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1. INTRODUCTION 

1.1. Statement of Problem 

Near-field ground motions have caused much damage in the vicinity of seismic sources during 

recent earthquakes (Northridge 1994, Kobe 1995). There is evidence indicating that ground 

shaking near a fault rupture is characterized by a short-duration impulsive motion that exposes 

the structure to high input energy at the beginning of the record. This pulse-type motion is 

particularly prevalent in the "forward" direction, where the fault rupture propagates towards the 

site at a velocity close to the shear wave velocity. The radiation pattern of the shear dislocation 

of the fault causes the pulse to be mostly oriented perpendicular to the fault, causing the fault-

normal component of the motion to be more severe than the fault-parallel component 

(Somerville, 1998). This phenomenon requires consideration in the design process for structures 

that are located in the near-field region, which is usually assumed to extend about 10 to 15 km 

from the seismic source (1996 SEAOC Bluebook). 

Near-field ground motions exhibit special response characteristics that are different from the 

response characteristics of "ordinary" ground motions. This is shown in Fig. 1.1, which 

compares velocity response spectra of near-field and ordinary ground motions. The solid line 

(denoted as 15-D*) represents the mean velocity spectrum of a set of ordinary ground motions 

whose individual spectra resemble the 97 UBC soil type SD spectrum. The other lines 

correspond to the velocity spectra of individual near-field ground motions from different events. 

The figure illustrates significant variations in the response of SDOF systems to near-field ground 

motions. Every near-field record shows unique characteristics that distinguish it from others. 

The figure also indicates that near-field ground motions impose seismic demands on structures 

that are several times those imposed by US design level "ordinary" ground motions. 

The response of MDOF structures to near-field ground motions also demonstrates special 

properties. Figure 1.2 compares the story ductility demands of a 2-second 20-story MDOF 

structure subjected to near-field and ordinary ground motions. The base shear strength of this 

structure is defined by the base shear coefficient y = Vy/W = 0.15. The heavy solid line 

represents the mean story ductility demands for the same set of ordinary ground motions as 

shown in Fig. 1.1. The uniqueness of the MDOF response to near-field records is again 

prevalent. Unlike ordinary ground motions, the distribution of the demands over the height of 

the structure is highly non-uniform for the near-field records. The severity of near-field ground 
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motions leads to ductility demands that are significantly larger than those for the ordinary 

records that represent code design ground motions. 

The special response characteristics of near-field ground motions deserve much scrutiny. The 

development (or improvement) of design guidelines for structures close to a seismic source 

requires a thorough understanding of near-field response phenomena. The near-source factors 

incorporated in recent US codes are insufficient to solve the problem consistently, because they 

pay little attention to the physical response characteristics of near-field ground motions. It may 

also be necessary to modify the design shear force distribution over the height of the structure. 

Moreover, the emerging concepts of performance-based seismic design require a quantitative 

understanding of response at different performance levels, ranging from nearly elastic behavior 

to highly inelastic behavior associated with incipient collapse. 

1.2. Objectives and Scope 

This study addresses the elastic and inelastic response of SDOF systems and MDOF frame 

structures subjected to near-field ground motions. The global objective is to acquire quantitative 

knowledge on near-field ground motion effects. The results of this study are intended to identify 

salient response characteristics, to describe near-field ground motions by simple equivalent 

pulses, and to utilize the pulse response characteristics to define behavior attributes of structures 

when subjected to near-field ground motions. The ultimate goal is to develop design guidelines 

that provide more consistent protection for structures located in near-field regions. 

A set of recorded near-field ground motions is utilized in the response investigations. The 

ground motions are introduced in Chapter 2, which also addresses the effect of directivity and 

various components of near-field motions. In order to derive general rather than specific 

information, generic rather than particular structures are used in the response evaluations. 

Chapter 3 presents a description of the generic frame structures used in this study and the 

assumptions made in their design. 

Chapter 4 focuses on the elastic and inelastic response of structures to near-field ground motions. 

Salient near-field response characteristics and differences from characteristics of ordinary ground 

motions are identified. Global and story drift demands of the generic structures are investigated 

through a comprehensive parametric study that describes the variation of seismic demands with 

structure parameters such as fundamental period and base shear strength. The pulse-type 

properties of near-field ground motions provide motivation for representing these ground 
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motions by a small number of simple pulses, which can significantly facilitate the process of 

response prediction and design. Such simple pulse shapes and their spectral properties are 

discussed in Chapter 5. Chapter 6 addresses the elastic and inelastic demands of structures 

subjected to the simple pulses using an extensive parametric study that takes into account the 

parameters of the structure and the pulse. Since near-field ground motions tend to impose large 

displacement demands on frame structures, giving rise to second-order demand amplification, P-

delta effects are also addressed in this study. The issue of representing near-field ground 

motions by equivalent pulses is pursued in Chapter 7. 

In Chapter 8 particular steel structure models are employed for verification and calibration 

purposes, and to assess the extent to which the results obtained from the generic structures can be 

generalized. Design implications for near-field ground motions are presented in Chapter 9, 

which summarizes the results of a statistical study that relates the design base shear to the 

magnitude and distance of the event. Improved distributions of the design story shear force over 

the height of the structure are also investigated. 

Chapter 10 is concerned with the study of a set of near-field ground motions recorded during the 

1995 Kobe Earthquake. Response of SDOF and MDOF structures to this record set is 

investigated, and equivalent pulses are established that can represent the near-field ground 

motions. 

Many fundamental characteristics of near-field ground motions and their effects on frame 

structures have been identified and quantified in this study. But it is recognized that the near-

field problem is very complex, and that more work is needed before a comprehensive 

understanding of all important aspects of the problem will be accomplished. This work attempts 

to address the most important issues concerning near-field ground motions and their response 

attributes in order to form a foundation on which to base future research and development of 

design guidelines. 
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2. NEAR-FIELD GROUND MOTIONS USED IN THIS STUDY 

2.1. Ground Motion Records 

A set of 23 near-field ground motion records is utilized in this study. The designation and basic 

properties of these recorded ground motions are listed in Table 2.1. The first 10 ground motions 

in the table were assembled by Somerville for the SAC Steel Project (Somerville et al., 1997a). 

The other 13 near-field records listed in the table were provided by Somerville for the CDMG 

Strong Motion Instrumentation Program (Somerville, 1998). The ground motions are either 

recorded on soil or have been modified to NEHRP soil type SD conditions. The exception is 

IV40ivir, which is modified to soft soil conditions. The ground motions cover a moment 

magnitude range from 6.2 to 7.4 and a distance (closest distance from the fault) range from 0.0 to 

10.0 km. A complete set of ground time history traces is presented in Appendix A for the fault-

normal component of the records with forward directivity. 

In all near-field time histories there should be static displacements due to the static dislocation 

field of the earthquake. However, most recording systems do not adequately record the 

permanent displacements, which are filtered out of the recordings in the course of processing. 

Somerville has not attempted to retain the static displacement field in any of the time histories, 

with the exception of the Lucerne recording of the 1992 Landers earthquake (LN921ucr). This 

time history has been modified by Graves (1996) compared to the version of Iwan and Chen 

(1994) to include geodetically defined static displacements. 

2.1.1. Directivity Effects 

The record set includes recordings with both forward and backward rupture directivity. If the 

rupture propagates towards the site, the recording at the site will show forward-directivity 

effects. Since the propagation occurs at a velocity that is close the shear wave velocity, most of 

the seismic energy from the rupture arrives at the site in a large short-duration pulse of motion at 

the beginning of the record (Somerville et al., 1997b). This large pulse is mostly oriented in the 

fault-normal direction on account of the radiation pattern of shear dislocation on the fault. 

Figure 2.1 illustrates ground time history traces for the fault-normal component of a near-field 

ground motion (LN921ucr) that was recorded in the forward-directivity region during the 1992 

Landers earthquake. The large pulse of motion is clearly observed in the velocity and 

displacement time histories. 
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If the rupture propagates away from the site, the recording at the site will show backward-

directivity effects. Records with backward directivity exhibit long-duration motions that have 

low amplitudes at long periods (Somerville et al., 1997b). Figure 2.2 presents the time histories 

for a ground motion (LN92josh) that was recorded in the backward-directivity region of the 

Landers earthquake. As can be seen, this record does not show the pulse-type characteristics 

typical of records with forward directivity. Instead, the seismic energy arriving at the site is 

scattered throughout a long-duration ground motion. It is also observed that the maximum 

ground acceleration, velocity, and displacement of this backward-directivity record are 

significantly smaller than their corresponding values of the forward-directivity record LN921ucr, 

even though LN92josh is recorded at a station that is closer to the epicenter of the Landers 

earthquake. This study focuses only on the response characteristics of near-field ground motions 

with forward directivity. 

2.1.2. Ground Motion Components 

Figure 2.3 illustrates ground velocity and displacement traces for the fault-normal and fault-

parallel components of the near-field record NR94rrs. This ground motion, which is recorded in 

the forward-directivity region of the 1994 Northridge Earthquake, shows a large pulse of motion 

in the time range from 2 to 3 sec. of the fault-normal trace. As pointed out earlier, the fault-

normal component of the motion is much more severe than the fault-parallel one due to the 

radiation pattern of the shear dislocation. Therefore, the orientation of the structure with respect 

to the fault direction will determine the severity of the ground motion that the structure may 

experience in the near-field region of a fault rupture. 

In order to obtain a better understanding of the effect of structure orientation, Fig. 2.4 shows 

ground velocity and displacement time histories for two rotated components of the same ground 

motion. These components, which are rotated by 45° with respect to the fault direction, are 

obtained by combining the fault-normal and fault-parallel time histories. It can be seen that the 

two rotated components also exhibit pulse-type characteristics. The time history trace of one of 

the rotated components is very similar to that of the fault-normal component (Fig. 2.4(a)). Thus, 

it appears that pulse-type characteristics are not particular only to the fault-normal direction. The 

study of the time history traces also suggests that the rotated components are relatively severe. 

The severity of the rotated components is further addressed using spectral values. 
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2.2. Elastic Spectra of Near-Field Ground Motions 

Figure 2.5 illustrates acceleration (elastic strength demand), velocity, and displacement spectra 

of the near-field ground motion NR94rrs, whose ground time histories were illustrated earlier. 

Each graph includes the spectra for the fault-normal, fault-parallel, and the two 450  rotated 

components of this ground motion. All spectra are computed for 2% damping. The figure 

clearly shows the large difference between the fault-normal and fault-parallel components. 

These results as well as the elastic spectra of other near-field ground motions with forward 

directivity (see Appendix A) indicate that the fault-normal component is much more severe than 

the fault-parallel component. When these two components are rotated by 45°, the difference in 

the spectra becomes smaller, but one of the two rotated components still will impose demands 

close to (and sometimes even higher than) those associated with the fault-normal component. 

This pattern is consistent for all of the near-field records with forward directivity studied here 

(Appendix A). Thus, when a 3-D structure composed of frames in two perpendicular directions 

is subjected to a near-field ground motion, frames in one of these two directions will always be 

exposed to excitations with an intensity level close to that of the fault-normal component. This 

provides sufficient justification for focusing on the fault-normal component of near-field ground 

motions in this study. 

Another important observation from the spectra is the existence of a predominant peak in the 

fault-normal velocity spectrum of most of the near-field records. However, some of the records 

used in this study have more than one clear velocity peak. Later in Chapter 7, it is shown that 

identifying the predominant peak of the velocity response spectrum is the key to estimating the 

period of the pulse contained in the near-field record. 

As pointed out earlier, some of the ground motions used in this study are originally recorded on 

rock and have been analytically converted into soil motions (Somerville, 1998). Figure 2.6 

shows the elastic response spectra of the fault-normal component of the near-field record 

KB95kobj, which has been modified from rock to soil conditions. The figure compares the 

elastic spectra of the ground motion before and after the modification is made. As the figure 

indicates, the spectral values of the original and converted records are almost identical in the 

period range T < 0.7 sec. However, at longer periods the spectral values of the converted soil 

motion vary between 1.6 and 1.9 times those of the original rock ground motion. 
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2.2.1. Comparison with Ordinary Ground Motions 

A reference set of 15 "ordinary" records is utilized for comparison purposes. These records, 

which were used in past studies (Seneviratna and Krawinkler, 1997), are scaled in a way such 

that the spectrum of each individual record matches the 97 UBC soil type SD spectrum with a 

minimum error, using discrete periods in the range from 0.6 to 4.0 seconds (constant velocity 

range). The mean acceleration response spectrum of the 15 scaled records, referred to as 15-D* 

(mean), is shown in Fig. 2.7 together with the 97 UBC soil type SD spectrum (Z = 0.4). Thus, on 

average, these 15-D* time histories are reasonable representations of presently employed design 
ground motions in the US. 

Figure 2.8 presents the mean velocity and displacement spectra of the 15-D* records 

superimposed on the velocity and displacement spectra of several of the near-field records with 

forward directivity. This figure is presented for two reasons: first, to illustrate great variations in 

the response spectra that have to be expected from near-field ground motions, and second, to put 

the severity of near-field ground motions in perspective with present design ground motions. 

Maximum values of spectral velocities and displacements of the near-field records are several 

times those of the mean of the design ground motions. This indicates that near-field records can 

impose very large demands that need to be considered in the design process. The response of 

MDOF structures to the near-field ground motions represented by these spectra is discussed in 
Chapter 4. 
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Table 2.1 Designation and Properties of Near-Field Ground Motions Used in this Study 

Designation Earthquake Station Directivity Magnitude Distance 

TB78tab Tabas. 1978 Tabas backward 7.4 1.2 

LP89Igpc Loma Prieta, 1989 Los Gatos forward 7.0 3.5 

LP89Iex  Loma Prieta, 1989 Lexington forward 7.0 6.3 

CM92petr  Mendocino, 1992 Petrolia backward 7.1 8.5 

EZ92erzi Erzincan, 1992 Erzincan forward 6.7 2.0 

LN92Iucr Landers. 1992 Lucerne forward 7.3 1.1 

NR94rrs Nothridge. 1994 Rinaldi forward 6.7 7.5 

NR94sylm Nothridge, 1994 Olive View forward 6.7 6.4 

KB95kobi Kobe, 1995 JMA forward 6.9 0.6 

KB95tato Kobe, 1995 Takatori forward 6.9 1.5 

1V40ivir Imperial Valley. 1940 El Centro backward 6.9 10.0 

IV79ar06 Imperial Valley, 1979 Array 6 forward 6.5 1.2 

IV79bond Imperial Valley. 1979 Bond's Corn backward 6.5 2.4 

IV79melo Imperial Valley, 1979 Meloland forward 6.5 0.0 

KB95kpi1 Kobe, 1995 Port Island forward 6.9 3.7 

LN92josh Landers, 1992 Joshua Tree backward 7.3 7.4 

LP89corr Loma Prieta, 1989 Corralitos backward 7.0 3.4 

MH84andd Morgan Hill, 1984 Anderson D forward 6.2 4.5 

MH84cyld Morgan Hill, 1984 Coyote L D forward 6.2 0.1 

MH84hall Morgan Hill. 1984 Halls Valley backward 6.2 2.4 

NR94newh Nothridge. 1994 Newhall forward 6.7 7.1 

NR94nord Nothridge, 1994 Arleta backward 6.7 9.2 

NR94spva Nothridge, 1994 Sepulveda forward 6.7 8.9 
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Fault-Normal Component of Record KB95kobj 
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3. SDOF AND MDOF SYSTEMS USED IN THIS STUDY 

3.1. SDOF Systems 

Fundamental studies are carried out with elastic and inelastic SDOF systems in order to capture 

basic response characteristics that differentiate near-field ground motions from "ordinary" 

ground motions. The elastic period T of the SDOF system is varied at closely spaced intervals to 

provide accurate spectral information within the range of interest. For recorded ground motions 

the period range is between 0 and 4.0 seconds, and for basic pulse-type ground motions the 

primary range of interest for T/Tp  is between 0 and 3.0, where Tp  is the period of the pulse. For 
all systems a damping ratio of = 2% is used rather than the more customary value of 5%. The 

reason is that the focus of the study is on steel frame structures for which 5% damping is difficult 
to justify. 

Inelastic SDOF systems are defined by a non-degrading bilinear skeleton curve and basic 

hysteresis rules. The yield strength is denoted as Fy, and the strain-hardening ratio is represented 
by a. Unless noted otherwise, a value of a = 0.03 is used to model hardening that is 

representative of typical steel frame structures. 

3.2. MDOF Systems 

3.2.1. Properties of Generic Structure 

One of the main objectives of this study is to quantify the seismic demands of multistory frame 

structures subjected to near-field ground motions and simple pulses. To achieve this goal, a 

generic 2-dimensional frame structure is used whose strength and stiffness properties can be 

tuned to specific requirements in order to facilitate interpretation and generalization of response 

results. In this generic structure, the fundamental elastic period T is a variable, but the number of 

stories is kept constant at 20. It was considered impractical to vary the number of stories because 

of the emphasis on pulse loading which is characterized by a pulse period Tp  rather than a 
specific numerical value of T that can be associated with a specific number of stories. 

In its physical configuration, the generic structure constitutes a single-bay moment-resisting 

frame whose story strengths and stiffnesses are tuned to specific requirements that are discussed 

in the next section. Inelastic deformations are permitted only at the ends of the beam in each 

story and at the base of the columns. Thus, the basic plastic hinge mechanism under lateral loads 
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involves all stories, with no individual story mechanism allowed. This mechanism is illustrated 

in Fig. 3.1. 

The following assumptions are made in the design of the generic model structure: 

Floor mass is the same in every story and at the roof level. 

Story height is the same in every story. 

Bay width is twice the story height. 

Beam and column moments of inertia are the same in each story. 

Only flexural deformations are considered. 

The variation of moment of inertia over the height is tuned such that the later defined SRSS 

lateral load pattern results in a straight-line deflected shape of the structure. 

The beam bending strength in each story is tuned such that under the SRSS lateral load 

pattern simultaneous yielding occurs in all stories. 

The effect of gravity load moments on plastic hinge formation is not considered. 

A bilinear non-degrading hysteresis model with a 3% strain-hardening ratio is used at all 

plastic hinge locations. 

For time history analyses, Rayleigh damping is used to obtain a damping ratio of 2% at the first 

mode period T and at 0.1T. All MDOF structural analyses in this study are performed using the 

DRAIN-2DX computer program (Prakash et al., 1993). 

As discussed in Section 6.5, a generic 3-story frame structure is also used in a sensitivity analysis 

to assess the demands for short-period MDOF structures subjected to near-field ground motions. 

The same assumptions and procedures introduced in this chapter are employed in the design of 

the 3-story structure. Furthermore, a pilot study is carried out to quantify the response obtained 

from frame models of real steel structures in order to validate the seismic demands derived from 

generic structures (Chapter 8). 

3.2.2. Design Load Pattern 

In order to establish story stiffness and strength properties, a design lateral load pattern and base 

shear strength are required. The base shear yield strength is varied according to specific 

objectives of the analysis and is discussed later. Given the base shear yield strength, the 

individual story shear yield strengths are tuned to the story shear forces obtained from the design 

load pattern. As a result, all stories will yield simultaneously if the lateral loads follow the 
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design load pattern. Thus, global and story "shear force - drift" relationships obtained from a 

pushover analysis with the design load pattern will mimic the bilinear shape corresponding to the 

SDOF systems summarized in Section 3.1. 

In previous studies by Nassar and Krawinkler (1991), and Seneviratna and Krawinkler (1997), 

the UBC seismic load pattern was used for stiffness and strength design of generic models. In 

this study it was decided to utilize a load pattern that is based on dynamic properties rather than 

code assumptions. A load pattern was selected for this purpose which is based on story shear 

forces obtained from the SRSS modal superposition method. The SRSS analysis requires the 

selection of a design spectrum. It is assumed that the design spectrum follows a 1/T shape for 

acceleration (or constant velocity) at all modal periods that contribute significantly to the SRSS 

combination. This assumption, together with the requirement that the deflected shape under the 

design load pattern should be a straight line, results in the story shear force and design load 

patterns illustrated in Figs. 3.2 and 3.3. Unlike the UBC "triangular" load pattern, the SRSS 

pattern does not show a linear variation over the height of the structure. Particularly, the roof 

lateral load is significantly larger than the lateral load at the next lower floor level. 

Since the story shear forces obtained from the SRSS combination depend on relative story 

stiffnesses, an iterative procedure is required to tune the element stiffnesses so that a straight-line 

deflected shape is obtained under the SRSS load pattern. Basic dynamic properties of the 

generic structure (period ratios, effective masses, and modal participation factors) that fulfill the 

stiffness design requirements are listed in Table 3.1. 

3.2.3. Design for P-Delta Effects 

It is expected that dynamic P-delta effects will be of major concern for structures subjected to the 

large displacement pulses of near-field ground motions, particularly if inelastic interstory drifts 

become large and lead to drifting (displacement amplification) of the seismic response. Thus, P-

delta effects should be incorporated explicitly in the design of the generic structure. 

To simulate P-delta effects, identical gravity loads are assigned to each story. This implies that 

axial column forces due to gravity loads increase linearly from the top to the bottom of the 

frame. The magnitude of the story gravity load is determined so that in the first story the elastic 

second-order interstory drift is 10% of the first-order interstory drift under the SRSS lateral 

loads. In the elastic range the consequence of incorporating P-delta effects is a 10% reduction in 

elastic stiffness in the first story, and a smaller reduction in higher stories. 
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The effect of P-delta on the inelastic response is illustrated in Fig. 3.4, which shows (a) base 

shear versus roof displacement, and (b) base shear versus first story displacement diagrams 

obtained from a pushover analysis. Results without and with consideration of P-delta effects are 

presented. If P-delta effects are neglected (without P-delta), the global and interstory strain-

hardening stiffnesses are between 3.6% and 3.7% of the elastic stiffness. This value is different 

from the 3% strain hardening assumed at plastic hinge locations, because the columns remain 

elastic after the beam plastic hinges have formed, and contribute to the stiffness in the post-

elastic range. Incorporating P-delta effects decreases the elastic stiffness by 10%, and decreases 

the strain-hardening ratio from +3.7% to -14.4% for the global response, and from +3.6% to 

-2.8% for the first story response. The large effect on the global response is due to the 

cumulative nature of the global displacement response (summation of all story drifts). The fact 

that the decrease of post-elastic stiffness in the first story is less than 10% of the elastic stiffness 

is attributed to the change in the deflected shape of the structure once a mechanism has formed. 
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Table 3.1 Basic Dynamic Properties of Generic Structures 

Mode # Ti  / T1  Effective Mass, % Participation Factor 
1 1.000 78.5 1.37 
2 0.371 10.9 0.59 
3 0.225 4.1 0.37 
4 0.159 2.1 0.26 
5 0.121 1.3 0.18 
6 0.096 0.8 0.14 
7 0.078 0.6 0.11 
8 0.065 0.4 0.10 
9 0.055 0.3 0.09 
10 0.047 0.2 0.07 

2h 

Figure 3.1 Plastic Hinge Mechanism for Generic Frame Structure under Lateral Loads 
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Figure 3.4 Global and First Story Pushover Results with and without P-Delta 
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