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ABSTRACT

The occurrence of a greater than magnitude 6 earthquake in an urban setting is a rare event;
however, structural performance during such an earthquake is an important consideration.
Unique to the near-fault region (less than 10 km) is the occurrence of a large pulse in the velocity
time history trace. This large velocity pulse occurs when the conditions of forward directivity
are met.

The ability to capture pulse-type ground motions in the near-fault region is of recent
development and records of this type are few. The 1994 Northridge, California, and 1995 Kobe,
Japan, earthquakes substantially increased the current database of recorded ground motions. As
technologies improve and seismic recording devices become less expensive and easier to
implement, the database of recorded near-fault directivity pulses will increase. For example,
numerous devices in the near-fault region captured the recent (1999) Kocaeli, Turkey, and Chi-
Chi, Taiwan, earthquakes. The effect of this recent data on previously completed work is
discussed.

Correct modeling and design of structures subjected to near-fault, directivity pulse
loading require a sound understanding of the pulse characteristics of near-fault motions. This
report describes the procedure followed in defining a representative large velocity pulse for
laboratory testing. The laboratory testing was sponsored by the Pacific Earthquake Engineering
Research Center, University of California, Berkeley. Included in the discussion is an analysis of

the factors affecting pulse characteristics.
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1 Introduction

Near-fault records differ from more common seismic records in several significant ways. If the
conditions of forward directivity are satisfied, the record will be shorter in duration, higher in
frequency content, and the majority of the seismic energy will be delivered in a large velocity
pulse. These near-fault effects were first noticed in the 1971 San Fernando, California,
earthquake and serious concern was raised following the 1994 Northridge, California, and 1995
Hyogo-ken Nanbu (Kobe), Japan, earthquakes. Section 2.2 will discuss the implications of these
velocity pulses on engineered structures. The objective of this report is to characterize
directivity large velocity pulses for the intent of modeling the pulse in structural testing. Details
of the structural testing carried out based on this model will only be briefly discussed, although

additional information can be found elsewhere (Gibson, 2001; Makley, 2001; Orozco, 2001).

1.1 DIRECTIVITY PULSES

The occurrence of large earthquakes that produce near-fault effects under an urban setting is
unavoidable. Since the 1971 San Fernando earthquake, engineers and seismologists have studied
the effects of near-source ground motions on buildings. The 1994 Northridge earthquake and the
1995 Kobe earthquake provided new information about the behavior of engineered structures
within close proximity to the rupture zone. These near-fault effects result in ground shaking that
subjects the structure to loading that was not represented in the design codes. Structural
engineers first studied the near-fault effects on buildings and implemented design factors in the
1997 Uniform Building Code (UBC). Bridge engineers have begun to investigate the effects of
near-fault motions on bridges.

Perhaps the most important characteristic of near-fault records is the occurrence of a

large velocity pulse resulting from directivity effects. Pulses can also be found in the



acceleration and displacement traces of many near-fault records; however, the velocity pulse
appears to be more important from an engineering standpoint. The velocity pulse coupled with a
large peak displacement during the pulse gives rise to considerable damage potential (Hall et al.,
1995). A large displacement without the high velocity pulse does not have a significant

damaging potential because the structure is able to respond and follow the ground.

1.2 LABORATORY TESTING AT UCSD

The testing for which the pulse characterization was required was sponsored by the Pacific
Earthquake Engineering Research (PEER) Center. To gain a better understanding of the
requirements of the pulse characterization and loading protocol thence derived, a brief
description of the testing program follows.

PEER conducted a study to investigate the effects of near-fault large velocity pulses on
bridge piers. The study was a multi-university collaborative effort which involved the University
of California at San Diego (UCSD), Berkeley (UCB), and Irvine (UCI), the University of
Southern California (USC), and the California Institute of Technology (Caltech). UCB
conducted a shake table test with a mass on top of a column. UCSD, UCI, and USC performed
further testing under varying loading protocols to develop a suite of comparable information.

Caltech performed analytical studies of the effects of velocity pulses.



Fig. 1.1 Column test specimen

At UCSD, three circular bridge columns at 22% scale were tested in the Charles Lee
Powell Structural Systems Research Laboratories under loading protocol containing a large
velocity pulse. The design of each of the columns was identical. Figure 1.1 is a photograph of
one of these column specimens as it was set up in the lab. Each column was subjected to the
same sequence of peak displacements under varying loading rates.

UCSD also tested four bridge T-joints connections at 50% scale. Two of these specimens
model a pre-1971 Caltrans prototype, and the two remaining specimens model the same

prototype redesigned according to post-1994 Caltrans standards. A photograph of the rebar



assembly for one of these specimens is presented in Figure 1.2. The column longitudinal bars
extend to the deck in the post-1994 design, but only halfway through the beam in the pre-1971
design. One of each design was tested pseudo-statically and one of each was tested dynamically.
The loading protocol for each of the four tests contained a pulse and identical peak

displacements in the same sequence. Only the loading rate varied from test to test.

Fig. 1.2 Beam and column joint rebar assembly



1.3 PULSE CHARACTERIZATION

This report is concerned with the characterization of large velocity directivity pulses for the
purpose of laboratory testing. The methods described yield a loading protocol that is both
appropriate for the testing performed and representative of directivity pulses in general. It
should be noted that these methods are not appropriate for the purpose of site response, for which
an investigation of site-specific geometric and geologic considerations is imperative. In an effort
to better understand the behavior of directivity pulses in general, the effects of several geometric
and seismic considerations were investigated and the results will also be covered in this report;
however, the application of these results to site response will not be discussed.

The need to define a single representative large velocity pulse for testing in the laboratory
is readily apparent. A prerequisite to the definition of this pulse is an accurate characterization
of large velocity pulses in general. A characterization of the pulse effect also includes a
determination of what conditions give rise to a pulse and what factors affect the properties of the
pulse. Also included in this report is a statistical analysis of the range of the property values for
large velocity pulses. These statistical values are used specifically as tools in determining
appropriate loading protocol for velocity pulse testing in the laboratory. The method used to

determine the loading protocol for the PEER bridge pier project will be given as an example.



2 Background

There are many factors that affect the types of motions recorded at a site: the magnitude of the
earthquake, the distance from the earthquake, topographic features, and the underlying soil
stratigraphy are often the first factors to be considered. When a site lies within the near-fault
region (less than 10 km), a unique set of factors controls the motion that is recorded. When these
factors meet specific requirements the record is said to demonstrate directivity effects. This
chapter will present current knowledge of directivity effects, their impact on engineered

structures, and the availability of near-fault records.

2.1 DIRECTIVITY EFFECTS

One of the primary factors affecting motion in the near-fault region is the direction in which
rupture progresses from the hypocenter along the zone of rupture. It is this factor which gives
the directivity effect its name. “Directivity” refers to the direction of rupture propagation (see
Fig. 2.1) as opposed to the direction of ground displacement (Abrahamson, 1998).

A site may be classified after an earthquake as demonstrating forward, reverse, or neutral
directivity effects. If the rupture propagates toward the site and the angle between the fault and
the direction from the hypocenter to the site is reasonably small, the site is likely to demonstrate
forward directivity (Hall and Aagaard, 1998; Hall et al., 1995; Mahin and Hachem, 1998; and
Somerville, 1997). If rupture propagates away from the site, it will likely demonstrate reverse
directivity (Abrahamson, 1998). If the site is more or less perpendicular to the fault from the
hypocenter it will likely demonstrate neutral directivity (see Fig. 2.2). The phrase “directivity
effects” usually refers to “forward directivity effects”, as this case results in ground motions that

are more critical to engineered structures.



Fig. 2.1 Directivity refers to the direction of rupture propagation

Rupture often propagates at a velocity close to the velocity of shear wave radiation
(Abrahamson, 1998; and Somerville, 1997). Because of this, energy is accumulated in front of
the propagating rupture and is expressed in the forward directivity region as a large velocity
pulse (Abrahamson, 1998; and Somerville and Graves, 1993). This is essentially the same
principle as a sonic boom and may be thought of accordingly. It can be seen in Figure 2.3 that
the seismic energy from each fault segment arrives at site A at almost the same time, resulting in
a relatively short duration record containing large amplitudes. Site B, however, experiences the
seismic energy distributed over a much larger period of time, resulting in a longer duration

record with lower amplitudes.



Neutral

Reverse Neutral

Fig. 2.2 Defining a site as forward, reverse, or neutral directivity

The SH (tangential motion) radiation pattern contains a maximum coincident with the
direction of rupture propagation (see Fig. 2.4). By contrast, the SV (radial motion) radiation
pattern demonstrates a minimum in the rupture direction. This results, counter-intuitively, in the
large velocity pulse being visible only in the fault-normal direction, with no noticeable pulse in
the fault-parallel direction (Abrahamson, 1998; and Somerville and Graves, 1993). In fact, the
peak velocity in the fault-normal direction under these conditions is often twice the value of that
in the fault parallel direction (Mayes and Shaw, 1997). For sites within 10 km of the rupture
surface, one would expect to see a pulse in the same direction as the ground slippage, that is, in
the fault-parallel direction. Indeed, if it is not filtered out of the record, a static residual
displacement is visible; however, this static displacement does not correspond to a pulse in the

velocity time history.



Fig. 2.3 Effect of accumulation of seismic energy (after Abrahamson, 1998)

These velocity pulses vary greatly in shape, peak magnitude, duration, and number of
cycles. The dividing line between what is and what is not a large velocity directivity pulse is
often subject to interpretation, however it is essential to this study to set clear parameters in

defining which pulses to include.
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Fig. 2.4 The large velocity pulse occurs in the fault-normal direction (after Somerville,
1993)

2.2 IMPLICATIONS FOR ENGINEERED STRUCTURES

There is little doubt about the significance of near-fault effects for engineered structures. Each
new ecarthquake reveals inadequacies in the current standard of practice. Awareness of the
importance of near-fault effects dates back as far as the 1971 San Fernando earthquake; however,
significant code reform did not occur until after the Northridge earthquake of 1994.

The Sylmar Olive View Medical Center (Fig. 2.5) suffered extensive damage during the
San Fernando earthquake in 1971. In-depth analysis of the damage to the building indicates that
several design flaws and construction errors are responsible for the majority of the failures.
However, the overall damage pattern and the large residual displacements visible in the complex
are attributed to the near-fault large velocity pulse experienced at the site during the earthquake

(Bertero et al., 1978).
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Fig. 2.5 Sylmar Olive View Medical Center

Much of the current drive for research in near-fault effects stems from information
gathered during and after the 1994 Northridge earthquake (Hall et al., 1995). A catalog of
permanently displaced buildings in the near-fault region reveals some surprising evidence of the
impact of large velocity pulses on engineered structures (Attalla et al., 1998). A total of 66
buildings with residual displacements were cataloged, of which 92% (61) were displaced to the
north or the south. None of the 61 buildings reported any component of displacement in the east
or west direction. This would indicate an earthquake in which the shaking was much greater
along one axis as compared to the other. This is exactly the situation present in many of the
near-fault records. Further examination of buildings with residual drift reveals that of 59
buildings cataloged on the hanging wall, 92% (54) were displaced to the north only, with no
component of lean in the southern direction. This is best explained by considering a single large
pulse delivering the majority of the energy during the earthquake rather than more randomly
distributed noise.

In contrast to data gathered on the response of buildings, information on the response of

bridge columns to near-fault motion is lacking and much research needs to be done. Analyses of
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Caltrans bridge design indicate possible inadequacies in accounting for near-fault effects (Mahin
and Hachem, 1998; Mayes and Shaw, 1997).

Mayes and Shaw (1997) performed an analytical study of the response of 16 Caltrans
bridge columns to 20 time histories. Seven of these were originally recorded motions frequency
scaled to comply with Caltrans Bridge Design Specifications (BDS) 0.6g design spectra with a
soil profile Type C (marginal soil) corresponding to a magnitude 7.25 event (ATC, 1996). Ten
of the records were generated records and three were unaltered, recorded near-fault motions.
The results of these simplified analytical models indicate that the majority of the columns studied
were inadequately designed to respond to a near-fault large velocity pulse. The elastic
displacement obtained from the design spectra is a poor indicator of the inelastic displacement
due to near-fault motion. To account for the majority of the displacements resulting from near-
fault records, the elastic spectral displacement must be multiplied by two. Mayes and Shaw also
indicate that the elastic displacements from the actual near-fault records are not a good predictor
of the nonlinear displacements.

Mahin and Hachem (1998) indicate the possibility of using elastic methods as the basis of
design in most cases. However, it appears that when the elastic period of the structure is shorter
than the duration of any probable damaging pulse, elastic methods may not yield a conservative

design.

2.3  AVAILABILITY OF NEAR-FAULT RECORDS

Perhaps the greatest limitation to the study of near-fault effects is the relatively limited amount
of seismic recordings from the near-fault region. While seismographs and seismic recordings
have been in place for many years, the development of strong motion seismographs is a
relatively recent event. These instruments must be able to accurately record ground accelerations
approaching or surpassing the acceleration of gravity. Cost has prohibited installment of large
numbers of these instruments. Furthermore, the inability to predict the time, location, and
rupture zone of a large earthquake on any given fault makes strategic placement of a single
seismograph with the intent to capture a pulse extremely difficult. In addition, these instruments
have been historically difficult to maintain, resulting in a significant number of stations recording

no or unusable data after each event. As a result, until 1994 and 1995, almost all recorded
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ground motions were of earthquakes too far away to exhibit a large velocity directivity pulse.
Before this time, those few stations lucky enough to be in the right place at the right time to
record a pulse were not capable of recording such excessive ground motions.

The recent earthquakes in Turkey (August 17, 1999, Kocaeli) and Taiwan (September 20,
1999, Chi-Chi) have significantly increased the amount of data available in the near-fault,
forward directivity region. Unfortunately, these data came after a majority of this work was
completed. The work completed prior to the availability of the data will be reported with respect
for the historical chronology of events as they occurred. The effect of these new data sets on
previous results and conclusions will be discussed in Chapter 6.

Based on the literature review, it is clear that significant gaps exist in the current
knowledge of large velocity directivity pulses. A basic characterization of large velocity
directivity pulses, development of testing protocol representing near-fault motion, laboratory
testing of bridge components and systems designed according to the current Caltrans code, and
performance assessments of bridge components and structures are all areas that require further
study. This report will address characterization of large velocity directivity pulses and the

development of the testing protocol representing the pulses.
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3 Data Collection

The majority of the records analyzed in this project came from the PEER database assembled by
Walt Silva (Silva, 1998). This database greatly aided the study by providing a large number of
records with consistent processing. Use of this database also provides a measure of continuity
between other PEER research projects. This database consists of 1084 records from 140
earthquakes. Analysis of the records contained in this database returned 30 records within 20 km
of the fault rupture of a moment magnitude 6 or greater earthquake. These 30 records were
augmented with 4 more from other sources to make a total of 34 records. This chapter will
discuss analysis of these 34 records for a large velocity pulse, how the pulses were used in the

study, methods of analysis, and statistical results of the pulses retrieved from the records.

3.1 DESCRIPTION OF RECORDS

In this phase of the study, 34 records were analyzed from 13 different earthquakes. Ten of these
records contained no pulse, resulting in a total of 24 pulses extracted from the catalog. The study
limited the catalogue to earthquakes of My, > 6 or larger and to records from stations lying closer
then 20 km to the rupture surface. These records are listed in Table 3.1. The largest magnitude
earthquake represented is the 1978 Tabas, Iran, earthquake with a My, =7.4. The smallest
magnitude earthquake represented is the 1966 Parkfield earthquake with a moment magnitude of
6.1. The station closest to the fault rupture surface was at Kobe University, a distance of 0.2 km
during the 1995 Kobe earthquake. The station farthest from the rupture surface was the Tarzana
Nursery, at 15.6 km, during the 1994 Northridge earthquake. It should be noted, however, that
this is an exceptional case and no other record from farther than 10 km was found to contain a
pulse. In fact, the next farthest station location was the Sepulveda Veterans Hospital located 8.4

km from the rupture surface during the Northridge earthquake.



In agreement with previous studies, the pulse was found to act primarily in the fault-
normal direction. The column labeled “Pulse Direction” in Table 3.1 indicates the compass
heading in which the largest peak velocity is acting. If this direction corresponds to either the
fault-normal or the fault-parallel direction, it is indicated by FN or FP respectively. If on the
other hand, the principle direction of the pulse does not correspond to either the fault normal or
the fault parallel, the direction is indicated as an azimuth angle in degrees. This property is best
illustrated by plotting the particle velocity trace. As an example, the particle velocity trace for
the Rinaldi Receiving Station record from the Northridge earthquake is shown in Figure 3.1.

The velocity pulse is easily visible looping out in the fault-normal direction.
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Table 3.1 All records analyzed for the presence of a pulse

Date Quake Moment Station Distance Pulse
Magnitude (km) Direction
06/28/66 Parkfield, USA 6.1 Parkfield Cholame 5W ' 6.8 FN
06/28/66 Parkfield, USA 6.1 Parkfield Cholame 8 ' 8.0 No Pulse
02/09/71 San Fernando, USA 6.6 Pacoima Dam’ 1.7 FN
05/17/76 Gazli, USSR 7.4 Karakyr Point ' 3.0 No Pulse
09/16/78 Tabas, Iran 7.4 Dayhook ' 17.0 No Pulse
09/16/78 Tabas, Iran 7.4 Tabas' 1.2 FN
12/23/85 Nahanni, Canada 6.8 Site 1, lverson ' 6.0 FN
12/23/85 Nahanni, Canada 6.8 Site 2, Slide Mountain ' 8.0 FP
12/23/85 Nahanni, Canada 6.8 Site 3' 16.0 No Pulse
07/08/86 North Palm Springs, USA 6.2 North Palm Springs Post Office ' 4.0 FN
11/24/87 Superstition, USA 6.6 Superstition Mountain ' 4.3 No Pulse
11/24/87 Superstition, USA 6.6 Westmoreland Fire Station 13.3 No Pulse
10/18/89 Loma Prieta, USA 7.0 Capitola’ 14.5 No Pulse
10/18/89 Loma Prieta, USA 7.0 Corralitos ' 3.4 No Pulse
10/18/89 Loma Prieta, USA 7.0 Lexington Dam 2 5.3 FN
10/18/89 Loma Prieta, USA 7.0 Los Gatos Presentation Center ' 5.9 FN
03/13/92 Erzincan, Turkey 6.9 Erzican' 5.2 FN
04/25/92 Cape Mendocino, USA 7.0 Cape Mendocino Petrolia 2 8.5 FN
04/25/92 Cape Mendocino, USA 7.0 Petrolia General Store 3 9.5 324
06/28/92 Landers, USA 7.3 Joshua Tree ' 10.6 No Pulse
06/28/92 Landers, USA 7.3 Lucerne Valley ' 2.1 FN
01/17/94 Northridge, USA 6.7 Arleta Nordhoff Ave. fire station 8.3 263
01/17/94 Northridge, USA 6.7 Jensen Filtration Plant ' 5.4 FN
01/17/94 Northridge, USA 6.7 Newhall Fire Station ' 6.2 FN
01/17/94 Northridge, USA 6.7 Rinaldi Receiving Station ' 6.5 FN
01/17/94 Northridge, USA 6.7 Saticoy ' 12.8 No Pulse
01/17/94 Northridge, USA 6.7 Sepulveda VA Hospital Bldg 40 ' 8.4 81
01/17/94 Northridge, USA 6.7 Sylmar Converter Station ' 5.2 FN
01/17/94 Northridge, USA 6.7 Sylmar Converter Station East 5.3 FN
01/17/94 Northridge, USA 6.7 Sylmar Olive View Medical Center ' 5.3 FN
01/17/94 Northridge, USA 6.7 Tarzana Cedar Hill Nursery ' 15.6 87
01/16/95 Kobe, Japan 6.9 Kobe (JMA) ' 0.6 12
01/16/95 Kobe, Japan 6.9 Kobe University ' 0.2 FP
01/16/95 Kobe, Japan 6.9 Takatori* 0.3 FN

Record sources: 1. Silva, 1998; 2. Parsi, 1998; 3. ICS, 1999; 4. Somerville, 1998.

Distance is the closest distance to fault rupture.

Pulse direction: FN = Fault Normal, FP = Fault Parallel. Numerical values indicate degrees counterclockwise

from north
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Fig. 3.1 Velocity particle trace from the Rinaldi Receiving Station, Northridge earthquake

One record from the 1971 San Fernando earthquake was also found to contain a
directivity pulse. No other recording stations were located close enough to the rupture surface to
capture a directivity pulse. This earthquake, which occurred on February 9, 1971, was a thrust
fault earthquake that resulted in a pronounced directivity pulse experienced by the Pacoima Dam.
The recording station that captured this pulse was located on the left abutment over highly
jointed diorite gneiss.

On September 16, 1978, a magnitude 7.4 earthquake shook Tabas, Iran. The pulse
recorded during this earthquake is one of the distinctive pulses in the database, with a duration of
4.5 seconds. Unique to this pulse is the location of the pulse within the record. The typical pulse

occurs at the beginning of the record. This pulse, however, occurs toward the middle.
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The Nahanni, Canada, earthquake of December 23, 1985 occurred in the Nahanni region
of the Mackenzie Mountains in the Northwest Territories. Before the 1985 series of earthquakes,
this region was thought to be relatively quiet seismologically. The Nahanni earthquake produced
not only a primary pulse but also a secondary pulse later in the record. Two recording stations
(Iverson, and Slide Mountain) captured these pulses.

The 1986 North Palm Springs earthquake caused over $4 million in damage. 29 people
were injured and 51 homes were damaged or destroyed. A station at the North Palm Springs
post office recorded a very pronounced directivity pulse during the earthquake. This pulse
contains a peak velocity of 74 cm/s.

The 1989 Loma Prieta earthquake occurred at perhaps the worst possible time, during
the evening rush hour when the traffic flow was just reaching its peak. The third game of the
World Series had filled Candlestick Park. During the earthquake, pulses were captured at two
locations, the Lexington Dam and the Los Gatos Presentation Center.

The Erzincan, Turkey, earthquake on March 13, 1992, gave another example of a near-
fault record dominated by a directivity pulse. This strike-slip earthquake ruptured a 30 km
segment of the North Anatolian fault in the Erzincan basin. It resulted in considerable damage to
Erzincan and surrounding villages.

Two records with pulses were retrieved from the April 25, 1992, Cape Mendocino
earthquake. The Cape Mendocino record contains the stronger of the two with peak velocities
over 100 cm/s. This earthquake, together with its aftershocks, resulted in approximately $60
million in damages.

The Lucerne Valley record from the June 28, 1992, Landers earthquake also contains a
strong pulse with the longest duration of any in the database. This record is often used in
comparison with the Joshua Tree record from the same earthquake to demonstrate the differences
between forward and reverse directivity. The Lucerne record lies in the forward directivity
region and demonstrates a significant pulse. The Joshua Tree station, on the other hand, lies in
the reverse directivity region and demonstrates no pulse.

The January 17, 1994, Northridge earthquake gave the largest single contribution to the
database, in terms of number of records with pulses. Nine records in total were found to contain
pulses from this earthquake. The Northridge earthquake is also important from a historical
standpoint as the first major earthquake to occur in an urban setting within near-fault range of

many strong motion accelerometers. Because of its location and timing, it generated a large
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amount of strong motion data. The knowledge gained from this earthquake alone was the
impetus for significant discussion and even code reform.

The day before the first anniversary of the Northridge earthquake, a magnitude 6.9
earthquake shook Kobe, Japan. Data received from this earthquake served to confirm many
principles derived from the Northridge earthquake. For this study, three pulses were extracted
from the data collected during the Kobe earthquake: Kobe JMA, Kobe University, and Takatori.

3.2 PULSE RECOGNITION

Data collection required a simple procedure for determining which records contain a pulse and
which do not. The available literature on large velocity directivity pulses does not contain a
quantitative definition of a large velocity pulse. Qualitative methods used to date can be
summarized by two general requirements. The first is that the site must fill the geometric and
seismologic requirements of forward directivity (discussed in Section 1.1). The second is that
visual inspection of the velocity time history reveals a pulse-like shape. This section will
describe in detail the quantitative definition used for this study to segregate those records
containing a large velocity directivity pulse. It was determined from inspection of the records in
Table 3.1 that those records containing a directivity pulse exhibit a peak velocity twice the value
of any peak velocity outside of the pulse. Although other criteria were considered, this method
was chosen for its simplicity and ease of calculation.

One other method of distinguishing directivity pulses deserves some discussion. This
method involves taking the square of the velocities at each time step throughout the record. The
pulse will then show up as a single or several large spikes. This method has the advantage of
reporting only the absolute values of the velocity, automatically. Another advantage is the
exaggeration of relatively high velocity pulses. Disparities between the pulse and the rest of the
record are more pronounced and more easily distinguished visually. An example of the velocity
squared time history is plotted in Figure 3.2 for the Northridge, Rinaldi Receiving Station record.
The velocity time history is plotted above the velocity squared time history. The limiting
criterion would then be that the peak velocity squared value must be four times the value of any
other velocity squared value without the pulse. Note that this is identical to saying that the peak

absolute velocity is twice the absolute velocity without the pulse.
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Fig. 3.2 Velocity squared time history for the Rinaldi Receiving Station, Northridge
earthquake

3.3 ROTATION TO FAULT NORMAL

For each record analyzed, the data were first rotated to the fault-normal direction. This rotation
was performed by a simple vector rotation (Somerville, 1997). If, as is often the case, the
accelerometers are oriented with one measuring north-south (N) and the other measuring east-
west (E), and the fault-normal direction is at an angle, ¢ (measured clockwise from north), then
the record can be rotated to the fault-normal direction (SN) by:

SN = N -cos(¢)+ E -sin(¢)

This rotation is illustrated in Figure 3.3.
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Fig. 3.3 Acceleration in the fault-normal direction when the accelerometers are oriented
north and east

If the accelerometers are not oriented north-south and east-west, rotation becomes
slightly more complex. For example, if accelerometer A measures the acceleration at an angle,
a, and accelerometer B measures the acceleration at an angle, 3, where o and 3 are orthogonal,
then the acceleration in the fault-normal direction can be obtained by:

SN = A-cos(p—a )+ B-cos(p— f3)

This case is illustrated in Figure 3.4.

One record in the database, the Lucerne record from the 1992 Landers earthquake,
recorded motion on accelerometers that were not installed orthogonal to one another. Rotation
of this record first required solving at each time step for the absolute acceleration vector that
gave rise to the accelerations recorded on the two accelerometers. The absolute acceleration
vector can be found by the intersection of the perpendiculars to the recorded accelerations (see

Fig. 3.5).
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Fig. 3.4 Acceleration in the fault-normal direction when the accelerometers are orthogonal

The perpendiculars to the recorded accelerations are found by:

C,=C, -tan(a + %) + A-sin(a)— 4-cos(a)- tan(a +%)

C.=C, -tan(ﬂ+%j+B-sin(ﬂ)—B-cos(ﬂ)-tan(ﬂ+%)

Solving this system of equations for Cy and C, results in the absolute acceleration vector
in Cartesian coordinates. The acceleration (SN is of interest in this discussion) in any direction

(¢) can then be found by:

SN=C, -cos(¢)+ C. -sin(¢)
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Fig. 3.5 Recorded accelerations A and B result from the absolute acceleration vector, C

34 TYPICAL PULSE

The intent of this study is to determine a single representative large velocity pulse to be used in
laboratory testing. To this end, the pulses were analyzed to determine mean values that could be
used in constructing a representative pulse. The average number of cycles of all pulses gathered
was 1, although pulses were found ranging from 0.5 to 2 cycles. On average, the largest peak
velocity value occurred during the first half cycle of the pulse. A list of the peak velocity values
and the average period for each pulse as well as the record in which it was found is given in
Table 3.2 below.

The maximum peak velocity value was 174 cm/s, found in the Takatori record from the
Kobe earthquake. The minimum peak velocity value was 23 cm/s, found in the Cholame 5W
record from the Parkfield earthquake. The average peak velocity value was 94 cm/s with a

standard deviation of 44 cm/s.
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Table 3.2 Records containing pulses

Date Quake Moment Station Peak Vel Period
Magnitude (cml/s) (s)
06/28/66 Parkfield, USA 6.1 Parkfield Cholame 5W ' 23 0.5
02/09/71 San Fernando, USA 6.6 Pacoima Dam' 114 1.3
09/16/78 Tabas, Iran 7.4 Tabas' 121 4.5
12/23/85 Nahanni, Canada 6.8 Site 1, lverson ' 40 2.3
12/23/85 Nahanni, Canada 6.8 Site 2, Slide Mountain ' 24 0.6
07/08/86 North Palm Springs, USA 6.2 North Palm Springs Post Office ' 74 1.3
10/18/89 Loma Prieta, USA 7.0 Lexington Dam 2 119 1.2
10/18/89 Loma Prieta, USA 7.0 Los Gatos Presentation Center ' 93 2.6
03/13/92 Erzincan, Turkey 6.9 Erzican ' 95 2.7
04/25/92 Cape Mendocino, USA 7.0 Cape Mendocino Petrolia 3 125 3.7
04/25/92 Cape Mendocino, USA 7.0 Petrolia General Store 3 63 1.2
06/28/92 Landers, USA 7.3 Lucerne Valley ' 144 9.3
01/17/94 Northridge, USA 6.7 Arleta Nordhoff Ave. fire station ' 26 1.0
01/17/94 Northridge, USA 6.7 Jensen Filtration Plant * 104 2.6
01/17/94 Northridge, USA 6.7 Newhall Fire Station ' 121 1.1
01/17/94 Northridge, USA 6.7 Rinaldi Receiving Station ' 173 1.3
01/17/94 Northridge, USA 6.7 Sepulveda VA Hospital Bldg 40 ' 85 1.1
01/17/94 Northridge, USA 6.7 Sylmar Converter Station 130 2.6
01/17/94 Northridge, USA 6.7 Sylmar Converter Station East ' 116 2.6
01/17/94 Northridge, USA 6.7 Sylmar Olive View Medical Center ' 123 2.3
01/17/94 Northridge, USA 6.7 Tarzana Cedar Hill Nursery 65 1.9
01/16/95 Kobe, Japan 6.9 Kobe (JMA) 1 74 1.3
01/16/95 Kobe, Japan 6.9 Kobe University ' 34 1.7
01/16/95 Kobe, Japan 6.9 Takatori* 174 1.6

Peak Vel Period

Maximum 174 9.3

Minimum 23 0.5

Mean 94 2.2

Standard Deviation 44 1.8

Record sources: 1. Silva, 1998; 2. Parsi, 1998; 3. ICS, 1999; 4. Somerville, 1998.

The period of each pulse also gives a wide range of values. The maximum period was
9.3 sec found in the Lucerne record from the Landers earthquake. The minimum period was 0.5
sec found in the Cholame 5W record from the Parkfield earthquake. The average period was 2.2
sec with a standard deviation of 1.8 sec.

The typical large velocity directivity pulse can be described as a single cycle occurring at
the beginning of the record. The peak velocity is around 100 cm/s and is found in the first half

cycle. The duration of the pulse is approximately 2 s.
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3.5 ATTENUATION RELATIONS

In order to gain a greater understanding of the factors affecting large velocity directivity pulses, a
regression analysis was conducted. This analysis considered the effects of several geometric and
seismological factors on the peak velocity and period of the directivity pulse. The factors
analyzed in this study are the moment magnitude of the earthquake, M,,; the distance to the
rupture surface, r; the directivity ratio, X; and the directivity angle, ¢.

The directivity ratio, X, and the directivity angle, ¢, are measures of the directivity of the
site in relation to the earthquake (Somerville, 1997). It should be noted that Somerville uses
different symbols for the ratio and angle depending on whether the earthquake was a strike-slip
or dip-slip earthquake. In this report, the symbols X and ¢ will be used regardless of the type of
earthquake. Somerville defines the ratio as the distance along the fault between the hypocenter
and the site divided by the total length of the fault. For strike-slip, the ratio is measured
horizontally, for dip-slip vertically. The angle is defined as the angle that the site and the
hypocenter make with the fault. Again, this angle is measured horizontally for the strike-slip
case and vertically for the dip-slip case.

A more general definition for the directivity ratio with respect to angle is used in this
report to better accommodate the case of oblique faulting. In this definition, X is defined as the
rupture surface area along the slip between the hypocenter and the station divided by the total
rupture surface area. The ¢ is defined as the angle that the station and the hypocenter make with
the fault in the plane of slip perpendicular to the rupture surface. It should be noted that this
definition is the same as Somerville’s for pure strike-slip and pure dip-slip ruptures.

The correlation between these factors and the period and peak velocity is listed in Table 3.3. The
geometric properties were unavailable for both records from the Cape Mendocino earthquake
and the Tarzana record from the Northridge earthquake, and these records were therefore
excluded from the correlation analysis. Except for those three records, all pulses listed in Table
3.2 were included in the analysis. These attenuation relations are developed again in Chapter 6

to reflect the additional information from the Kocaeli and Chi-Chi earthquakes.
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These correlation values indicate that the log of the period of the pulse is weakly
dependent on the moment magnitude and the distance to the rupture surface.

correlation for the peak velocity is found between the log of the peak velocity and the directivity

Table 3.3 Correlation values for period and peak velocity

Period Log(Period) Peak Vel Log(Peak Vel)
M, 0.6254 0.6621 0.3434 0.3567
r -0.3550 -0.4290 -0.3044 -0.3263
X -0.4514 -0.3272 0.0564 0.0659
) -0.4060 -0.4245 -0.3649 -0.3939
Log(M,) | 0.6105 0.6554 0.3461 0.3602
Log(r) -0.1529 -0.2110 -0.1423 -0.1243
X cos(¢p )| -0.4229 -0.2921 0.0936 0.1052

angle and the log of the moment magnitude.

Regression on the moment magnitude and the distance to the rupture surface to obtain the

log of the period yielded an R* value of 0.471. The coefficients resulting from this regression

analysis are presented in equation form:

Log(Period)=-3.579+0.5770- My —0.02153 - r

The fit of this equation to the data is demonstrated in Figures 3.6 and 3.7.
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Fig. 3.6 Period of the pulse predicted by r. Data are normalized to M, = 7.
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Regression of the directivity angle and the log of the moment magnitude to obtain the log
of the peak velocity resulted in a low R* value of 0.1994. The residuals indicate two strong
outliers. These outliers were removed and the analysis was performed again. The new results
give a slightly improved R* value of 0.4585. The coefficients from this analysis are given below:

Log(PV)=6.444-0.01870-$-5.022- Log(M )

The fit of this equation to the actual data is illustrated in Figures 3.8 and 3.9.
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The dependence of the period on the moment magnitude and the distance to the rupture
surface was expected from current literature on directivity effects. The sign of the My

coefficient in the peak velocity attenuation relationship was unexpected. It is generally
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considered that the larger earthquakes will produce a larger peak velocity pulse. According to
current theory, as ¢ increases the pulse should lengthen in period and diminish in amplitude.

This diminishing amplitude with increasing ¢ is evident in this regression analysis.
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4 Development of the Mean Pulse

One objective of this research was to obtain a single representative large velocity directivity
pulse that could be used in laboratory testing. The laboratory testing at UCSD was designed to
determine the response of bridge components, subassemblages and systems to such a pulse. This
representative pulse must capture reasonable pulse characteristics of peak velocity, duration,
number of cycles, and shape. It was also desired to represent a pulse that would be both realistic
and structurally significant to the prototype. The development of the mean pulse as a basis for

the various loading protocols will be discussed in this chapter.

4.1 EXTRACTION OF THE DIRECTIVITY PULSES

In order to obtain a single representative pulse, all pulses in the database needed to be extracted
and normalized. A full cycle of each pulse was extracted from each time history containing a
pulse, regardless of whether that specific pulse consisted of greater or fewer numbers of cycles.
If the pulse contained more than one cycle, the pulse was extracted beginning at the half cycle
containing the largest absolute peak velocity value. If the pulse was less than one cycle, an extra
half cycle was extracted from the record after the pulse. All of these records are plotted in
Figure 4.1. The records are listed in chronological order by the date of the earthquake. The

pulse extracted is shown in bold on top of each record.
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Fig. 4.1 All records found to contain a pulse. The pulse is in bold.

All the extracted pulses are plotted in Figure 4.2. The range of peak velocity values and

duration of the pulse is readily apparent in this figure.
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Fig. 4.2 Comparison of all cataloged pulses and the mean pulse

4.2 NORMALIZATION OF PULSE RECORDS

In order to obtain a mean representative pulse, each pulse needed to be normalized such that the
properties of each pulse would average constructively. This section will discuss the procedure
followed to normalize the velocity pulse time histories.

After extraction of the pulses, each pulse time history was modified by linear
interpolation, to consist of the same number of data points. A time step was chosen such that
each pulse matched the average period. Each pulse was analyzed for the sign of the first peak
velocity. If the first peak velocity was negative, the pulse was inverted by multiplying each data
point by negative one to make each pulse phase consistent. This was done to ensure that the
values at each time step were averaged constructively. It should be noted that the process of
inverting the record does not change the properties of the pulse and is equivalent to rotating the

record 180°.
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4.3 CONSTRUCTION OF THE MEAN PULSE

This section will present the method used to combine the normalized large velocity directivity
pulses to form a single representative pulse. This mean pulse captures the average values of
duration, amplitude, number of cycles, and shape. The mean pulse will be used to determine the
loading protocol for laboratory testing.

At each time step the velocity values of all pulses were summed and the result was
divided by the number of pulses to yield a new time history. Because the peak velocities do not
occur at the same time in each record, the peak velocity value in this new time history was less
than the average peak velocity from all records in the catalog. To compensate for this the new
record was scaled to match the value of the average peak velocity, and the result is the mean
pulse time history. This mean pulse is plotted in Figure 4.3.

The procedure produced a pulse for use in testing which captures the average properties
of duration, period, peak velocity, and shape from a significant number of large velocity pulses.
It should be noted here that the purpose of this pulse was for laboratory testing. The procedure
followed is a relatively simplistic method and would not be sufficient for a seismic site response
analysis. Accurate characterization of a directivity pulse for the purpose of hazard assessment at
a specific site must include some consideration for geologic (e.g., local faults and soil
stratigraphy) and geometric (e.g. distance to possible fault rupture) characteristics of the site. It
is apparent from Table 3.2 and Figures 4.1 and 4.2 that a wide range of values is possible for the
period and magnitude of a directivity pulse. For laboratory testing, it is desirable to find a pulse
which will be meaningful to the purpose of the testing. For hazard assessment at a site however,

the pulse should represent the range of values possible to be achieved at that location.
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5 Characterization of the Loading Protocol

The development of the various loading protocols will be described in this chapter. The factors
affecting the loading protocol come from two primary sources: the structural prototype and
laboratory testing set up. The structural prototype affects the loading protocol by dictating the
most vulnerable period of the pulse. Also, since the tests were performed by applied
displacements to the specimen rather than an inertial response on the shake table, the prototype
structure was modeled analytically to determine the response of the structure to the input pulse
motion. It was this response rather than the pulse that was used as the loading protocol in the
laboratory tests.

The laboratory test set up affected the loading protocol primarily in the time domain. If
the test was to be performed pseudo-statically, the peak displacements were reached with a
constant velocity, with halts at the peaks and at other points of interest during the record. For the
tests performed dynamically, the displacement time history was modified to sine and haversine
forms in order to eliminate excessively high accelerations. The remainder of this chapter details

the procedures followed in determining the loading protocols.

5.1 RESPONSE OF THE PROTOTYPE COLUMN

The next step in defining the testing protocol is to determine the response of the prototype
column to the mean near-fault large velocity pulse. The relative displacement between the top of
the column and the ground was controlled directly and must, therefore, be defined by the
response of the structure to the motion of the ground. Properties of the prototype column are

given in Table 5.1.



Table 5.1 Properties of the prototype column

Property Value
Height 16.46 m
Diameter 183 cm
Reinforcing 21 Bars, #18
Area of steel 542 cm?
Concrete strength 28 MPa
Steel strength 455 MPa

The response of the column was obtained from the program NONLIN (Charney, 1997).
This program solves for the response of a nonlinear, single-degree-of-freedom structure. The
nonlinear properties are modeled by a bilinear stiffness curve. The NONLIN program was
chosen because of its simplicity. The simplicity of the input pulse displacement and the
simplicity of the structural model do not warrant the use of a more complex program to obtain
the prototype response. The values used to model the column in the NONLIN program are given
in Table 5.2.

The forcing function is the mean near-fault large velocity pulse. Trailing zeros were
added to the end of the mean pulse to force NONLIN to calculate several cycles of the free
response of the structure after completion of the pulse. The output values from NONLIN are
given in Table 5.3. The respective displacement and velocity time history response of the

column is shown in Figure 5.1.

Table 5.2 Properties of the single-degree-of-freedom model

Property Value
Initial stiffness 230 kN/cm
Strain-hardening stiffness 9 kN/cm
Structure yield strength 1100 kN
Yield displacement 5 cm
Weight 7250 kN
Damping 2 % Critical
Mass 739000 kg
Circular frequency 5.6 radians/s
Cyclic frequency 0.89 Hertz
Period of vibration 11 s
Damping constant 1.7 kN-s/cm
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Table 5.3 Response of the single-degree-of-freedom column

Measurement Value
Maximum inertial force, | 2870 kN
Maximum damping force, D 131 kN
Maximum spring force, S 1390 kN
Maximum damping + spring force 1410 kN
Maximum total force (D+S+1) 2880 kN
Maximum computed displacement 37 cm
Maximum computed velocity 79 cm/s
Maximum computed acceleration 389 cm/s?
Number of yield excursions 3
Displacement ductility demand 7.8

The next step in preparing the displacement time history for use as the testing protocol is
to simplify the response of the column. First, the free-vibration response at the end of the record
was removed. Then the response of the prototype column was simplified to a saw-toothed
displacement time history and a box-shaped velocity time history. These values are given in

Table 5.4 below. The displacement and velocity time histories are plotted in Figure 5.2.

39



107 \/V\/V\/\/\,A_/\/\/\/\/\/-\1
O,

&
o
|

A
o

o
(&)
-
o
-
(&)

20

100 ~

50 -

-50

Velocity, (cm/s)
o

'100 T T T 1

10
Time, (s)

Fig. 5.1 Analytical response of the column to the mean large velocity pulse

Table 5.4 Simplified column response values

Time Disp Vel
(s) (cm) (cm/s)
0.000 0.000  -33.402
0.633  -21.147 46.271
1.882 36.623  -43.309
2.727 0.000
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Fig. 5.2 Simplified analytical column response time history

These time histories must also be scaled to match the scaling factor of the columns to be
tested. The columns were designed to 22% scale of the prototype column. The values in the
time histories were divided by 4.5 to match this scaling factor. The resultant values are listed in
Table 5.5. These simplified and scaled time histories (displacement and velocity) are plotted in

Figures 5.2 and 5.3.

Table 5.5 Simplified column response values scaled by 22%
Time Disp Vel
(s) (cm) (cm/s)
0.000 0.000 -7.423
0.633 -4.699 10.283
1.882 8.138 -9.624
2.727 0.000
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One goal of the loading protocol was to match displacements with testing done at other
universities. This was done in order to facilitate comparison between various specimens. UCI,
the first university to test, provided UCSD with the exact displacement time history followed
during their test. The testing at UCSD attempted to replicate this loading as closely as possible.

The loading sequence after the pulse subjects the column to progressively larger levels of
drift. It gives three excursions in each direction into each of the following percent drifts (in
order): 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, and 6.0. These cycles following the pulse are not intended
to simulate the remainder of an earthquake, but rather to determine the effect of the pulse on the
residual strength of the specimen. An identical specimen was tested previously under the same
cyclic scenario but without the pulse. Comparison of the performance of the two specimens with
identical loading, except for the pulse at the beginning of one, will allow insights into the effect
of the pulse on the residual strength of the column. This displacement time history is plotted in

Figure 5.4.
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Fig. 5.4 Displacement time history for the first test

This test was performed dynamically with an actuator. The second test follows the same
displacement trace as test one but under a pseudo-static regime, stopping at the displacement
peaks and at other points of interest during the test.

The third test was performed on the shake table; however, the top of the column was
pinned, the displacements were prescribed and the column was not allowed to respond under
inertial loading. This permitted a more accurate reproduction of the displacement time histories
from the other tests conducted at UCSD and UCI. The shake table was able to deliver much
higher velocities than are possible with the other actuators available in the lab. In addition to the
higher velocities, there were several other minor differences between the displacement time
histories for the first and third test. The saw-toothed time history was smoothed out to a
sinusoidal time history to avoid overly high accelerations. Several seconds of zeros were added
at the beginning, the end, after the pulse, and in-between each successive series of drift level
excursions. This displacement time history is plotted in Figure 5.5 below. Details of the column

testing can be found in Orozco (2001).
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Fig. 5.5 Displacement time history for the third test

RESPONSE OF THE PROTOTYPE JOINT

The four joint specimens were based on different prototypes and therefore the response for this

prototype required a separate analysis. The properties of the prototype column are listed in Table

Table 5.6 Column prototype properties for the joint specimens

Property Value
Height above ground 7.32 m
Diameter 122 cm
Reinforcing 16 Bars, #18
Area of steel 413 cm?
Concrete strength 28 MPa
Steel strength 276 MPa

prototype structure for the beam-column joint specimens was built on continuous

column pile connections with no pile cap. The effect of this added flexibility was modeled by
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considering an equivalent depth to fixity of 1 pile diameter, or 1.22 m. The property values for

the pile are given in Table 5.7.

Table 5.7 Pile prototype properties for the joint specimens

Property Value
Depth below ground  1.22 m
Diameter 122 cm
Reinforcing 12 Bars, #18
Area of steel 310 cm?
Concrete strength 28 MPa
Steel strength 276 MPa

The computer program “Ruaumoko” (Carr, 1998) was used to determine the response of

the prototype structure for the joint specimens.

Ruaumoko is an inelastic dynamic analysis

program with a robust library of elements and hysteretic rules for modeling two-dimensional

frame structures. The program was set to run an inelastic, dynamic time history analysis. The

Ruaumoko model consisted of two frame elements representing the pile and the column. The

properties for the column and the pile used as input for Ruaumoko are listed in Tables 5.8 and

5.9, respectively.

Table 5.8 Column properties for Ruaumoko

Property

Value

Elastic modulus

Cross-sectional area

Moment of inertia

Bilinear factor

Plastic hinge length

Yield surface
Compression yield force
Compression force at B
Yield moment at B
Yield moment at 2/3B
Yield moment at 1/3B
Yield moment at P=0
Tension yield force

2.49 MN/cm?
1.17 m?
0.151 m*
6.44E-03
0.86 m

39.4 MN
24.5 MN
7.11 MN-m
7.92 MN-m
7.29 MN-m
524 MN-m
114 MN
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For both the column and pile elements, a Takeda hysteresis rule was utilized, with o
equal to 0.4 and B equal to 0.1. An axial load of 1.29 MN was applied to the top of the column.
The participating seismic weight was 4.83 MN, which corresponds to a mass of 492 Mg. The
input record used in the Ruaumoko analysis was the mean pulse record scaled to 139 cm/s

representing the mean plus one standard deviation.

Table 5.9 Pile properties for Ruaumoko

Property Value
Elastic modulus 2.49 MN/cm?
Cross-sectional area 117 m?
Moment of inertia 0.141 m*
Bilinear factor 5.77E-03
Plastic hinge length 0.866 m
Yield surface
Compression yield force 37.3 MN
Compression force at B 245 MN
Yield moment at B 6.24 MN-m
Yield moment at 2/3B 7.01 MN'm
Yield moment at 1/3B 6.27 MN'm
Yield moment at P=0 4.08 MN'm
Tension yield force 8.54 MN

To more accurately model the forces in the joint region, the curvature response at the top
of the column was used to determine the displacement loading protocol, rather than using the
displacement response directly. The curvature response of the column reached a peak of 0.0499
1/m 1.56 sec into the record followed by a curvature in the opposite direction of 0.00846 1/m at
2.46 sec. These curvatures were scaled by two in order to match the scale of the laboratory
models. A yield curvature of 0.00606 1/m and a plastic hinge length of 36.3 cm was used to
determine the correct displacements at the top of the specimen. The first peak displacement was
6.90 cm followed by a peak of 1.40 cm in the opposite direction. The remainder of the loading
protocol was designed to match tests previously performed at UCSD on identical specimens.
This allowed for comparisons to be made and the impact of the pulse on the structure to be

evaluated. After the pulse, the loading sequence consisted of the following peak displacements:
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0.31 cm, 0.62 cm, 0.93 cm, 1.24 cm, 1.71 cm, 2.57 cm, 3.42 cm, 5.13 cm, 6.84 cm, 10.26 cm,
13.68 cm, and 17.10 cm. The loading protocol for the dynamic tests is plotted in Figure 5.6
below. The pseudo-static tests followed the same peak displacements stopping at the peaks and
at various points of interest during the test. Details of the T-joint testing can be found in Gibson
(2001).
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Fig. 5.6 Loading protocol for the beam-column joint tests
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6 The Kocaeli and Chi-Chi Earthquakes

The Kocaeli, Turkey, earthquake on 17 August 1999, and the Chi-Chi, Taiwan, earthquake on 20
September 1999, added significantly to the records of the near-fault strong motion database.
These earthquakes help to fill in aspects under-represented for large earthquakes. The Kocaeli
earthquake matches in magnitude (7.4 moment magnitude) the Tabas, Iran, earthquake, which
was the largest magnitude earthquake represented in the database. The Chi-Chi earthquake
exceeds the Kocaeli earthquake with a 7.6 moment magnitude. These two earthquakes yielded a
significant amount of data. In total, of the 21 records analyzed for the presence of a pulse, 9
were found to contain one. Curiously, these higher magnitude earthquakes did not demonstrate
higher peak velocities. They did, however, have pulses of longer duration and period than the
previous pulses analyzed. This effect is not because the records are at a greater distance from the
fault. The maximum distance to fault rupture among these records is 8.7 km, whereas the
maximum distance to the rupture surface before the addition of these records was 15.6 km. The
minimum distance to the rupture surface in this set is 2.5 km, whereas the minimum distance to
the rupture surface before the addition of these records was 0.2 km. The average distance to the
rupture surface is essentially the same for both sets: 5.6 km for these records and 5.7 km for the

earlier records.



The records found to contain a pulse are listed in Table 6.1.

Table 6.1 Kocaeli and Chi-Chi records containing pulses

Date Quake Moment Station Direction Peak Vel Period
Magnitude (cmls) (s)
08/17/99 Kocaeli, Turkey 7.4 Yarimca Petkim ' FN 88 5.7
09/20/99 Chi-Chi, Taiwan 7.6 CHY0242 FN 62 4.0
09/20/99 Chi-Chi, Taiwan 7.6 CHY0282 FN 74 2.0
09/20/99 Chi-Chi, Taiwan 7.6 CHY1012 FN 82 4.6
09/20/99 Chi-Chi, Taiwan 7.6 TCU0762 FN 87 3.2
09/20/99 Chi-Chi, Taiwan 7.6 TCUOQ792 FN 68 0.7
09/20/99 Chi-Chi, Taiwan 7.6 TCU1292 FN 69 23
09/20/99 Chi-Chi, Taiwan 7.6 WGK? FN 72 3.3
09/20/99 Chi-Chi, Taiwan 7.6 WNT? FN 58 5.6

Peak Vel Period

Maximum 88 5.7

Minimum 58 0.7

Mean 73 3.5

Standard Deviation 10 1.7

Record sources: 1. Birgoren and Tarhan, 2000; 2. Lee et al., 1999.

The velocity time histories for all of these records are plotted in Figure 6.1. In this plot,
the pulse is in bold. The isolated pulses are plotted together with the mean pulse in Figure 6.2.
This figure is the same as Figure 4.2, with the addition of the pulses from the Kocaeli and Chi-
Chi earthquakes. The resulting mean large velocity directivity pulse is plotted alone in Figure
6.3.

When this data are merged with the previous data, the resulting maximum and minimum
peak velocities remain unaffected at 174 cm/s and 23 cm/s. The mean peak velocity is 89 cm/s
with a standard deviation of 39 cm/s. The statistical data for the period of the combined data are:
maximum = 9.3 s, minimum = 0.5 s, mean = 2.5 s, standard deviation = 1.8 s. The average
number of cycles also remains unaffected at 1. The addition of this data changes the mean pulse

insignificantly and serves to validate the data collected previously.
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Fig. 6.1 Kocaeli and Chi-Chi records found to contain a pulse. The pulse is in bold.

The regression analysis to obtain attenuation relations presented in Section 3.5 is repeated
here to include the data obtained from the Kocaeli and Chi-Chi earthquakes. For a definition of
the geometric and seismological factors considered in this analysis, refer to Section 3.5. The
correlation between these factors and the period and peak velocity is listed in Table 6.2. This
analysis considers all the pulses considered in Section 3.5 and all the pulses from the Kocaeli and

Chi-Chi earthquakes listed in Table 6.1.
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Table 6.2 Correlation values for period and peak velocity

Period Log(Period) Peak Vel Log(Peak Vel)
M, 0.5202 0.5678 -0.0708 0.0816
r -0.1105 -0.1774 -0.2493 -0.2480
X -0.4056 -0.2727 0.1527 0.1099
) -0.4589 -0.5658 -0.1585 -0.2156
Log(M,) | 0.5210 0.5718 -0.0580 0.0931
Log(r) 0.0257 -0.0154 -0.1486 -0.0976
X cos(¢ ) [ -0.3607 -0.2168 0.1762 0.1412

These correlation values indicate that there is some weak relationship between the log of
the period and the directivity angle and the log of the magnitude. The strongest correlation for
the peak velocity is found between the log of the peak velocity and the distance to fault rupture
and the directivity angle; however this correlation is very weak.

Regression on the log of the moment magnitude and the directivity angle to obtain the log
of the period yielded an R* value of 0.513. Analysis of the residuals from this regression shows
two excessively high residuals. The analysis was repeated with the exclusion of the data from
these outliers. The results from this regression demonstrate a slightly improved R? value of
0.526. The coefficients resulting from this regression analysis are presented in equation form:

Log(Period)=-2.136-0.01020- ¢ +3.053- Log(M )

The fit of this equation to the data is demonstrated in Figures 6.4 and 6.5.
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Regression of the distance to rupture surface and the directivity angle to obtain the log of

the peak velocity resulted in a low R* value of 0.098. Again, the residuals indicate two strong
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outliers. These outliers were removed and the analysis was performed again. The new results
give a slightly improved R” value of 0.210. The coefficients from this analysis are given below:

Log(PV)=2.123-0.03024-r-0.002975- ¢

The fit of this equation to the actual data is illustrated in Figures 6.6 and 6.7.
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The dependence of the period and the peak velocity of the pulse on the directivity angle,
¢, was not expected in this form from the current literature on directivity effects. It was expected
that the effect of the directivity angle on the pulse would be coupled with the directivity ratio and

have the form:

xcos(g)

The sign of the ¢ coefficient in the period attenuation relationship was also unexpected.
It was expected that an increase in ¢ would cause the pulse to lengthen in period and diminish in
amplitude. The dependence of period on magnitude was expected. The dependence of peak
velocity on the distance, r, was also expected; however, it was expected to be multiplied by the

cosine of the directivity angle.
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7 Summary and Conclusions

A large velocity directivity pulse occurs when the conditions of forward directivity are met.
These conditions include:

1. The earthquake is sufficiently large (moment magnitude greater than 6);

2. The site is located sufficiently close to the fault rupture (within 10 km); and

3. The rupture propagates toward the site.

This large velocity directivity pulse will be evident in the fault-normal direction. It is
typically located toward the front of the time history and consists of, on average, one cycle of
motion. Peak velocities can range from 23 cm/sec to 174 cm/s with a mean value of 89 cm/sec.
The period of the pulse can range from 0.5 sec to 9.3 sec with a mean value of 2.5 sec.

In defining the testing protocols, 24 near-fault time histories containing large velocity
pulses were analyzed, and the pulses extracted from the record. The defining characteristics of
the pulses (peak velocity and period) were averaged and an average pulse was constructed. This
average pulse consisted of 1 full cycle of velocity motion, exhibited over a period of 2.2 sec and
a peak velocity of 94 cm/sec. This pulse definition has been used to determine the loading
protocol for over 9 specimens at three different universities.

For testing of the three column specimens the average pulse was used as the input motion
in a single-degree-of-freedom, nonlinear program (NONLIN) to determine the response of the
prototype bridge column to the average near-fault large velocity pulse. The response of the
column was simplified and scaled. A standard cyclic loading sequence was then added after the
pulse. The loading time histories for these tests are plotted in Figures 5.4 and 5.5. For testing of
the four beam-column joint connections, a pulse demonstrating a peak velocity equal to the mean
plus one standard deviation was used as input to a Ruaumoko model of the prototype structure.
The curvature response of the structure was determined and scaled by two. A cyclic loading

sequence was added to the pulse response.



Two of the specimens were loaded with a displacement time history as shown in Figure
5.6. The remaining two specimens were loaded following a pseudo-static regime with the same
peak displacements and in the same order.

The inclusion of data from the Kocaeli and Chi-Chi earthquakes to the work already
completed serves to confirm the accuracy of the database. The most significant change to the
mean pulse with the inclusion of this data is an increase in the period of the pulse. The standard
deviation of the peak velocities in the database is also slightly more restricted with the inclusion

of the recent data.
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