 2 ) E-04
O 1E04 e -
2 E-04 -4.E-04
Time
-3.E-04 -6.E-04
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Displacement

Parkfield-NF:

Displacement

Displacement

Displacement

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

8.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

-8.E-04

1.E-04

5.E-05

0.E+00

-5.E-05

-1.E-04

Time

20

0.5g

40

60

Time

20

Time

0.1g

20

40

60

Time

Displacement

Displacement

Displacement

Displacement
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8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

1.E-03

5.E-04

0.E+00

-5.E-04

-1.E-03

3.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

Time

0.7g

20 40 60
Time
11g
20 40 60
Time
0.3g
20 40 60
Time




Parkfield-FF:

6.E-05

4.E-05
2.E-05

0.E+00

Displacement

-2.E-05

-4.E-05

-6.E-05

0.1g

Time

3.E-04
2.E-04
1.E-04

0.E+00

Displacement

-1.E-04

-2.E-04

Time

-3.E-04

6.E-04

4.E-04
2.E-04

0.E+00

Displacement

-2.E-04

-4.E-04

0.9g

Time

-6.E-04

San Fernado-NF:

2.E-04

1.E-04

0.E+00

Displacement

-1.E-04

-2.E-04

-3.E-04

Displacement

Displacement

Displacement

Displacement
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2.E-04
2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

3.E-04
2.E-04
1.E-04
0.E+00
-1.E-04
-2.E-04
-3.E-04
-4.E-04
-5.E-04

0.3g

Time

0.7g

Time

1.1g

Time

20

40

0.7g

Time




Displacement

Displacement

San Fernado-FF:

Displacement

Displacement

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

4.E-05

2.E-05

0.E+00

-2.E-05

-4.E-05

-6.E-05

6.E-05

4.E-05

2.E-05

0.E+00

-2.E-05

-4.E-05

-6.E-05

3.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

20

40 60

Time

0.1g

20 30
Time
0.5g

20 30
Time

Displacement

Displacement

Displacement

Displacement
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4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

-8.E-04

2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

2.E-04
2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

11g

20 40
Time
0.3g

20 40
Time
0.3g
Time
0.7g

20

Time




6.E-04

4.E-04

2.E-04

0.E+00

Displacement

-2.E-04

-4.E-04

-6.E-04

Time

W

San Salvador-NF:

4.E-04

2.E-04 A

0.E+00 4

Displacement

-2.E-04 4

-4.E-04 -

Time

-6.E-04

6.E-04

4.E-04 -
2.E-04 -
0.E+00 -
-2.E-04 1

Displacement

-4.E-04 4
-6.E-04 4

Time

-8.E-04

6.E-05

4.E-05 A
2.E-05 A
0.E+00 4
-2.E-05 4

Displacement

-4.E-05 4
-6.E-05 4

-8.E-05

Time

Displacement

Displacement

Displacement

Displacement
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6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

3.E-04
2.E-04
1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

-4.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

1.1g

20

Time

Time

Time

Time




San Salvador-FF:

6.E-05

4.E-05

2.E-05

0.E+00

Displacement

-2.E-05

-4.E-05

-6.E-05

Displacement

3.E-04

2.E-04

1.E-04

0.E+00

Displacement

-1.E-04

-2.E-04

Displacement

-3.E-04

6.E-04

4.E-04

2.E-04

0.E+00

Displacement

-2.E-04

-4.E-04

Time

Displacement

-6.E-04

Superstition Hills-NF:

3.E-04

2.E-04
1.E-04
0.E+00

Displacement

-1.E-04
-2.E-04
-3.E-04 4

-4.E-04

0.5g

Time

Displacement
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2.E-04
2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

Time

Time

1.1g

Time

Time




Displacement

Displacement

Superstition Hills-FF:

Displacement

Displacement

6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

6.E-05
4.E-05
2.E-05
0.E+00
-2.E-05
-4.E-05
-6.E-05
-8.E-05

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

Time

0.1g

Time

W

W
[=)

Time

[68]

1.1g

Time

(03]

Displacement

1 e L 1 1
N
=
=
4]
(%)

Displacement

Displacement

1 1 1 1 1
O,

o

O

(]
w

Displacement

1 1 ! 1 1
o
oQ

193]
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8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

6.E-05

4.E-05

2.E-05

0.E+00

-2.E-05

-4.E-05

-6.E-05

Time

W

Time

Time

1

Time




2.E-04

2.E-04 H
1.E-04 A
5.E-05 A
0.E+00 +
-5.E-05
-1.E-04 4
-2.E-04 4
-2.E-04

Displacement

=

(=}
©
w
o

w

S

Displacement

Time

Tottori-NF:

3.E-04

2.E-04
1.E-04
0.E+00
-1.E-04

Displacement

-2.E-04
-3.E-04 A

300

Time

Displacement

-4.E-04

6.E-04

4.E-04 -

N

i

o

iy
1

o

m

+

o

o
I

Displacement

-2.E-04 4

-4.E-04 -

-6.E-04

Time

D
[=)

Displacement

6.E-05

4.E-05 4
2.E-05 A
0.E+00 -+

lacement

isp

-2.E-05 A

D

-4.E-05 A
-6.E-05 A

-8.E-05

100

200

300

0.1g

Time

lacement

isp

D
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3.E-04

2.E-04

=
I'I|'I
o
iy

0.E+00
-1.E-04
-2.E-04

-3.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

2.E-04
2.E-04
1.E-04
5.E-05
0.E+00
-5.E-05
-1.E-04
-2.E-04
-2.E-04

Time

Time

Time

0.3g




Tottori-FF:

lacement

isp

D

isplacement

D

isplacement

D

Westmorland-NF:

Displacement

8.E-05
6.E-05
4.E-05
2.E-05
0.E+00
-2.E-05
-4.E-05
-6.E-05

4.E-04
3.E-04
2.E-04
1.E-04
0.E+00
-1.E-04
-2.E-04
-3.E-04

8.E-04
6.E-04
4.E-04
2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

4.E-04
3.E-04
2.E-04
1.E-04
0.E+00
-1.E-04
-2.E-04
-3.E-04

0.1g

t

[

£

[}

s

2

130 °
Time
0.5g

t

[

£

[}

s

2

130 °
Time
0.9g

t

[

£

[}

s

2

130 °
Time
0.5g

t

(7]

£

[}

s

2

g °
Time
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3.E-04

2.E-04

[y
m
o
B

0.E+00

-1.E-04

-2.E-04

6.E-04

4.E-04

N
m
o
B

0.E+00

-2.E-04

-4.E-04

-6.E-04

1.E-03

«
m
<)
D

+

0.E+00

-5.E-04

-1.E-03

6.E-04

4.E-04

N
m
o
iy

o
m
+
o
o

-2.E-04

-4.E-04

0.3g

Time

0.7g

Time

1.1g

Time

0.7g

Time




6.E-04

4.E-04

2.E-04

0.E+00

Displacement

-2.E-04

-4.E-04

-6.E-04

Displacement

Time

8.E-05

6.E-05 A
4.E-05 A
2.E-05

Displacement

0.E+00
-2.E-05
-4.E-05

-6.E-05

0.1g

Displacement

D
[=)

Time

Westmorland-FF:

1.E-04

5.E-05

0.E+00

Displacement

-5.E-05

0.1g

Displacement

D
[=)

Time

-1.E-04

4.E-04

2.E-04

0.E+00

Displacement

-2.E-04

-4.E-04

D
[=)

Displacement

Time
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8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

3.E-04

2.E-04

1.E-04

0.E+00

-1.E-04

-2.E-04

-3.E-04

6.E-04

4.E-04

2.E-04

0.E+00

-2.E-04

-4.E-04

-6.E-04

Time

o))

Time

N

Time

D

Time

D




8.E-04
6.E-04
4.E-04
2.E-04
0.E+00
-2.E-04
-4.E-04
-6.E-04
-8.E-04

Displacement

Potential Energy

Time

Bam-NF

0.005

0.004 A

0.003 A

0.002 A

0.001 A

Potential Energy

0.1g

Time

20

40

60 80

0.12
0.1 4
0.08 A
0.06 A
0.04 H

0.02 A

Potential Energy

0.5g

Time

60 80

0.35
0.3 A
0.25
0.2 A
0.15

Potential Energy

0.05 H

0.9g

Time

20

40

60 80

1.E-03

5.E-04 H

o

m

+

o

o
L

Displacement

-5.E-04 4

40

Time

-1.E-03

0.04

0.03 -~

0.02 ~

Potential Energy

0.01 A

0.3g

Time

60 80

0.2

0.15 A

0.1 A

Potential Energy

0.05 A

0.7g

Time

60 80

0.5

Potential Energy

1.1g

Time
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60

80




Bam-FF

4.00E-04

3.50E-03

3.00E-04

2.00E-04

1.00E-04

0.00E+00

1.00E-02

3.00E-03
2.50E-03
2.00E-03
1.50E-03
1.00E-03
5.00E-04
0.00E+00

2.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

3.50E-02

1.50E-02

1.00E-02

5.00E-03

0.00E+00

5.00E-02

3.00E-02
2.50E-02
2.00E-02
1.50E-02
1.00E-02
5.00E-03
0.00E+00

Cape Mendocino-NF

4.0E-04

3.0E-04

2.0E-04

Potential Energy

1.0E-04

0.0E+00

4.00E-02

3.00E-02

2.00E-02

1.00E-02

0.00E+00

3.5E-03

10

20

Time

3.0E-03
2.5E-03
2.0E-03
1.5E-03

Potential Energy

1.0E-03
5.0E-04

0.0E+00
30
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10

20

0.3g

Time

30



1.0E-02 2.0E-02
0.5g 0.7g
8.0E-03 -
= z 1.5E-02 -
£ 6.0E-03 - 2
s E 1.0E-02
S 4.0E-03 A ]
3 3
5 0E.03 5.0E-03 -
Time Time
0.0E+00 A 0.0E+00 -
0 10 20 30 0 10 20
3.0E-02 5.0E-02
0.9g l.1g
2.5E-02 - 4.0E-02 -
% 0£-02 A &
e 2 3.0E-02 1
F 1.5E-02 - =
c € 2.0E-02 A
5 1.0E-02 - 5
5.0€-03 - 1.08-02 +
Time Time
0.0E+00 0.0E+00 A
0 10 20 30 0 10 20
Cape Mendocino-NF
4.0E-04 3.5E-03
0.1g 3.0€-03 - 0.3
% 3.0E-04 1 % 2.5E-03 A
@ @
S S 2.0E-03 -
T 2.0E-04 ]
= 2 1.5E-03
g ]
(o] (o]
€ 1 or-04 4 & 1.0E-03 -
5.0E-04 -
Time Time
0.0E+00 - 0.0E+00 A
0 10 20 30 0 10 20
1.0E-02 2.0E-02
0.5g 0.7g
8.0E-03 -
= z 1.5E6-02 -
£ 6.0E-03 - 2
g E 1.0£-02 -
S 4.0E-03 A ]
3 3
5 0E.03 - 5.0E-03
Time Time
0.0E+00 A 0.0E+00 -
0 10 20 30 0 10 20
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3.0E-02

2.5E-02

2.0E-02

1.5E-02

1.0E-02

Potential Energy

5.0E-03

0.0E+00

Time

o

10 20

Cape Mendocino-FF

3.5E-04
3.0E-04
2>“ 2.5E-04

N
o
m
o
=

.

1.5E-04

Potential Ene

1.0E-04
5.0E-05
0.0E+00

1.0E-02

8.0E-03

6.0E-03

4.0E-03

Potential Energy

L I I I I
o
Ul
o

2.0E-03

0.0E+00

3.0E-02

2.5E-02

2.0E-02

1.5E-02

Potential Energy

-

1.0E-02

5.0E-03

0.0E+00

1

Time

o

10 20

Time

o

10 20

9g

Time

o

10 20

5.0E-02

4.0E-02

3.0E-02

2.0E-02

Potential Energy

1 1 1 1 1
s
! [
oq

1.0E-02

0.0E+00

3.5E-03
3.0E-03
& 2.5E-03

g
=)
m
o
w

L 1 1 1 1 1
.o
(%3]
oQ

1.5E-03

Potential Ene

1.0E-03

5.0E-04
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