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ABSTRACT

Fractures observed at the welded beam-column connectionsin steel moment-resisting frames after
recent earthquakes have led structural engineers to investigate the hysteretic behavior of such con-
nections. Extensive research was subsequently performed on connections, and much is now known
about their behavior. However, the same cannot be said for the effects of this behavior on overall
system response, particularly if degradation occurs in connection strength or stiffness. Some ana-
lytical studies have been performed, but experimental data are virtually nonexistent for systems
with degrading connections. It isfor this reason that the study presented herein was designed and

carried out.

This study contains both experimental and analytical portions. The experimental portion
consists of a series of 32 shaking table tests performed on a scale model test specimen. Idealized
mechanical connections capable of mimicking different types of hysteretic behavior seen in red
connections were used. Hysteretic behaviors considered were ductile bilinear, brittle fracture, duc-
tile fracture, deformation softening (negative post-yield stiffness), and strength degradation. The
ability of the connectionsto achievethe desired behavior was verified by experimental testing prior
to their use in the shaking table test specimen. In some tests, a high-speed data acquisition system
was used to capture highly transient phenomena associated with brittle fracture. Observed phenom-
ena included propagation of elastic waves, changes in beam curvature, local moment redistribu-
tion, and excitation of member higher modes. These phenomenawere found to have small impacts

on the system response.

The datafrom the experimental portion of the study were used to develop acomputer model
of the structure for usein analytical studiesthat examined the effects of various degradation-related
hysteretic parameters, earthquake excitations, and frame properties. Both experimental and analyt-
ical results show that the effects of connection hysteretic degradation on system behavior depend
on several factors, including system location on the response spectrum, degradation type and sever-

ity, and earthquake excitation amplitude.

All types of hysteretic degradation causing substantial strength loss had adverse effects on
the system behavior (including collapse) for short to intermediate length structure fundamental
periods (relative to the predominant excitation period). Degradation did not have similarly adverse

effects on structures with longer periods.



System-level effects of connection fracture were dependent on the severity of connection
moment capacity reduction and the post-fracture tangent connection stiffness. Negative post-frac-
ture and post-yield stiffnesses contributed significantly to large displacements and even collapse

in some cases, exacerbating the effects of geometric nonlinearity.
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1 Introduction

For a number of years, steel moment-resisting frames with welded beam-to-column connections
were considered to be an excellent structural system for seismic resistance. Many buildings in
regions of high seismicity utilized these steel moment frames, defined as “special moment-resist-
ing frames’ (SMRFs), in modern building codes for their primary lateral force-resisting systems.
These moment frames were assigned the highest strength-reduction factor under the building codes
in place when they were designed (such as the Uniform Building Code (International Conference
of Building Officias, 1997)), a testament to the perception within the engineering practice that

such systems, and hence their connections, were inherently very ductile.

All this changed in the aftermath of the 1994 Northridge, California, earthquake, as build-
ing inspectors and structural engineers discovered numerous fractures in welded moment connec-
tions in the Los Angeles area. In most of these connections, there was little or no evidence of
yielding, indicating that the connections in reality had very little ductility. Many structures that at
first appeared to have little damage were found upon more thorough inspection to have fractures
in the connections. More fractures were found in buildings in Kobe, Japan, in the aftermath of the
1995 Hyogo-ken-Nambu earthquake, casting suspicion on Japanese moment-framed construction
as well. The discovery of the fractures sparked considerable debate, and subsequently research,
within the structural engineering community on both sides of the Pacific. Because of this, thereare
now two generally recognized eras of steel moment-frame design: pre-Northridge and post-

Northridge.

The most immediate problems posed by the Northridge earthquake were first to assess the
safety of buildings with fractured connections and then to determine the causes of the connection
fractures. Other problems, such as how to determine the vulnerability of existing moment-frame
construction in general to potential connection fractures, and how to design new moment connec-
tions that would not suffer brittle fracture, appeared shortly thereafter. Researchers throughout the

U.S. and elsewhere began to work on these problems through both experimental and analytical



studies. The vast mgjority of the experimental studies were performed at the component and sub-
assemblage level, with the focus on the beam-to-column connection region. After an unprece-
dented number of beam-column connection testsin the yearsfollowing Northridge, much has been

learned about connection hysteretic behavior.

However, the larger questions of how connection behavior affects the global behavior of
the structural system have yet to be answered conclusively. Many of the newer connections
designed to avoid brittle fracture display some other form of hysteretic degradation. Thus, it is nec-
essary to ask whether some of these more ductile forms of connection hysteretic degradation can

cause undesirable or even dangerous system behavior, and, if so, under what circumstances.

Also, many of the buildings with brittle connection fractures caused by the Northridge
earthquake suffered little damage otherwise. In addition, current design guidelines, such as FEMA
350 (FEMA, 2000), explicitly recognize that some brittle connection fractures may continue to
occur inwelded steel frames. It istherefore important to determine the effects of brittle fracture on

response when looked at through the lens of global system performance.

1.1  PROBLEM DEFINITION

For the purpose of seismic response anaysis, beam-to-column connectionsin steel moment-resist-
ing frames are frequently characterized as having full hysteretic loops with an overall bilinear (or
smilar) shape. However, many connections exhibit more complex forms of hysteresis, including
some form of deterioration during cyclic inelastic excursions. As such, the hysteretic |loops are no
longer full and may deteriorate during cycling into the elastic range. The type of deterioration
varies from a sudden loss of capacity associated with fracture to a more gradual degradation of
strength and stiffness, which may be accompanied by pinching of the overall hysteretic loop shape.
The types of hysteretic behavior examined in this study are:

* Ductile baseline: NoO deterioration — stable, full hysteretic loops which are the ideal generally

sought after by designers of moment-resisting connections,

* Brittle fracture: A connection fracture, usually in the beam flange-to-column connection
region, where no yielding occurs prior to fracture. In the idealized connections used in this
study, yielding is permitted to occur locally to provide ductile crack initiation;

* Ductile fracture: A connection fracture that occurs after significant yielding has taken place;



» Deformation softening: The presence of negative post-yield tangent stiffnessin the connection
hysteresis; and

» Strength degradation: The isotropic softening of the connection, where the yield strength
reduces from cycle to cycle.

In this study, the effects of these five types of hysteretic behavior on SMRF system
response will be assessed by examining their effects on global displacements and forces, connec-
tion rotations and moments, and other response quantities. Asaresult, the design of the experiment
is based on capturing global behavior data for a structure with connections exhibiting one or more
of the particular hysteretic behaviors defined above. A significant portion of the experimental prob-
lem involves the design of an appropriate test specimen that meets the design objectives and min-
imizes adverse factors such as dependence on particular details, scaling issues, and cost. The
remainder of the experimental program involves the design and performance of the experiment

itself, aswell as examining and interpreting the data.

The overall questions posed in the introductory section can be answered much more effi-
ciently by acombination of analytical simulationsand experiments than by experimentsalone, due
to the very large number of cases that would need to be tested. Therefore, this investigation
includes a significant analytical component as well. The analytical component involves the devel -
opment and assessment of a mathematical model of the structure that is able to reliably represent
the data collected in the experiments. This model is then used in computer simulations to further
examine parameters that affect behavior. The use of simulations also allows consideration of
parametersthat would be difficult to examine experimentally without the construction of many test
specimens, such as different member sizesfor the beams and columns. The results of the analytical
component of the investigation are synthesized with those from the experimental phase to draw

more general conclusions than possible by experiment alone.

1.2  RESEARCH OBJECTIVES AND TASKS

The overall objective of the research program reported herein isto identify the effects that various
types of connection hysteretic behavior have on the global seismic response of steel moment-frame

systems. In particular, the effects of connection fracture versus other types of more ductile hyster-



etic degradation are investigated. One of the keys to understanding the effects of connection frac-
tures on system response is gaining a clearer picture of what happens in the structure immediately
following afracture, and one of the objectives of this study isto gaininsight into thisarea. Overall,
the basic intent of the studiesis to determine which types of hysteretic degradation cause particu-
larly undesirable system behavior, and which, if any, cause relatively benign or even beneficial
behavior, and under what circumstances.

Realization of these global objectives can be distilled into the following specific tasks:

» Design, construct, and verify by quasi-static testing an idealized mechanical connection that

can faithfully and predictably reproduce the five types of hysteretic behavior defined above;

* Incorporate the mechanical connectionsinto a small moment-frame specimen, and perform
shaking table tests of the moment-frame specimen with various ground motion excitations;

» Determine from the data the effects of various types of hysteretic degradation under ssmple
pulses, near-field ground motions, and long-duration subduction zone-type ground motions;

* ldentify from the results any hysteretic behavior/ground motion combinations that produce
undesirable system behavior;

» Usethe datato develop and assess an analytical model considering both connection behavior
and global behavior;

» Perform analytical parametric studies using the analytical model to further investigate the
effects of specific hysteretic degradation parameters on global seismic response; and

* ldentify future research needs.

1.3 SCOPE

This report covers the experimental and analytical studies of the effects of connection hysteretic
degradation on system response. A review of pertinent literature, with an emphasis on analytical
studies of systems with degrading connections, is presented in Chapter 2. The design of the test
specimen is presented in Chapter 3, while the design and performance of the experiment itself is
described in Chapter 4. Test results are presented in Chapters 5 and 6, with behavioral observations
located in Chapter 5 and comparisons of behaviors observed in different tests presented in Chapter
6. The development of an analytical model for usein further studiesis presented in Chapter 7. The
design of and results from these analytical studies are then discussed in Chapter 8. Finally, conclu-
sions obtained from both the experimental and analytical studies and recommendations for future

work are presented in Chapter 9.



2 Literature Review

In the aftermath of the 1994 Northridge and 1995 Hyogo-ken Nambu earthquakes, inspections of
steel moment-frame buildings uncovered various types of brittle fracture damage in the beam-to-
column connections, ranging from small fracturesvisible only with sensitive electronic equipment
to large visually apparent cracks extending from the beam flange-to-column weld through the
beam or column flange. Since welded steel moment frames were expected to behave in a ductile
manner, the fractures came as a shock to many engineers, who immediately called into question

the safety of steel moment-frame construction in areas of high seismicity.

Asaresult, anumber of investigators have performed analytical studiesto assessthe seis-
mic safety and performance of steel moment-frame buildings, both damaged and undamaged, new
and old (Astaneh-Ad et al., 1998; Bonowitz and Maison, 1998; Foutch and Shi, 1998; Gupta and
Krawinkler, 2000; Lee and Foutch, 2000; Luco and Cornell, 1999; Mahin and Morishita, 1998;
Maison and Kasai, 1997; Naeim et a., 1999; Nakashima et a., 2000; Rahnama and Krawinkler,
1993; SAC, 1995; Uetani and Tagawa, 2000). These studies range from specific case studies of
instrumented buildings in the Los Angeles area subjected to Northridge ground motions to large

Monte Carlo simulations using a variety of buildings and earthquake records.

Degspite the variationsin analytical methods, the conclusions drawn for SMRF structures of
the type used in the U.S. tended to be similar: for collapse to occur, brittle fractures at the connec-
tions must be numerous and lateral displacement demands for an ideally ductile structure must be
very large. These conditions generally occur only for very large near-field ground motions. For
moderate ground motions, the effects of local fracture seem to berelatively benign. Thisresult cor-
roborates well with the Northridge damage (see Section 2.2): there were no collapses of steel
moment-frame buildings, and many buildings with numerous connection fractures showed little

other damage (though there were certainly some exceptions).

Nevertheless, the behavior of the pre-Northridge connections was inconsistent with the

design assumptions, and thisistroubling. Clearly, the presence of fractured connectionsin abuild-



ing following an earthquake invalidates the engineering cal cul ations used to obtain permitsto con-
struct and occupy the building. Even though no collapses due to connection fracture have occurred
in recent earthquakes in the United States, this may have been simply because the necessary com-
bination of ground motion, connection detail (or defect), and structural configuration did not occur

for these earthquakes.

Aswill bediscussed in Section 2.2, asmall but significant number of welded steel moment-
frame buildings collapsed during the 1995 Hyogo-ken Nambu earthquake. The analytical literature
also suggests that there are some cases where connection fracture can cause adverse system behav-
ior such ascollapse, but that there are many caseswherefracture hasrelatively little effect on over-
all system behavior. The wide variation in system behavior observed after recent earthquakes and
predicted by analysis demonstrates that the effects of brittle fracture may be complex and depen-

dent on anumber of variables.

Brittlefractureis not the only connection hysteretic behavior that may have less-than-desir-
able effects on seismic system response. After pre-Northridge welded moment connections were
found to be susceptibleto brittle fracture, researchers began to develop new or modified connection
designs which were more ductile. As these new connection designs were tested by the SAC Joint
Venture and others (see FEMA-355D, FEMA, 2000), several other types of hysteretic degradation
were identified as being of concern. These include negative post-yield stiffness and strength deg-

radation, as well as fracture after significant yielding has occurred.

In light of these observations, it isimportant to investigate the effects of these other hyster-
etic behaviors, in addition to fracture, on the system response. Analytical studies have been per-
formed to assess the impacts of these behaviors on system response, but as in the case of brittle
fracture, experimental tests of system behavior are scarce. As more SMRFs with post-Northridge
connections enter the built environment, experimental work on systems with these other types of

connection hysteretic degradation will become even more important.

2.1 SCOPE

This chapter begins with abrief summary of damage to steel moment framesin recent earthquakes,

with an emphasis on the Northridge earthquake due to the availability of data and the significant



ramifications for U.S. practice. Next, analytical studies of steel moment-frame structures with
degrading connection hysteretic behavior are discussed. Most of the analytical studies included a
model with ductile, nondegrading connections for comparison purposes. For this reason, other
studies of ductile baseline behavior are not included in thisliterature survey. The analytical studies
discussed herein congtitute the bulk of the current literature on the effects of connection degrada-
tion on system response. A brief summary of the results of selected recent connection tests is
included to provide background information on the types of connection hysteretic behavior
observed in connection details currently present in thefield. Finally, the few experimental studies

that have been performed on systems to date are discussed.

Thisliterature survey isnot intended to be acomprehensive treatment of the problems asso-
ciated with welded steel moment frames, but is intended only to provide necessary background
information for aportion of the problem discussed in thisstudy. This study isfocused on the effects
of connection degradation on the system behavior after degradation begins, and does not focus on
how or why the degradation occurs. A great deal of additional information on the problems of steel
moment frames, much of it focused on why degradation occurs, is available in publications by the
SAC Joint Venture and FEMA.

The SAC Joint Venture was formed after Northridge for the express purpose of solving the
problems posed by the newly discovered brittle fracture tendencies of welded steel moment
connections. SAC was comprised of the Structural Engineers Association of California (SEAOC),
the Applied Technology Council (ATC), and the Consortium of Universities for Research in
Earthquake Engineering (CUREe). SAC has published numerous documents on steel moment
frames, a comprehensive listing of which can be found in the References and Bibliography section
of FEMA 350 (FEMA, 2000). A brief but excellent summary of overall problems with steel
moment frames and the findings of SAC are located in the FEMA 350 introduction. The reader is
referred to the SAC publications for a comprehensive examination of welded steel moment-frame

problems, as well as detailed background information.



22  SUMMARY OF DAMAGE TO STEEL MOMENT FRAMES IN PAST
EARTHQUAKES

This section provides a brief overview of the damageto steel framesin recent earthquakes, with an
emphasis on the 1994 Northridge earthquake. The intent of this section is to provide background
information on the types and prevalence of fracture damage and the resulting effects on global
behavior that were observed after recent earthquakes. These post-earthquake observations pro-
vided motivation for this research and were major considerations in the design of the experiment
conducted in this study.

2.2.1 1994 Northridge Earthquake

The fractures that occurred during the Northridge earthquake were discovered after the initial
reconnai ssance and walk-through inspection efforts had been compl eted, and many engineers were
under the impression that steel moment frames had performed well. Damage was first observed in
buildings that were under construction, where the steel framing was still exposed (Bertero et al.,
1994). In other cases, engineers noted that some buildings were disproportionately affected by
small aftershocks.

Shortly thereafter, several steel-framed buildings were determined to be out of vertical
alignment, which caused engineers to remove the interior nonstructural elements and fireproofing
to look at the moment frames. In these buildings, inspectors and engineers found some beam-
column connections with significant fracture damage, with little evidence of plastic deformation
beforehand (Bertero et al., 1994). As word of the brittle fractures spread, more buildings were
inspected, and the number of damaged buildings eventually climbed to over 150, mostly concen-
trated in the San Fernando Valley and west L os Angeles.

Much of thisdamage was discovered only after intrusiveingpections (meaning fireproofing
and interior finishes were removed) in buildings which had little residual drift or other visual indi-
cations of damage. This indicates that walk-through inspections of the type commonly used prior
to the Northridge earthquake to assign red, yellow, and green building saf ety tagsimmediately fol-
lowing an earthquake were not areliable method of determining whether steel moment frames suf-

fered brittle fracture damage (for newer inspection requirements, see FEMA 352).
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There were no collapses of SMRFs during the Northridge earthquake, and many buildings
had little residual drift or nonstructural damage, though some of the more heavily damaged build-
ings had relatively large residual drifts and significant nonstructural damage (Bertero et al., 1994).
The observed damage from the Northridge and Hyogo-ken Nambu earthquakes has been well doc-
umented both in summary reports by organizations such asthe SAC Joint Venture (SAC, 1995, and
FEMA-355E, FEMA, 2000) and in various reconnai ssance reports (AlJ, 1995, Bertero et al., 1994,
Bertero et al., 1995, Holmes and Somers ed., 1995, Y oussef et al., 1994), so only a brief summary

isprovided here.

In the months following the Northridge earthquake, information on observed damage types
and their prevalence was collected by Nabih Y oussef and Associates using a lengthy survey form
sent to engineers who had inspected damaged buildings. Damage types were classified according
to the system shown in Figures 2-1 and 2-2. The reader is referred to the technical report SAC 95-
06 (SAC, 1995) for a detailed description of particular damage types shown.

In the case of the Northridge earthquake, the fractures were confined to the beam-column
connection region (SAC, 1995). The fractures nearly always initiated in or near the critical com-
plete joint penetration weld used to connect the beam flange to the column flange. Most fractures
were either in the weld itself or in the adjacent hest-affected zones (HAZ), and damage types W2,
W3, W4, C2, and G3 were common. In many cases, the fracture completely separated the beam
flange from the column. Some instances of shear tab fracture (type S3) were noted aswell. In some
cases, fractures initiating in the weld or the HAZ propagated into the column flanges and panel

zone, but the more severe column damage types C3, P5, and P6 were less common.
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Figure 2-1. Typical pre-Northridge welded moment connection with damage types shown

Although complete fractures through the column were rare, situations were noted where
fractures occurred in both the top and bottom beam flanges. Most observed fractures occurred at
the bottom beam flange, with the ratio of observed bottom-to-top-flange damage at about 30:1.
However, this figure may underestimate the true number of top flange fractures because the beam

top flanges were more difficult to inspect than the bottom flanges, and consequently were not
always inspected.
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Figure 2-2. Detail of damage in vicinity of bottom beam flange-to-column weld

2.2.2 1995 Hyogo-ken Nambu Earthquake

Fractures were also observed in moment-frame buildings following the 1995 Hyogo-ken Nambu
earthquake (AlJ Kinki Branch, 1995). Japanese moment-frame design and construction practice
differsin several important respectsfrom U.S. practice, and these differences (along with the many
smilarities) are discussed by Nakashima (Nakashima, Roeder, and Maruoka, 2000). These differ-
encesindesign and practice are generally regarded asthe major cause of the differencesin the frac-
ture-related damage observed after the Hyogo-ken Nambu and Northridge earthquakes, though
there were some differences in ground motion characteristics. In particular, the most common
beam-column connection used in newer buildingsin Japan is the through-diaphragm detail, where
girder flanges are welded to diaphragm plates that interrupt the column. Fractures in or near the
welds connecting these diaphragmsto the column could lead to a compl ete severing of the column

and loss of axial load capacity.

In addition, many buildings in cities such as Kobe are tall and very narrow, so column

demands due to overturning are high, making fractures in the columns more likely. Column frac-
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tures are believed to be an important contributor to the approximately 10% collapse rate of newer
steel moment frames in Kobe (Nakashimaet al., 1998). Complete column fractures were very rare

inthe U.S., however, and will not be considered as part of this study.

2.2.3 Other Recent U.S. Earthquakes

It isimportant to realize that earthquake-induced fracture damage was not limited to the Northridge
and Hyogo-ken Nambu (K obe) earthquakes. After the discovery of fracturesin the aftermath of the
Northridge earthquake brought the problems of the code-prescriptive pre-Northridge moment con-
nection to light, a number of reports surfaced of similar fractures caused by other earthquakes,
including the 1989 Loma Prieta and 1992 L anders, California, earthquakes (FEMA-355E; FEMA,
2000). In most of these cases, fracture damage was determined only after inspections conducted
for business reasons (generally prepurchase) after the Northridge earthquake, when inspectors
knew what to look for. The existence of Northridge-like fracture damage caused by other earth-
guakes serves to emphasize the widespread nature of the problems with WSMFs.

2.3 ANALYTICAL STUDIES OF STRUCTURES WITH DEGRADING
CONNECTION HYSTERETIC BEHAVIOR

As mentioned previously, brittle fracture is not the only type of hysteretic degradation that may
have adverse effects on system behavior. There are severa other hysteretic behavior types that can
occur in ductile connections and are cause for concern. In this section, analytical studies of the

system behavior of buildings with the following connection hysteretic behaviors are examined:

* brittle fracture

* ductile fracture (defined as fracture after significant beam yielding occurs)
 deformation softening (negative post-yield stiffness)

 dtrength degradation

The focus of this section is on analytical predictions of the global behavior of systemswith

the above types of connection hysteretic degradation, though many of the studies themselves are
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more broadly focused. These analytical studies, along with the post-earthquake observations from
the previous section, represent the bulk of current knowledge on the effects of connection degra-

dation on global response, since experimental tests at the system level are virtually nonexistent.

Theanalytical studiesare quite diversein the typesof buildings studied, the analytical tech-
niques employed, and the types of connection hysteresis examined. For organizational purposes,
the studies have been grouped into seven major types. (1) deterministic case studies and evalua-
tions of Northridge-damaged buildings, (2) deterministic parametric studies, (3) probabilistic case
studies and evaluations of Northridge-damaged buildings, (4) probabilistic parametric studies, (5)
analyses of specific fracture-related phenomena, (6) comparisons of analytical and modeling tech-

niques, and (7) analyses of the variation in nonlinear behavior with period.

The distinction between deterministic and probabilistic studiesis necessary due to the very
different assumptions of how fractures occur in these two types of analyses. In deterministic stud-
ies, connections are assumed to fracture at predetermined locations when a preset deformation
(generally specified as connection rotation) is reached. The deterministic approach does not take
into account the inherent variability in connection capacity and fails to capture the apparent ran-

domness of observed fracture damage.

In the probabilistic approach, connection fractures are assumed to occur at deformation
levels taken randomly from a distribution. This approach reintroduces the uncertainty in connec-
tion capacity and fracture location and thus gives a more accurate representation of observed
behavior, but is more difficult to implement. No probabilistic methods have been applied to the
occurrence of other types of hysteretic behavior, so the sections discussing probabilistic studies

contain information only on fracture behavior.

There is some overlap between categories (1) through (4) and (6), since several types of
analysis were often performed in one study. However, the intent of the discussion of the studiesin
categories (1) through (4) isto evaluate the effects of various hysteretic behavior types rather than
analytical models. Category (6) was created because a discussion and evaluation of analytical mod-
eling techniquesis necessary background information for the analytical work presentedin Chapters
7 and 8.

A comparison of key analysis parameters for the various studies of types (1)—(4) is shown
in Table 2-1. The group of studies performed for the SAC Joint Venture Phase 1 Task 3.1 are
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shown as a unit because they were conducted with uniform modeling and analysis standards. Con-

nection capacity distributions for the probabilistic studies are shown in Table 2-2.

Table 2-1. Comparison of analytical studies of structures with degrading connections

Model Parameters
Study Analysis | Buildings Ground Acceptance
Types Studied | Gravity | P-A | Hysteresis Motions Criteria
Frames Types
Astaneh-Ad et | Nonlinear | Damaged | ? ? BF (mod- | NR-NH, Collapse pre-
a., 1998 dynamic | 4,14, 27 eled post- | MKO vention (CP)*
story fracture)
Foutch and Nonlinear | Nineeach | ? ? DB, BF, EC, LN, LP, CpP*
Shi, 1998 staticand | 3,6,9 SD plus MH, ML,
dynamic | story, pinching | NPS, NR-U,
27 tota and com- | SF[CS, PD,
bined U], TB, WH
behaviors
Foutch and Nonlinear | SACLA | Yes, w/ |Yes DB, BF Selected SAC | CP*
Yun, 2002 staticand | 9,20story | simple LA 2/50, EC,
dynamic 6 each connec- IV, MH, ML,
tions NPS, NR-U,
SF[CS, PD,
U], TF
Leeand Nonlinear | 3 each Yes Yes BF, sm- |SACLA and |CP** (0.01
Foutch, 2000, |staticand | SACLA ple con- Seattle 50/50, | global, vari-
2002 dynamic | & Sesttle nections | 2/50 ablelocal),
3,920 10
story
Luco and Cor- | Nonlinear | SACLA | Yes Yes, BF, DF, SAC LA and | Extreme
nell, 1999, dynamic | & Seattle linear | capacities | Seattle 10/50, | drifts(>0.10),
2000 3,9, 20 probabilis- | 2/50 suites CP*
story tic
Mahin and Nonlinear | SDOF N/A Yes DB, BF, Idealized Peak ductil-
Morishita, dynamic | systems SD, DFS | pulses ity demand
1998
Maison and Nonlinear | SACLA9 | Yes Yes, BF, DF, SACLA 10/ |LS** (0.025)
Bonowitz, dynamic | story linear | capacities | 50, 2/50 suites | in rare events
1999, 1998 probabilis- CP** (0.05)
tic invery rare
events
Maison and Nonlinear | Damaged | Yes Yes, BF, DF, EC, LN, NR- | CP*
Kasai, 1997 dynamic | 13 story linear | capacities | CP, NR-OX,
probabilis- | NR-TZ, SF-
tic PD, TB
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Table 2-1. — Continued

Model Parameters
Study Analysis | Buildings Ground Acceptance
Types Studied | Gravity | P-A | Hysteresis Motions Criteria
Frames Types
Naeimet al., Nonlinear | SACLA, | Yes Yes, DB, SD SAC LA, CpP*
2000 static and | Seattle, linear Sedttle, Bos-
dynamic | Boston 3, ton 10/50, 2/
9, 20 story 50 suites, LA
50/50 suite
Naeimet al., Nonlinear | Damaged | No, ? DB, Elas- | Siterecords. | UBC-97,
1999 staticand | 8, 10, 16, | after tic NR-EN, NR- | FEMA-273
dynamic, | 20 story evalua- HW, NR-SO, |LS,CP
linear tion NR-TZ
dynamic
Rahnamaand | Nonlinear | SDOF N/A Yes SD, DFS, |CL, CO, EC, | Strength
Krawinkler, dynamic | systems DB IV, LB, OL, reduction fac-
1993 PS, SF-CS, tor, hysteretic
TF energy
Phase 1 Stud- | Linearand | 9 tota Yes Yes BF, DB SAC Phasel | Accurate
ies, SAC, 1995 | nonlinear | with vari- site-specific reproduction
static and | ous condi- suites of observed
dynamic | tions damage

* Collapse defined as numerical instability in the solution due to very large displacements

** Life safety limit (LS) or collapse defined by a particular story drift ratio, shown in parentheses
Hysteresis type abbreviations. DB: Ductile baseline, BF: Brittle fracture, DF: Ductile fracture,
DFS: deformation softening, SD: Strength degrading.

Ground motion abbreviations: CL: Coyote Lake (1979), CO: Coalinga (1983), EC: El Centro (Imperial Val-
ley 1940), LB: Long Beach (1933), LN: Landers-Lucerne (1992), L P: Loma Prieta unknown, 1V: Imperia
Valley (1979), MH: Morgan Hill (1984), ML: Mammoth Lakes (1980), MKO: Miyagi-ken-Oki (1978),
NPS: North Palm Springs (1986), NR: Northridge 1994: [CP: Canoga Park, EN: Encino, HW: North Holly-
wood, NH: Newhall, OX: Oxnard Blvd., SO: Sherman Oaks, TZ: Tarzana, U: Unknown], OL: Olympia (W.
Washington 1949), PS: Puget Sound (1965), SF: San Fernando 1971: [CS: Castiac (1971), PD: Pacoima
Dam, U: Unknown], TB: Tabas (1978), TF: Taft (Kern County 1952), WH: Whittier Narrows (1987)

2.3.1 Deterministic Case Studies and Evaluations of Northridge-Damaged Buildings

After the Northridge earthquake, several studies were performed to determine the safety of dam-
aged steel moment-frame buildings and to ascertain whether currently available analysis methods
could predict the observed damage. The SAC Joint Venture provided funding, an analysis frame-
work, and representative ground motions for a set of nine studies of Northridge-damaged welded
steel moment-frame (WSMF) buildings under Phase 1, Task 3.1. [More studies were performed in
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Phase 2 of the SAC project on hypothetical buildings in Los Angeles, Seattle, and Boston, and
these are discussed in later sections.] Other studies with various funding sources were performed
by Astaneh et al. and Naeim et al., though Naeim’s study was primarily focused on the ability of
available analytical tools to predict the Northridge damage.

The nine studies performed under SAC Task 3.1 are summarized together due to their sm-
ilarities, though they were performed asnine individual investigations. The reader isreferred to the
SAC technical report 95-04 (SAC, 1995), and the summary by Deierlein in particular, for details.
The major goals of these studies were to evaluate the ability of available analytical techniques to
predict the observed damage, to investigate the safety of damaged structures, to determine the
behavior of repaired structures, to determine connection rotation demands to be used in the devel-

opment of testing guidelines, and to evaluate design methodol ogies.

The studies determined that the structures which had fractured beam-column connections
would be unlikely to collapse in a future earthquake with ground motions similar to those they
experienced during the Northridge earthquake. However, for severe ground motions such the
Sylmar record, the safety of damaged structures was found to be questionable. Connection rotation
demandswere found to be extremely variable. Panel zone behavior was found to have alarge effect

on rotation demands in the adjacent beam plastic hinges.

Hart also investigated the sensitivity of the results to the amount of residual strength in the
connections after fracture. He found that there is a negligible effect on peak base shear, roof dis-
placement, and roof interstory drift when post-fracture capacity isreduced from 50% to 20% of the
original moment capacity. Further reduction to 5% had relatively large effects. Thisindicates that
the system behavior may not be sensitive to residual strength except below a certain threshold
level. Thisisan interesting finding and should be confirmed by further analysis and testing because

it may be period dependent, as results involving strength often are.

Astaneh et al. performed an analysis of three WSMF buildings (Astaneh-Adl et al., 1998)
of various heights. This was a rapid study performed to determine the safety of WSMF buildings
which had suffered fracture damage to the connections. At the time, there was a great deal of con-
cern as to the remaining seismic capacity of the damaged buildings. The three buildings studied
were 4-, 14-, and 27-stories tall, respectively.
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The connections were modeled as though fracture had already occurred. It is unclear
whether P-A effects or the contribution of gravity frames were included in the analysis. The
Northridge-Newhall and Miyagi-ken-Oki ground motion records (both scaled to a PGA of 0.6 g)
were used as the excitations. The study concluded that the damaged structures did not appear to be
susceptible to collapse for the ground motions used, which isin agreement with the SAC Phase 1

studies.

2.3.2 Deterministic Parametric Studies

Foutch and Shi performed a large parametric study (Foutch and Shi, 1998) examining the effects
of eight different hysteresis types, some of which are not examined in this study. Nonlinear static
and dynamic analyses were performed on 3-, 6-, and 9-story buildings. Three periods and three
Uniform Building Code strength reduction factors (R = 4, 6, and 8) were used for each building
height, bringing the total of combinations studied to 27. Twelve recorded ground motions, which
areshownin Table 2-1, were used for the time history analyses, which were conducted with amod-
ified version of the computer program DRAIN-2DX (Powell, 1992) which allowed the use of

asymmetric connection hysteretic models, including fracture (Foutch and Shi, 1996).

Foutch and Shi determined that hysteresis type had minimal effects on the global ductility
demands of the structuresfor the R values used, which are quite large. For nonpinching hysteresis
types, theratio of global ductility of the degrading system to that of the corresponding EPP system
was approximately 1.1, and was approximately 1.3 for pinched hysteresistypes. Ductility demands
were found to be much more dependent on R values and period than hysteretic type. Thisfinding
indicates that the displacement response may be much more sensitive to strength losses than to

other effects of degradation.

Lee and Foutch performed a smaller, more focused parametric study (Lee and Foutch,
2002) on pre-Northridge moment-frame buildings with brittle connections. The study concentrated
on determining the effects of building design and construction era on anticipated seismic perfor-
mance of pre-Northridge moment-frame buildings. The building codes used for design of the study
buildings were the 1973 (with and without drift limits), 1985, and 1994 versions of the Uniform

Building Code. Brittle fracture and simple shear connection behavior were modeled explicitly, but
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deterministically. Thisstudy is classified as a deterministic study herein due to the way fractureis
assumed to occur, even though the end results are presented in probabilistic format, and the SAC

reliability procedureis used for portions of the process.

The ground motions used were the SAC Los Angeles 2% in 50 year (2/50) and 50% in 50
year (50/50) suites (Somerville, 1997), which correspond to the collapse prevention (CP) and
immediate occupancy (10) performance states in FEMA 350 (FEMA, 2000). The findings of the
study indicate that there is alow to moderate confidence level (between 20% and 80%) that older
steel moment frameswith brittle connectionswill not collapsein a2/50 event. The confidence level
is very high, however, that such frames will not collapse in a 50/50 event. The confidence is low
(between 5% and 30%) that these frameswill be able to obtain the 1O performance state for the 50/
50 event. The conclusionsregarding the CP performance state generally agree with those discussed
in the previous section, since the 2/50 ground motions used in this study are similar in amplitude
to the Sylmar motion used in some of the SAC Task 3.1 investigations which looked at “larger
earthquakes.”

Naeim, Skliros, Reinhorn, and Sivaselvan performed a parametric study to examine the
effects of hysteretic degradation on seismic demands (Naeim et al., 2000). The hysteretic types
considered were bilinear, strength degrading, pinching, and stiffness degrading, where the stiffness
degrading model only took into account reduction of the initial elastic stiffness. Negative post-
yield stiffness and fracture were not considered. Three levels of degradation were considered for
each hysteretic behavior (other than bilinear): nominal, moderate, and severe. The pre-Northridge
SAC 3, 9, and 20 story buildings for Los Angeles, Seattle, and Boston were examined. Nonlinear
dynamic analyses were performed using the SAC ground motion suites developed for each site
(Somerville, 1997). Naeim et a. found that severe stiffness degradation and severe strength degra-
dation had the most adverse effect on seismic demands, with severe pinching having less adverse
effects. Several collapseswere predicted dueto LA 2/50 recordsfor buildings with severe stiffness
degradation, but no collapses were predicted for any of the other types of hysteretic behavior.

Mahin and Morishita performed astudy of single-degree-of-freedom (SDOF) systemswith
several types of hysteretic behavior including ductile behavior (elasto-perfectly-plastic), strength
degradation, deformation softening, and brittle fracture (Mahin and Morishita, 1998). Nonlinear
dynamic analyses were performed using avariety of simple pulsesfor the excitations. In particular,

different pulses were used to represent the fault-normal and fault-parallel components of a near-
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field ground motion, in order to gain insight into the effects of the different componentson building

response.

For pulses of equal displacement amplitude, the fault-parallel component produced greater
ductility demands on fracturing systems than the fault-normal components in the constant ampli-
fied acceleration range (Figure 2-3) of the response spectrum. In other regions, and for other types
of degradation, the fault-normal component caused larger ductility demands. Mahin and Morishita
also determined that the deformation softening (negative post-yield stiffness) caused an increase
in ductility demand particularly in the short-period range. Displacements tended to accumulate in
one direction (sometimes called “ratcheting”). Results for strength-degrading systems showed that
the displacement response was similar to that of the EPP system except in the short-period range
where strength degradation caused modest increases in the response and thus the ductility

demands.

Rahnama and Krawinkler conducted a study of SDOF systems, focusing on strength deg-
radation and unloading and reloading stiffness degradation in the connection hysteresis (Rahnama
and Krawinkler, 1993). P-A effectswere also investigated by using hysteretic modelswith negative
post-yield stiffness. Since this method was used, rather than direct incorporation of nonlinear
geometry intheanalysis, the resultsare directly applicableto systemswhich display negative post-

yield stiffness for other reasons, such as those in this investigation.

Rahnama and Krawinkler determined that strength degradation and negative post-yield
stiffness had the greatest adverse effects on the response of the SDOF systems under study. The
effects of unloading and reloading stiffness were found to be small and negligible, respectively.
The effects of strength degradation were found to be sensitive to the rate at which the degradation
occurs, with severe strength degradation being much more problematic than moderate strength
degradation. Negative post-yield stiffnesswas found to be very detrimental to system performance,
since structures with this behavior have to be much stronger to be able to achieve the same ductility

demand as systems without softening.
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2.3.3 Probabilistic Case Studies and Evaluations of Northridge-Damaged Buildings

Maison and Bonowitz conducted several case study analyses of WSMF buildings that had been
damaged during the Northridge earthquake. Maison and Kasai also conducted a smilar analysis
for aninstrumented 13-story building. These studiestook a probabilistic approach to defining when
fracture was assumed to occur in the analytical model, in an attempt to replicate the apparently

random locations of fractures observed in many Northridge-damaged buildings.

In Maison and Kasai’ s study of the 13-story WSMF (Maison and Kasai, 1997), they first
correlated their analytical model to the response measured by the building’ s accelerometers and to
the observed damage. This building was instrumented at the basement, sixth, and twelfth floor
levels only, so drifts at each story were not available. Nonetheless, the instruments allowed the
development of an analytical model with probabilistically defined connection plastic rotation
capacities that matched the recorded damage reasonably well. After calibration, several studies
were performed: (a) a damage prediction study using the El Centro and Northridge Canoga Park
records, (b) repeat scenarios with pairs of recorded Northridge motions, (c) creation of frame and
building vulnerability functions using an ensemble of near-field motions, and (d) multiple ssimula-
tions with three connection types: brittle, “3%” semi-ductile (0.030 radian mean plastic rotation

capacity), and perfectly ductile (EPP).

In study (b), Maison and Kasai found that the damaged building model was able to with-
stand another Northridge-intensity earthquake without collapse and without very many additional
connection fractures. It was surmised that this result was due to the “weeding out” of the connec-
tionswith low plastic rotation capacities during the first earthquake, but it isimportant to note that
the connection model used in the study did not take cumulative plastic rotation demands into
account. However, study (c) showed that larger near-field ground motions such as the Tabas, Iran,

and Landers (Lucerne) records could cause collapse with no prior damage.

Study (d) provided the most interesting insight into how connection behavior affects
system behavior. The connection plastic rotation capacities of the brittle and “3%” connections
were selected in Monte Carlo fashion from probability distributions with the properties shown in
Table 2-2 on page 22. Large near-field motions (1978 Tabas, Iran, and 1992 Landers (Lucerne))
were used for multiple simulations. These simulations were then compared with a deterministic

analysis of the ductile case. Collapse occurred for the brittle connection cases for both records and
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for the“3%” connection casesfor the Landersrecord. The ductile case did not suffer collapse. The
key result of these analyses wasthat connection plastic rotation capacity governsthe susceptibility

to collapse for these large ground motions.

Thefirst case study (Bonowitz and Maison, 1998) was presented in the context of the devel-
opment of a probabilistic approach to modeling the occurrence of connection fracture. This study
used the SAC Los Angeles nine-story building to compare the probabilistic approach of randomly
assigning connection rotation capacities prior to fracture to amore conventional deterministic anal-
ysiswith pre-set capacities. The computer program PC-ANSR (Maison, 1992) was used to perform
nonlinear dynamic analyses. The results showed that the probabilistic approach was preferable for
pre-Northridge WSMFs. The model was subsequently refined to provide better agreement with
post-Northridge field observations and test data, and further description of the model is contained

in the discussion of the second Maison and Bonowitz study below.

Maison and Bonowitz further developed their case study of the SAC Los Angeles nine-
story building (Maison and Bonowitz, 1999), which is representative of existing mid-rises WSMF
construction in the Los Angeles area. The study was done in a probabilistic manner, with the rota-
tion capacities of fracturing connection elements assigned randomly from an empirical probability
distribution. The top and bottom flange rotation capacities were chosen from normal probability
distributionswith values shown in Table 2-2. Interestingly, themodel allowsavery long finitetime
of one second for the fracture to occur and the capacity of the connection to drop off, though in
reality fractures occur much more quickly than this. The effects of interior gravity frames and P-A
were included in the model with a tree column assemblage and a P-A column, respectively. The
ground motion excitations used were the SAC Los Angeles 10/50 and 2/50 suites of motions (Som-
erville, 1997).

For the model with fracturing connections, damage tended to concentrate in the lower sto-
ries for both the 10/50 and the 2/50 suites of records. Variability between ground motions was
determined to be greater than variability between fracture patterns. For the ductile model, damage
tended to concentrate in the upper stories for the 10/50 suite and in the lower stories for the 2/50
suite. The findings also indicate that the global behavior was rather insensitive to the spatial distri-
bution of fracture occurrence. Maison and Bonowitz concluded that even asubstantial level of frac-
ture damage till resultsin abuilding with a*“safe” response. However, the results show that there

isonly 50% confidence that the building will be life safe for such a safe response.
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Table 2-2. Comparison of probability distributions of connection rotation capacities
prior to fracture

Top Flange Bottom Flange
Study
Mean (rad) Std. Dev (rad) Mean (rad) Std. Dev (rad)

Maison and Bonowitz 1998 0.004 0.004 0.004 0.004
Maison and Kasai — 0.008 W36 0.005 -0.003* W36 0.005
“Brittle” Connections 0.012 W33,wW27 0.007 W33,W27

“39%" Connections 0.03 0.005 0.03 0.005
Maison and Bonowitz 1999 0.008 0.004 0.004 0.004
Luco and Cornell 0.015, 0.03, ? 0.015 ?

0.045

* Allows fracture to occur often with no plastic rotation, at approximately 2/3 of beam yield moment

2.3.4 Probabilistically Based Parametric Studies

Luco and Cornell performed a large Monte Carlo simulation study into the effects of fracture on
key system behavior parameters of steel moment frames. Part of this study is summarizedin Luco
and Cornell, 2000, with a more thorough treatment found in Luco and Cornell, 1999. Nonlinear
dynamic anayses were performed on the SAC Phase Il 3-, 9-, and 20-story buildings in both Los
Angeles and Sesettle, with both brittle and ductile connections. The brittle fracture model used was
calibrated with experimental dataand field observations, and was originally devel oped (Foutch and
Shi, 1996) for a modified version of DRAIN-2DX. The spatial distribution of fracturing connec-
tionswas set as arandom variable, and the mean connection rotation capacity was varied in order

to measure the effect of spatial distribution of fractures and of rotation capacity prior to fracture.

Comparisons were made between the model structures with different amounts of connec-
tion plastic rotation capacity, and between structures with bottom flange-only (BFO) fracture and
those with both flanges (TBF) fracturing. Luco and Cornell found that the effects of connection
fracture were dependent on the severity of ground motion, but did not address the particular fea-

tures of the ground motions which caused some motions to be more severe than others.
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Cornell and Luco found that fracture pattern (TBF vs. BFO) and plastic rotation had signif-
icant effects only for moderately severe ground motions. For the mild ground motions, neither frac-
ture case had much effect on story drifts due to the low number of fractures. For the very severe
motions (referred to as “rogue” by the authors), both fracture cases caused extreme story drifts
(>10%) or collapse. In comparison, the ductile cases experienced relatively large story drifts with

no collapses for these very severe motions.

For the moderately severe ground motions, TBF cases with small plastic rotation capacity
showed substantially increased drift demands over the BFO cases. It was observed that if the
interstory drifts in the ductile bilinear model reached 4% or 5%, then the fractures made the
response worse, with the TBF case causing an adverse response more quickly. Both BFO and TBF
cases with moderate to large plastic rotation capacities performed quite well, with less story drift
than anticipated.

2.3.5 Analyses of Specific Fracture-Related Behaviors

Nakashimaet al. performed an analytical study of static moment redistribution after the occurrence
of fracture (Nakashimaet al., 2000). For the case of a smple frame, the redistribution was obtained
by performing apushover analysisunder displacement control, with the beam end moments explic-
itly calculated for the new state after each fracture using the three-moment equations. A simple
portal model (with inflection points at column midheights assumed) of one story in a multistory
frame was used to examine the redistribution within a story. Rigid-plastic hinges which lost all
moment capacity after fracture (which occurred only after yielding), were used to represent the

connections. Only beam bottom flange fracture was considered in this study.

Nakashima et al. determined that static moment redistribution, even for the simple models
and loading used, involved a rather complicated sequence of loading, yielding, fracturing, and
unloading as the system redistributed moments to obtain equilibrium. However, some notable pat-
terns emerged, such as that fracture at one end of a beam causes unloading at the other end, and
causes|oading in the beam on the opposite side of the panel zone from thefracture. Sequential frac-
turestriggered by redistribution were observed when all connections had small and/or similar plas-

tic rotation capacity. Sufficient variation in plastic rotation capacity within a structure or large
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plastic rotation capacity prior to fracture made such triggered fractures unlikely, since there was a
smaller chance that a connection would be on the verge of fracture, and the small additional
moment from redistribution would push it over the edge. Since this study was performed statically,

some behaviors may change for earthquake excitation.

Uetani and Tagawa examined the dynamic behavior of the beam and its associated connec-
tions after a fracture in one of the connections (Uetani and Tagawa, 2000). Two analytical models
were used to predict this behavior — afinite element model with alarge number of degrees of free-
dom, and a simplified analysis in which the element stiffness matrix for a fixed-fixed beam is
replaced with the stiffness matrix for a fixed-pinned beam when a beam response quantity exceeds
acritical value. The beam response quantities considered by Uetani and Tagawa are moment, rota-
tion, and cumulative plastic rotation. This model does not include post-fracture residual strength,

however, which can be significant if the fracture does not propagate into the web.

Thefinite element analysis showed that the fracture of the connection causes an oscillatory
transient response which quickly decays to a steady state solution which is predicted by the smple
model. Therefore, if the oscillations are not of interest, asimple model can accurately represent the
connection hysteretic behavior. Both models show that beam-end rotation decreases sharply with
fracture, while nodal rotation increases sharply, but the magnitude of the jump in nodal rotation is
about onethird that of the jump in beam-end rotation. The magnitude of the total changein rotation
(change in connection rotation plus change in beam rotation) appears to be twice the pre-fracture

rotation, but why thisisthe case is not apparent.

Uetani and Tagawa then used the smplified connection model in nonlinear dynamic anal-
yses of a nine-story “fish-bone” frame subassemblage (meaning one column for the full height,
with half-length beams on each side at each story). The frame, with fractures possible in the bottom
flanges of the beams only, was subjected to the 1995 IMA Kaobe, 1940 El Centro, and 1968 Hachi-
nohe ground motions. The fracture criterion was varied, as was the amplitude of the ground
motions, which were scaled to peak ground velocities of 80 cm/sec (~30 in./sec) and 120 cm/sec
(~45 in./sec). Numerous fractures were observed, and interstory drift ratios of up to 6% occurred

for the motions with velocity scaled to 120 cm/sec.

Overall, there was a great deal of variability in the story drifts, but some trends could be
discerned. For instance, the frames with the lowest values of the fracture criterion tended to have

higher drifts, but thiswas not alwaysthe case and thistrend did not extend to the second- and third-
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lowest value of the fracture criterion. As expected, the 120 cm/sec motions caused more severe
drifts than the 80 cm/sec motions. The concentration of drift in certain stories did not follow any
particular trend except that drifts concentrated in either the second through fifth stories (more
likely) or the fifth through eighth stories. Damage concentration seemed to be sensitive to both
ground motion characteristics and fracture model. Uetani and Tagawa' s results are similar to the
apparently random damage distribution seen in other analytical studiesin Sections 2.3.1-2.3.4 and
observed after Northridge.

2.3.6 Evaluations of Analytical Modeling Techniques

Studies discussed in this category have the magjor objective of comparing and contrasting tech-
niques used to model and analyze steel moment-frame structures with degrading hysteretic behav-
ior. As a necessity, most of these studies aso include discussions of how various analysis and
modeling techniques fare for ductile connection behavior, so only one study concerned only with
ductile behavior is discussed here. A simple tabular comparison of the major techniques and

parameters employed by each study in question is presented in Table 2-3.

Table 2-3. Comparison of analytical and modeling techniques

Model Parameters
Study Analysis | Software
Types used Hysteretic Model Panel Gravity
Models Types Zones P-A Frames
Foutchand | NS, ND, DRAIN- Trilinear Centerline, | Linear Yes Yes, w/
Yun, 2002 | IDA 2DX w/strength | clear span | and non- simple
degrad., w/panel linear connec-
Foutchand | zones, 2D | (scissors tions
Shi BF, models)
simple
connection
Guptaand | NS, ND DRAIN- DB, sim- Centerline, | Nonlin- Yes, elas- | Yes, equiv-
Krawin- 2DX ple con- clear span | ear paral- | tic column | aent bay
kler, 1999, nection w/panel lelogram
2000 zones, 2D | mode
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Table 2-3. — Continued

Model Parameters

Study Analysis | Software
Types used Hysteretic Model Panel Gravity
Models Types Zones P-A Frames
Naeimet |EL [UBC |DRAIN- DB, Elastic | 3D Rigidand | ? No, after
a., 1999 97, FEMA | 3DX? flexible evaluation
273], LD,
NS, ND
Phase 1 LD [RS, ANSR-1, |Lumped Centerline, | Rigidand | Yes Yes, w/var-
Studies, TH], NS, |DRAIN- |anddistrib- | clear span | flexible, ious meth-
SAC, 1995 | ND 2DX, uted plas- | w/panel various ods
ETABS, ticity DB, |zones, 2D, | models
FEAP- aready- 3D (elastic
STRUC, fractured | only)
IDARC, BF
NODYN,
SAP-90

Analysis type abbreviations: LS: linear static, LD: linear dynamic [RS: response spectrum, TH: time his-
tory], EL: equivaent linear code procedure, NS: nonlinear static, ND: nonlinear dynamic, IDA: incremental
dynamic anaysis

The studies summarized above are in general agreement about the types of modeling

accurate model. These include:

use of clear span dimensions

assumptions which should be made and the parameters which should be included in a reasonably

panel zone behavior, particularly if the structure being modeled has weak panel zones

P-A effects

fracturing connection hysteretic modelsif pre-Northridge connections exist

inclusion of strength and stiffness contributions from gravity framing, particularly in cases
where the limit state is collapse prevention

The SAC Phase | studies also recommend that other parameters should be included, such

Overall, the analytica methods and modeling techniques studied were unable to predict
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as the amount of strain hardening and composite beam action.

fracture damage in specific locations, but the topic of specific damage prediction is outside the
scope of this study. Nonlinear analysis methods were able to indicate the general locations of
damage and predict global behavior moderately well, however, and thiswhat is primarily of inter-

est in this investigation. Nonlinear static “pushover” analyses were shown to be valuable for the




prediction of P-A effects (Gupta and Krawinkler, 2000), but have serious limitations for taller
structures where higher modes contribute significantly to the damage levels in the upper stories
(SAC, 1995). Nonlinear dynamic analysis was seen by all of the studies in which it was evaluated
to be the most reliable and accurate method when combined with an accurate model and appropri-
ate ground motions.

2.3.7 Analyses of Variation in Nonlinear Behavior with Period

Newmark and colleagues, most notably Hall, studied response spectra and how the effects of mate-
rial nonlinearity on structural behavior change asthe period of the structure changes (Newmark and
Hall, 1982). Though Newmark and Hall only considered ductile single-degree-of-freedom oscilla-
tors, the observations made on how theyield strength of these simple structures affectsthe dynamic
response have implications for degrading systems as well. They observed that for some periods,
the yield strength of the oscillators had large effects on the displacement, while for others the
response did not seem to depend on strength at all.

Based on these observations, they developed a simple and elegant system for classifying
the effects of strength on the response. Newmark and Hall had earlier postulated that elastic
response spectra have a characteristic shape, and such spectra can be divided into several regions
defined by constant acceleration, constant velocity, and constant displacement, as well asatransi-
tion region for very short periods. To convert these elastic spectrainto inelastic spectra, they were
divided into three period ranges that were based on the effects of strength on the response. These
ranges were termed “short period,” “energy preserved,” and “displacement preserved,” and are

shown in relation to the elastic regions for pseudo-accel eration spectrain Figure 2-3.
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Figure 2-3. Newmark and Hall’s response spectrum period ranges

In the short-period range, maximum displacements drastically increase as the structure
becomes weaker. In the energy-preserved range, maximum displacements increase as strength
decreases, but the amount of increaseislimited to that which produces equal areasunder the elastic
and inelastic force-displacement curves. In the displacement-preserved range, the maximum dis-
placements do not increase no matter how weak the structure becomes. The development of these
spectral regionswasintended provide asimple method of constructing spectrafor design, but these
regions are also useful in describing and interpreting behavior, and will be used in this capacity in
this study.

2.3.8 Synthesis of Study Results

Considering the results of the studies of systems with fracturing connections, it appears that frac-
tures can cause adverse system behavior, such as extreme drifts and collapse, in certain situations

where a combination of small (or nonexistent) plastic rotation capacity and large ground motion
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occurs. In other cases, the effects of fracture seem to be relatively benign, though moderate drifts
and some permanent offset can occur. The studies performed to date do not generally explore the
reasons for these differencesin system behavior beyond consideration of ground motion amplitude
measures. Behavioral dependence on the spatial arrangement or number of fractures was explored
by someinvestigators (L uco and Cornell, 1999), who found that fracturesin the bottom flange only

seem to have less effect than fracturesin the top and bottom flanges for moderate ground motions.

Fewer analytical studies have been focused on more ductile forms of connection hysteretic
degradation, such as deformation softening, ductile fracture, and strength degradation. In particu-
lar, the negative post-yield stiffness due to deformation softening has received relatively little
attention in the analytical studies of degrading hysteretic behavior. Since the presence of negative
post-yield stiffness has the potential to cause global instability, this particular type of hysteretic
behavior deserves further study. Studies (such as Mahin and Morishita, 1998, and Rahnama and
Krawinkler, 1993) indicate that negative post-yield stiffness can adversely impact system behav-
ior.

In the few studies available, strength degradation was found to have small to moderate
effects on behavior unless the degradation was severe. From Newmark and Hall’ s findings (New-
mark and Hall, 1982), the effects of strength degradation should vary with structure period, though

this topic has not been examined directly.

Investigators have only recently started to look into the possibility that ductile connections
can exhibit types of degradation other than brittle fracture which may have serious ramifications

for system behavior. More work is certainly needed in this area.

24  RECENT EXPERIMENTAL STUDIES OF CONNECTION HYSTERETIC
BEHAVIOR

Following the Northridge earthquake in the U.S. and the Hyogo-ken Nambu earthquake in Japan,
several series of beam-column connection tests were performed both to determine what caused the
connection fractures and how to improve connection performance. Most of these tests were quasi-
static, cyclic tests of full size bare-frame exterior connections. These tests provided a great deal of

insight into the hysteretic behavior of connections with various geometries and details. During the
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course of these tests, researchers observed several other types of hysteretic degradation besides
brittle fracture. These types of behavior included strength degradation, various types of stiffness
degradation including negative post-yield stiffness, pinching, and ductile fracture.

Thefirst tests of beam-column connections after Northridge were performed by Engel hardt
and Sabol, who tested alimited series of 16 full-size specimensin the months following the earth-
guake (Engelhardt and Sabol, 1994). These were essentially emergency tests sponsored by AISC
to help determine the reasons for the observed fractures and to determine the effectiveness of
improved welding and certain connection reinforcements. Both pre-Northridge connections with
improved welds and reinforced connections were tested. These tests produced two important
results: (a) improved welding practice (i.e., workmanship and detailing) alone did not ensure good
connection performance and (b) connection reinforcement was more effective at improving perfor-
mance. Overall, perhaps the most important accomplishment of this series of tests was providing
the first data that supported the effort to develop new connection geometries and refuted the idea

that improved welding alone was areliable way to prevent brittle fractures.

The many questions which persisted after the AISC tests were for the most part answered
by the much larger number of connection tests conducted by the SAC Joint Venture and others.
Theseresultsare summarized in FEMA-355D (FEMA, 2000), and the reader isreferred to thisdoc-

ument for detailed results, since only avery brief summary will be presented here.

On the question of whether pre-Northridge connections could be “fixed” by improved
welding practice and materials, the answer wasno. Severa seriesof testsby Goel (Leeet al., 2000),
Ricles (Ricles, et al., 2002), and others, plus finite element analyses, demonstrated that the com-
plicated state of stress in the connection made it prone to fracture even with improvements to the
weld details, notch-tough weld metal, and stringent quality control. These findings necessitated a
massive shift in thetypesof connections used in practice, and ensured that the post-Northridge con-

nections, which generally performed much better in the SAC tests, would now be utilized instead.

In both series of SAC tests, new post-Northridge connection details were able to provide
much more ductile behavior. However, this ductile hysteretic behavior was generally not ideal, as
strength and stiffness degradation and deformation softening (negative post-yield stiffness) were
observed. Ductile fractureswere a so observed after significant inelastic behavior had taken place.
The hysteretic behaviors which were predicted to have the most severe system behavior ramifica-

tionswere negative post-yield stiffness, strength degradation and ductile fracture. One of the goals
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of thisresearch is to determine the effects of these types of hysteretic degradation present in post-
Northridge connections on the system behavior, and to evaluate these effects versus the effects of
fractures in pre-Northridge connections.

In Japan, Nakashima performed a series of tests under the direction of AlJ scomprehensive
testing program (AlJ, 1997). This series included some dynamic tests as well as quasi-static tests,
and each dynamic test had a quasi-static counterpart for comparison purposes. One of the major
results of this series was that dynamic loading did not appear to decrease the ductility or plastic
rotation capacity of any of the specimens studied. Similar resultswere obtained by Uang et a ., who
tested much more brittle connections for the SAC Joint Venture (FEMA, 2000).

Upon closer inspection, however, it would be presumptuous to say that dynamic loading
has negligible effect in al situations. Analyses and coupon tests performed by the SAC project
indicated that strain rates expected due to earthquake loading were not high enough to affect the
response of either very brittle weldments, which would fracture at very low strainsanyway, or very
ductile weldments, which have enough reserve toughness to overcome effects of expected strain
rate. However, weldments of intermediate ductility could certainly be affected negatively by
dynamic loading.

In the case of Nakashima's tests, it seems that the more brittle nature of the steel under
higher strain rates may have been offset by the increase in temperature due to yielding in the
numerous smaller cyclesin the loading history preceding the large cycles. Since steel isless brittle
at higher temperatures, the heat generated by yielding could act in a protective manner and reduce
the chance of fracture. However, it isimportant to note that a real near-field ground motion could
impose a high strain rate without many (or any) smaller cycles to “warm up” the steel by small
amounts of yielding. Therefore, if weldments of intermediate ductility could survive aninitial high

strain rate, yielding might protect them from subsequent fracture.
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2.5 EXPERIMENTAL STUDIES OF STRUCTURES WITH DEGRADING
CONNECTION HYSTERETIC BEHAVIOR

Although many tests of beam-column connections have been performed, as summarized in the pre-
vious section, very few system-level tests of the behavior of steel moment frames have been per-
formed. Thus, the experimental data needed to confirm the results of the analytical studies
discussed in Section 2.3.6 are sorely lacking.

A few small-scale tests of steel frames with yielding panel zones were conducted in Japan
by Hasegawa (Hasegawa, 2000), where small-scal e wide flange and tube sections were used to rep-
resent structural members in frames loaded through collapse. Hasegawa's frames had standard
connections without replaceable parts, so each frame could only be tested once, and only afew tests
could be performed. Unfortunately, the paper documenting the results of the testsis published in
Japanese, with only the abstract available in English.

Tests on steel moment-frame buildings with ductile connections have been performed by
several investigators (Lee and Lu, 1989, Molina et al., 1999). Lee and Lu’s tests were conducted
prior to Northridge, and the investigators were probably not looking for deteriorating connection
hysteretic behavior. Lee and Lu performed one quasi-static test on a 0.3-scale model of a six-story
building frame. This model frame had moment frames in two dimensions, forming a space frame.
The purpose of thistest was to provide a comparison with two other tests: one of a concentrically
braced frame (CBF)/moment-frame dual system and one of an eccentrically braced frame (EBF)/
moment-frame dual system. The moment-frame connections behaved in a ductile manner, and
showed significant plastic deformation of the panel zones, which were quite weak. The hysteretic
loops for the panel zone remained stable, though some degradation of initial stiffness was
observed. No hysteretic plots for the full beam-column connection were available, unfortunately.
The maximum roof drift was only 2%, due to limitations of the test setup, and maximum interstory
drift was 2.5%. Interestingly, the moment frame proved to be more ductile than the CBF and EBF
dual systems, both of which suffered fracture to either the braces (CBF) or shear link (EBF) after
significant plastic deformation.

Molina used the pseudodynamic testing method to perform afull-scale test of athree-story
steel moment-frame building with a composite concrete slab. The test specimen was designed in

conformance to the European EC8 regul ations, and the beam-column connections were of the post-
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Northridge end-plate detail. No fractures were observed during the 2% drift quasi-static tests per-
formed in both lateral directionsaswell as diagonally, or the pseudodynamic test. However, many
bottom flange fractures were observed during alarge amplitude (~ 5% interstory drift) quasi-static
cycle performed after the sel smic pseudodynamic test. The emphasis of the paper documenting this
test seemsto focus on the pseudodynamic testing method employed rather than the behavior of the

moment-frame system.

Thus, no fully dynamic tests have been performed on steel moment-frame systems with
fracturing or degrading connections. The ductile moment-frame tests that have been performed
used specimens that were specifically designed to avoid connection fractures and other forms of
deterioration, and may not have been designed in accordance with modern codes. Additionally,
these specimens generally used smaller members which are less susceptible to fracture and had
welds which were made in the shop. Connection hysteretic behavior and its effect on seismic
response has not yet been considered explicitly in a dynamic test. Consequently, there is a great
need for more experimental work in this area.

33



3 Test Specimen Design

To examine experimentally the effect of local connection behavior on system response, asimple
reduced scale model of a moment-resisting steel frame will be tested on the earthquake simulator,
or shaking table. Thischapter initially describesthe development of simplified mechanical connec-
tionsintended to mimic certain generic forms of hysteretic behavior that might occur in real build-

ings. The design of a frame specimen incorporating these connections is subsequently described.

For the purposes of these testsit is not necessary to use connections that physically resem-
blethose employed inreal structures. Rather, effortsare directed herein at devising potential plastic
hinge regions that exhibit predictable and repeatable flexural behavior. In particular, these efforts
focus on devel oping mechanical connections that mimic stable ductile flexural behavior, fracture-
critical behavior with either brittle or ductile crack initiation, kinematic softening behavior, and

isotropic softening behavior.

Although realistic-appearing potentia plastic hinge regions of various kinds could have
been used, it was decided instead to use idealized mechanical connections located where inelastic

behavior was expected to occur in the frame. Reasons for this decision include:

* Numerous tests involving different excitations and various distributions of connections with
different hysteretic characteristics were desired for the testing program. Use of mechanical
connections with readily replaceable components facilitates testing of many different speci-
mens provided the specimen remains elastic outside of the potential plastic hinge regions.

» Connection hysteretic behavior does not depend on the numerous material, configuration, and
other variables that influence the behavior of actual connection regions. As such, tests are
expected to be representative of ageneral type of hysteretic behavior rather than of a specific
connection detail.

» Simplified mechanical connections can be devised to reproduce the desired properties at a
reduced scale. Phenomena such as fracture and local and lateral buckling do not lend them-
selves to reduced scale models, imposing undesirable limitations on the test program.

» Costs associated with reusable connections and with replaceable components can be reduced
compared to more realistic models, regardless of scale.
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Ultimately, a representative steel moment-resisting frame is needed to assess the effect of
local hysteretic behavior on the global response. Thus, a multistory frame with one or more bays
isdesired. This geometry will allow assessment of the effects of local deterioration or fracture on

the response of adjacent elements as well as on the structural system as awhole.

The first task addressed in this chapter is the development of simple, mechanical connec-
tions that provide predictable and repeatable behavior. Two options for this are presented in Sec-
tions 3.1 and 3.2. These sections summarize the work of van Dam and Mahin, and further details
of the connection development process can be found in (van Dam, 2000). The design of amoment-
resisting frame suitable for testing which incorporates the simple, mechanical connections of
Section 3.2 is then described in Section 3.3.

31 BEAM-BASED CONNECTIONS

The initial attempt to devise a mechanical connection began with the idea of using flat bar-type
coupons to replace the beam flanges. These flat bar coupons could then be notched to initiate frac-
ture. By basing the notch sizes and geometry on work done in Japan on fracture initiation (Kuwa-
mura and Y amamoto, 1997), uniaxia tensile tests of coupons with various notch configurations
and sizes were performed. The results of these tests led to the selection of the notch geometry that

was then used for the coupons in the first series of connection tests.

At thispoint, the proposed connection was fabricated from aspecially designed small beam
section ($4x7.7), as shown in Figure 3-1. Two options were considered for shear transfer in the
web. Inthefirst, the beam was cut all theway through at the desired potential plastic hingelocation.
A bolted shear tab connected the webs, allowing rotation. The second approach involved only cut-
ting the flanges, and allowing the beam web itself to transfer shear. Rounded holes in the web at
the end of the flange cut were used to prevent the initiation of fracture in the web. These two

approaches are subsequently referred to as separated-web and notched-web, respectively.
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Figure 3-1. Beam-based connection and flat bar coupons

Both the notched-web and separated-web beam specimens had notched flat bar coupon
“flanges’ attached to the beam flanges (spanning the flange cuts) to provide moment resistance.
The beam-based connection specimens were then tested statically in third-point bending, with the
mechanical connection in the center constant-moment region. The behavior of the specimens was
not as expected and fracture was not obtained. The state of stressin the flat bar coupons was not
pure tension as in the uniaxial tension tests on which the notch selection was based, but instead
mostly local bending. Fracture was not obtained, since the notches were oriented perpendicular to
the direction needed for crack initiation. It was also determined that there was a high likelihood
that portions of the beam and connection, in addition to the coupons, would suffer damage during
testing. This would necessitate replacement of the whole beam between tests, increasing the time

and cost and thus reducing the number of tests that could be performed.
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32 CLEVISBASED CONNECTION

After the failure of the beam-based connections to achieve fracture, the decision was made to use
amechanical clevis as the base unit for the connections, and to use round bar coupons instead of
flat ones. Using the clevis as the base unit turned out to be a much better idea, asthe resulting con-

nection satisfied all the design criteriaand performed asintended during behavior verification tests.

3.21 Connection Design

The mechanical clevis functions as a base module that can accommodate different types and con-
figurations of coupons. Coupon characteristics are chosen to mimic different types of beam-
column connection behavior. In the clevis assembly, the coupons represent the “flanges’ of the
beam and their connection to the column, providing the moment-resisting mechanism. The cou-
pons areinserted into holesin the end plates which are located above and below the clevispin. The
clevis pin representsthe shear and axial 1oad transfer mechanism provided by the web. Actual con-
nections may also have webs that fracture or deteriorate. However, practicality and safety issues
weighed against using web connections that could fail during tests. The clevis connection, which

isshown in Figure 3-2, provided an economical and practical solution.
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Figure 3-2. Clevis connection at column face

38



One side of the clevis was attached to the column and the other to the beam. As shown in
Figure 3-2, the holes for the coupons in the clevis base plate are threaded on the column side, and
unthreaded on the beam side. The coupons are secured on the beam side by nuts and washers, and
several nut configurations are possible. By removing the nuts on the inside or the outside, the cou-
pons can resist only tension or compression, respectively. The option to remove nuts alows for
more variety in hysteretic shape than variations in coupon behavior would alone. Hysteretic loops

with severe pinching on one or both sides can be obtained in this fashion.

3.2.2 Coupon Design

All coupons were made from round %" ASTM A193 Gr. B7 steel al-thread bars. This steel was
selected for its high yield strength and because it is less ductile than lower-strength steels, and
therefore it fractures more readily. This steel proved to be quite ductile when unnotched, though,
and thus was appropriate for use in the types of coupons that obtained their desired behavior
through repeated cycles of buckling, as well as for coupons where stable, ductile behavior was
required. The high yield strength was necessary because of the need to provide a “flange” force
that was equivalent to the force in the real beam flange while maintaining a small cross section to

facilitate buckling.

A smooth cross section was achieved by machining the center portion of the coupons down
to the appropriate diameter. Obtaining strength and stiffness degradation with the round coupons
was conceptually straightforward, since the buckling resistance of the coupons could be controlled

quite easily using the slenderness ratio of the necked-down machined section.

One of the primary benefits of the round coupons over the flat couponsinvolved the ability
to obtain fracture by using notches. A circumferential notch around a circular cross section pro-
vides significant triaxial constraint at the notch tip. The triaxial constraint helps by significantly
delaying yielding, which makes obtaining a sufficiently brittle fracture (in connection moment-
rotation terms) easier (Kuwamura and Yamamoto, 1997). Fracture in the elastic range or at the
onset of yielding (brittle fracture) was still difficult to achieve, however, and required the testing

of several different notch geometries before finding something that worked. Obtaining fracture
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after yielding (ductile fracture) was much easier, since the notch geometries that didn’t provide

brittle fracture provided ductile fracture instead.

Two different notch geometries, which are shown in Figure 3-3 and Figure 3-4, were used
to obtain fracture before and after yielding. In both cases, the material at thetip of the notch yielded
prior to fracture, but the degree of yielding was limited by thetriaxial constraint and stress concen-
tration caused by the notching. For the purposes of the experiments described in thisreport, brittle
fracture is defined in the global sense — that is, the global stress-strain behavior of the coupon is
essentialy linear elastic up to the initiation of fracture (despite the very localized yielding that
appears at the tip of the notch). Likewise, ductile fracture is defined as fracture occurring after the

stress-strain behavior of the coupon has reached the yield plateau.
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Figure 3-3. Notch geometry used to obtain brittle fracture
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Figure 3-4. Notch geometry used to obtain ductile fracture
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In order to obtain ductile baseline behavior, which is essentially bilinear, it was necessary
to restrain the natural tendency of the necked-down section to buckle due to the reduction in the
effective modulus of elasticity as the steel yields in compression. Buckling would inevitably lead
to significant strength and stiffness degradation, both of which prevent the achievement of stable,
ductile hysteretic behavior.

During the course of testing coupons with small slenderness ratios, it was determined that
the desired behavior could not be achieved by reducing the slenderness ratio alone. Thus, the cou-
pons were fitted with steel jackets to physically restrain buckling. These jackets were made from
astedl pipewith a7/8 inch inside diameter and a 1/8 inch wall thickness. Sections of the pipe long
enough to cover the necked-down section of the coupon were cut in half lengthwise and then recon-
nected around the coupon using hose clamps. Since the coupon had limited space in which to
buckle, this jacket limited cyclic deterioration due to buckling until very large deformations were

imposed. Six typesof couponswereused in the clevisconnection test series, asshownin Figure 3-5.
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Figure 3-5. Round coupon types used in the second experimental series
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3.2.3 Development of Connection Types

By selecting different types and numbers of coupons, as well as the nut configuration, avariety of
hysteretic characteristics can be obtained. The coupons were arranged to create five different con-
nection types, each corresponding to one of the five hysteretic behavior types defined in
Section 1.1. Connection type and hysteretic behavior type are used interchangeably hereafter due
to this one-to-one correspondence. Coupon composition, using the letter designations of Figure 3-

5, and nut configuration are shown in Table 3-1 for each of the five connection types.

Table 3-1. Coupon composition and nut placement for connection behavior types

Top Bottom
Connection Type
No. of Coupon Nuts No. of Coupon Nuts
Coupons Type placed on | Coupons Type placed on
Ductile Baseline (DB) 1 B 2 sides 1 B 2 sides
Brittle Fracture (BF) 1 A 2 sides 1 D 2 sides
Ductile Fracture (DF) 1 A 2 sides 1 C 2 sides
Deformation Softening (DFS) 2 F Inside 2 F Inside
Strength Degradation (SD) 1 E 2 sides 1 E 2 sides

The coupons are interchangeable and replaceable, so one clevis assembly can be used to
form any of the five connection types. In addition, since only the coupons are damaged during test-
ing, the clevis base can be used as many times as necessary. The rest of the test specimen was
designed to remain undamaged during testing as well. These design features make it possible to
test a single frame specimen numerous times to assess experimentally the effects of various con-

nection and ground motion characteristics.

3.24 Testing and Verification of Behavior

Tests of the connectionsindicated that the properties of the connections were quite consistent and
reproducible (van Dam, 2000). These quasi-static, cyclic tests were performed on atest specimen
consisting of a clevis connection and stub beam assemblage connected to a reaction frame, as

shown in Figure 3-6.
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Figure 3-6. Test setup for clevis connection tests

The tests were conducted under displacement control, and two different loading histories
were used, thefirst of whichisshownin Figure 3-7 and issimilar to the SAC multiple step loading
protocol (Krawinkler et al. 2000). The second history was simply a large displacement (5 inches)
cycle preceded by afew very small elastic cycles, which was meant to represent the effects of a
near-field ground motion pulse. Following thisinitial cycle were several large cycles used to study
post-fracture behavior. Moment-rotation results for the first loading history are shown in Figure 3-
8 for al five connection behavior types. The moment-rotation relation for the second loading his-

tory is aso shown for the ductile fracture (DF) type only.
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33 FRAME DESIGN

In order to determine the effects of connection hysteretic behavior on the global behavior of steel
moment-frame systems subjected to earthquake loading, the clevis-based mechanical connections
developed in Section 3.2 were placed in asimple model frame which would then be tested dynam-
ically on the shaking table.

The test frame was intended to be representative of part of the structural system of alow-
rise building with large plan area. The design requirements for the frame model are shown below.

The model frame specimen must

» besuitably sized and designed for unidirectional testing on UC Berkeley shaking table;

* be simple enough promote understanding of behaviors such as dynamic moment redistribution
and fracture-related phenomeng;

» remain elastic during testing, except at the connections;

» have afundamental vibration period consistent when scaled with afull-sized two- or three-
story prototype;

» be able to achieve large deformations (up to ~15% interstory drift) to allow study of behavior
near collapse;

* minimize higher-mode contributions to facilitate the identification of potential high-frequency
fracture-induced vibration phenomenag;

» be economical to fabricate and erect; and
* be equipped with internal safety bracing and a catch system.

A two-story, two-bay moment frame was initially selected mainly because of the need for
simplicity in order to understand the relationship between connection and system behavior. The
pilot analytical study discussed in Section 3.3.2 indicated that little benefit would result from the
second bay, and thus a single-bay system was selected for the tests. A period of 0.8 to 1.0 seconds

was assumed representative of the prototype building height.

Due to the use of a clevis-based mechanical connection in each of the four beam-column
joints, many different patterns of connection behavior were possible. For instance, al of the con-
nections in the frame could fracture, or only those in one story could fracture, while those in the

other story remained ductile.
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3.3.1 Modeling and Similitude

The frame was designed to be tested dynamically using the shaking table at UC Berkeley’s Rich-
mond Field Station. This shaking tableis 20 feet by 20 feet in plan, and has the propertieslisted in
Table4-1. A scale model which was representative of part of a building’s moment-frame system
was needed, and scale factors of two and three were initially considered. Three was eventually
chosen as the scale factor so that a two-bay model, which was being considered at the time, could
fit on the shaking table. Since unidirectiona excitations were to be considered, the model chosen

was two dimensional.

It is important to note that the prototype structure used in this experimental study is not a
specific, real building. Instead, it is a generalized prototype representing this type of low-rise (2—
4 story) construction, which is used in order to give more broadly applicable results. Due to this
generalization, the only prototype properties of interest are the fundamental vibration period, the
material, seismic weight, and the bay dimensions (span length and column height). A fundamental
period of approximately one second was assumed. Story height was assumed to be half of the bay
width.

The similitude relationship between the model and prototype for the shaking table testsis
kept ssimple due to the difficulty in scaling many of the desired effects. An artificial mass ssimula-
tion isused, and the pertinent scal e factors are shown in Table 3-2. The scale factors S, are defined
as prototype quantity divided by model quantity. The prototype building’s fundamental vibration
period is about one second, so the corresponding model period is approximately 0.6 seconds. The
material, ASTM A572 Grade 50 structural steel, isthe samefor both model and prototype. As seen
in Table 3-2, thisform of similitude preserves acceleration, stress, and strain in the model and pro-

totype.
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Table 3-2. Similitude relations and scale factor s used

Quantity Scale Factor Value
Length S, 3
Time S = /S, 3
Fundamental Vibration Period Sp = /S, 3
Elastic Modulus Se 1
Acceleration Sa 1
Mass Su= S 9
Strain S, 1
Stress S, 1
Force Se= Sf 9

3.3.2 Pilot Analytical Sudies

A pilot study was performed using the OpenSEES analysis framework (McKenna, 2003). The
main objectives of this study were to determine whether the test specimen should have one bay or
two bays, to determine the necessary beam and column stiffnesses and strengths and assess instru-
mentation needs. Additional preliminary studies were performed as part of the experiment design

and are discussed in Chapter 4.

The analytical models used were two simple two-dimensional (2D) planar frames with
pinned supports, with one and two bays, respectively, which are shown in Figure 3-9. The beams
and columns were model ed with nonlinear beam-column elements, though as soon as it was deter-
mined that stress levels were quite low, elastic materials were used to reduce the computation
effort. The ductile baseline connections were model ed using zero-length rotational spring elements
with simple bilinear moment-rotation relationships. The fracturing connections were modeled
using a linear spring with a predetermined “vanishing value” which was placed in series with a
bilinear spring. When the rotation reached the vanishing value, the linear spring would be deacti-
vated, leaving only the bilinear spring. Though this was a crude model, it captured the drop in
moment capacity due to fracture quite well and was computationally stable (i.e., there were few

convergence problems).
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Figure 3-9. One- and two-bay analytical models used in preliminary study

The models were subjected to simple sine and cosine pulses of varying duration, and to
numerous near-field and far-field earthquake ground motions. The sine and cosine pulses were
used to study the effects of deterioration during simple ground motions and as idealizations of the

pulse-like waveforms present in near-field ground motions.

The results of the study showed that fracture of one connection caused sudden changesin
the moment and rotation time histories of connections in other parts of the frame. This effect was
most pronounced at the other end of the beam with the fracturing connection, while it was small in
the adjacent story and very small acrossthe column in the adjacent bay. It should be noted here that
differences in loading, model geometry, and connection behavior invalidate comparisons with
Nakashima's study on static moment redistribution (Nakashimaet al., 2000). Varying the column
stiffness did not change the local effects of fracture across the column or in the adjacent story.

Based on these results, a one-bay frame with two stories was found to be sufficient.

3.3.3 Member Selection and Detailing

The specimen, which is shown in Figures 3-10 and 3-12, has a main moment-resisting frame with
four mechanical beam-column connections, and two outrigger frames. The added inertial massis
provided by four 2 kip concrete blocks stressed down to support beams. The outrigger frames (also
referred to as perimeter frames) help to support the added inertial mass blocks and provide stability
out of plane. These frames were designed as mechanismswith simple one-bolt pinned connections,

and contribute a negligible amount of stiffness and strength in the in-plane direction. Lock nuts
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were used in the one-bolt pinned connections to ensure consi stent bolt tightness throughout the test
series.

The specimen was constructed of A572 Grade 50 rolled shapes: the columns from W6x12
sections, and the beams from S4x7.7 sections. Braces used for stability out of plane (in the direc-
tion perpendicular to the direction of excitation) were constructed of 5/8" diameter rods. L3x3x1/
4 angles were used to tie the mass support beams and perimeter frame beams together and create a

diaphragm at each story. A complete set of specimen drawingsis located in Appendix A.
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Figure 3-10. Main frame of test specimen

Approximate member sizes were selected based on strength requirements using capacity
design concepts. Since the specimen needed to remain elastic except at the connections, the con-
nection capacity determined the necessary main frame beam section modulus to provide elastic
behavior with a factor of safety. The main frame column section was selected with significantly

larger section modulus to satisfy strong-column, weak-girder requirements, to provide sufficient
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panel zone strength to prevent yielding without the use of doubler plates, to provide sufficient
flange strength so continuity plates were not required, and to prevent yielding in the column. In
addition, since the pilot study showed that column stiffness did not have a significant effect, arel-
atively stiff column was sel ected to minimize contributions of the second mode and permit consid-

eration of awide variety of connection types.

Perimeter beam sections selected were the same as those for the main frame for economic
and constructability reasons. Perimeter column sections were selected based on in-plane stability
requirements given their very long unbraced length (KL = 18 ft) and the fact that they were oriented

in the weak axis direction, since their primary purpose was to brace the main frame out of plane.

Most of the main in-plane members have been given reference names and abbreviations
which will be used in later chapters to refer to specific members in concise fashion. The member
reference names and their abbreviations are listed in Table 3-3, along with a description of the
member location. These locations are shown in a schematic of the frame (with abbreviations) in
Figure 3-11. The north perimeter frame, which is not shown, is identical to the south perimeter
frame except that the columns are PC3 and PC4 rather than PC1 and PC2. Also, the beamsin this

frame are not named since they are not instrumented.

Table 3-3. Abbreviations for member reference names

Member reference name | Abbreviation Description of L ocation
Main Beam 1 MB1 Main frame, first story
Main Beam 2 MB2 Main frame, second story
Main Column 1 MC1 Main frame, East side
Main Column 2 MC2 Main frame, West side (closest to instrumentation frame)
Connection 1 C1 Connects east end of Main Beam 1 to Main Column 1
Connection 2 Cc2 Connects west end of Main Beam 1 to Main Column 2
Connection 3 C3 Connects east end of Main Beam 2 to Main Column 1
Connection 4 c4 Connects west end of Main Beam 2 to Main Column 2
Perimeter Beam 1 PB1 South outrigger frame, first story
Perimeter Beam 2 PB2 South outrigger frame, second story
Perimeter Column 1 PC1 South outrigger frame, East side
Perimeter Column 2 PC2 South outrigger frame, West side
Perimeter Column 3 PC3 North outrigger frame, East side
Perimeter Column 4 PC4 North outrigger frame, West side
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Figure 3-11. Member reference key

Because the intent of the tests was to assess behavior through collapse, the specimen was
equipped with a system of internal cables, which were initially slack but were designed to engage
at a predetermined interstory drift level to prevent the frame from completely collapsing. A come-
along winch could be then be used with these cables to bring the frame back to a nearly vertical
position after the test. The cables had turnbuckles installed along their length that could be tight-
ened. When tightened the cables braced the frame laterally while the coupons were being changed,

and provided fine adjustment of the plumbness of the frame.

Figure 3-12. Test specimen on shaking table
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4 Experimental Program

In this chapter, the components of the experimental program will be examined. These components
include the earthquake excitations, configurations and hysteretic behavior of connections, instru-
mentation scheme, and testing plan. A brief summary describing the execution of the testing plan
and adiscussion of errors and their effect on datainterpretation are also included. The resultsfrom
the tests are presented and discussed in Chapter 5 and comparisons between tests for response

quantities of interest are made in Chapter 6.

41  PRELIMINARY ANALYTICAL STUDIES

Several preliminary analytical studies were performed, including response spectrum evaluations
using potential pulse excitations and ground motion records, nonlinear static analyses of the frame
considering few connection patterns, and linear and nonlinear dynamic analyses of the frame with
many potential excitations and connection patterns. The static and dynamic analyses were per-
formed using the OpenSEES analysis platform (McKenna, 2003). The objectives of the prelimi-
nary analytical studieswere to select the earthquake excitations that would be used on the shaking
table, determine connection configurations of interest for these excitations, and predict the
response of the specimen with selected connection configurations to chosen excitations to help
identify instrumentation needs. The results of these preliminary studies were combined with engi-

neering judgment, and budgetary and time constraints to arrive at the final testing plan.

4.1.1 Selection of Earthquake Excitations

The earthquake excitations used in this study are of several types. simple pulses, near-field earth-

guake records, and far-field subduction zone earthquake records. Near-field motions (and likewise
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their pulse approximations) are of interest because of their high potentia for causing structural
damage, as demonstrated recently by the 1994 Northridge (Bertero et al., 1994) and the 1995
Hyogo-ken Nambu (Kobe) earthquakes (Bertero et al., 1995). Longer duration records are also of

interest in order to study the cumulative effects of numerous cycles of strong shaking.

Simple pulses were examined first, in order to study the effects of hysteretic deterioration
during smoothly varying excitations. Moreover, these pulses provide insight into the effects of
near-field ground motions on seismic response. A simple excitation helps identify the effects of
fracture and other forms of hysteretic deterioration. The value of such asimplification in represent-
ing near-fault excitations has been examined in severa recent studies, (Krawinkler and Alavi,
1998, Makris and Chang, 2000). The pulses examined in this study were sine and cosine pulses,
other shapes were examined in aprior anaytical study (Mahin and Morishita, 1998).

A cosine accel eration pul se approximates the forward-and-back motion of the fault-normal
component of many near-field accelerograms, while asine accel eration pul se approximatesthefor-
ward-and-stop motion of the fault-parallel component. A comparison of acosine pulse with anear-
fault record isshown in Figure 4-1. The acceleration, vel ocity, and displacement pulsesused in this
study are described by Equations 4-1 and 4-2 (as also donein Makrisand Chang), which arewritten
in terms of the pulse period Tp and velocity Vp-

Uy(t) = w,v,cos(wpt) OstSTp (4-19)

ug(t) = vpsin((opt) 0<t<T, (4-1b)
-V

Ug(t) = w—p(l—cos(o)pt)) OStSTp (4-1c)

0, (t —vapsincot 0<t<T (4-29)

g() - 2 ( p) =*='p

. _ Vp

ug(t) = E(l—cos(mpt)) OStSTp (4-2b)
OVt Vg i

Ug(t) = 7_(%;)5'“(%0 O_t_TIO (4-2¢)



The similitude relation used for the pul se excitations was a simpl e relationship between the
pulse period T, and the first-mode period of the test specimen Ty,. The following pulses were
chosen for use as shaking table excitations: one with a pulse period T, = 0.6 seconds, approxi-
mately equal to Ty, and one with T, = 1.2 seconds, approximately equal to twice Ty,. These pulse
periods were chosen to facilitate the examination of the effects of response spectrum position on
behavior. As shown in Figure 4-2, a specimen with a period of about 0.6 to 0.7 seconds would be
on the descending branch of the pseudo-accel eration response spectrum for the 0.6 second cosine

pulse, while the structure would be on the ascending branch of the spectrum for the 1.2 second

cosine pulse.
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Figure4-1. A 1.2 second cosine pulse compared with the SAC NFO1 (Tabas) near-fault
ground motion

Elastic response spectra for the sine and cosine pulses are compared in Figure 4-2 for the
design period range, which is 0.5 to 0.7 seconds. These spectra show that the cosine pul ses repre-
senting the fault-normal component have larger spectral values for both pulse periods than their

sine counterparts. Also, the fault-normal component of a near-field ground motion is generally
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larger and thus more damaging to structures than the fault-parallel component (Somerville, 1998),

making it of greater interest. For these reasons, cosine pulses were used in the shaking table study.
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Figure 4-2. Comparison of elastic response spectrafor sine and cosine pulses

The pulse amplitudes were limited by the capacity of the shaking table (see Table 4-1), par-
ticularly for velocity and displacement. The pulses all have a peak velocity of 25 in./sec, the shak-
ing table maximum value, which would correspond to a peak ground velocity of 43 inches per
second in the prototype structure. Thisis a reasonable value for near-field ground motions, and is
similar to the value used in a recent analytical study of fracturing systems (Uetani and Tagawa,
2000).

Table 4-1. Shaking table constraints

Property Specimen Design Value | Maximum for Bare Table
Maximum acceleration (g) 10 2.0
Maximum velocity (in./sec) 25 35
Maximum displacement (in) +/-5.0 +/- 5.0
Oil column frequency (Hz) 13 13
Degrees of freedom 1 6

The acceleration, velocity, and displacement time historiesfor the chosen pul ses are shown
in Figure 4-3, while their el astic response spectra are shown in Figure 4-4. The 0.6 second and 1.2
second cosine pulses are a so subsequently referred to as JPUL SEO06 and JPUL SE12, respectively.
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Tp = 0.6 sec, Vp =25 in/sec Tp =1.2 sec, Vp =25 in/sec
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Figure 4-3. Acceleration, velocity, and displacement time histories of chosen cosine pulses
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Figure 4-4. Elastic response spectra for chosen cosine pulses

Two types of earthquake ground motions were also considered: near-field motions and far-
field, long-duration motions typical of subduction zone earthquakes. The motions used in the
experiments were taken from the SAC near-fault and Seattle ground motion suites (Somerville,

1997). After scaling and performing minimal filtering of the records to fit the design values of the
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constraints of the shaking table shown in Table 4-1, records with sufficient displacement, velocity,
and acceleration amplitudes were chosen for further examination. The records chosen included
those derived from the following records: Tabas (NFO1, NF02), Northridge Sylmar (NF15, NF16),
and Kobe IMA (NF17, NF18) from the SAC near-fault suite, and Llolleo (SE17, SE18), Vinadel
Mar (SE19, SE20), and Valparaiso (SE29, SE30) from the SAC Seattle suite. The elastic and
inel astic response spectra of these records were then examined using the computer program Bi Spec
(Hachem, 2000).

The choice of ground motions was based on the results of the inelastic response spectrum
analyses and the preliminary analytical studies carried out using OpenSEES. Based on these stud-
ies, the NFO1 and SE17 records were chosen. The NFO1 motion was based on the 1978 Tabas, Iran
record. The SE17 motion was based on the L1olleo record from the 1985 Chile earthquake. In both
cases, the recorded ground motion accelerograms had been filtered and scaled to obtain spectra

corresponding to the site conditions assumed for the SAC steel project (firm soil).

In order to comply with the similitude relationsin Table 3-2, thetime scalesfor the selected
records were divided by ./3 and the acceleration amplitudes left unchanged. Next, the amplitude
scaling and filtering parameters were fine-tuned to achieve the best performance on the shaking
table. Since the test specimen was quitelight, it was possible to achieve additional accel eration and
velocity above the design values shown in Table 4-1. The additional acceleration capacity was
used to bring the velocities up to a higher level for the SE17 motion. This was possible because
SE17 isnot anear-field motion, and therefore large displacements are not present and the displace-

ment limits did not govern.

In contrast, the scaling of the NFO1 motion was controlled by the table' s displacement lim-
itations. Dueto the fixed displacement capacity of the shaking table, aninitial offset was employed
to alow greater peak displacements since NFO1's maximum displacements are not symmetric, as
shown in Figure 4-5. The final scaled and filtered versions of the NFO1 and SE17 motions used for
the shaking table testswill hereafter be referred to as INFO1 and JSE17, respectively, to avoid con-
fusion, since they differ from the SAC NFO1 and SE17 records. The JNFO1 and JSE17 motions
along with their elastic response spectra are shown in Figures 4-5 to 4-8, and their properties are
shown in Table 4-2. All motions and spectra are shown for model time scales. The properties of

the selected pulse excitations and ground motions are listed in Table 4-2.
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Figure 4-5. Acceleration, velocity, and displacement time historiesfor JNFO1

5 12
__10
Ch S
©
g° 8
g G ©
© S
= 2 =
o ©
] s 4
2 3
S a
2] 1 w
2
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Perind (ser) Perind (ser)

Figure 4-6. Elastic response spectra for JNFO1
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Figure 4-8. Elastic response spectra for JSE17
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Table 4-2. Values of key parametersfor earthquake excitations used in shaking table tests

Parameter JPULSEO6 | JPULSE12 JNFO01 JSE17
Peak ground acceleration (g) 0.678 0.339 0.836 177
Peak ground velocity (in./sec) 24.99 25.00 23.58 29.46
Peak ground displacement (in.) 4.77 9.55 6.36 3.32
Origina digitization (sec) 0.01 0.01 0.02 0.025
Scaled digitization (sec) 0.01 0.01 0.01155 0.01443
Original duration (sec) 0.6 1.2 50 100
Scaled duration (sec) 0.6 12 28.875 57.72
Amplitude scale factor from original N/A N/A 0.91 2.75
SAC motion

Full scale span setting 500 1000 954 685
Filter (low cut, low corner, high cut, N/A N/A (0.25,0.25,12, | (0.25,0.3, 12,
high corner) 15) 15)
Time scale factor 1 1 J3 J3

4.1.2 Seection of Connection Patterns

With four of the clevis-based mechanical connections described in Section 3.2 placed in the frame
(two in each story), many spatia arrangements of the different connection hysteretic types shown
in Table 3-1 were possible. Of course, not al of the possible patterns were representative of asit-
uation one might see in a real building, or that would have a significant impact on the system
behavior. Time and budgetary constraints also dictated that only a limited number of patterns be
examined. Nonlinear dynamic analyses and engineering judgment identified the patterns shown in
Figure 4-9, where the circles represent connections exhibiting degrading behavior types (brittle
fracture, ductile fracture, deformation softening, or strength degradation). At the ends of the beams
without circles, the ductile baseline connection type with stable yielding hysteretic behavior was
provided. It should be noted that all four beam ends have a clevis-based connection, regardless of

whether acircleis present or not.

Also, patterns are hereafter distinguished by the connection type exhibiting degrading hys-
teretic behavior. For simplicity, only one type of hysteretic degradation is permitted in each con-
figuration. For instance, if the two connections in the BP pattern with degrading behavior had the
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connection type brittle fracture, the pattern would be called “ brittle fracture BP” or abbreviated as
BF BP. For the case where all of the connections have hysteretic type ductile baseline, the pattern
issimply called “ductile baseline” or abbreviated as DBC.

g X
BB O——— CB O——
O———C A A L A
X
b—9
L L s .
A B BP o— C CP o—3
<
<l_3ulse Pulse
Direction A A Direction

Figure 4-9. Connection patterns

Pairings of pattern and excitation are shown in the test matrix in Table 4-3 in Section 4.3,
so only abrief qualitative description of the uses of and reasoning behind the above pattern selec-
tions are presented here. Pattern A was used for the sole purpose of examining the force redistri-
bution and the effect of stress waves propagating through the structure after a fracture occurred at
one end of the beam. Since the behavior immediately after the occurrence of afracturewas of inter-
est (as opposed to the behavior beforehand), only the brittle fracture hysteretic type was investi-
gated using pattern A. Pattern B was used to investigate the response of the system when all the
connections at a particular story level suffered the same type of hysteretic degradation. Pattern C
was used to examine the response of the system when all of the connectionsin the structure exhib-
ited degrading behavior.

For the fracturing cases, two variations of the B and C patterns were used, which are shown
above with an “x” representing the location of a potential fracture. The patterns on the bottom,
called “BP and CP,” respectively, were used with the cosine pulse excitations only. They have
notched coupons, with the potential to fracture, in al of the flanges of the degrading connections
which are in tension when the structure moves in the direction of the pulse excitation (referred to
hereafter as the positive direction). The purpose of the BP and CP patterns was to investigate the
case in which all the flanges that can fracture do so nearly simultaneously during the pulse of a

near-field ground motion.
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In the patterns on the top, called “BB” and “CB,” fracture is only permitted in the bottom
flanges. These patterns were used with the earthquake motions and with one of the cosine pulses
for comparison purposes. The BB and CB patterns represent the type of fracture damage most com-
monly observed in the field during recent earthquakes, i.e., fractures occurring predominately in
the bottom flanges of the beams (SAC, 1995).

4.2 INSTRUMENTATION

4.2.1 DataAcquisition Systems

The instrumentation for this experiment was challenging due to the necessity of capturing both
global behavior data and very specific local datarelated to highly transient post-fracture behavior.
Due to the extremely short time interval during which post-fracture stress-wave propagation can
be observed, a high rate of data acquisition was necessary for some tests. In order to optimize the
collection of high-quality global and local data, two separate test sequenceswere designed, and two
data acquisition systems with different speeds were employed.

The first sequence, hereafter referred to as the main sequence, used the regular data acqui-
sition system for the shaking table. A scan rate of 100 Hertz was used for this sequence. This
sequence comprised the majority of the tests performed and focused on the system behavior of the
structure when various types of hysteretic behavior were present at the connections. The number
of channels for this sequence was 152, which included table channels, load cells, accelerometers,

displacement transducers, and strain gages. A list of channelsislocated in Appendix B.

The second sequence, hereafter referred to as the wave-propagation sequence, used a spe-
cia high-speed data acquisition system with a scan rate of 1 megaHertz. However, this system
could only accommodate four channels, so the regular system was employed for the remaining
channels. In order to measure the highly transient response at important locations, the test was
repeated and the four high-speed channels were used to measure the response at key locations in
turn. This sequence was comprised of a much smaller number of tests, and was focused on under-

standing the immediate post-fracture behavior of the structure.
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4.2.2 Typesand Placement of I nstruments

Several types of instruments were used to measure the response of the specimen:

» Accelerometers

 Linear wire potentiometers
* Linear dider potentiometers
e Strain gages

» Loadcells

Accelerometers were deployed in both the in-plane and out-of-plane directions, as well as
at midspan of the main beams to measure the vertical response, as shown in Figures4-11 and 4-12.
Theseinstruments were mounted on aluminum blocks which were attached with epoxy to the spec-
imen. The accel erations of the shaking table were recorded by a separate set of accelerometersbuilt
integrally with the table.

Linear wire potentiometers, which were mounted off of the table on an instrument frame,
were used to measure the global displacements of the specimen. Each potentiometer was connected
by aflexible piano wire to the specimen as shown in Figures 4-11 and 4-12. A fairly large number
of linear wire potentiometers were used to provide redundancy and to capture potential torsional
or out-of-plane response. The ability to detect torsional and out-of -plane response was necessary,
since the shaking table could cause low-level, unintended excitations both torsionally and out-of-

plane even during a prescribed unidirectional test.

Linear dlider potentiometers were used to measure the displacement above and below the
connections and calculate the rotation. These were attached to the clevis base plates above and
below the connection as shown in Figure 4-10. These instruments had a range of +/- 2 inches,
which was necessary due to the large deformations expected. Since these potentiometers use an
inflexible sliding rod and flexible wire rather than just aflexible wire, geometric correctionsto the

connection rotations are necessary at very large rotations.



Figure 4-10. Linear dider potentiometer

Numerous strain gages were applied to the beams and columns of the main frame to mea-
sure strains, enable the calculation of curvatures and moments, and detect yielding. One perimeter
column was instrumented in a like manner to the main frame columns to get an estimate of how
much strain was present in the perimeter frames, and to detect yielding, though due to the negligi-
blein-plane stiffness none was expected. Full instrumentation of the perimeter frames was not pos-
sible due to the limited number of data acquisition channels available, and was not a priority due
to the low levels of stress expected in these frames. A listing of detailed locations of individual

instrumentsis provided in Appendix B.
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CONNECTION

DETAIL #1
INSTRUMENTATION

4.3

The shaking table tests in this study were organized into several phases. First, the four selected
excitations were run on the empty table to establish the appropriate span settings on the table con-
troller. The span setting proportionately scales the amplitude of the excitation signal sent to the
table, and determines the maximum displacement of the actuators. After the span setting for each

motion was determined, the specimen was placed on the table, secured, and instruments were con-
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Figure 4-12. Elevation view of main frame instrumentation

TESTING PLAN AND EXECUTION

nected to the data acquisition system and then calibrated.
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After this, the actual testing phase began. A series consisting of several different test types
was performed for each connection pattern/ground motion combination. A typical series consisted
of two pullback free vibration tests, a“white noise” (random signal) test, and ahigh-level test using
the appropriate excitation. Thewhite noise test was performed at avery low peak acceleration level
(~5% g) and thus functioned as a low-level test to check the instrumentation and data acquisition,
as well as a means of determining vibration properties. The acceleration time history of atypical

random signal used in the white noise tests is shown in Figure 4-13.
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Figure 4-13. Acceleration time history for random signal used in white noise tests

A low-level test using the earthquake excitation was performed in the first series, but was
omitted from the rest of the series once it was demonstrated that the data of interest could be
obtained adequately from the random signal test. Also, if pullback tests had already been per-
formed for a particular connection pattern, they were omitted in subsequent test series using that
pattern. In these subsequent series the vibration properties were determined from the white noise

test, and much time was saved by omitting the pullback tests.

A total of 32 high-level shaking table tests were conducted, in addition to low-level and
random signal tests. The high-level tests performed can best be described by the use of the test
matrix shown in Table 4-3. Amplitudes are shown as a percentage of the full-scale span settings.
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Detailed information on each test such as span setting and filenameis provided in Appendix C. The
connection configuration patterns are shown in Figure 4-9, and the excitations are described in
Section 4.1.1. In afew cases, multiple tests of the same connection pattern/ground motion combi-

nation were performed, and other quantities such as beam mass were varied.

Table 4-3. Test matrix

Connection Configuration Pattern
Excitation | Amplitude
A* B BB* BP* C cB* CcpP*

0.6 Second 100% DFS BF, DF | DB, DFS BF, DF
Cosine Pulse 50% BE BE

100% DFS BF, DF | DB, DFS BF BF, DF
1.2 Second 5
Cosine Pulse 5% BF

50% BF
SAC NFO1 100% DFS BF DB, DFS| BF, DF
SAC SE17 100% DB, SD BF

where DB = Ductile baseline, BF = Brittle fracture, DF = Ductile fracture, DFS = deformation softening, SD
= Strength degrading.
* Denotes connection pattern used for fracturing hysteretic behavior types only

The wave propagation sequence, which examined the local transient phenomenafollowing
afracture, included six high-level tests. Brittle fracture patterns were used on all of thetestsin this
sequence, and the BF A/0.6 sec cosi ne pul se combination at 50% amplitude was used for the major-
ity of the tests. This amplitude was chosen because the preliminary analytical study predicted it

would barely cause fracture and would cause little or no yielding in the ductile connections.

The ultrahigh-speed data acquisition system discussed in Section 4.2.1 was utilized for this
sequence. The channels for which high-speed data were taken varied by test and are shown in
Table 4-4, but all were strain gages on either the first- or second-story beams in the main frame.
High-speed data were al so taken during two other normal tests to ensure that the triggering circuit
on the high-speed data acquisition system was functioning correctly. Unfortunately, the high-speed
data acquisition system failed during a test of the BF BP/0.6 sec cosine pul se combination and no
high-speed data are available for that pattern.
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Table 4-4. Tests with high-speed data collected

Name Excitation Amplitude | Pattern Data Recorded at Gages Supplemental
Mass on Beam
Test A | 0.6 sec cospulse 50% BFA | Topof MB1 (71, 101, 100, 67) No
Test B | 0.6 sec cospulse 50% BF A Top/bottom at MB1 ends (71, No
73, 67, 69)
Test C | 0.6 sec cospulse 50% BFA | Top/bottomMB1,top MB2 (71, No
73,79, 75)
Test D | 0.6 sec cospulse 50% BFA | Top/bottom at MB1, MB2 ends No
(71,73, 79, 81)
Test E | 0.6 sec cos pulse 50% BFA | Topof MB1 (71, 101, 100, 67) Yes
Test F | 1.2 sec cospulse 50% BF CP | Topof MB1 (71, 101, 100, 67) No
Test G SAC SE17 100% BFCB | Topof MB1 (71, 101, 100, 67) No

Additional distributed mass was positioned along the first-story main beam for Test E to
determineif the change of beam deflected shape after the fracture would excite the beam vertically.
The additional mass was attached as shown in Figure 4-14, with a spacer between the mass and the

beam, so as not to add stiffness to the beam.

Figure 4-14. Placement of additional distributed masson MB1

The mass was added to the beam using three 100-pound lead weights at the quarter points
of the beam. The equivalent uniform loading assuming centerline dimensionsfor this configuration
of weights is 33.3 pounds per linear foot. By similitude, this amount is less than what would be
expected from atypical concrete slab overlying the beam, but due to the beam size used, placing

the amount of mass called for by similitude relations would have led to yielding of the beam under
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thevertical excitation expected at fracture, rendering all comparisons meaningless and compromis-

ing the assumptions used when studying the wave propagation in the beam.

44 ERROR SOURCESAND IMPACTSON DATA INTERPRETATION

The amount of error in the data, both from aleatory variability, or randomness, and epistemic
uncertainty, or uncertainty in scientific understanding, as well as from the occasional human mis-
take, is an important factor when interpreting the data. Since the following chapters are primarily
concerned with data interpretation, the sources and extent of error in the data obtained from the
tests described in the previous section will be presented here. Sources of error, primarily from the
instrumentation, will be discussed in Section 4.4.1. Particular errorsidentified during the course of

testing will be also be discussed and their impact on interpretation of the resultswill be estimated.

After these errors have been discussed, the overall error present in the experimental setup
will be estimated by comparing the results from multiple tests of nominally identical connection
configuration pattern/excitation pairings. Two tests of the BF BP pattern and four tests of the BF
A pattern were performed with the 0.6 second cosine pulse excitation, and these case studies are
examined in Sections 4.4.3 and 4.4.4, respectively. Combining the results of these case studies,
estimates of the total error will be presented for various response quantities, and conclusions

regarding the consideration of errors during data interpretation will be discussed in Section 4.4.5.

441 Sourcesof Error

During the course of the tests and in the data analysis afterward, errors from several sources were
identified. Sources of local error within tests include instrument errors, noise, geometrical config-
uration of instruments under large deformations, unintended out-of-plane motions of the shaking
table, and of course, human errors. These sources of error and their relative importance are dis-
cussed below.
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4.4.1.1 Instrument and data acquisition system malfunctions

It is inevitable that some instruments and data acquisition (DAQ) components will malfunction
during an experimental series of the length of the one discussed here. Thankfully, these malfunc-
tions generally show up quite obviously in the data. Data with obvious instrument errors wer e not
used in the generation of plots or summaries, and redundant instrumentation was relied on in these
cases, which increases the errors dlightly over the case where all instruments being averaged are

functioning properly.

Before each high-level test, a low-level test was performed to check the data from the
instrumentation and DAQ, and this low-level test allowed many instrument malfunctions to be
identified and corrected quickly. Even so, occasional malfunctions occurred during the high-level
testsin several types of instruments and components, including accelerometers, strain gages, slider
potentiometers, adapters, and amplifiers. The malfunctions were of several different types, and

each type of instrument was more prone to certain malfunctions than others.

Accelerometers malfunctioned by random glitches several times, with sudden large spikes
over range. These over-range spikes are readily distinguishable from real spikes in acceleration,
and data with over-range problems were removed from consideration. In these cases, the redun-
dancy of the accelerometers both in plane and out of plane minimized any increase in error result-

ing from the removal of bad data from one accelerometer.

Several incidents of strain gages with wildly fluctuating values were observed, and several
incidences of excessive noise were observed as well. Noise problems were usually due to loose
strain gage-to-adapter connections which were easily fixed after identification in low-level tests

and thus were not problematic in the high-level tests.

The noise level of the instrumentation and DAQ setup used was generally very low, and if
noiseispresent inthe datait isgenerally quite obviouswhen looking at the plots. No attempts were

made to filter noisein this report, since substantial noise was rare and easily identifiable.

The dlider potentiometers experienced occasional malfunctions of the connection of the
wire extension and the target. The bottom slider potentiometer wires dlid off of their targets during

several tests, and the top slider potentiometer data was used al one to cal culate connection rotations.
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Using datafrom only one potentiometer increases the errors by approximately 2%, producing min-

imal impact on the quality of the results.

Malfunction of the anal og-to-digital converter was the most likely culprit for the wild fluc-
tuations and over-range problems of the strain gages and accelerometers. Apparently, an occa-
sional bit was dropped at random for some channels in some tests, leading to large fluctuationsin
some datavalues. However, as stated previoudly, thistype of malfunctionisgeneraly easy to iden-
tify so that the bad data can be removed from consideration. Malfunction of other DAQ compo-
nents such asamplifierswas very rarein the high-level tests, and thus had very small effects on the

results, since redundant instrumentation was available.

4.4.1.2 Errors caused by large deformations

Severa instrument configurations had the possibility of introducing errors when the specimen
underwent large deformations. The most significant of these wastherigid slider potentiometer arm
used in measuring the rel ative displacements at the top and bottom of the connections. The error in
the connection rotations caused by the angle between the slider potentiometer arm and the connect-
ing wire at large deformations was found to be less than 2% for the angles observed in this study,
the largest of which was approximately 18°. This is considered acceptable when compared to the
variability between tests of the same configuration with the same ground motion. Also, this error
canceled out when calculating rotations, and is only present when a single potentiometer’s data

were used for rotation calcul ations.

The other configuration, the out-of-plane linear wire potentiometers, was determined to
have a maximum angle of about 13° from the perpendicular, which is within the small angle
approximation. However, this 13° correspondsto an extra 2.2 inches of “ displacement” out of plane
at the top of the frame for an in-plane displacement of 18.5 inches. The actual maximum out of
plane displacement for all cases was determined to be about 0.4 inches after the application of a
simple geometric correction. Appendix D shows both uncorrected and corrected values in Tables
D-4 and D-5, respectively. Corrected out-of-plane displacement data are used in data analysis and
interpretation.

73



4.4.1.3 Errors caused by lack of true unidirectionality

Even though the test was unidirectional, out-of-plane excitations were generated by the shaking
table. The maximum values of these excitations are summarized in Appendix D in Tables D-5 (dis-
placements) and D-8 (accelerations). Before and after afew tests, the shaking table was observed
to have minor control problems, and low-level spurious motions occurred with no excitation run-
ning at the time. These motions may have occurred during tests aswell, and may have caused out-

of-plane displacements and accel erations.

Out-of -plane table displacements were generally very small, with the maximum absolute
value over al of the tests being less than 0.2 inches. With maximum in-plane tabl e displacements
of 10 inches, this amount of displacement is virtually negligible. The corrected out-of-plane rela-
tive displacements at the base, first-story, and second-story levels had maxima over all tests of
about 0.4 inches. These displacements are also quite small, and it can be concluded that out-of-
plane displacements were not large enough to affect the behavior of the frame in any significant
way.

Thetablewas a so proneto some skew when it wastraveling in thein-plane direction, caus-
ing differences in the in-plane table displacements at each of the three frame lines. These differ-
ences are summarized in Appendix D, Table D-2. The skew in the table led to some differences
between the in-plane displacements at the second-story level of the two outrigger frames that were
as large as 0.7 inches. [There were several instances of larger differences, but these were caused
by engagement of the catch cables and will be discussed in Section 4.4.1.4.] In the cases where
table skew occurred, a sudden “skew pulse” mimicking the shape of the excitation was observed
at the time of the maximain displacement differences. Notable testswhere this occurred arethe 0.6
second cosine pulse/ DFS B and 1.2 second cosine pulse/ DF BP tests. However, most in-planedis-
placement differences between frameswere very small (lessthan 0.3 inches) compared to the over-

all maximum displacement.

Out-of -plane accel erations were more problematic, since the maximum out-of -plane table
acceleration for al tests was 0.34 g. This value is about 25% of the maximum in-plane value for
the particular test for which it was recorded, and thus indicates that spurious out-of-plane accel er-
ationsare not negligible compared to thein-plane values. Since these accel erations are out-of -plane

and very short-lived, however, they have minimal effects on the specimen behavior.
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4.4.1.4 Errors caused by lack of specimen diaphragm action

Since the bolted connections at the ends of the tube members connecting the perimeter frames and
the main frame in the out-of-plane direction were not completely rigid, some differential move-
ment between the frames occurred. This“slop” in the response became apparent in some of the in-
plane displacement time histories, where the displacements were dlightly different at the first and
second-story levels of MC2, PC2, and PC4. The amount of differential movement is tabulated for
each test in Table D-2, but it should be remembered that in some cases the differential movement
was caused by skew motion of the shaking table, as discussed in the previous section. In most tests,

the amount of differential motion from all sources was small (less than 0.3 inches).

However, in the cases when the catch cables engaged in a*hard” manner, larger differential
motions (up to 1.75 inches in one case) occurred. These motions occurred at the time of the cable
catch, and were observed in the 1.2 second cosine pulse BF CP, DF CP, and DFS C patterns, asthe
specimen was traveling quite fast in these tests when the catch cables engaged. The differentia
motions were probably occurred because it is practically impossible to loosen the catch cables so
they will al engage at exactly the sametime. Some cables are bound to engage dightly earlier than
others, causing differences in displacement between the frames. When the impact of the catch on
the frame is strong, larger displacement differences will tend to appear. Of course, at the point of
cable engagement this difference does not matter, since the displacement behavior of the structure

becomes compromised by the effects of the cables.

4415 Human error

Human error is, of course, much moredifficult to quantify. The slip present in some of the moment-
rotation hysteretic loops can be attributed to afailure to fully or uniformly tighten the coupon bolts
in some cases, but this is difficult to determine since the coupons invariably begin to dip alittle
when exposed to large deformations, even when they are initialy very tight. Other sources of
human error include forgetting to attach linear potentiometer wires and nonuniform loosening of

the catch cables. Thelatter occurred in the DFS C/0.6 sec cosine pulsetest, and asaresult one cable
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engaged early, affecting the results. Thisearly cable catch is accounted for in the result interpreta-

tion.

4.4.2 Definition of Termsand Normalized Global Response Quantities

Since behavioral datawill be presented in tabular summary form, it is helpful to define some nor-
malized response quantitieswhich can be used for all of the cases. It ismost useful for the purposes
of this study to use normalized measures of global displacement, global force, and global dynamic
properties to describe the behavior of the system. For simplicity, and because these normalized
measures provide agood ‘view’' of the relative quality of the system behavior, only one measure

each will be used for global displacement, global force, and global dynamic properties.

Interstory drift ratio (©) in the first story is used as a measure of the global displacement
response. The percentage of maximum base shear remaining after degradation of the connections
(Ayp), defined in Figure 4-15, is used as a measure of global forces. Thisterm is defined such that
astructurewith no degradation in base shear capacity has A\, = 100%. Finally, the percentage elon-
gation of the first-mode period at the end of thetest (A1) is used to measure the changein the sys-
tem’s dynamic properties. If the structure has no period elongation, At; = 0. These normalized
guantities are calculated in decimal form as follows, and expressed in percent form in Tables 4-5
through 4-8:

0, mean displacement (for the 3 frames) at the first story minus mean displacement at the
column base, divided by the story height

Mb base shear at end of base shear-0©, hysteresis oop with most significant degradation
divided by maximum base shear

At1 First mode period after test (determined from free vibration after end of excitation)
minus original first-mode period, divided by original first-mode period
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Figure 4-15. Definition of Ay

The numerical comparisons between experimental results for different tests were obtained
in most cases by using percent differences. Percent differences were calculated using Equation 4-
3. Inthe case of small numerical values, however, small absolute differences sometimesled to very
large percent differences. These cases are noted and absol ute difference values, defined in Equa-

tion 4-4, are provided as necessary.

min(Xy, X,)

% difference = 100 4-3)

absol ute difference = max(x,, X,) —min(x,, X,) (4-4)

In some of the tests (involving the C patterns and cosine pulse excitations), the specimen
experienced very large interstory drifts, to the point of engaging the system of safety catch cables.
Drifts of more than 20% were not desirable due to concerns about safety and specimen reuse. The
maximum drift level allowed by the catch cables was set at about 12%, and after confidence in the
catch system was gained, the prescribed drift level was increased to approximately 16%. For the
purposes of thisstudy, the engagement of the safety catch cablesto prevent the structurefrom going
beyond the prescribed safe drift level isdefined as collapse. Thisterm is appropriate since judging
by visual observations of thetestsin which the catch cables engaged, the specimen generally would
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not have been able to maintain stability after experiencing such large drifts. Since the maximum
drift level was increased, and the catch cables did not engage at precisely the same drift level for
all tests with the same prescribed drift limit, the term collapse is used as a qualitative descriptor of

behavior, not a specific numerical value.

4.4.3 Case Sudy of Two Repeated Full-Scale Brittle Fracture BP Pattern Tests

The brittle fracture BP pattern/0.6 second cosine pulse test was run twice, and the results are com-
pared for these two tests to help determine the amount of variability inherent in the experimental
setup. Percent differences are shown for in-plane displacement measures in Table 4-5, for other

major global response quantitiesin Table 4-6, and for connection response quantitiesin Table 4-7.

The percent differences between the two BF BP tests (shown in boldface), named BF BP 1
and BF BP 2, provide an estimate of the amount of error in each response quantity due to the test
setup and procedures. Similar quantities are calculated for the four repeated BF A tests discussed
in the next section, and these two sets of results will be combined to arrive at the estimated error
boundsfor the experimental setup. In each table below, the benchmark BF BP differences are com-

pared with differences between each BF BP case and the ductil e baseline and ductile fracture cases.

Table 4-5. Percent differencesin in-plane displacements and interstory drifts

Maximum Relative Residual O1 Max 01 Res
Per cent differ- Displacement Displacement
ences between

Base | Sory 1| Story2 | Story 1 | Sory 2| Sory 1 | Sory 2 | Sory 1 | Sory 2
BFBP1|BFBP2| 27 2.7 30 10.2 9.9 29 34 9.7 9.5
BFBP1| DBC 151 16.6 17.7 81.8 80.6 17.3 18.9 80.3 79.5
BFBP2| DBC 12.0 135 142 64.9 64.4 14.0 15.0 64.3 64.0
Average of above2 | 13.6 151 16.0 733 725 15.6 17.0 72.3 71.7
BFBP1| DFBP |27** | 0.8** | 0.7** 3.5%* 3.3** | 0.7** | 0.6** 3.3** | 3.1**

BFBP2 | DFBP | 00** | 1.9** | 2.3** | 6.6* | 64** | 2.2** | 27%* | 6.2** | 6.2**

Averageof above2 | 1.4** | 1.4** | 15%* | 50** | 48 | 14** | 1.7** | 4.8** | 4.6%*

** Percent differenceisless than or equal to that between BF BP 1 and BF BP 2
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Table 4-6. Percent differencesin major response quantities

Percent differ- | Max RelativeAccel | Max AbsoluteAccel |\, M ax

A A
ences between Vb T1
W Sory 1 Sory2 | Soryl | Sory2 Vb OT™
BFBP1|BFBP2 144 11.0 345 25 20 0.2 17.3 171
BFBP1| DBC 2.3** 3.3** 0.0** 22.2 385 33.6 90.8 107

BFBP2| DBC 11.9%* 7.5%* 34.5+* 253 41.3 33.8 62.7 142
BFBP1| DFBP 8.0%* 5.1%* 13.8** 1.2*%* 14.7 0.2** | 11.7** | 31.6
BFBP2| DFBP 6.0** 5.6%* 18.2%* 38 16.9 0.1** 31.0 | 12.3**

** Percent differenceisless than or equal to that between BF BP 1 and BF BP 2

Table 4-7. Percent differencesin maximum values of connection response quantities

Percent differences Maximum B¢onn Maximum M ggnn
between c1 | c2 c3 c4 c1 c2 c3 | csa

BFBPL |BFBP2| 104 | 75 9.1 38 11 | 20 | 47 | 19

BFBPL | DBC | 430 | 373 | 330 | 313 | 271 | 367 | 49 | 54

BFBP2 DBC 295 277 220 26.5 258 34.0 0.2%* 74
BFBP1 DFBP | 04** 0.5** 0.1** 59 0.6** 56 2.0%* 6.3
BFBP2 DFBP | 10.0** | 7.0** 8.9%* 2.0%* 0.5%* 3.6 6.8 84

** Percent differenceisless than or equal to that between BF BP 1 and BF BP 2

Comparisons with the ductile baseline case show that the uncertainties in the test setup are
generally smaller than the differences between behavior of the two hysteretic types. Thisindicates
that the differences due to the connection hysteretic behavior are significant, since they are above
the level determined by the two BF BP cases.

Comparisons with the ductile fracture case indicate another problem, which isthat the duc-
tile fractures may not have been very ductile after all. The relatively low scan rate of 100 Hz cou-
pled with the rapidity of the fracture lead to few data points in the region of interest, as shown in
Figure 5-18. This makes it very difficult to precisely determine the amount of pre-fracture plastic
rotation. However, the velocity of the structure and the scan rate can be used to bound the possible
amount of plastic rotation to avalue much smaller than that seeninthelargeinitial amplitudeclevis

connection tests (see Figure 3-8).
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In amost all cases, the percent differences between the two BF BP cases are larger than
between the BF BP and DF BP cases. All displacement and drift measures considered showed no
significant difference (i.e., greater than the difference between BF BP cases) between ductile and
brittle fracture hysteretic types. There are small differencesin maximum base shear, but the percent
differences in the moment for the fracturing connections show little to no increase for the ductile
fracture case. Thus, the difference in base shear is not primarily due to a difference in hysteretic
behavior in the fracturing connections. We can then conclude that for the response quantities of
interest in this case study thereisnot a significant difference in the behavior of the ductile fracture
and brittle fracture connection types, and that the “ ductile’ fractures may not have been ductile

at all.

4.4.4 Case Sudy of Four Repeated Half-Scale Brittle Fracture A Pattern Tests

The wave propagation sequence performed using the 0.6 second cosine pulse at 50% amplitude
with brittle fracture patterns provides another opportunity for making comparisons between
repeated tests to help develop error bounds for the test setup. Four tests of the BF BP pattern were
repeated, with the only significant changes being the gages where data were collected. The maxi-
mum percent and absol ute differences between the four tests (Tests A-D) are shown in Table 4-8.
Absolute differences are given due the very small numeric values of some of the response quanti-
ties (residual displacementsin particular) where small absolute differences are masked by mislead-

ing large percent differences.

It isalso agood ideato mention here that the couponsin the upper ductile baseline connec-
tions were not changed between tests in the interest of time, since little to no yielding occurred in
each test. It can be shown from the percent differencesin the connection response quantities shown
in Table 4-8 that this practice did not significantly change the results and that it was therefore a
rational cost-saving measure. The percent differences for these connection response quantities
were less than those for the BF BP patterns, even though the absolute values were very small and
were thus prone to large percent differences. The small absolute and percentage differences show

the consistency of the connection-level results throughout the four tests.
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Asisapparent in Table 4-8, there were other cases which had very large percentage differ-
ences. This occurred for the residual displacements and residua interstory drift ratios, due to dif-
ferencesin small absolute values. However, the absolute differencesin the displacement measures
are very small and thus the large percent differences are misleading. In the case of the absolute
accelerationsin thefirst story, small values are not the problem and there is actually a sizeable dif-
ference of 0.12 g between the results. Since a similar difference was found for the previous case
study on the BF BP patterns, it seemsthat there may simply be more variability in this acceleration

value due to the higher modes, particularly the second mode.

Table 4-8. Percent differences between BF A pattern Tests A-D for major response

quantities
Response quantity Location | Percent Difference | Absolute Difference
Maximum relative displacement (in.) Base 5.6 0.02
Story 1 15 0.03
Story 2 17 0.07
Residual displacement (in.) Story 1 66.6 0.05
Story 2 82.1 0.12
Maximum interstory drift ratio (%) Story 1 16 0.06
Story 2 21 0.07
Residual interstory drift ratio (%) Story 1 120 0.14
Story 2 101 0.12
Maximum relative acceleration (Q) Story 1 12.2 0.06
Story 2 12.7 0.10
Maximum absolute acceleration (g) Base 185 0.10
Story 1 68.8 0.12
Story 2 14 0.05
Maximum base shear (kips) 6.2 0.3
Maximum base overturning moment (kip-in.) 24 13
Mvp (%) 46 43
At 1 (%) 28.3 4.9
Maximum connection rotation (rad) C1 7.4 0.0017
c2 6.3 0.0023
C3 3.8 0.0007
C4 5.9 0.0012
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Table 4-8. — Continued

Response quantity Location | Percent Difference | Absolute Difference
Maximum connection moment (kip- C1 25 3
n) Cc2 45 5

C3 6.8 7

c4 2.3 3

445 Error Estimatesand Impacts on Data I nter pretation

It isplausibleto assume based on the repeated BF BP and BF A pattern teststhat the errorsinherent
in any of the high-level tests conducted are within the bounds shown in Table 4-9. Absolute error
bounds are given for those quantities which may have small values (such as residual displace-
ments) which lead to misleading large percent differences when the absolute differences arein fact

small.

The uncertainty analysis of the two case studies resulted in severa major findings which
impact the interpretation of the data. Perhaps most important for subsequent data interpretation is
the observation that the ductile fracture connections did not behave as anticipated. Based on the
comparison of results of the 0.6 second cosine pulse tests discussed in Section 4.4.3, it can be rea-
sonably concluded that the differencesin most global and most local response quantities of interest
for brittle and ductile fracture connection types are not significant with respect to the overall error
present in the experimental setup. Additionally, thereisalack of evidence for plastic deformation
in the moment-rotation hysteresis data for the ductile fracture cases. These data are relatively
gparsein the neighborhood of the fracture, but not too sparse too detect significant amounts of plas-

tic rotation.

These results lead to the conclusion that the ductile fracture was not very ductile, and little
plastic deformation occurred, though it isimpossible to determine the precise amount. Therefore,
the data interpretation in Chapter 6 reflects this finding. The data for the ductile fracture patterns
will still be distinguished from the data for the brittle fracture patterns by name, since the notches
which initiate the fractures are physically different. However, the effects of the hysteretic type
“ductile fracture” will not be presented as those of a distinct type of hysteretic behavior. Rather,
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when comparisons between hysteretic types are made, the term “fracture,” which encompasses

both connection types, will be used instead.

Table 4-9. Estimated bounds on inherent system uncertainty by response quantity

Response Quantity Amount of Error
Maximum relative in-plane displacements <5%
Residual in-plane displacements < 10% or < 0.25inch
whichever islarger
Maximum in-plane interstory drift ratios <5%
Residual in-plane interstory drift ratios < 10%
Maximum relative in-plane accelerations <15%
Maximum absolute in-plane accelerations <20% or <0.2 g, whichever
islarger
Maximum in-plane base shear < 10%
Maximum in-plane base overturning moment < 10%
Maximum connection moments < 10%
Maximum connection rotations < 10%
Maximum column moments < 10% or < 1 kip-in,
whichever islarger
Maximum column axia loads <5% or < 1 kip,
whichever islarger
Maximum beam strains, high-speed data < 8%
M < 20%
Arq < 20%
Maximum in-plane table displacements <3%
Maximum out-of -plane table displacements <0.2inch
Maximum in-plane table accelerations <039
Maximum out-of-plane table accelerations <0.3¢g
Maximum relative out-of-plane displacements <0.4inch

Another important finding was the relatively large uncertainty in the accelerations relative
to most of the other response quantities. There are several contributions this uncertainty, such as
the unintended motions of the shaking table, the contribution of higher modes, and the effects of

fracture. Accelerations tend to be affected by these factors to amuch greater degree than displace-
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ments. For the most part, the effects of spurious shaking table motions were confined to highly

transient “spikes’ in the accel erations and thus had little effect on the specimen’ s overall behavior.

The effects of instrument errors on the quality of the data was small, since most errors of
thistype were readily detected and corrected. Most errors were obvious, and datawith these errors
were not considered during interpretation. On the whole, the sources of error involved in this test
are manageable and generally detectable, and the data are therefore valid, with reasonable errors

and test-to-test variability that are to be expected in experimental work of this type.



5 Experimental Results

The results of the shaking table tests are presented in this chapter. The tests were conducted in late
May and early June of 2001. Elastic dynamic properties of the system are presented in Section 5.1.
Theresultsfrom the high-level shaking tabletestsarethen presentedin pictorial, tabular, and graph-
ical format in Sections 5.2 through 5.5, with the focus on making general behavioral observations
for each hysteretic behavior type. Detailed summaries of the data can be found in Appendix D.

51 SYSTEM CHARACTERIZATION

Several tests were performed in order to determine important dynamic characteristics of the test
specimen. The mass, fundamental vibration period, and equivalent viscous damping ratio in the

first mode were identified from these tests.

In order to establish thetotal as-built mass of the system accurately, aload cell was attached
to the laboratory crane and the specimen was lifted up off its base. Thetotal weight of the specimen

was found to be 14.5 kips, which gives a mass of 0.0376 kip- s*finch.

The vibration properties of the structure in its fundamental mode were estimated using free
vibration, or “pullback” and release tests. The shaking table platform was secured before the pull-
back tests were performed. Since this was a time-consuming operation, pullback tests were only

performed the first time a certain configuration was tested.

The pullback tests were performed by attaching a cable apparatus to the top of the east side
main column and to an attachment point on the floor of the lab. The cable wasinclined at 23°. The
cable apparatus was equipped with a turnbuckle which was used to tighten the cable, as well asa
load cell to measure the applied force. By tightening the cable, the structure was “pulled back” to
an initial displacement of approximately 1/2 inch. The specimen remained well within the elastic

range during these tests. At the end of the cable apparatus near the specimen, a necked down
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threaded rod, or “dog-bone” connector was used to attach the cable to the specimen. When the
cable had been tightened, the dog-bone was cut suddenly to rel ease the specimen, and the resulting
free vibration was recorded using the data acquisition system. A typical displacement response at

the top of the frameis shown in Figure 5-1, with the reference position as the pulled back position.

Frame Top Displacement (in)

Time (sec)

Figure 5-1. Typical displacement response at the top of the frame during a pullback test

The period and damping in the fundamental mode were then determined from the response
time history using the logarithmic decrement method (such asin Chopra, 1995). Periods and damp-
ing ratios for each configuration are shown in Table 5-1. A measure of the flexibility of the system
for each connection configuration was obtained from the deformation-force relationships gener-
ated by pulling the structure back for each free vibration test. The value of the displacement at the
roof u,(x) for aunit roof load, which isthe f, flexibility coefficient, was found by normalizing the
measured displacement by the applied force. The value of thisflexibility coefficient for each of the
configurationsis aso listed in Table 5-1 below.

Table 5-1. Specimen mean fundamental mode propertiesfrom pullback free vibration tests

Configuration Flexibility (in./kip) Period (sec) Damping ratio (%)
Ductile baseline C 0.59 0.65 1.9
Deformation softening B 0.59 0.64 17
Deformation softening C 0.48 0.62 18
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Table5-1. — Continued

Configuration Flexibility (in./kip) Period (sec) Damping ratio (%)
Brittle fracture BP 0.59 0.67 17
Brittle fracture CP 0.59 0.63 1.7
Ductile fracture BP 0.63 0.64 17
Ductile fracture CP 0.59 0.62 18
Strength degrading C 0.53 0.64 22

Random signal, or white noise tests were aso used to determine the vibration properties.
The specimen was subjected to alow-level random signal (like that shown in Figure 4-13), which
had a peak acceleration of approximately 0.05 g. The discrete fast Fourier transform (DFFT) algo-
rithmin MATLAB (The Mathworks, Inc., 1999) was then used to determine the Fourier amplitude
spectrum, from which the fundamental period and damping could be obtained using the half-power
bandwidth method. The mean values of period and damping ratio in the fundamental mode, which
were calculated using all tests of each configuration are shown in Table 5-2. Instances where only

one test was performed for a particular configuration are noted with an asterisk.

Table 5-2. Specimen mean fundamental mode properties from white noise tests

Configuration Period (sec) Dampingratio (%)
Ductile baseline C 0.62 15
Deformation softening B 0.60 13
Deformation softening C 0.55 09
Brittle fracture A 0.66 16
Brittle fracture BP 0.63 16
Brittle fracture BB 0.60* 1.7*
Brittle fracture CP 0.61 14
Brittle fracture CB 0.64 17
Ductile fracture BP 0.59 14
Ductile fracture CP 0.61 17
Ductile fracture CB 0.56* 1.4*
Strength degrading C 0.57* 1.2*

*denotes that only a single value was available
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In general, the vibration properties obtained from the free vibration and white noise tests
were in agreement, though the white noise tests tended to predict lower damping ratios. Theresults
from the white noise tests are less reliable than those from the free vibration tests, since the free
vibration tests produced smooth displacement histories which facilitated the accurate calculation

of vibration properties.

52 GENERAL OBSERVATIONSREGARDING GLOBAL AND MEMBER
BEHAVIOR

The general behavior of the specimen when the connections have a particular type of hysteretic
behavior isexamined in the following subsections. Representative case studies are considered here,
and more exhaustive summaries of the dataare provided in Appendix D. Hysteretic behavior types
are defined in Section 1.1, and have a one-to-one correspondence with the clevis-based connection
typesin Table 3-1. For simplicity, the case studies chosen for all hysteretic types except the ductile
baseline and strength-degrading types are the B patterns with the 1.2 second cosine pulse excita-
tion. The C pattern is used for the ductile baseline hysteretic type, sinceit is the only pattern pos-
sible. Since the strength-degrading hysteretic type was only tested with the C pattern and the JSE17
ground motion, that combination is used. In all of the study cases, the catch cables were not

engaged and did not interfere in any way with the reported behavior of the specimen.

In addition to discussing the behavior of the case studied, selected global behavior mea-
suresfor the other testswith the same hysteretic behavior type (but different patterns or excitations)
are provided in tabular form with each case study. In each of these tables, the case study data are
indicated by aboldface border. Asareminder, pattern definitions and excitations are found in Sec-
tions4.1.2 and 4.1.1, respectively, and global behavior measures are defined in Section 4.4.2.

5.2.1 Ductile Baseline Hysteretic Behavior

The ductile baseline case provides a reference against which other behavior can be compared. As
such, a careful observation of the behavior of this case is necessary. As discussed in the previous

section, the case chosen for the study of ductile baseline hysteretic behavior is the 1.2 second
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cosine pulse case. The behavior will be examined in two parts: global, which includes the 3 global
measures defined in Section 4.4.2, and local, which consists of the connection hysteretic behavior

only for simplicity.

5.2.1.1 Global behavior

The global behavior of this caseis characterized by one large displacement excursion followed by
an oscillating response that quickly damps out, as shown in the interstory drift time history in
Figure 5-3. Residual displacements are small, asis evident in the post-test photographs shown in
Figure 5-2.

Figure5-2. Residual displacement of specimen with ductile baseline connections after
testing
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Figure 5-3. First-story interstory drift ratio and base shear time histories

The base shear in Figure 5-3 “flattens out” during the first positive and second negative
excursions, indicating that plastic hinges are forming at the connections. The time history clearly
indicates the two excursions where significant yielding (and some buckling of the compression
coupons) takes place in the connections. As shown in Figure 5-4 and Table 5-3, some degradation
in the maximum base shear is observed during the largest ductile cycle. Also, the period elongation
isabout 13%, indicating that the stiffness of the systemisnot greatly reduced. Thesevaluesprovide

abasdline for comparing the other connection types.
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Figure 5-4. Base shear-interstory drift ratio hysteresis

Theresultsare similar for INFO1. Some more drift and degradation in base shear and more
period elongation were observed for the 0.6 second cosine pulse case. In the substantially longer

duration JSE17 case, similar peak drift was observed but far greater deterioration occurred.

Table 5-3. Summary of global behavior measuresfor ductile baseline tests

Base Shear (kips)
o

/

-2 0 2

4

6
Interstorv Drift Ratio (%)

o O1Maximm | ©1Residual Mvb At 1
Excitation Pattern
(%) (%) (%) (%)
0.6 sec cosine pulse C 8.6 38 82 17
1.2 sec cosine pulse C 6.5 04 94 13
INFO1 C 49 0.9 92 15
JSE17 C 6.4 2.0 77 29

5.2.1.2 Local behavior

The most important observation regarding the local connection behavior for this case was that the
connections behaved as expected. The before and after picturesin Figure 5-5 show that these con-
nections behaved as intended — no severe buckling or damage to the coupon jackets is evident
though the maximum drifts were large. A close-up of one of the coupons after testing is shown in
Figure 5-6, and it is clear that the jackets on the coupons functioned properly and limited buckling.
Limiting buckling is crucial to obtaining stable, ductile hysteretic behavior.
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Figure 5-6. Close-up of buckled ductile baseline coupon after testing

As shown in Figure 5-7, the behavior of the ductile baseline connections was very similar
to that observed in the quasi-static connection component tests. The hysteretic loops are full, and
thereisarelatively small amount of degradation of strength and stiffness. The loops are not bilin-
ear, but are fairly close, particularly for the shaking table test study case. In both cases thereisa
changein slope similar to the Bauschinger effect. In the shaking tabletest, thereisasingle predom-
inant plastic excursion in one direction and little residual permanent rotation. In addition, the hys-
teretic loops are dightly pinched as the force goes through zero due to dip in the connection

between the coupons and the clevis.
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Figure5-7. Comparison of connection hysteresisfor shaking tabletest (Ieft) and quasi-static
test (right)

The post-degradation base shear ratio Ay, of the system is quite high, though not 100%.
This does not satisfy the assumption of bilinear ductile behavior commonly used for analysis, but
it comes close enough to satisfy realistic ductile behavior that might be expected in steel connec-
tions. The same can be said for period elongation, as the ideal bilinear assumption of no changein
loading stiffnessisunrealistic. Overall, the ductile baseline connections behaved in astable ductile

manner as expected.

5.2.2 BrittleFracture

The case study selected for the brittle fracture hysteretic type is the BP pattern with the 1.2 second
cosine pulse. In this pattern, the flanges which are in tension in the first story when the structureis
moving in the positive direction are capable of fracture. In this case, both of the connectionswhich
were capable of fracture did in fact fracture virtually ssmultaneously during the specimen’s first
positive excursion (see Figure 5-9). Key response quantities for this case (highlighted by a bold-
face border), aswell as other tests of brittle fracture patterns, are tabulated in Table 5-4.
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5.2.2.1 Global behavior

Theinterstory drift time history, shown in Figure 5-9, issimilar to that of the ductile baseline case:
it is smooth and is characterized by a single large displacement excursion, followed by decaying
oscillations. Thereis no sudden jump in the response when fracture occurs, as shown in the close-
up of thelarge excursion in Figure 5-9. Thisisnot an intuitive result—one might expect the sudden
changes in system strength and stiffness caused by connection fracture to show up as a sudden

changein the global displacement response.

The maximum interstory drift ratio of the specimen increased by 65% over the ductile base-
line case, from 6.5% to 10.4%, however. The residual drifts also increased significantly, from vir-
tually zero (0.4%) to 4.1%. Theresidual driftswere readily apparent visually, as shown in the post-
test photos in Figure 5-8. However, as the time history in Figure 5-9 and the photos in Figure 5-8
show, structure remained stable and did not collapse.

Figure 5-8. Residual displacement of specimen with brittle fracturing connectionsin the BP
pattern after testing

In contrast to the smoothness of the displacement time history, the base shear time history
in Figure 5-10 shows aclear discontinuity in the response at the time of fracture. This discontinuity
is best described as a pause in the increase of base shear — the valueincreases at agreatly reduced
rate for about 0.03 seconds. The base shear does not immediately decrease at fracture because the

ductile connectionsin the top frame have not yet yielded and are able to provide additional capac-
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ity. After the initial pause due to fracture, the base shear increases until the ductile connections

yield. Once this occurs, the base shear begins to decrease significantly.

The magnitude of the strength deterioration due to the fracturesisindicated by a decrease
of Ay to 65% from the 94% observed for the ductile case. Similarly the period of the specimen
also elongated by 36%, as opposed to 13% for the ductile case.

Fractures occur

Base Shear (kips)

10 12 14 16 18 20 22
Time (sec)

Figure 5-9. First-story interstory drift and base shear time histories
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Figure 5-10. Close-up of interstory drift and base shear time histories

Table 5-4. Summary of global behavior measuresfor brittle fracturetests

Excitation Pattern Exmcggﬁ?:lljzr; O1maimum | O1Residua M ik
(%) (%) (%) (%)

0.6 sec cosine pulse A 50% 3.8 0.3 93 17
A 50% 3.9 0.2 97 19

A 50% 3.8 0.1 95 22

A 50% 3.9 0.2 94 22

A 50% 3.9 0.2 97 14

BP 50% 4.2 0.7 90 23

BPRun 1 100% 10.0 6.9 43 35

BP Run 2 100% 9.8 6.3 50 41

CP 100% 12.7 11.7 9 n/a

1.2 sec cosine pulse BP 100% 104 4.1 65 36
CP 50% 2.7 0.2 80 22

CPw/2 fracture 5% 125 119 28 50

CP 100% 181 16.6 20 n/a

CB 100% 10.0 35 57 52

96




Table 5-4. — Continued

Excitation Pattern Exmcéﬁ?::j%l O1maimum | O1Residua M i
(%) (%) (%) (%)

JINFO1 BB 100% 51 0.8 82 26
CB 100% 4.8 04 72 41

JSE17 CB 100% 8.1 4.1 50 22

5.2.2.2 Local behavior

Figure 5-11 shows connection C2 (see Figure 3-11 for location) before and after fracture, and the
residual plastic deformation in the connection is apparent. The fractured bottom coupon has
“opened up,” as shown in the close-up view in Figure 5-12. The top coupon for this case was not
constrained to prevent buckling and a significant buckle inward towards the clevis pin is evident.
Inward buckling was observed in almost every test in this series, with very few exceptions. The
coupons are predisposed to buckle inward because they are fixed at the ends to the clevis end

plates, and these end plates rotate as the frame deforms, forcing the compression coupon to bend

inward toward the clevis pin.

Figure 5-11. Brittle fracture connection C2 before (left) and after (right) testing
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Figure 5-12. Close-up of fractured coupon after testing

As shown in Figure 5-13, the moment-rotation hysteretic behavior is similar for both the
shaking table and the quasi-static tests. The maximum value for the moment prior to fracture was
most probably not measured correctly for the shaking table tests due to the coarseness of the scan
rate (100 Hz) compared with the rate of loading. This coarseness is indicated by the marked data
pointsin Figure 5-13, and it is apparent that points are sparse during the rapid loading preceding
fracture for the shaking table test. Since the peak of the hysteresis |oop appears to have been * cut
off,” the maximum moment and the point of fracture most probably occur sometime between the
two data points closest to the positive maximum. In contrast, the data from the quasi-static test are

dense preceding the fracture, so the maximum pre-fracture moment could be measured accurately.
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Figure 5-13. Comparison of connection hysteresisfor shaking table test (Ieft) and quasi-
static test (right)
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Though the hysteretic loops ook very similar for the most part, the relatively low scan rate
makes it difficult to show that the fracture was brittle. However, the high-speed strain data, which
will be discussed in Section 5.4, show that no plateau in strain amplitude that would be character-
istic of yielding occurred prior to fracturefor any of the tests. Examination of the fractured test cou-
pons also showed no evidence of yielding in the coupon body. It can therefore be concluded that

there was little to no plastic rotation prior to fracture.

Also notable in Figure 5-13 is the presence of significant negative post-fracture stiffnessin
the hysteresis during the large excursion following fracture. In addition, the unloading and rel oad-
ing stiffness are reduced after the large excursion in the shaking table test, with Bauschinger-like

effects occurring during reloading in subsequent cycles.

5.2.3 DuctileFracture

The pattern and excitation combination used for the ductile fracture study case was al so the BP pat-
tern and the 1.2 second cosine pulse. Both fracture-capable connections in the first story did actu-
aly fracture, and the fractures were simultaneous within the resolution of the data, which means
that they werewithin 1/100 of asecond of one another. Maximum values of key response quantities
and residual values of displacement are listed in Table 5-5, with the study case highlighted by a

thick outline.

5.2.3.1 Global behavior

The displacement response history shown in Figure 5-15 is similar to that of the brittle fracture
case, but the maximum drift was only 9.3% as opposed to 10.4%. The driftsfor the ductile fracture
case were dtill larger than the ductile baseline case by 46%, however. The residual drift of 2.6%
was in between those of the ductile baseline and brittle fracture cases, which were 0.4% and 4.1%,
respectively. The specimen remained stable, and theresidual drift, shown in Figure 5-14, isvisibly

smaller than that of the brittle fracture case.
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Figure 5-14. Specimen with ductile fracturing connectionsin the BP pattern after testing

Asshown in Figure 5-15, the fractures do not cause any sudden discontinuity in the global
displacement response. However, the fractures do cause a discontinuity in the base shear response
similar to that seen for brittle fracture. However, in contrast to the brittle fracture case the base
shear does not increase as much after fracture. The close-up of the base shear time history in

Figure 5-16 shows some transient high-frequency response after fracture that does not appear in
the interstory drift time history.

The Ay, value of 70% is slightly higher than that for brittle fracture (65%), but still well
below that of the ductile baseline case, indicating significant reduction in strength capacity of the
specimen due to fracture. The period elongation is41%, which islarger than the 36% seen for brit-
tle fracture and approximately 3 times the 13% of the ductile case.
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Figure5-15. First-story interstory drift and base shear time histories
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Figure 5-16. Close-up of interstory drift and base shear time histories
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Table 5-5. Summary of global behavior measuresfor ductile fracture tests

Excitation Pattern AE\)r;CrIJtI?:LIj?jr; O1maimum | 01 Residua M i

(%) (%) (%) (%)

0.6 sec cosine pulse BP 100% 10.0 6.7 38 46
CP 100% 13.2 12.2 8 n‘a

1.2 sec cosine pulse BP 100% 9.3 2.6 70 41
CP 100% 184 17.0 14 n‘a

JNFO1 CB 100% 50 0.7 72 51

5.2.3.2 Local behavior

Asshown in Figure 5-17, the fractured top coupon has “opened up” and the bottom coupon, which
was not restrained against buckling, shows a sizeable inward buckle. The connection shown in
these photosis C1, because the after photo for C2 is not available. The behavior of these two con-
nectionsis very similar, with only the position of the fracturing and buckling coupons (and there-
fore the signs of the moments) reversed. Connection hysteresis is shown for C2 in Figure 5-18,

since it has the same sign as the quasi-static test, and thus makes for a more straightforward com-

parison.

Figure 5-17. Ductile fracture connection C1 before (left) and after (right) testing

102




150 150
Fracture

0CCUrS Fracture
100 100 occurs
=3 =3
T 50 T 50
< [/ g
x x
= o / = o
[0] [
£ / £
S S
= -50 = 50
/
-100 -100
-150 -150
-0.05 0 0.05 0.1 0.15 -0.05 0 0.05 0.1 0.15
Rotation (rad) Rotation (rad)

Figure 5-18. Comparison of connection hysteresisfor shaking tabletest (left) and quasi-
static test (right)

From the connection hysteretic loopsin Figure 5-18, it is apparent that the connection was
not as ductile prior to fracture as intended, or as the quasi-static tests indicated that it was. The
moment-rotation relation from the large amplitude, pulse-like quasi-static test of the ductile frac-
ture configuration showed a significant yield plateau, which was not present in the moment-rota-
tion relation from the shaking tabletest with the 1.2 second cosine pul se excitation. Because of this,
the ductile configuration clearly did not behave asintended — rather, it behaved in similar fashion

to the brittle case.

It isnot possibleto determine with certainty the amount of yielding in the connection before
fracture, since the scan rate is coarse and no high-speed datawere taken. However, it can be shown
through the error analysis discussed in Section 4.4.5 that the differences between ductile and brittle
connection configurations are not significant when compared to the general level of error present
inthetests. It istherefore plausible to assume that the “ ductile” fracturing connections had little or

no plastic rotation prior to fracture, similar to the brittle fracturing connections.

Degradationsin stiffness similar to those seen in the brittle fracture case are also evident in
Figure 5-18. These include significant negative post-yield stiffness during the single large excur-
sion and reduced unloading and reloading stiffness in subsequent cycles. The increase in stiffness
in the bottom left quadrant for the large shaking table test excursion indicates that either the two

halves of the fractured coupons are bearing on each other, or the buckled coupons are straightening
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out in tension, both of which providing increased stiffness. The stiffening associated with bearing

does not occur in any of the smaller, later cycles.

5.24 Deformation Softening Hyster etic Behavior

The B pattern was used for the deformation softening case study, along with the 1.2 second cosine
pulse excitation. Deformation softening connections were placed in the first story, while the

second-story connections were ductile baseline.

5.2.4.1 Global behavior

The interstory drift time history for this case, shown in Figure 5-20, has many of the same charac-
teristics as the previous cases. a smooth response with a single large displacement excursion, fol-
lowed by decaying free vibration oscillations. The maximum interstory drift ratio of 10.5% isabout
65% larger than that of the ductile baseline case. This drift is about the same as that of the brittle
fracture case and dlightly larger than that of the ductile fracture case. However, the residual drifts
of 2.8% are more similar to those of the ductile fracture case (2.6%). These residual drifts, aswell

asthe stability of the frame after testing, are apparent in Figure 5-19.

Figure 5-19. Specimen with defor mation softening connectionsin the B pattern after testing
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Figure 5-20. First-story interstory drift and base shear time histories

As shown in Figure 5-20, the interstory drift time history is smooth for this case, as
expected, but the base shear time history is not. Degradation in the base shear occurs due to buck-
ling of the coupons in the first story and yielding of the ductile baseline connection in the second
story. The base shear time history also shows high-frequency response during the first second or

so of the pulse, which may be due in part to the way the coupons were connected to the clevis.

Since the coupons had nuts placed only on the inside of the clevis end plates, they could
take only compression. When placed in tension, the coupon simply slid through the holes and thus
did not straighten out again after buckling. Since the coupon was threaded to allow the placement
of the inside nut, the coupons might not slide smoothly and friction would be generated, allowing
asmall amount of tension capacity. This behavior during sliding may have affected the base shear

time history to asmall degree.

Significant buckling of the coupons was observed during two excursions, the first positive

excursion and the second negative excursion. Interestingly, the base shear decreases during the
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yield period in the first positive excursion but increases during the second yield excursion. The
increase in the base shear can be explained by the hysteretic behavior of the deformation softening
connections, which isshown in Figure 5-23. These loops are extremely pinched (since the coupons
cannot take tension), and the connection moments, and thus the base shear, can suddenly increase

when the coupons begin to resist compression.

Table 5-6 shows the effects of the degradation in the first story connections, which are
responsible for most of the degradation in system properties. The residual base shear ratio is 60%,
indicating a significant reduction in strength has occurred, but the structure maintains some capac-
ity due to the ductile baseline connections in the second story. The reduction in stiffness due to
buckling of the coupons combined with the pinched hysteretic behavior causes a period elongation
of 76%. Thisis substantially more elongation than that observed for any of the comparable study
cases discussed in this chapter.

Table 5-6. Summary of global behavior measuresfor deformation softening tests

Excitation Pattern Excitgtion Otmaimum | O1 Resdua o M1
Amplitude (%) (%) (%) (%)

0.6 sec cosine pulse B 100% 8.7 51 45 52
C 100% 11 10.5 0 n/a

1.2 sec cosine pulse B 100% 105 2.8 60 76
C 100% 18.6 171 32 n/a

JNFO1 C 100% 43 2.7 51 128

5.2.4.2 Local behavior

Asshown in Figure 5-21, al of the couponsin the connection are buckled after testing. The previ-
ously noted nut placement did not allow the coupons to straighten out. This is apparent in the
“after” pictureat right in Figure 5-21, where the top coupons have shortened enough to pull the nut
about a quarter inch away from the clevis end plate. The effects of this behavior are evident in the
hysteretic loops shown in Figure 5-23, which shows large negative post-yield stiffness and severe

pinching. In addition, the maximum moment is considerably smaller than what was seen for the
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other cases. Thisisdue to the inability of the couponsto resist tension, which reduces the moment
arm by half.

Figure 5-22. Close-up of buckled coupon after testing
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Figure 5-23. Comparison of connection hysteresisfor shaking table test (Ieft) and quasi-
static test (right)
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The moment-rotation behavior shown in Figure 5-23 indicates very good agreement
between the shaking table and quasi-static test results. The connection behaved asintended for the
shaking table loading, with the negative post-yield stiffness dominating the response during the

pulse, and the pinching occurring during free vibration afterward.

525 Srength-Degrading Hysteretic Behavior

Since the strength-degrading pattern was only tested with one excitation/pattern combination, the
case study is by necessity that case, which consists of the C pattern and the JSE17 (Llolleo-based)
ground motion. Maximum values of key response quantities and residual values of displacement
guantities are listed in Table 5-7.

5.2.5.1 Global behavior

The interstory drift time history in Figure 5-25 shows that there were many cycles of motion due
to the long duration of the excitation. Many of these cycles had maximum drifts greater than 2%,
and one large cycle at about 25 seconds caused the maximum drift of 6.8%. Thissinglelarge cycle
was responsible for most of the permanent deformation, and the remainder of the displacement
response occurs as the specimen vibrates about the new equilibrium position. The residua drift,

which isvisually apparent in the post-test photos in Figure 5-24, is 2.7%.
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Figure5-25. First-story interstory drift and base shear time histories

The base shear time history shows about seven cycles that are close to yielding, or have a
small amount of yielding. The Ay, value of 78% indicates that the amount of strength degradation
was virtually equal to the 77% experienced by the ductile baseline case for the same excitation (see
Table 5-3). The 36% period elongation indicates that there was some stiffness deterioration over
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the course of the excitation, but again, thisvalueis close to the 29% period elongation for the duc-
tile case. Overall, acomparison of the ductile baseline valuesin Table 5-3 and the strength-degrad-
ing case values in Table 5-7 shows that the effects of the strength degradation were small. The
actual amount of strength degradation which occurred will be discussed in the next section.

Table 5-7. Summary of global behavior measuresfor strength-degrading test

. . 61 M axi @1 Residual 7\4Vb %T L

Excitation Pattern EXCItlatlc()jn aximum esidu
mplitude %) ) %) ”
JSEL7 C 100% 6.3 27 78 %

5.2.5.2 Local behavior

The strength-degrading connection configuration showed minor buckling of one of the coupons
after testing, as shown in Figure 5-26. This behavior can be partly attributed to the short necked-
down section of the coupon, to which the buckling was confined in this case. A close-up of abuck-
led coupon (from connection C1, at the other end of the beam) is shown in Figure 5-27. The cou-
pons with the shorter necked-down sections behaved as intended during the test, and did not suffer
the possible adverse behaviors of global buckling or fracture between the threads.

Figure 5-26. Strength-degrading connection C2 before (left) and after (right) testing
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Figure 5-27. Close-up of buckled coupon in C1 after testing

Asshownin Figure 5-28, there was only one large yield cycle during the shaking table test,
and the corresponding amount of strength degradation was small. In contrast, the quasi-static test
had many large yield cycles, and the strength degradation was much more severe. Thus, the con-
nection did not achieve the amount of strength degradation intended. Both shaking table and quasi-
static tests show Bauschinger-like behavior during reloading, as well as a small amount of dlip

when the force passes through zero.

—_
(o)
o
—_
(o))
o

e
o
o
—
o
o

Moment (kip—in)
o 8

Moment (kip—in)
o 8

|
[o)]
o

|
[o)]
o

-100 -100

-150 -150
~0.1 -0.05 0 0.05 0.1 ~0.1 -0.05 0 0.05 0.1

Rotation (rad) Rotation (rad)

Figure 5-28. Comparison of connection hysteresisfor shaking tabletest (left) and quasi-
static test (right)

111



Overall, the strength-degrading connection behaved with less degradation than intended,
and its behavior was similar to the ductile baseline case, albeit with small increasesin deformation

and degradation.

53 SUMMARIESOF GLOBAL AND MEMBER BEHAVIOR DATA FROM
NORMAL-SPEED DATA ACQUISITION SYSTEM

Since many tests were conducted, tables are presented to summarize the large volume of data col-
lected. Table 5-8 contains a summary of major global response quantities for each test conducted.
Likewise, Table 5-9 contains asummary of major local response quantities. These summaries con-
tain maximum (absolute) values of all response quantities and residual values of displacement
measuresfor each test performed. Minimum valuesare zero in all cases because the specimen starts
from rest, and all instruments were balanced prior to each test. The cases where the catch cables
have engaged and affected the response are noted with an asterisk. Complete summary tables for
all response quantities of interest are provided in Appendix D.

Table 5-8. Summary of data for major global response quantities

01 Mmax (%) 01 Res (%) Max Relative | Max | Ayp A1

Excitation | Pattern Acceleration (g) | Vp
Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | (kips) | (%) (%)
0.6 sec DB C 8.56 8.20 3.82 3.78 1.04 1.50 7.32 82 17
;3?£e BFBP1 | 1004 | 975 | 689 | 678 | 106 | 155 | 528 | 43 | 35

BFBP2 9.76 9.43 6.28 6.19 0.93 1.40 5.18 50 41
DF BP 9.97 9.69 6.67 6.57 0.98 1.48 6.06 38 46
DFSB 8.66 8.34 5.14 5.08 0.96 142 4,91 45 52
BF CP* 1270 | 1241 | 11.70 | 11.53 | 0.93 1.54 551 9 n/a
DFCP* 1322 | 1291 | 1223 | 1207 | 148 141 6.32 8 n/a
DFSC* 11.09 | 10.87 | 1050 | 10.35 | 0.96 1.32 3.96 0 n/a
BFA A 3.84 3.58 0.26 0.24 051 0.84 5.62 93 17
BFAB 3.88 3.63 021 0.22 0.49 0.85 5.29 97 19
BFAC 3.82 3.57 0.12 0.12 0.46 091 5.59 95 22
BFAD 3.88 3.64 0.17 0.20 0.45 0.81 5.62 94 22
BFAE 3.92 3.65 0.23 021 0.44 0.85 5.44 97 14
BFBPH 4.22 3.97 0.65 0.64 0.48 0.80 4.81 90 23
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Table 5-8. — Continued

01 max (%) 01 Res (%) Max Relative | Max | Ayp A1
Excitation | Pattern Acceleration (g) | Vp

Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | (kips) | (%) (%)

12sec DB C 6.51 6.10 0.44 0.40 041 0.62 7.36 94 13
;3?£e BFBP | 1044 | 1005 | 410 | 404 | 061 | 074 | 546 | 65 | 36
DF BP 9.27 8.90 2.56 254 0.67 0.64 5.63 70 41

DFSB 1054 | 10.19 | 2.80 2.79 0.70 0.86 5.19 60 76

BFCP1*| 18.09 | 17.78 | 16.60 | 16.42 0.79 1.02 4.99 20 n/a

BFCP2 2.72 2.52 0.16 0.16 0.51 0.49 477 80 22

BFCP3 1252 | 1235 | 11.86 | 11.80 | 0.51 0.50 431 28 50

BF CB 9.98 9.79 3.49 3.46 0.73 0.71 5.69 57 52

DF CP* 18.37 | 1824 | 16.96 | 16.78 0.92 1.08 5.63 14 n/a

DFSC* 18.62 | 18.21 | 17.07 | 16.85 0.64 1.26 3.81 32 n/a

JNFO1 DB C 4.87 4.70 0.89 0.94 0.68 111 7.03 92 15
(Tabas) BF BB 5.10 4.84 0.83 0.85 0.71 1.18 6.14 82 26
BF CB 4.83 4.66 0.37 0.40 0.77 112 5.21 72 41

DF CB 4.98 4.80 0.71 0.71 0.83 1.32 5.53 72 51

DFSC 4.29 4.23 -2.68 | -2.62 0.62 1.03 2.05 51 128

JSE17 DB C 6.37 6.20 1.98 2.03 1.90 248 6.62 77 29
(Llolleo) BF CB 8.13 8.12 -4.09 | -4.07 1.85 2.18 5.21 50 22
SbDC 6.76 6.58 2.66 2.68 1.92 244 7.15 78 36

* Catch cables engaged — peak values compromised

Table 5-9. Summary of data for major local response quantities

Excitation | Pattern Maximum Oqonn (rad) Maximum M ¢onp, (Kip-in.)
C1 c2 Cc3 ca | c c2 Cc3 c4
0.6 sec DBC 0082 | 0.080 | 0072 | 0071 | 1514 | 1571 | 150.7 | 1558
coSiNepulse Tarap 1 [0.117+* | 0410 | 0096 | 0.093 | 1191 | 1149 | 1436 | 1479
BFBP2 | 0106 | 003 | 0.088 | 0090 | 1204 | 1172 | 1504 | 1451
DFBP | 0116** | 0.110 | 0.09 | 0.088 | 1198 | 1214 | 1408 | 157.2
DFSB 0095 | 0.093** | 0077 | 0079 | 784 | 835 | 1409 | 1336
BFCP* | 0145 | 0139 | 0141 | 0141 | 1186 | 109.3 | 1040 | 1088
DFCP* |0151** | 0151 | 0149 | 0145 | 1280 | 1208 | 1122 | 109.4
DFSC* | 0126 | 0123 | 0122 | 0124 | 848 | 840 | 747 | 809
BFAA | 0023 | 0039 | 0020 | 0020 | 1360 | 1148 | 1140 | 130.7
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Table 5-9. — Continued

Excitation | Pattern Maximum 6.gp, (rad) Maximum M ¢gnp (Kip-in.)
Cc1 c2 Cc3 ca | c c2 Cc3 c4
BFAAB | 0023 | 0040 | 0.020 | 0020 | 1371 | 1108 | 1148 | 130.7
BFAC | 0024 | 0037 | 0020 | 0020 | 1339 | 1118 | 1075 | 127.7
BFAD | 0024 | 0038 | 0020 | 0021 | 1337 | 1158 | 1142 | 129.7
BFAE | 0024 | 0040 | 0021 | 0021 | 1357 | 1165 | 1154 | 1316
BFBPH | 0041 | 0036 | 0025 | 0025 | 1091 | 982 | 10.7 | 129.3
1.2 sec DBC 0058 | 0.057 | 0.049 | 0049 | 1456 | 1509 | 1428 | 1452
cosine pulse Fp g p 0114 | 0112 | 0096 | 0096 | 111.4 | 1065 | 1465 | 147.6
DF BP 0100 | 0.098 | 0081 | 0082 | 1154 | 1129 | 1490 | 1526
DFSB 0119 | 0113 | 0099 | 0100 | 829 | 957 | 1083 | 1346
BFCP1*| 0205 |0207** | 0.207 | 0.208 | 109.4 | 1086 | 1058 | 105.4
BFCP2 | 0022 | 0023 | 0012 | 0015 | 1051 | 1001 | 797 | 946
BFCP3 | 0143 | 0142 | 0141 | 0136 | 906 | 80 | 730 | 850
BF CB 0099 | 0113 | 0.093 | 0108 | 127.9 | 1035 | 988 | 905
DFCP* | 0220 | 0213 | 0216 | 0212 | 1192 | 1190 | 1132 | 1113
DFSC* | 0220 | 0219 | 0216 | 0215 | 788 | 815 | 624 | 745
INFOL DBC 0045 | 0036 | 0030 | 0034 | 1328 | 1534 | 1050 | 1250

(Tabas) BFBB 0040 | 0052 | 0033 | 0.034 | 1302 | 1137 | 1154 | 1336
BF CB 0035 | 0054 | 0032 | 0.044 | 137.4 | 1137 | 1619 | 1044
DFCB | 0040 | 0053 | 0034 | 0048 | 1212 | 1282 | 1779 | 1127
DFSC 0.045 | 0045 | 0.041 | 0.040 | 800 | 799 | 583 | 758
JSE17 DB C 0055 | 0057 | 0.048 | 0.050 | 1553 | 1439 | 1192 | 136.0
(Llolleo)  Fgrcg 0094 | 0.08L | 0090 | 0075 | 1240 | 1219 | 881 | 1248
SDC 0061 | 0060 | 0.054 | 0.047 | 1510 | 1583 | 1224 | 1710

* Catch cables engaged — peak rotation values compromised
** Data from one displacement transducer only due to malfunction of 2nd transducer

54  OBSERVATIONSOF LOCAL FRACTURE-INDUCED PHENOMENA

A fracturein theflange of abeam in awel ded beam-column connection (or, in our case, in acoupon
in the mechanical connection) results in a sudden change in connection properties. Because this
change occurs virtually instantaneously, transient dynamic effects are produced in the members

surrounding the connection. The results of the sequence of tests performed to study these local
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dynamic effects, previously referred to as the “wave propagation” sequence, are presented in this

section. A listing of the tests performed in this sequence can be found in Table 4-4.

5.4.1 General Observations

The collection of data at a very high scan rate (1 MHz) allowed the capture of several extremely
short-lived phenomenathat occurred immediately following fracture. Fracture introduces a sudden
change in stiffness and local forces. A subsequent redistribution of internal member forces and
adjustment of inertial and viscous damping related forces are needed to maintain dynamic equilib-
rium. Asaresult, fracture may cause anumber of dynamic phenomena associated with the change

in member stiffness and the rapid change in local forces.

Four of these local fracture-induced phenomena were observed: change in the deflected
shape of the beam, the presence and interaction of stresswaves propagating away from the fracture,
excitation of higher modes of vibration in the beam, and local redistribution of moments. These

phenomena are described in detail in the following sections.

5.4.2 Change of Beam Deflected Shape

When fracture occurs at the beam-column connection at one end of a beam, the end conditions of
the beam change suddenly. Since the beam is no longer restrained in the same way, its deflected
shape changes, as noted by Nakashima (Nakashimaet al., 2000). The change in deflected shape is
illustrated schematically on a single-bay frame for simplicity in Figure 5-29, and the processis as
follows:

1. Asshownin (a), the frame undergoes lateral deformation A, and connection

moments are M1 = Mg, and M, = Mg, where Mg; and Mg, are moment values
at the instant before fracture.

Fracture occurs at connection 1.

Either (b) or (c) occurs. In (b), connection 1 has no residual moment capacity
after fracture (M, = 0), and M, = Mg, + Ayo. In (€), connection 1 has residual
moment capacity Mg, after fracture, and M, = Mg, + A% .
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In general, Ay, in (b) is not the same as A* )y in (c). The more realistic scenario of the two
is (c), since both beam-column tests and post-earthquake observations show that in most cases
there is some post-fracture residual capacity due to the relative rarity of full top-to-bottom web
fractures. Scenario (b) is often assumed for analysis purposes, particularly in Japanese studies
(Nakashimaet al., 2000, Uetani and Tagawa, 2000). In either case, the sign of Ay, iSsuch that the

total moment M, tends to reduce.

The beam end moments are reduced because the beam itself is elastic and the curvaturesin
the beam end regions are reduced due to the release of the restraint at one end. The beam is no
longer forced into double curvature by its end restraints, and assumes a new deflected shape with
reduced curvature-single curvature for (b), and something in between single and double curvature
for (c).

M2 = Mr2 + Amz

Mi=0
A Me2

ME+
(b)

Mz = Mrz + Amz

or

(c)

Figure 5-29. Deflected shape before and after fracture

The behavior presented in Figure 5-29 is borne out by experimental results from Test B.
Curvature time histories at both ends of MB1 are shown in Figure 5-30, and it is clear that curva-
tures decrease suddenly at both ends following the fracture at the west end. The decrease in curva-

ture ismuch larger at the end of the beam where fracture occurs than at the opposite end.

The curvatures were calculated at two sections, each 3/2d away from the respective ends of

Main Beam 1 (MB1), where d is the beam depth. At these sections high-speed strain data were
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available at the extreme fibers of the beam, and alinear strain distribution was assumed for the cur-
vature calculations, since the beam remained elastic.
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Figure5-30. Curvaturetime histories at both endsof MB1, Test B

By equilibrium, decreases in beam end moments lead to corresponding decreases in the
moments in the adjacent columns. Since the columns remain elastic, these moment decreases cor-

respond to decreases in curvatures in the beam end regions.

5.4.3 Presence of Srain Spike and Propagating Waves

When afracture occurs, strain energy absorbed by the connection is suddenly released. Thishasan
effect smilar to an impact loading, producing elastic waves which propagate away from the frac-
ture surface (Kolsky, 1976). Some of these waves propagate from the fracture specimen into the
air as sound waves, and this causes the characteristic loud “bang” heard in the |ab when something

fractures. Other waves propagate through the the specimen, reflecting off boundaries, interfering,
and attenuating until they finally subside.
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In the case of welded steel moment connections, afracture in the vicinity of abeam flange-
to-column weld or in the weld itself affects the beam in a manner similar to an impact on the end.
Imagine hitting the end of one of the beam flanges with sledgehammer, and this gives a good pic-

ture of the impact-like effects of fracture.

According to wave propagation theory, the waves generated by an end impact of athinrod
will be longitudinal waves, and they will travel down the centroid of the rod (Graff, 1975). The
situation is dlightly more complicated if a prismatic beam is used instead of the rod, due to the
effects of the geometry of the section. If the impact is eccentric or the beam is not rectangular, the
situation is more complicated still, and the reflection pattern of the waves will be more complex.
Thereader isreferred to appropriate texts (Graff, 1975, Clough and Penzien, 1993) for adiscussion

of wave propagation in rods and beams.

In this sequence of tests, the waves traveling in MB1 were captured by using strain gages
located along the beam as as shown in Figure 5-31. High-speed data were also taken from gages
on MB2 (second-story beam), located as shown in Figure 5-32. The four gages (limited by space
on the high-speed board) used to take high-speed data and the fracture locations for each test are
shown in Table 5-10.

West East
Fracture occurs for
c2 Tests F, G only \(:1
f Gage 71 Gage 101 Gage 100 Gage 67 =
MC2 5 o v 9 o MC1
o) 6" 21 2" | 16 114" } 21 156" 6" (o
'\E Gage 73 ME1 Gage 69 :

Fracture occurs
for all tests

Figure 5-31. Elevation of MB1 with gage and fracture locations

West East
c4 Cc3
MC2 f Gage 79 Gage 77 i MC1
o) |2 +o1|[(o
E Gage 81 MB2 :

Figure 5-32. Elevation of MB2 with gage locations
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Table 5-10. Gages with high-speed data taken and fracture locations for high-speed tests

Test Gages Fracture L ocation(s)

A 71, 101, 100, 67 Bottom coupon, C2 (West end)

B 71,73, 67, 69 “

C 71,73,79,75

D 71, 73,79, 81

E 71, 101, 100, 67

F 71, 101, 100, 67 Bottom coupon, C2 (West end)
Top coupon, C1 (East end)

G 71, 101, 100, 67 Bottom coupon, C2 (West end)
Top coupon, C1 (East end)

Plots such as Figure 5-33 were used to calculate the travel time of the wavefront, from
which the wave velocity could be obtained. Observed wave velocities for each test with appropri-
ately located gages are shown in Table 5-11.
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Table 5-11. Observed wave velocities
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Figure5-33. Test A elastic wave propagation along MB1: gages (a) 71, (b) 101, (c) 100, (d) 67

Test Gages Used Vops (M/S) % Differencefrom V|gng
A 71, 101 9313 56.3
71, 100 6651 11.6
71, 67 6091 2.2
71, 67 6191 2.2
71, 101 6209 4.2
71, 100 6318 6.0
71, 67 5710 4.4

120




Table5-11. — Continued

Test Gages Used Vops (M/s) % Difference from V|gng

F (1st fracture) 71,101 6985 17.2
71, 100 6318 6.0

71,67 6301 5.7

(2nd fracture) 67, 100 5080 17.3
67, 101 5494 85

67,71 5537 7.6

G 71,101 7983 339

71, 100 7433 24.7

71,67 6091 22

Asshownin Table 5-11, the observed velocities V¢ of thefirst wave along the beam show
agreement with the theoretical longitudinal wave velocity Vgng for mild steel, which is 5960 m/s
(Lide ed., 1992). It should be noted that the observations of wave travel times are less certain for
the gage pairs 71, 101 and 67, 100, since these gages are closer together. With the exception of
these cases, most of the observed velocities are within 10% of the theoretical velocity. It is thus
reasonable to conclude that the waves observed in the beam are longitudinal waves (or p-waves)
based both on this observation and the fact that longitudinal waves travel faster than other wave

types, and thus are expected to arrive first.
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Figure 5-34. Post-fracture strains along top flange of MB1 at gages: (a) 71, (b) 101, (c)
100, (d) 67; Test A

If the fracture occurs at the west end of the beam (the left end in Figure 5-31), the waves
generated by the fracture (mostly longitudinal waves) will travel down the beam toward the east
end, so they will be moving from left to right in Figure 5-31. Likewise, if the fracture occurs at the
east end of the beam, the waves will propagate in the opposite direction, toward the west end. In
the case of Test A, there is only one fracture at the west end, and so the waves propagate toward

the east end.

The shape of the wave front at different locations along the beam can be inferred from the
strain time histories in Figure 5-34. The occurrence of the fracture is clearly indicated by the sud-

den, large discontinuity in the time history of the closest gage, shown in (a). A sudden changein
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strain also occurs due to the wave in the gages along the beam as shown in (b), (c), and (d), where
the wave motioninitially causes compression (or areduction in tension). At the beam end opposite
the fracture, the wave motion causes tension following the initial compression, as shown in (d).
This creates what is defined as a “strain spike” — avery sudden increase and subsequent sudden

decrease in the tensile strain time history.
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Figure 5-35. Srainsalong top flange of MB1 at gages: (a) 71, (b) 101, (c) 100, (d) 67; Test F

In the case of Test F, fracture occurs first at the west end of the beam, the waves propagate
toward the east end, and again astrain spikeisclearly visiblein the time history of Figure 5-35(d).
About 0.05 seconds later, the second fracture occurs, thistime at the east end, and the waves prop-

agate and cause another strain spike at the west end, although the amplitude is lower. Looking at
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the amplitudes of the tensile strain spike caused by the first fracture and the strain just before the
second fracture, it is apparent that the spike amplitude is close to that necessary to cause fracture.
Therefore, it ispossible that a strain spike caused by propagating waves from afracture at one end
of the beam could trigger afracture in the connection at the other end. Though the strain spike did

not trigger afracturein this case, Test F shows that the possibility exists.

Another concern raised by the existence of the strain spikeisits strain rate, which issignif-
icantly higher than the strain rate induced by the excitation. Material testing has shown that the
behavior of steel changeswith large strain rates (Manjoine, 1944; Barsom, 1975); theyield strength
increases and the toughness decreases, making fracture more likely. The calculated strain rates
associated with the observed strain spikes are shown in Table 5-12. These rates, while significantly
higher than therates of 0.05t0 0.15in./in./sec predicted in an analytical study by Harrigan (FEMA,
2000), are an order of magnitude |ess than the dynamic strain rates of 10 in./in./sec or greater (Bar-
som, 1975) which would significantly change the toughness of mild steel at room temperature.

Thus, astrain spike would probably not be capable of generating afracture by embrittling the stedl.

Table5-12. Strain rates associated with strain spike

Test Average over spike (in./in./s)| Maximum in spike (in./in./s)
A 0.45 0.69
B 0.45 0.64
E 0.28 0.46
F 0.55 1.29
G 0.50 0.76

Cluesto the causes of the strain spike can be found if the longitudinal and bending compo-
nents of the section strain diagram are separated as shown in Figure 5-36. A linear strain profile
across the section is assumed, since the beam remains elastic. Strain datafrom Test B are used to
generate the bending and axial component time histories in Figure 5-37, since top and bottom
flange values are available at both beam ends. The spike in the axial strain time history in Figure 5-
37 (d) indicates that a portion of the strain spike is caused by propagating longitudinal waves gen-
erated by the fracture. This spike is not caused by the initial arrival of the longitudinal wave, but
occurs shortly thereafter.
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NI

Total Strain Axial Strain Bending Strain

Figure 5-36. Separation of bending and longitudinal components of strain

However, thereisalso aspike in the bending strain time history in (b) at the sametime, and
it is approximately the same amplitude. This spikein the bending strain time history is most prob-
ably caused by either flexural waves or dynamic effects from the sudden changein beam curvature.
Flexural waves, which travel more slowly than longitudinal waves, can be generated by eccentric

impacts, such asthat of asingle flange fracture.

It appears at first that the bending and axial spikes are in opposite directions dueto the sign
convention used for bending strain (which is the same as for beam moment). However, they both
cause an increase in tensile stress in the top flange at the east end of MB1, since the moment at the
east end of MBL1 is negative, placing the top flange in tension. Thus, the two spikes constructively

reinforce each other, producing the larger spike that occurs in the unseparated time history.
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Figure 5-37. Close-up view of bending and axial strainsat both endsof MB1, Test B

Propagating waves were also observed in MB2, although at very small amplitude. Separat-
ing the strain profile as before into the bending and axia strain components shown in Figure 5-38
gives avery small but still distinctive indication that longitudinal waves are propagating in MB2
due to the fracture in MB1. The wave arrival can be seen more clearly in the close-up of the cur-
vature time history in Figure 5-39, as the response deviates from the tangent in asmall but notice-

able way.
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Figure 5-38. Close-up of bending and axial strains at west end of MB2, Test D
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Figure 5-39. Curvaturetime histories, west endsof MB1 and MB2, Test D
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5.4.4 Excitation of Higher Vibration M odes

When fracture occurs in one flange of a beam-column connection, the sudden change in moment
has the same effect on the beam as an eccentric impact. This impact and the ensuing waves prop-
agating excite higher modes. These higher-mode vibrations are more sensitive to the local distri-
bution of stiffness, and especially mass, than the overall system level response to base excitation,

and tend to damp out quickly.

Fourier amplitude plots of the response segment immediately following fracture (from gage
71) are shown for two frequency ranges of interest in Figures 5-40 and 5-41. The many well-sep-
arated peaks indicate that higher modes are excited by the fracture. Determining precisely which
modes are excited requiresfinite element analysis, and isthus outside the scope of this chapter. The
amount of energy dissipated through these higher modes, and whether it issignificant to the overall

structural response, are topics for future work.
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Figure 5-40. Fourier amplitude plot with section of time history obtained from Test A

128



Amplitude

8 10 12 14 16 18 20
Frequency (Hz)

1000

500

Microstrains
o

-500

~1000 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (sec)

Figure 5-41. Fourier amplitude plot, frequencieslessthan 1 KHz, and time history

5.45 Local Area Moment Redistribution

When fracture occurs at one end of the beam, the moment capacity of the section where fracture
occursisdrastically reduced. In the case of this experimental series, the reduction is generally 40—
50%. The moment at the other end of the beam decreases as well, though the capacity is not
reduced. The decrease in moment is due to the immediate post-fracture reduction in curvature at
the end of the beam opposite the fracture, as shown in Figure 5-30. Since the beam remains el astic,
the moment time history for the beam ends in Test B is simply this curvature time history multi-

plied by the section stiffness, which is the same at both ends.

The next question is what happens to the moments in the other membersin the frame when
fracture occurs. A close-up of the curvature time history for the west end of MB2 in Figure 5-39
shows a very dlight decrease in curvature, and therefore moment, after the fracture occurs. No
strain profileisavailablefor the east end of MB2, but alack of observable transient responsein the

single gage on the top flange indicates that any change in moment due to fracture is very small.
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High-speed data are available only for the beams, so it is necessary to use normal-speed
data for the columns, meaning that the highly transient oscillations will not be captured. The
column strain time histories in Figure 5-42 show that the moment decreases suddenly in the
column below the first floor fracturing connection C2. A decrease in the small moment above C2
also occurs, indicating that the whole joint region is unloading, as required by equilibrium if the
beam end moment decreased. The moments at the second-story level, or top (below C4), and base
(above the clevis) are virtually unchanged except for a small decrease at the top. This means that

MC2 is unloading along its entire length, and thus straightening out.
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Figure 5-42. MC2 moments, BF A Test B, normal-speed data
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The differential displacement of MC2 at C2 is shown in Figure 5-43, and it is difficult to
determine if the connection is rotating clockwise due to the noise level in the data. However, it
appearsthat this may be the case asthereis achangein slope corresponding to the clockwise direc-
tion just after fracture, and then a“plateau” as the continuing deformation bends the column back
again. It isabit difficult to determine exactly what is happening, since the column is undergoing

rigid body rotation in the positive direction as well.

On alesser scale, asimilar unloading istaking placein MC1. The east end of the beam near
connection C1 is unloading, and by equilibrium the rest of the joint unloads as well. Thus, the

whole column is unloading, as shown in Figure 5-44.
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The observations from the Test B time histories are combined into the conceptual moment

diagram in Figure 5-45. This diagram shows the momentsin the structure immediately before and

Figure 5-44. MC1 moments, BF A Test B, normal-speed data

after fracture occurs at Connection 2.
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/ Fracture

Figure 5-45. Conceptual moment diagram before and immediately after fracture, Test B

Since all of the members of the structure are unloading immediately after fracture, the term
“moment redistribution” itself may be misleading. Moment redistribution does not mean that the
sametotal amount of moment is present in the structure, and it issimply being moved around. What
is meant by moment redistribution is the change in the shape of the moment diagram of the struc-
ture. It isimportant to state here that the equations of motion make no restriction on the value of
global resisting forces. The moment resistance lost at fracture or during strength or stiffness deg-
radation does not need to be “picked up” by other members to maintain equilibrium. The global-
resisting forces can decrease, and the change can be accommodated by the other termsin the equa-

tion of motion.

55 SUMMARIESOF HIGH-SPEED LOCAL FRACTURE-RELATED DATA

In this section, tabular summaries of the high-speed data taken during the wave propagation
sequence are presented. Maximum values of strain for all tests with high-speed data are listed in
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Table 5-13, and maximum values of curvatures for tests where a strain profile at a section was
available are shown in Table 5-14. Since datawere not taken at all gages, those gages where high-
speed data were not taken for a particular test are indicated by gray boxes. Excitation, amplitude,
and other test particulars are listed in Table 4-4.

Table 5-13. Summary of maximum strain values

Gage Location and Test A Test B Test C TestD | TetE | TestF | Tet G
Channel Number

(ustrains) | (ustrains) | (ustraing) | (ustraing) | (ustraing) | (ustrains) | (ustrains)
MB1 Top Flg W End (71) 977 942 940 1001 1004 872 1445
MB1 Bot Flg W End (73) 919 913 975
MB1 Top Flg W Mid (101)
MB1 Top Flg E Mid (100)
MB1 Top Flg E End (67) 1343
MB1 Bot Flg E End (69)

MB2 Top Flg W End (79) 1185 1180
MB2 Bot Flg W End (81) 1189
MB2 Top Flg E End (75) 1476

Table 5-14. Summary of maximum curvature values

Section Location and Gage Test B Test C Test D
Channel Numbers Win) | @in) | @in)

MB1 West End (71, 73) 465E-4 | 463E-4 | 493 E-4

MB1 East End (67, 69) 6.56 E-4
5.92 E-4

MB2 West End (79, 81)
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6 Comparisons of Data

In this chapter, detailed comparisons are made between the data obtained from the various shaking
table tests. Summaries of these data and behavioral observations were presented in the previous
chapter. In order to make comparisons, the tests are divided into comparison sets. The methodol-
ogy for selecting the sets is discussed in Section 6.1. Graphical time history results are then pre-
sented by comparison sets in Section 6.2 for response quantities of interest, with the effects of
hysteretic behavior type highlighted. Tabular comparisons of maximum values of key response
guantities (see Appendix E) are discussed for each comparison set as well. Comparisons discussed
in Sections 6.2.1 through 6.2.11 involve normal-speed data from the main sequence of shaking
table tests. Comparisons involving both normal-speed and high-speed data from the wave propa-
gation sequence arediscussed in Section 6.2.12. Finally, the findingsfrom the various comparisons
aresummarized in Section 6.3. This chapter contains comparisons between experimental datafrom
different tests only; comparisons between experimental data and analytical models or theoretical

predictions will be made in later chapters.

6.1 DESCRIPTION OF COMPARISON METHODS

In order to provide a straightforward method for determining the effects of various test variables
on the structural behavior of the specimen, response quantities of interest were selected as the
framework through which the comparisons between tests would be made. The effects of a partic-
ular test variable, such as connection hysteretic behavior type, are evaluated for each response
quantity of interest. Since structural behavior can only be measured quantitatively by using
response quantities, it is necessary to obtain the effects of test variables on structural behavior by

synthesizing the effects of the test variables on the various response quantities of interest.



6.1.1 Definition and Organization of Comparison Sets

The organizational scheme selected to implement the above framework is that of the comparison
set. A comparison set is a small group, or subset, of tests selected from the full set of tests, and

comparisons are made between its members. The full set of tests was divided for several reasons:

* to minimize the number of variables present in any chosen subset
* to provide arational way of organizing the comparisons
* tofacilitate the identification of the effects of key variables

In the design of the experiment, several key test variables were identified. The comparison sets

were selected to contain one key variable each. These key test variables are:

* hysteretic type

 gpatial distribution of hysteretic type

* excitation

» amplitude of excitation

* period range/response spectrum region — i.e., short, energy preserved, displacement preserved
» additional distributed mass along beam for wave propagation tests

The comparison sets with their member tests are defined in Table 6-1. Multiple runs of the same

test are indicated in parentheses under “Patterns’ below.

Table 6-1. Comparison set definitions

Set Key Variable Pattern(s) Excitation(s)*
1 Hysteretic type | DB, BF BP, DF BP, DFSB 1.2 sec cosine pulse
2 Hysteretic type | DB, BF CP, DF CP, DFSC 1.2 sec cosine pulse
Hysteretic type | DB, BF BP (1&2), DF BP, DFSB | 0.6 sec cosine pulse
4 Hysteretic type | DB, BF CP, DF CP, DFSC 0.6 sec cosine pulse
5a Hysteretic type | DB, BF CB, DF CB, DFS C INFO1
5b Spatial distrib. of | DB, BF BB, BF CB INFO1
hysteretic type
6 Hysteretictype | DB,BFCB,SD C JSE17
7 Excitation DB 0.6 sec cosine pulse, 1.2 sec cosine
pulse, INFO1, JSE17
8 Excitation BF CB 1.2 sec cosine pulse, INFO1
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Table 6.1 — Continued

Set Key Variable Pattern(s) Excitation(s)*
9 Response spec- | DB, BF BP, DF BP, DFSB 0.6 sec cosine pulse, 1.2 sec cosine
trum position pulse

10a | Spatial distrib. of | DB, BF BP, DF BP, BF CP, DF CP | 0.6 sec cosine pulse
hysteretic type

10b Amplitude BF BP 0.6 sec cosine pulse (50, 100% amp)

11a | Spatial distrib. of | DB, BF BP, DF BP, BF CP, BF CB, | 1.2 sec cosine pulse
hysteretic type. | DF CP

11b Amplitude BF CP 1.2 sec cosine pulse (50,75,100% amp)
12a Mass on beam | BF A (Tests A—E) 0.6 sec cosine pulse, 50% amplitude
12b | Spatial distrib. of | BF A (Tests A-E), BF BP 0.6 sec cosine pulse, 50% amplitude

hysteretic type

* Excitations are 100% amplitude unless otherwise noted.

Comparison setsare also presented in matrix format in Table 6-2, where all tests performed
are listed and the numbers of the comparison sets each test is a member of are noted. The number
of tests performed for each excitation/pattern combination, if greater than one, is shown in brack-
ets.

Table 6-2. Comparison set matrix

Excitation and Amplitude
0.6 sec cosine pulse 1.2 second cosine pulse JINFO1 JSE17
50% 100% 50% 75% 100% 100% 100%
Ductile Baseline C 3,4,6,9, 1,2,6, | 5a5b,6 6,7
10a 9, 11a
Brittle Fracture A 10b, 123,
12b [5]
BB 5b
BP | 10b,12b | 3,9, 10a, 1,9 11a
10b[2]
CB 8,11a | 5a 5b,8 6
CP 4, 10a 11b 11b* | 2,11ab
Ductile Fracture BP 3,9, 10a 1,9 11a
CB 5a
CP 4,10a 2,11a
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Table 6.2 — Continued

Excitation and Amplitude
0.6 sec cosine pulse 1.2 second cosine pulse JNFO1 JSE17
50% 100% 50% 75% 100% 100% 100%
Deformation B 3,9 1,9
Softening 2 5 5a
Strength Degrading C 6

* Connections C1 and C2 already fractured by 50% amplitude test

In the interests of space, time, and avoiding unnecessary redundancy, comparisons are not
made for al response quantities for each comparison set. Only those quantities of interest for apar-

ticular comparison set are presented. The quantities presented for each set are shown in Table 6-3.

Table 6-3. Response quantities considered for each comparison set

Comparison Set Number
Response Quantity 123456789 w0]u]w
Relative in-plane displacement | X X X X X X * * X X
Interstory drift ratio (©;, ©,) X X X X X X * * X X X
In-plane base shear X X X X X X *
Base shear-interstory drift X X X X X X X X X X X X
hysteresis
A * * * * * * * * * *
A1 * * * * * *
Absolute in-plane acceleration | X X X X * *
Relative in-plane accel eration X *
Connection moment X X
Connection rotation X X
Connection moment-rotation X X X X X X X
hysteresis
Column axial force X
Beam vertical accelerations X
Beam strains, high-speed data X

x Graphical comparisons
* Percent differences only
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6.1.2 Effects of Other Variables in the Comparison Sets

In each comparison set (or subset), thereis one key variable. The sets are defined in order to facil-
itate the detection and understanding of the effects of the key variable. However, in the case of
some key variables, there is an associated variable or variables. These associated variables may
also have effects on the system response quantities discussed in Section 6.2, and so it isimportant
to identify them here.

In the case of Comparison Sets 1-5a and 6, where the effects of the key variable hysteretic
type are examined, the connection strength (i.e., bending moment) at which nonlinear behavior
beginsvarieswith hysteretic type. Thisis because each hysteretic typeis achieved by aunique con-
figuration of a particular type (or types) of couponsin the clevis connection. These configurations
do not all have the same yield or fracture strength, as shown in Table 6-4, though they have very

smilar initial stiffness, as shown in Section 5.1.

Table 6-4. Average moment quantities by hysteretic type

Hysteretic type Max plastic | YieldM | Fracture | Min.Residual | Max Residual | Max M in
M (k-in.) (k-in.) | M (k-in.) | M (k-in.) M (k-in.) comp (k-
in.)

Ductile Baseline 145 127

Brittle Fracture -- -- 101 60 71 113
Ductile Fracture -- -- 108 62 70 115
Deformation Softening 81 81

Strength Degrading 160 128

During the connection design and testing process, it became apparent that it was not possi-
ble to obtain the same initia stiffness and yield or fracture strength for al the desired hysteretic
behavior types. Thus, some variability in strength was alowed where necessary. The effects of
strength on response quantities of interest will be examined and evaluated in an analytical paramet-
ric study, which islocated in Chapter 8.

In Comparison Sets 7 and 8, which examine the effects of the key variable excitation, it is
important to recall that the amplitudes of the excitations are scaled to the same peak velocity.
Therefore, the peak acceleration and peak displacement are associated variables which may vary
rather widely between excitations. These differences in excitation amplitude measures must be
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kept in mind when making comparisons of the effects of excitation on response quantities, partic-

ularly when the quantity isrelated to a particular excitation amplitude measure.

6.1.3 Comparison Measures

Two major ways of measuring the differences in the data between tests in a comparison set are
employed in this chapter. The primary and most information-rich approach is graphical compari-
son. Time history or hysteretic datafor all testsin a comparison set are plotted on a single graph,
facilitating comparisons throughout the duration of the response. All comparison plots are located

in the text of this chapter.

The second approach to comparison is a numerical one, using only the maximum and/or
residual values from atime history. These point values are then compared between tests using per-
cent differences, which were defined in Section 4.4.2. Tables of percent differences, organized by

comparison set, are found in Appendix E and referenced in the text where appropriate.

For the sake of brevity, the global error bounds are not reported along with percent differ-
ences in the following sections. For instance, an x percent difference in maximum base shear will
be reported as x% rather than x% +/- y% error. However, the reader should keep in mind that the
values being compared can only be considered accurate to within the estimated global error bounds
in Table 4-9.

6.2 COMPARISONS OF SELECTED RESPONSE QUANTITIES

In this section, the effects of key variables such as hysteretic degradation type on particular struc-
tural response quantities will be examined using the previously defined comparison sets. The com-
parisons are presented by set, and all of the response quantities of interest for a particular set will
be discussed together. As previously noted, these response quantities of interest differ from set to
set. The arrangement by sets facilitates understanding of specimen behavior by encouraging exam-

ination of the interrelation of response quantities.
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6.2.1 Comparison Set 1 — B patterns, 1.2 Second Cosine Pulse

In Comparison Set 1, the key variable examined is the effect of hysteretic type. This set contains
the ductile baseline case, BP brittle and ductile fracture patterns, and the deformation softening B
pattern. The B and BP patterns have hysteretic degradation in the first-story connections only; the
second-story connections are ductile baseline connections. The excitation for all tests is the 1.2

second cosine pulse at 100% amplitude.

All of thesetestswereintroduced as case studies for their respective hysteretic typesin Sec-
tions5.2.110 5.2.4. The catch cables did not engage for any of the tests, so the response was unhin-
dered. The percent differences for this set are found in Tables E-1 through E-3. In this case, the
percent differences between the DF BP and BF BP patterns are larger than the global error bounds,

so results will be discussed for each case individually.
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Figure 6-1. Comparison of relative displacements at top, B patterns, 1.2 sec cosine pulse

Relative displacements at the top of the frame are compared in Figure 6-1. All of the pat-

terns with hysteretic degradation show significantly larger maximum and residual displacements
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than the ductile baseline case. The maximum relative displacements increase over the ductile case
by 62%, 43%, and 63% for the brittle fracture, ductile fracture, and deformation softening cases,
respectively. The brittle fracture case has the greatest increase in residual displacement (900%)
over the ductile baseline case, followed by the deformation softening (580%) and ductile fracture
(540%) cases. Theincreasesin maximum displacement have similar absolute value to the increases
in residual displacement, but the small numerical value of the residual displacement causes huge
percent differences. For these two patterns, the percent difference in the maximum displacement
and drift response was about 7%, while the difference in residual measures was about 48%, with
the BF BP pattern having the greater response, as shown in the plots. The differences between the
BF BP and DB patterns were about 50% for maximum values and 900% for residual values, due
to the fact that the residual displacement for DB was almost zero.

The percent differences were much smaller between the degrading patterns themselves.
The differences between the BF BP and DFS B patterns were not significant for maximum values
and the BF BP residual valueswere about 47% larger. Conversely, the differences between the DF
BP and DFS B patterns were not significant for residual values, and the DFS B maximum values

were about 13% larger.

The portion of the response during the pulse is examined in Figures 6-2 and 6-3. Figure 6-
2 shows that both fracture patterns have very similar responses to the ductile baseline case until
about 4.4 seconds, when response for the fracture cases continues to increase, while the ductile
baseline case peaks out. There is no sudden change in the displacement response due to the frac-
tures, as the response remains smooth. The responses of the two fracture cases diverge shortly

thereafter, as the brittle fracture case has a larger maximum response.
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Figure 6-2. Close-up comparison of relative displacements at top, BP fracture and
ductile baseline cases

Next, the deformation softening case is added in Figure 6-4. The response of this case
beginsto differ during the first negative excursion due to yielding in the first-story connections, as
shown in Figures 6-10 and 6-14. This causes period elongation as well as a larger response. The
response in the first positive excursion is the largest of any of the degrading patterns, going well
beyond the ductile baseline case.

The trends for interstory drift are very similar to those for relative displacement. The por-
tion of the response during the pulse is shown in Figures 6-4 and 6-5. The results are very similar
for the first and second stories, indicating that the response for al of the cases is primarily first-

mode.
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Figure 6-3. Close-up comparison of relative displacements at top, all B patterns
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Figure 6-4. Comparison of first-story interstory drifts, B patterns, 1.2 sec cosine pulse
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Figure 6-5. Comparison of second-story interstory drifts, B patterns, 1.2 sec cosine pulse

In contrast to the displacements, the effects of fracture and deformation softening on the
base shear are sudden and immediate, as shown in Figures 6-6 and 6-7. The behavior of the degrad-
ing cases is similar, characterized by a short plateau followed by a steady decrease that persists
until the specimen begins to unload. Some higher-mode effects are also visible in Figure 6-7 after
degradation begins, particularly for the fracture patterns.

The previously mentioned yielding of the deformation softening case during the first neg-
ative excursion is evident in Figure 6-7. A small discontinuity as the base shear nears zero is also
observable. This can be attributed to the severe pinching seen in the def ormation softening connec-

tion hysteresisin Figure 6-10.
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Figure 6-7. Close-up of base shear time histories, B patterns, 1.2 sec cosine pulse
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The base shear and interstory drift time histories are next plotted together in Figure 6-8 to
show system-level hysteresis. The effects of degradation are apparent: reduced strength and
increases in displacement. The increase of displacements with strength loss may be indicative of
the structure’s position on the response spectrum, which is on the ascending branch where dis-
placements are not preserved. Theresidual displacements are lower for the deformation softening
case than either of the fracture patterns. Thisis most likely due to the lower unloading stiffness of
the DFS B pattern, which allows it to “come back” farther when unloading, reducing the residual
displacement as shown in Figure 6-10. The negative slope of the hysteresis curve for the degrading
patterns indicates negative stiffness in the connections, P-A effects, or a combination of the two.

At the level of drift the specimen is experiencing, P-A effects are expected.
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Figure 6-8. Comparison of base shear first-story drift hysteresis for 1.2 sec cosine
pulse, B patterns

The nature of the decrease in base shear indicates that the connections are steadily losing
strength after the initial fracture or yielding occurs. Thisisindeed the case, as shown in Figures 6-
9 and 6-10. All of the degrading cases have negative post-yield or post-fracture stiffness, which
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causes a steady drop in the moment capacity. By equilibrium, this translates into a steady drop in

base shear for the frame.

Figure 6-10 shows similar behavior for the ductile and brittle fracture patterns, though the
brittle fracture pattern has larger maximum and residual rotations. In both cases, the unloading and
reloading stiffnesses have been significantly reduced by the fracture and subsequent buckling of
the compression coupon. This reduction is greater for the brittle fracture case, which is expected
since the maximum rotations are about 15% larger. The residual displacements are also larger for
the brittle case, even though the specimen was able to come back farther due to its reduced stiff-

ness. Some pinching is also present for the fracture cases as the moment passes through zero.
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Figure 6-9. Comparison of C1 moment-rotation hysteresis, B patterns, 1.2 sec cosine pulse
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Figure 6-10. Comparison of C2 moment-rotation hysteresis, B patterns, 1.2 sec cosine pulse

There are some important similarities, as well as differences, in the response of the defor-
mation softening pattern and the fracture cases. The most important similarity is that the post-yield
stiffnessfor the deformation softening case isvery close in sope to the post-fracture stiffness. The
most readily apparent difference is the presence of severe pinching in the hysteresis of the defor-
mation softening case, but this pinching wasintended in the design, as discussed in Chapter 3. The
yield strength of the deformation softening connectionsis also significantly lower than the fracture
or yield strengths of the other patterns. This causes some plastic deformation to occur in the first
negative excursion, as shown in Figure 6-12, while the other patterns remain elastic. Also, the
deformation softening case has greater maximum rotation for C1 and similar maximum rotation
for C2.

The moment and rotation time historiesfor C2 are shown in Figures 6-11 through 6-14, and
these show similar behavior to the global displacements and forces except that the fractures are
much more evident, particularly in the case of the rotations. In Figure 6-14, a change in the slope
of the rotation curve at fracture is evident, as well as some discontinuities for the ductile fracture

case.
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Figure 6-11. Comparison of C2 moments, B patterns, 1.2 sec cosine pulse
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Figure 6-12. Close-up of C2 moments, B patterns, 1.2 sec cosine pulse
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Figure 6-14. Close-up of C2 rotations, B patterns, 1.2 sec cosine pulse
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Total accelerations at the top of the frame are shown in Figures 6-15 and 6-16. The effect
of the fractures is a sudden discontinuity in the increase of acceleration. Some higher frequency
vibrations are present in al of the time histories, indicating that the participation of higher modes
is not confined to the fracturing case. The acceleration responses are similar for the fracture and
deformation softening, though the fracture patterns have more high-frequency activity in the neigh-
borhood of the fracture. All of the degrading patterns show a significant decrease in acceleration
at the onset of degradation with respect to the ductile case. This is expected, since the total accel-
erations are related to global forces, and the global force capacity has been reduced substantially

in these cases, as has been discussed previoudly.
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Figure 6-15. Comparison of second-floor absolute accelerations, B patterns, 1.2 sec cosine
pulse
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Figure 6-16. Close-up of second-floor absolute accelerations, B patterns, 1.2 sec cosine pulse

Relative acceleration time histories at the first and second floors are shown in Figures 6-17

through 6-20. The first observation is that the acceleration response is similar for all the patterns,

with significant differences in maximum amplitude only for very short periods at the beginning of

the excitation and in the middle of the negative portion of the pulse. The exception is the second-

story accelerations for the ductile baseline case, which diverges after degradation begins in the

other patterns. The close-ups in Figures 6-18 and 6-20 show that bursts of high-frequency activity

occur in a sine pulse-like waveform after the fractures occur. These high frequencies do not seem

to be caused by the fractures, however, because they are seen for the deformation softening case as
well. The amplitude of this activity is about 0.4g for both stories, though degradation occurs only

inthefirst story.
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Figure 6-17. Comparison of first-floor relative accelerations, B patterns, 1.2 sec cosine pulse
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Figure 6-19. Comparison of second-floor relative accelerations, B patterns, 1.2 sec cosine

pulse
1 T T T T T T T
: : : : : == Ductile Baseline
! : : : : — - Deformation Softening
08 - [ S S S 2|+ Brittle Fracture T
["‘ : : : : — Ductile Fracture
06 ......... ::— ........ e e D e KR
04k KW R RN S S S
5 I : : ,
5 02 ...... ......... :
5 : : :
o
8 0 ..........................
(8]
<
02F e A R Y
04F e YONER T NG
—0.6F e e LG MRS
occurs
-0.8 1 1 1 1 | 1 1
3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2

Time (sec)

Figure 6-20. Close-up of second-floor relative accelerations, B patterns, 1.2 sec cosine pulse
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Column axial forcetime historiesfor Main Column 1 (MC1) are compared in Figures 6-21
and 6-22. These forces are similar for the fracture and ductile baseline patterns until fracture
occurs, at which point the forcesin the fracturing system no longer increase in asmooth way. Only
asmall increase occurs prior to the response entering along, essentialy flat plateau which persists
until the specimen unloads. The flatness of the plateau contrasts with the steady decrease seen pre-
vioudly in the base shear time histories. The axial forcein MC1 ismaintained because the decreases
due to a reduction in beam shear are balanced by increases due to larger overturning moments as
deformations increase. Since the bases of the columns are pinned, the frame overturning moment
must be resisted by a tension-compression force couple composed of axial forces in MC1 and
MC2.

The deformation softening case deviates from the ductile baseline and fracture cases during
thefirst negative excursion dueto plastic deformation, asdiscussed previously. However, the max-
imum val ue of base shear, which occurs after yielding, isvery similar to that observed for the frac-

turing cases, which is roughly 75% of that observed for the ductile baseline case.

The column axial forces do not return to zero (as the base shear does) at the end of the exci-
tation if thereisresidual displacement. By statics, the large residual displacement in combination
with the weight of the structure creates a permanent overturning moment at the base, which is

resisted by axial forces in the columns.
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Figure 6-21. Comparison of MC1 axial force time histories, B patterns, 1.2 sec cosine pulse
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Figure 6-22. Close-up of M1 axial force time histories, B patterns, 1.2 sec cosine pulse
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The ductile fracture pattern had significant differencesin response from the brittle fracture
pattern, and the fractures seemed more spread out over time, so it is possible that some more yield-
ing occurred prior to fracture than for the 0.6 second cosine pulse, which was discussed in
Section 4.4.3. Due to the longer excitation and lower accelerations, the imposed strain rate is not
as great for this excitation as for the 0.6 second cosine pulse, and this may play arole in making

the connection slightly more ductile for this case.

The most important conclusion from this comparison set is that hysteretic degradation,
regardless of whether it isfracture or deformation softening, has significant effects on most of the
response parameters considered in this study. Maximum and residual displacements are increased,

while base shear capacity is decreased, as are other force measures and accelerations.

6.2.2 Comparison Set 2 — C Patterns, 1.2 Second Cosine Pulse

Asin Comparison Set 1, the key variable examined isthe effect of hysteretic type. Thisset contains
the ductile baseline case, CP brittle and ductile fracture patterns, and the deformation softening C
pattern. These patterns have hysteretic degradation in all connections (except for the ductile base-
line case, or course). The excitation for all testsis the 1.2 second cosine pulse at 100% amplitude.
The catch cables were engaged for all tests except the ductile baseline case, so the maximum and
residual values of the response quantities are in many cases determined by the level of interstory
drift (approximately 16%) allowed by the catch cables. Percent differences are therefore not dis-

cussed, since they are determined from these values.

The complete displacement time history, with the point of catch cable engagement noted,
isshown in Figure 6-23. All patterns except ductile baseline collapse during the first positive dis-
placement excursion. In all of the cases, the impact was significant when the catch cables engaged,
particularly for the DFS C case, which bounced off the cables back to vertical before coming to

rest again, resulting in the odd-looking time history in Figure 6-23.
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Figure 6-23. Comparison of relative displacements at top, selected C patterns, 1.2 sec
cosine pulse

The pre-collapse interstory drift response of the various casesis shown in Figure 6-24. The
response of the two fracture casesisidentical to the ductile case until midway through thefirst neg-
ative excursion. The period of the fracture casesis dightly shorter than that of the ductile baseline
case, but the responseissimilar until about 4% drift, when the ductile case response beginsto slow.
The deformation softening pattern shows some period elongation in the first negative excursion,
followed by a rapid increase in drift and collapse. The slope of the displacement response is
steeper, indicating greater velocity, which is evidenced by the larger impact of the cable catch
shown in Figure 6-23. Second-story drifts are very similar to first-story drifts, so they are not dis-
cussed here.
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Figure 6-24. Comparison of first-story interstory drifts, C patterns, 1.2 sec cosine pulse

Base shear time histories are shown in Figures 6-25 and 6-26. All of the cases with degra-
dation diverge suddenly from the ductile baseline case at the onset of degradation. This occurs at
an approximately 50% larger base shear for the fracture cases than for the deformation softening
case. However, after the initial transient effects due to fracture shown in Figure 6-26 subside, the

remaining base shear capacity is only about 25% less for the deformation softening case.

In contrast to the B patterns examined in Comparison Set 1, there is no plateau of strength
and the base shear begins to decrease at a fairly constant rate almost immediately for all of the
degrading patterns. Thisis due to the presence of the degrading behavior at all of the connections,
and the effects of degradation are not mitigated by the presence of ductile connections asthey are
for the B patterns. The rate at which the base shear decreasesisvery similar for al of the degrading
cases, which can be explained by the similarity in post-yield and post-fracture stiffness shown in
Figure 6-28.
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Figure 6-25. Comparison of base shear time histories, C patterns, 1.2 sec cosine pulse
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Figure 6-26. Close-up of base shear time histories, C patterns, 1.2 sec cosine pulse
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The base shear and interstory drift time histories are next plotted together in Figure 6-27 to
provide additional insight into the system behavior. The effects of the degradation are drastic for
both fracture and deformation softening. The post-yield and post-fracture tangent stiffnesses of the

system are both strongly negative, and the system strength is reduced by more than half from the

time fracture or yielding occurs to the time the catch cables engage.

In addition, higher modes are clearly evident in the post-fracture response, particularly for

the ductile fracture case. The participation of these modes is significantly less noticeable for the

deformation softening and ductile baseline cases.
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Figure 6-27. Comparison of base shear first-story drift hysteresis for 1.2 sec cosine pulse,
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Similar trends are present in the connection moment-rotation hysteresis shown in Figure 6-

28, except that there is no noticeabl e higher-mode response for any of the patterns. The occurrence

of fractureis particularly evident in the ductile fracture case, and it appears that a small amount of

yielding occursjust prior to fracture. The connection has clearly not reached its full plastic capac-

ity, however. After fracture occurs, the tangent stiffnessis virtually identical for the two fracture

patterns, and is very similar to that of the deformation softening connection after buckling begins.
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Figure 6-28. Comparison of C2 moment-rotation hysteresis, C patterns, 1.2 sec cosine pulse

Absolute acceleration time histories at the top of the frame are compared in Figure 6-29.

The accelerationsfor the fracture cases are virtually identical to the ductile baseline case until frac-

ture occurs, when the fracture-case accelerations suddenly become quite jagged. This high-fre-

guency response decays significantly within about 0.2 seconds. The deformation softening case

shows relatively little high-frequency response from the time when buckling begins to just before

the catch cables engage.
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Figure 6-29. Close-up of second-story absolute accelerations, C patterns, 1.2 sec cosine pulse

The effects of hysteretic degradation on the overall system behavior are ssmilar for thethree
types of degradation in this comparison set. The occurrence of degradation at al of the connections
causes collapse for both fracturing and deformation softening casesfor this excitation. In all cases,
the strength loss caused by degradation lead to very large displacements, which cause geometric
instability and collapse.

6.2.3 Comparison Set 3 — B Patterns, 0.6 Second Cosine Pulse

In Comparison Set 3, the BF BP, DF BP, and DFS B patterns are compared both with each other
and with the DB C pattern for the 0.6 second cosine pulse excitation at 100% amplitude. The B and
BP patterns have hysteretic degradation in the first-story connections only; the second-story con-
nections are ductile baseline connections. In this set, as with the previous set, the key variable
examined is hysteretic type. The percent differencesfor thisset are found in Tables E-7 through E-
9. It is possible that there was some interference from the catch cables in the three B pattern tests,
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but evidence is mixed and the catch cables certainly did not al engage fully. Relative displace-
ments at the top of the structure and interstory drifts are compared in Figures 6-30 through 6-32.
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Figure 6-30. Comparison of relative displacements at top, B patterns, 0.6 sec cosine pulse

Next, in Figures 6-31 and 6-32, the portion of the response including the largest displace-
ment excursion is examined. These plots show the critical region during and immediately follow-
ing the pulse. Theinterstory drift ratio time historiesare very similar for thefirst and second stories,
with the first-story drifts being slightly larger; therefore only the first-story drifts are shown and
discussed.

It is apparent from these interstory drift time histories that the fractures and the other types
of deterioration studied do not cause any noticeable transient behavior or sudden changes in the
global displacement response, which is very smooth in this region. The fractures also occur early
in the pulse, with the brittle fractures and ductile fractures occurring at roughly the same time. Up
until the point of fracture, the ductile baseline and fracturing cases have very similar responses as

shown in Figure 6-31. After this point, the drift increases more rapidly for the fracturing cases than
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the ductile case, leading to larger maximum drifts for the fracture cases. There is also noticeable

period elongation for the fracturing cases.

As shown in Figure 6-32, the deformation softening pattern diverges from the other pat-
terns early on with the apparent period being elongated. This period lengthening is most likely due
to coupon buckling and the ensuing loss of stiffness during the first negative incursion — the other
patterns do not show the same degree of nonlinearity in this excursion (see Figures 6-36 and 6-37).
The period elongation continues in the first positive incursion, and is significantly more than for
either the ductile baseline or the “average” of the fracture cases (the ductile fracture case, which is

almost the exact average). The maximum drift for the DFS case is about the same as the ductile

baseline case, however.
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Figure 6-31. Close-up comparison of first-story interstory drifts, Fracture and DB patterns
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As mentioned previously in Section 4.4.3, the percent differences between the DF BP and
BF BP patterns were less than the global error bounds for all displacement measures. Thus, only
differences between the BF BP pattern, the DB pattern and the DFS B pattern will be discussed.
Maximum displacements and drifts were approximately 16% greater for the BF BP pattern than
the DB pattern, while residual displacements and drifts were about 72% greater. The differences
between the DFS B and DB pattern were less than the global error bounds for the maximum dis-
placements and drifts, while the DFS B pattern showed residual displacements and drifts that were
approximately 35% greater than for the DB pattern. Finally, the maximum displacementsand drifts
were approximately 15% greater for the BF BP pattern than the DFS B pattern, while the residual

displacements and drifts were 28% greater.

In all of these cases, the maximum displacement values were much more similar than the
residual displacement values. This indicates that multiple factors contribute to displacement val-
ues, and similar maximum displacements do not necessarily correspond to similar residua dis-

placements.
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Base shear time histories are shown in Figures 6-33 and 6-34. All of the types of hysteretic
degradation caused significant reductions in base shear. In contrast to all of the other measures
examined, there were significant differences—about 16%—between ductile and brittle fracture.
Brittle fracture caused a decrease in maximum base shear of about 40% from the DB pattern and

an increase of about 7% over the DFS B pattern.
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Figure 6-33. Comparison of base shear time histories, B patterns, 0.6 sec cosine pulse
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Figure 6-34. Close-up of base shear time histories, B patterns, 0.6 sec cosine pulse

A comparison of Figures 6-34 and 6-44 provides the primary indication that the catch
cablesmay haveinterfered in the BF BP1, DF BP, and DFS B plotsdue to the presence of asimilar
waveform in Figure 6-34 as that which occurs at the cable catch for the C patterns. The potential

interference occurs at about 4.45 seconds.

Base shear time histories are compared next in Figure 6-35. The three fracturing patterns
show very smilar behavior, though there is some ambiguity in the location of the fractures due to
the coarseness of the data. All three of the cases show significant increases in displacement over
the ductile baseline case, and the amount of increased displacement issimilar to that which would

be expected in Newmark’ s energy preserved region of the response spectrum.
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Figure 6-35. Comparison of base shear first-story drift hysteresis for 0.6 sec cosine pulse, B
patterns

Likewise, the loss of strength in the deformation softening pattern leads to greater displac-
ments. In contrast to the observations from Comparison Set 1, the system post-yield tangent stiff-
ness of the deformation softening pattern is more negative than the system post-fracture tangent
stiffnessin the fracture pattern. The reasonsfor this difference are unclear, since the post-yield and

post-fracture stiffnesses in the connection hysteresis are very similar, as shown in Figure 6-36.

Connection behavior of C2 is examined next, with moment-rotation hysteresis shown in
Figure 6-36, and moment and rotation time histories plotted in Figures 6-37 through 6-39. As
shown in Figure 6-36, maximum connection moments are significantly |ess (approximately half to
two thirds) and maximum connection moments are significantly greater (by roughly one third) for
the fracturing cases than for the ductile baseline case. Similar observations can be made for the
deformation softening case relative to the ductile baseline case, though both maximum moments
and rotations are smaller than for the fracture cases, making the differences from the ductile base-
line case larger. The fracturing and deformation softening cases had very similar values of post-

yield and post-fracture tangent stiffness.

170



200 T T T T T T T
150
100
<
_é 50
=3
€
£
S 0
=
“B0F -l
== Ductile Baseline
— - Deformation Softening
-100 ' Brittle Fracture Run 1 T
— Birittle Fracture Run 2
: : : : - | =— Ductile Fracture
~150 i i i i i i i

-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
Rotation (rad)

Figure 6-36. Comparison of C2 moment-rotation hysteresis, B patterns, 0.6 sec cosine pulse

Close-ups of the moment and rotation time historiesin Figures 6-37 and 6-39, respectively,
show that the fracture causes sudden and notable changes in both quantities, albeit in different
ways. Connection moments are sharply reduced when fracture occurs, while the slope of the rota-
tion curve changes significantly though there is no jump discontinuity. Deformation softening also
quickly reduces connection moment, though in a smooth manner. Also, the slope of the rotation

curve does not change suddenly.
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Figure 6-37. Close-up of C2 moments, B patterns, 0.6 sec cosine pulse
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Figure 6-38. Comparison of C2 rotations, B patterns, 0.6 sec cosine pulse
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Figure 6-39. Close-up of C2 rotations, B patterns, 0.6 sec cosine pulse

A close-up of the absolute accelerations at the top of the frame is shown in Figure 6-40.
Accelerations for al patterns except the deformation softening case are very similar until fracture
occurs. Accelerations for the deformation softening case during this time frame are about 80% of
those for the other patterns. After fracture occurs, the deformation softening and fracture patterns
have very similar accelerations for the remainder of the time history. This similarity is primarily

due to the similar force capacities for the two cases after degradation occurs, since total accelera
tions are related to forces.
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Figure 6-40. Close-up of second-story absolute accelerations, B patterns, 0.6 sec cosine pulse

Several observations can be drawn from this comparison set. The first is that the percent
differences in residual displacement between degrading patterns and the ductile baseline case are
much larger than the differences in maximum displacement, and in all cases both the maximum
and residual drifts were larger for the degrading cases. Also, none of the types of deterioration
cause any type of discontinuity in the global displacement response. As for the other comparison
sets, first- and second-story drifts are very similar for all cases, despite the types of degradation

occurring in the first story.

The system hysteresis (base shear-interstory drift ratio) shows that displacements are not
preserved for this excitation, though it is on the descending branch of the response spectrum, and
that the observed behavior is much more consistent with the energy-preserved range. This can be
explained by noting that the specimenis at the top rather than the bottom of the descending branch,

where the boundary (whichis not clearly defined) between period rangesis |located.

Deformation softening causes smaller maximum and residual drifts than fracture for this

excitation, though the response is still significantly larger than that of the ductile baseline case.
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However, displacement maxima for all of the degrading cases should be viewed with suspicion,
since it is possible that there was some small amount of interference of the catch cables in these
cases, which would affect the maximum values. Maximum force values are not affected by this,
since the maximum occurs prior to the onset of degradation, which happens long before the catch

cables could have interfered with specimen response.

6.2.4 Comparison Set 4 — C Patterns, 0.6 Second Cosine Pulse

This set contains the ductile baseline case, CP brittle and ductile fracture patterns, and the defor-
mation softening C pattern, all excited with the 0.6 second cosine pulse at 100% amplitude. Asin
the previous sets, the key variable examined is the effect of hysteretic type. In this set, the catch
cableswere engaged on all of the tests except the ductile baseline. In the case of the DFS C pattern,
one catch cable engaged early, and it is possible that the specimen may not have collapsed if the
cable had not interfered. Percent differences are not discussed, since they were determined from
maximum and residual values dependent on the prescribed cable-catch drift level, which was
approximately 12%.

The relative displacement time history, with the point of catch cable engagement noted, is
shown in Figure 6-41. All patterns except ductile baseline collapse during the first positive dis-

placement excursion.
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Figure 6-41. Comparison of relative displacements at top, C patterns, 0.6 sec cosine pulse

Intheinterest of space, theinterstory drift time historiesare shown only for the pre-collapse
portion of the response, and only for the first story since the second-story drifts are very similar.
Figure 6-42 shows that there is some period elongation for the deformation softening case due to
yielding during the first negative displacement excursion (Figure 6-46). Thefracture patterns show
very similar response to the ductile baseline case, until the ductile case displacement curve begins
to flatten out. It is notable that for the fracturing cases, where there are four closely spaced frac-

tures, these fractures do not cause any sort of discontinuity of the response.
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Figure 6-42. Comparison of first-story interstory drifts, C patterns, 0.6 sec cosine pulse

The base shear response is compared next in Figures 6-43 and 6-44. Both fracture and
deformation softening cause very severe reductions in the base shear capacity, reducing it to near
zero before the catch cables engage. This reduction begins as soon as degradation initiates; there
isno plateau in the response. For the fracture cases, about half of the pre-fracture base shear capac-
ity is lost due to the fractures, with the remaining loss due to a relatively steady reduction in the

base shear.
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Figure 6-43. Comparison of base shear time histories, C patterns, 0.6 sec cosine pulse
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Figure 6-44. Close-up of base shear time histories, C patterns, 0.6 sec cosine pulse
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System base shear-interstory drift ratio hysteresis is shown in Figure 6-45. The effects of
strength degradation on response are very significant, and al of the degrading cases show very
large negative system tangent stiffnesses after degradation has begun. This behavior is most pro-
nounced for the deformation softening pattern, as the system strength drops all the way to zero
before the catch cables engage. Both fracture patterns show similar post-fracture stiffnesses,
which, while not as large as that of the deformation softening case, nevertheless lead to reduction
of system strength to less than one kip before the catch cables engage.
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Figure 6-45. Comparison of base shear first-story drift hysteresis for 0.6 sec cosine pulse,
C patterns

The degradation patterns also have negative tangent stiffness in the connection moment-
rotation hysteresis, as shown in Figure 6-46. The slope of these stiffnessesis much less severe than
the global tangent stiffness and seemsto begin to flatten out asthe rotationsincrease. Also, the sig-
nificant plastic deformation in the deformation softening case in the first negative excursion is
apparent. The brittle fracture case shows a small amount of yielding in this excursion as well, and
it should be noted that this connection would have fractured had the top coupon been notched as
well.
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Figure 6-47. Close-up of second-story absolute accelerations, C patterns, 0.6 sec cosine pulse
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The conclusions that can be drawn from this comparison set are similar to those for Com-
parison Set 2, which examined the same connection configurations patterns for the 1.2 second
cosine pulse excitation. All of the patterns except the ductile baseline suffered collapse, with the
caveat that the catch cables may have engaged early for the DFS C pattern. The behavior of all of
the degrading cases was similar, with the deformation softening case losing strength earlier and at

aslightly more rapid rate than the fracturing cases.

6.2.5 Comparison Sets Sa and Sb — JNF01 (Tabas-Based) Motion

In Comparison Set 5, the key variable examined is the effect of hysteretic type. This set is divided
into two subsets, 5aand 5b. Set 5a contains the ductile baseline case, CB brittle and ductile fracture
patterns, and the deformation softening C pattern. Set 5b contains the ductile baseline case and the
brittle fracture BB and CB patterns. The CB patterns have fracture-capabl e bottom flanges only in
all connections in both stories, while the BB pattern has fracture-capable bottom flanges only in
thefirst-story connections. The excitation for all testsin both subsetsis the INFO1 motion at 100%

amplitude.

The percent differences for this set are found in Tables E-13 through E-15. In this case,
some of the percent differences (most notably residual displacements) between the DF BP and BF
BP patterns are larger than the global error bounds, so resultswill be discussed for the ductile and
brittle fracture cases individually. The catch cables did not engage for any of the tests, so the

response was unhindered.

6.2.5.1 Set 5a

Relative displacements at the top of the structure are plotted in Figure 6-48, and a close-up of the
first-story interstory drifts during the strongest portion of the excitation is shown in Figure 6-49.
The deformation softening C pattern for the INFO1 motion had residual drifts about three times
those of the other patternsfor INFOL1. The unusual-looking response of this case shown in Figure 6-

48 occurred because the connection hysteresis contains severe pinching (Figure 6-52), and this
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behavior, rather than negative post-yield stiffness, controlled the response. Therefore, the response
does not provide any meaningful information about the effects of the deformation softening (neg-
ative post-yield stiffness) hysteretic type on the displacement response.
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Figure 6-48. Comparison of relative displacements, Set Sa, JNF01 (Tabas-based) motion
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Figure 6-49. Close-up of first-story interstory drifts, Set Sa, JNF01 (Tabas-based) motion
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The maximum displacements and drifts of the BF CB pattern were not significantly differ-
ent from the DB pattern, while the residual displacements and drifts were about 130% greater for
the DB pattern. Thisis expected, because the specimen is less stiff with the damaged BF CB pat-

tern, and should “come back” farther from the same displacement when unloading.

The differences between DF CB and DB are also not significant for the maximum displace-
ments and drifts, but the differences for residual displacements and drifts are significant, and are
about 23% greater for DB C. The differences between BF CB and DF CB follow the same general
pattern as the other comparisons made so far, with differences in the maximum values insignifi-
cant, and differences in the residual values of about 70%, with DF CB having larger values. For
this ground motion, the percent differences alone do not provide evidence that there is no signifi-

cant difference in behavior for the ductile and brittle fracture patterns.

Base shear time histories for Set 5a are shown in Figure 6-50. Maximum values of base
shear are significantly greater for the ductile baseline case, by 35% for the brittle fracture case,
about 27% for the ductile fracture case, and by about 250% for the deformation softening case. Due
to high-frequency components in the base shear time history even for the ductile baseline case, it
isdifficult to determine the transient effects of fracture. However, the most important effect of frac-

ture is the reduction in the base shear capacity of the specimen.
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Figure 6-50. Close-up of base shear time histories, Set Sa, JNF01 (Tabas-based) motion

The base shear first-story interstory drift hysteresisis shown in Figure 6-51. The maximum
drifts are preserved as the base shear capacity of the specimen decreases from the ductile baseline
case to the patterns with hysteretic degradation. For this excitation, the structure is on the global
descending branch of the pseudo-accel eration response spectrum (Figure 4-6), but islocated at the
base of asmaller, local ascending branch. Thislocal ascending branch does not appear to have the

capability to define alocal “energy-preserved” or “short-period” range. However, this conclusion

cannot be applied to other local ascending branches without further study.

184



6 .............................. ........ ..................
- Brittle -

Wb fracture ———
- OCCuUrs:

2 ...................................................

Base Shear (kips)
o

_4 B . . 7
: y ) : : : === Ductile Baseline
: : ritt : — - Deformation Softening
B e : X fB 'ti'u """ “*'[ v+ Brittle Fracture ]
raC_ res : — Ductile Fracture
occur - :
-8 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
Drift (%)

Figure 6-51. Comparison of base shear first-story drift hysteresis, Set Sa, JNF01 (Tabas-
based) motion

Higher mode contributions can be clearly seen for al of the patterns. The severe pinching
in the global hysteresisfor the deformation softening pattern shows that the response is governed
by connection dip rather than by connection degradation. The connection behavior is shown in
Figure 6-52, and it is evident that the deformation softening loops contain a great deal of severe

pinching.
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Figure 6-52. Comparison of C2 moment-rotation hysteresis, Set Sa, JNF01 (Tabas-based)
motion

Ductile and brittle fracture patterns show similar hysteretic behavior, with maximum rota-
tionsthat are very similar. The ductile fracture case has a distinctly negative post-fracture tangent
stiffness, however, while the brittle fracture case shows only a very slight negative post-fracture
stiffness.

Several observations can be made overall for Set 5a. The first of theseis that the response
of the deformation softening case was governed by pinching rather than negative post-yield stiff-
ness, so valid comparisons cannot be made between the effects of fracture and negative post-yield

stiffness.

The second observation was that brittle fracture caused less residual displacement than the
ductile baseline case, while ductile fracture caused more. Percent differences for maximum dis-
placements for the three patterns were less than the global error bounds, however. Differencesin

maximum base shear were considerably greater between the ductile baseline case and al of the pat-
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terns with hysteretic degradation. There was no significant difference between the brittle and duc-

tile fracture cases for maximum base shear, however.

6.2.5.2 Set 5b

Relative displacements are compared for the ductile baseline, brittle fracture BB, and brittle frac-
ture CB patterns in Figure 6-53. A close-up of interstory drift is shown for the portion of the
response with the strongest shaking is shown in Figure 6-54. Like the other fracture patterns dis-
cussed previously, the maximum displacements and driftswere not significantly different between
BF BB and DB C. In this case, the residual displacements and drifts had differences of less than
13%, which isonly slightly above the global error bound. Therefore, there is an obvious gradient
in residual displacement from the pattern with least stiffness (BF CB) and smallest residual dis-
placements, and those patterns with the most stiffness (DB C) and largest residual displacements.
The effect of fractures at all connectionsis apparent in the residual displacements, with the BF CB
pattern having about 100% greater values than the BF BB pattern. Again, maximum displacements

and drifts were not significantly different.
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Figure 6-53. Comparison of relative displacements, Set Sb, JNF01 (Tabas-based) motion
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Figure 6-54. Close-up of first-story interstory drifts, Set Sb, JNF01 (Tabas-based) motion
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Similar observations to those for Set 5a can be made for base shear response, which is
shown in Figure 6-55. Maximum base shear values are significantly lower for the two fracturing
cases, by about 15% in the BB case and about 35% in the CB case. The response of the three cases

isin phase until about 6 seconds, when enough fractures have occurred to cause period elongation.
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Figure 6-55. Close-up of base shear time histories, Set Sb, JNF01 (Tabas-based) motion

The base shear first-story interstory drift ratio hysteresis is shown for approximately the
first half of the response only in Figure 6-56 in order to make the portion of the response with the
strongest shaking easier to see. Asfor Set 5a, the maximum drifts are preserved as the base shear
capacity of the specimen decreases from the DBC to the BF BB to BF CB pattern. Significant

higher mode contributions are also present for all of the patterns.
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Figure 6-56. Comparison of base shear first-story drift hysteresis for JNF01 (Tabas-
based) motion, Set 5a

Connection C2 moment-rotation hysteresis is shown in Figure 6-57. Maximum rotations
aredlightly larger for the brittle fracture CB case than the BB case, though the amount iswithin the
global error estimate. The rotations are significantly larger than those of the ductile baseline case.
The fractures appear to occur in the same excursion in the time history, and both cases experience
significant post-fracture rotation. However, the post-fracture tangent stiffness for the two cases,

which are virtually identical, is almost zero.
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Figure 6-57. Comparison of C2 moment-rotation hysteresis, Set Sb, JNF01 (Tabas-based)

Overall, Set 5b shows that the number of fractures has only minor ramificationsfor system

behavior for this excitation. These ramifications are confined primarily to reductionsin base shear
capacity. As shown previously, displacements are preserved for this excitation, so the reduction in
strength haslittle effect on the maximum displacement response. For residual displacements, how-
ever, there are significant differences between the BB and CB patterns, with brittle fracture actually
reducing the residual displacements over both the BB and ductile baseline cases, which have very
similar values. Differences in period elongation are also significant. With the brittle fracture CB

pattern having the most, followed by the BB pattern and the ductile baseline case.

6.2.6 Comparison Set 6 — JSE17 (Llolleo-Based) Motion

In Comparison Set 6, the key variable, asin the previous sets, is the effect of hysteretic type. The

connection configuration patterns in this set are the ductile baseline case, CB brittle fracture pat-
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tern, and the strength-degrading C pattern. The CB patterns have fracture-capable bottom flanges
only in all connections in both stories. The excitation for all tests is the JSE17 motion at 100%
amplitude. The percent differences for this set are found in Tables E-16 through E-18. The catch
cables did not engage for any of the tests, so the response was unhindered.

Relative displacements at the top of the frame are shown in Figure 6-58, with first-story
interstory drifts shown in Figure 6-59. A close-up comparison of first-story interstory drifts is
shown in Figure 6-60, and this shows the location of the fracturesin pattern BF CB.
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Figure 6-58. Comparison of relative displacements, all patterns, JSE17 (Llolleo-based)
motion
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Figure 6-59. Comparison of first-story interstory drifts, JSE17 (Llolleo-based) motion

The strength-degrading (SD C) pattern had aresponse similar to the DB pattern, with max-
imum displacements and drifts slightly higher for the SD C pattern, and with residual displace-
ments and drifts about 32% higher. It should be noted that the rate of strength degradation for the
SD C pattern connections was relatively slow, as shown in Figure 3-8. The BF CB pattern had
maximum displacements and drifts about 30% larger than the DB pattern, and residual drifts about
100% larger. The most likely cause of the much larger relative displacementsfor the BF CB pattern
was some characteristic of the ground motion that affected the structure as the final fracture
occurred, or immediately thereafter. This hypothesis is supported by the fact that the last fracture

occurs just before the large displacement excursion that causes most of the permanent offset.
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Figure 6-60. Close-up of first-story interstory drifts, JSE17 (Llolleo-based) motion

The base shear time histories for al patterns are compared in Figure 6-61. Base shear
response for the ductile baseline and strength-degrading patternsis very similar, with the strength-
degrading case actually achieving dightly larger maximum values, though the percent difference
between them isless than the global error bound. In contrast, the maximum base shear for the frac-
turing caseis significantly reduced, and is about 27% and 37% different from the ductile baseline
and strength-degrading patterns.
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Figure 6-61. Close-up of base shear time histories, JSE17 (Llolleo-based) ground motion

A comparison of the global hysteresisin Figures 6-62 and 6-63 shows that displacements
are not preserved for this case, since for the fracturing case strength loss leads to a large increase
in displacement over the ductile baseline and strength-degrading cases. The behavior of the latter
two casesis very similar, with little degradation evident for the strength-degrading case.

The structure ison the global descending branch of the pseudo-accel eration response spec-
trum (Figure 4-8) but is at the base of alocal ascending branch. It is unclear whether the increase
in displacement for the fracturing caseisdue to the influence of thislocal branch, but the possibility

warrants further study.
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Figure 6-63. Comparison of base shear first-story drift hysteresis, DB and BF CB only
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Comparisons of moment-rotation hysteresis for connection 2 (C2) are shown separately for
ease of viewing for the ductile baseline and brittle fracture casein Figure 6-64 and the ductile base-
line and strength-degrading case in Figure 6-65. The fracture is clearly indicated. As shown in
Figure 6-65, the hysteretic behavior of the strength-degrading and ductile baseline connectionswas
very similar for this excitation, and little degradation can be observed. Thisis primarily dueto the
fact that there was only one large yield cycle, and the strength-degrading connections were

designed to degrade significantly over several large inelastic cycles.
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Figure 6-64. Comparison of C2 moment-rotation hysteresis, DB and BF CB, JSE17
(Llolleo-based) motion
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Figure 6-65. Comparison of C2 moment-rotation hysteresis, DB and SDC, JSE17

The first conclusion that can be drawn from this comparison set is that the response of the
ductile baseline and strength-degrading connections was very similar, and little degradation
occurs. Also, displacements were not preserved for this excitation, as brittle fracture caused alarge
increase in maximum and residual displacement over the ductile baseline and strength-degrading

cases. Thereasonfor thislargeincreaseis unclear, but ismost likely dueto thetimely (or untimely)
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occurrence of the final fractures at the beginning of alarge displacement excursion.

6.2.7 Comparison Set 7—DB C Pattern, All Excitations

In contrast to the previous comparison sets, the primary variable under consideration in Set 7 is
excitation. The response of the ductile baseline case is compared for all four excitations. Because
the durations of these excitations are very different, plotting time history resultsfor each excitation

together is not particularly useful. However, percent differences between maximum and residual
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values can be used to make meaningful comparisons. These differences arelocated in Tables E-19
through E-21.

The maximum displacements and drifts were largest for the 0.6 second pulse, followed by
the 1.2 second pulse, and then the JSE17 and JNFO1 motions. The residua displacements were
dightly different, with the 0.6 second pul se again having the largest values, followed by the JSE17,
JNFO1, and 1.2 second pulse excitations. As expected, there were significant differencesin the dis-
placement response for the various excitations. The only instance in which there were not signifi-
cant differences was the 1.2 second cosine pulse/ JSE17 comparison for the maximum values of
displacement and interstory drift ratio. Displacements and interstory drifts were larger for the 1.2
second pulse than the 0.6 second pulse, by about 33% for maximum values and 840% for residual
values. It should be noted here that the residual displacements and drifts for the 1.2 second pulse

were very small, leading to the very large percent differences.

The differences between the 1.2 second pulse and the JNFO1 motion were larger than
expected, since the INFO1 motion contains a pulse with a period close to 1.2 seconds. However,
there were other pulsesin that record which evidently caused the pul se of interest to have less effect
than anticipated. The maximum values of displacement and interstory drift ratio were larger by
about 30% for the 1.2 second pulse, while the residual values were larger by about 130% for the
JNFO1 motion.

The maximum values of base shear are all within 12% of each other, and most are within
the 10% error estimate for the test setup. Thisindicates that the connections yield strengths, which
govern the maximum base shear, were consistent across the tests. Base shear-interstory drift hys-
teresisis compared in Figure 6-66. The maximum base shear values are similar for al excitations,
though the maximum drifts are quite different, with the 0.6 second pul se having significantly larger
drift. The response of the two earthquake mationsis approximately bounded by the response of the

1.2 second cosine pulse.

The loops show varying amounts of high-frequency response, with the 1.2 second pulse
showing very small contributions, and the rest of the excitations having significantly larger contri-
butions. The greater high-frequency content for the ground motions and the 0.6 second cosine pulse
isexpected, since for these cases thefirst elastic vibration mode is on the descending branch of the
pseudo-accel eration response spectrum, causing some of the higher modesto be in the peak region

of the spectrum.
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Figure 6-66. Comparison of DB patterns, all excitations

There was more variation in the strength degradation Ay, than base shear, which was
expected due to the difference in duration of the excitations. Overall, only the 1.2 second pulse/
JSE17 and IJNFO1/JSE17 comparisons were above the 20% significance level, though. As
expected, the JISE17 motion caused the most degradation with 77% residual base shear. However,
most of the degradation occurred during a single strong displacement excursion. The 0.6 second
cosine pulse caused a similar amount of degradation with 1y, = 82%. The 1.2 second cosine pulse
caused the least with 94% residual base shear. The INFO1 motion caused similar degradation to the

1.2 second cosine pulse with 92% residual base shear.

There were considerabl e differences in the amount of period elongation caused by the var-
ious excitations. For instance, there was a 68% difference in the period elongation caused by the
shortest (0.6 second cosine pulse) and longest (JSE17) excitations. Only the 1.2 second cosine
pulse/INFO1 and 0.6 second cosine pulse/f INFO1 comparisons had percent differences|essthan the
global error estimate of 20%.
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Maximum absolute and relative accel erations were also highly variable among the excita-
tions, with percent differences between 6% and 360%. Thisresult was expected, since the acceler-

ations are much more sensitive to high-frequency excitation than other response quantities.

6.2.8 Comparison Set 8 — BF CB Pattern, 1.2 Second Cosine Pulse, JNF01, JSE17

In this comparison set, the response of the BF CB pattern to the 1.2 second cosine pulse and the
JNFO1 motion are compared. This comparison is of interest due to the pulse of approximately 1.2
second duration present in the INFO1 motion. Due to the vastly differing durations of the two
motions, plotting time history results together is not particularly helpful to understanding the sim-
ilarities and differences of the effects of the pulsesin the two excitations. However, percent differ-
ences are very helpful in thisregard, and these are located in Tables E-22 through E-24.

The percent differences between the 1.2 second cosine pulse and the JNFO1 motion are
quite large for both maximum and residual displacements and drifts, despite both motions contain-
ing a pulse with approximately 1.2 second duration. These values are larger for the 1.2 second

cosine pulse, by about 110% and 780% for maximum and residual values, respectively.

The percent differences for base shear, overturning moment, and absolute accelerations
were |ess than the global error estimates. The base shear and period elongation ratios were slightly

over the significance level with differences of about 26% each.

The base shear-interstory drift hysteresis for the two excitations is compared in Figure 6-
67. The INFO1 response is approximately bounded by the 1.2 second cosine pulse, but the maxi-
mum interstory drift is much higher for the 1.2 second cosine pulse. The large def ormations caused
by the pulse waveform in the 1.2 second cosine excitation were not repeated for the 1.2 second
pulse waveform within the INFO1 motion. A possible reason for thisis the effect of earlier pulses
in the INFO1 motion, which may have damaged the structure before the large pulse, causing the

dynamic properties to change and the large pulse to have less effect.

201



Fracture

6 T T T T T T

Base Shear (kips)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, = 1.2 sec cos pulse

( : : : - — NFO01 motion
\fFractures : : : : :

joceur i i i i i
-4 -2 0 2 4 6 8 10
Drift (%)

Figure 6-67. Comparison of base shear-drift hysteresis, BF CB patterns, JNF01 and 1.2
second cos pulse

6.2.9 Comparison Set 9 — All comparable B Patterns for Pulse Motions

The purpose of this comparison set is to examine the effects of the structure’ s response spectrum
location on global behavior. Thisisaccomplished by making comparisons between the base shear-
interstory drift ratio hysteresis plots for sel ected connection configuration patterns that were tested
with both the 0.6 and 1.2 second cosine pulses. The patterns used are the ductile baseline, brittle
fracture BP, ductile fracture BP, and deformation softening B. The patterns are shown for the 0.6

second cosine pulsein Figure 6-68, and the 1.2 second cosine pulse in Figure 6-69.

Therelative effects of strength loss are greater for the 1.2 second pulse than the 0.6 second
pulse. The same amount of strength islost between the ductile baseline case and the cases with var-
ious types of hysteretic degradation, but there is a much greater increase in displacement for the
1.2 second cosine pulse case. Thisresult is expected, since for the 1.2 second case the specimen is

in the short-period range, where strength is more important than in the intermediate, or Newmark’s
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energy-preserved range, where the specimen is for the 0.6 second pulse. By visual examination of
the two figures, energy is clearly not preserved for the 1.2 second pulse cases, while it is approxi-

mately preserved for the 0.6 second pulse cases.
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Figure 6-68. Comparison of base shear first-story drift hysteresis for 0.6 sec cosine pulse,
B patterns
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Figure 6-69. Comparison of base shear first-story drift hysteresis for 1.2 sec cosine pulse,
B patterns

Percent differences for this case can be found in Tables E-25 through E-27.

6.2.10 Comparison Set 10 — Fracture Patterns, 0.6 Second Cosine Pulse

This set isdivided into two subsets, 10aand 10b. Set 10a contains the ductile baseline case and the
BP and CP brittle and ductile fracture patterns. In Comparison Set 10a, the key variable examined
isthe spatial distribution of the fracture hysteretic type. Since no significant differences between
brittle and “ductile” fracture (which was not actually ductile) werefound, datafor both patternsare
used in this set. The excitation for all of thetestsin Set 10ais the 0.6 second cosine pulse at 100%
amplitude. As discussed previoudy in Sets 3 and 4, the catch cables engaged fully for al of the CP
patterns, and may have interfered in the BP pattern tests.
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The key variable examined in Set 10b is the amplitude of the excitation. This subset con-
tainsthe brittle fracture BP patterns. The excitation used is the 0.6 second cosine pulse at 50% and
100% amplitude. The catch cables may have interfered for the 100% amplitude tests. The percent
differencesfor this set are found in Tables E-28 through E-30.

6.2.10.1 Set 10a

The displacement response of the specimen is shown in Figure 6-70. The effects of increasing the
number of fractures from none to all of the tension flanges in the positive displacement direction
isapparent. The maximum and residual driftsincrease with the number of tension flanges|lost, until

collapse occurs when all tension flanges are lost for the CP patterns.
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Figure 6-70. Comparison of relative displacements at top of frame, fracture patterns, 0.6
sec cosine pulse

The portion of the response during and just after the pulseis shown for first-story interstory
drifts in Figure 6-71. The displacement time histories are similar for al of the cases, except that

those with fractures simply go farther. The greater the number of fractures, the farther the specimen
displaces.
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Figure 6-71. Comparison of first-story drift, fracture patterns, 0.6 sec cosine pulse

Base shear time histories are next compared for the various fracture patterns in Figure 6-
72. Theloss of strength when four fractures occur instead of two is significant, though the subse-
guent loss of strength due to negative post-fracture stiffnessin the connection hysteresis (Figure 6-
74) occurs at the samerrate. The suspicioudly similar waveformsfor the BP and CP patterns at about
4.45 secondsindicated that the catch cable may have interfered for the BP patterns, as discussed in
Set 3.
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Figure 6-72. Comparison of base shear, fracture patterns, 0.6 sec cosine pulse

The base shear-interstory drift hysteresis loops in Figure 6-73 show similar post-fracture
tangent stiffness for both BP and CP patterns, though the initial reduction in strength due to the
fractures is much greater for the CP patterns. Consequently, because displacements are not pre-

served, this greater strength reduction leads to larger maximum drift.
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This comparison set shows that fracturesin all the tension flanges have much more adverse

effects on the system response than fractures in tension flanges in one story only.

6.2.10.2 Set 10b

The effects of excitation amplitude on the displacement response, which are significant, are shown
in Figure 6-75. The larger amplitude corresponds to a massive increase in both maximum and
residual displacements. However, as shown in Figure 6-76, a corresponding increase in base shear
does not occur since the maximum base shear islimited by the fracture moment of the connections,
which isunchanged. Thereis significantly less degradation in base shear after fracture for the 50%

amplitude case, though.

12 T T T T T T T T T

: : : : : : = 100% amplitude, Run 1

: : : : : : v+ 100% amplitude, Run 2
10 - R 1 SRR AR EREE » | .= _50% amplitude -

Displacement (in)

Time (sec)

Figure 6-75. Effects of excitation amplitude on relative displacements at top of frame, BF
BP pattern, 0.6 sec cosine pulse
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Figure 6-76. Effects of excitation amplitude on base shear, BF BP pattern

The base shear-interstory drift relationsin Figure 6-77 and the connection moment-rotation
relations in Figure 6-78 show that most of the increase in the deformations due to amplitudeis due
to plastic deformation after fracture occursrather than dueto thefractureitself. Thelarger the pulse
amplitude, the further it continuesto push the structure after fracture. Since these connections have
a negative post-fracture tangent stiffness, as shown in Figure 6-78, pushing the structure further
tends to exacerbate the increase in displacements.
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Figure 6-77. Effects of excitation amplitude on base shear first-story drift hysteresis, BF
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Figure 6-78. Effects of excitation amplitude on connection moment-rotation hysteresis, BF
BP pattern

211



For this excitation, increasing the excitation amplitude for the BF BP pattern causesalarge
increase in maximum and residual displacements, as well as connection rotations. Maximum base
shear and connection moment arerelatively unchanged, since thesevaluesare limited by the capac-

ity of the fracturing connections rather than the amplitude of the excitation.

6.2.11 Comparison Set 11 — Brittle Fracture Patterns, 1.2 Second Cosine Pulse

Aswas the case in Set 10, this set is divided into two subsets, 11a and 11b. Set 11a contains the
ductile baseline case and the BP and CP brittle fracture patterns. In Comparison Set 10a, the key
variable examined is the spatial distribution of the brittle fracture hysteretic type. The excitation
for all of thetestsin Set 11aisthe 1.2 second cosine pulse at 100% amplitude. As discussed pre-
vioudy in Sets 1 and 2, the catch cables engaged fully for the BF CP pattern test, and did not inter-
fere at all for the other patterns.

The key variable examined in Set 11b is the amplitude of the excitation. This subset con-
tainsthe brittle fracture CP patterns. The excitation used isthe 1.2 second cosine pul se at 50%, 75%
and 100% amplitude. The 75% case has two prior fractures from the 50% case test, which was per-
formed immediately prior toit. The catch cables did not engage or hinder the response for the 50%
and 75% cases, and engaged fully for the 100% case.

The percent differences for both subsets are presented in Tables E-31 through E-33.

6.2.11.1 Set 11a

Relative displacements at the top of the frame are shown for the fracturing cases and the ductile
baseline case in Figure 6-79. As shown, the number and spatial distribution of fractures have sig-
nificant effects on the maximum and residual displacements. Comparing the DB, BP, and CP cases
shows a progressive increase in displacements as more fractures occur. However, the maximum
and residual displacements do not depend solely on the number of fractures, but are also dependent

on their spatial distribution.
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Figure 6-79. Effects of brittle fracture pattern on relative displacements at top, 1.2 sec
cosine pulse

A comparison of the CB and CP patterns shows the effect of bottom flange-only fractures
compared to top and bottom flange fractures. The CB pattern, which had only bottom flange frac-
tures, had much smaller displacements than did the CP pattern, which had all tension flanges, both
top and bottom, fracturing nearly simultaneoudly in the direction of the pulse. The CP pattern suf-
fered collapse; the CB pattern did not. In fact, the response of the CB pattern was much closer to
that of the BP pattern, which makes physical sense because both patterns had two connectionswith
intact tension flanges, and therefore two connections with greater strength capacity to resist the

pulse motion.

As shown in Figure 6-80, the response of the CB and BP patternsis similar in amplitude,
but there are some subtle differences due to the location of the fractures. The CB pattern shows
some period elongation due to a fracture in the first negative excursion, which causesits response
to deviate from that of the ductile baseline case earlier. Also the maximum drift islessthan for the
BP pattern, possibly because the system isless stiff due to the prior fracture. The CB pattern till

has very close to the full strength in the positive direction during the first positive drift excursion,
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since the fractured coupon is now in compression and can carry load through bearing. The fact that
significant strength is not lost in the direction of interest is key to the response, since it has been

demonstrated in earlier comparison sets that strength loss leads to increased displacement for this
excitation.
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Figure 6-80. Close-up of effects of fracture pattern on first-story interstory drift
ratio, 1.2 sec cosine pulse

The base shear-interstory drift hysteresisiscompared in Figure 6-81. The CP pattern shows
the largest effects due to fracture, as the system loses much more strength and thus displaces fur-

ther, though the post-fracture tangent stiffnessis roughly the samefor all fracture patterns.

Similarities exist between the system hysteretic behavior of the BP and CB patterns for
interstory drift during the major positive displacement excursion. During the second negative dis-
placement excursion, which immediately follows the major positive excursion, the behavior of
these two cases differs due to the loss of strength caused by the prior C1 fracture in the CB case.
The BP case has no fracture capable flanges in tension during negative excursions, so fracture
could not occur and lessen the capacity in that direction.
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Figure 6-81. Comparison of base shear first-story drift hysteresis, fracture patterns, 1.2
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The major finding from Set 11ais that the spatial distribution of fractures can have signif-
icant effects on the system behavior. Fracturesin the bottom flanges only have less effect than frac-
tures of both top and bottom flanges in a particular direction, even if al of the connections can
experience fracture. This is because at least half of the connections in the frame have nearly full
strength at any one time (in both positive and negative directions), since fractured bottom flanges

can bear in compression.

6.2.11.2 Set 11b

Figure 6-82 shows that the displacement response of systemswith fracturing connectionsis depen-
dent on the severity of the excitation, as measured by amplitude. In the case of the 50% case, frac-
tures only occurred in the first story, though all connections were capable of fracture. In the 100%

amplitude case, the excitation was strong enough to cause fracture as well as significant plastic
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deformation afterwards. The 75% amplitude case with two prior fractures shows that the increased
amplitude of the excitation causes the remaining connections to fracture and significant plastic

deformation as well.
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Figure 6-82. Effects of excitation amplitude on first-story interstory drifts, BF CP pattern

Figure 6-83 shows the region during the pulse in greater detail. The responseis not discon-

tinuous for any of the cases, though one might expect that the fracture could be seen more clearly

for alower-amplitude case, such as the 50% case.
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Figure 6-83. Close-up of effects of excitation amplitude on first-story interstory drifts, BF
CP pattern

In Figure 6-84, the significant plastic deformation following fracture for the 100% and 75%
cases can be clearly seen. The 50% case shows little plastic deformation; the structure has barely
fractured when the specimen begins to unload. For the 75% case, the prior fracture damage causes

theinitial global stiffness to be reduced, compared to the other cases.
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Figure 6-84. Effects of excitation amplitude on base shear first-story drift hysteresis, BF
CP pattern

This comparison set shows that the response of fracturing structures to pulse excitations
depends largely on excitation amplitude. Large amplitude pulses cause fracture early in the pulse,
and the continuing demands from the excitation cause buckling of the compression flange, leading
to large amounts of plastic deformation. In contrast, a small amplitude pulse which barely causes

fracture will not cause large deformations or significant additional strength loss due to buckling.

6.2.12 Comparison Set 12a & b — Brittle Fracture Patterns, 0.6 Second Cosine Pulse, 50 %
Amplitude

Comparison Set 12 is composed of tests from the wave propagation sequence of tests. All of the
tests in this set were performed with the 0.6 second cosine pulse at 50% amplitude. The percent
differences for this set are found in Tables E-34 through E-36. The catch cables did not interfere
with the response in any way during any of the tests. Set 12 is divided into two subsets, 12a and
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12b, which are described below. Set 12a containsthefive brittle fracture A pattern tests, designated
A-E. Test E has additional distributed mass along MB1 as described in Section 4.3 on page 79. In
Comparison Set 12a, the key variable examined is the effect of this additional distributed mass on
the beam. The key variable examined Set 12b isthe spatia distribution of the brittle fracture hys-
teretic type. This subset contains the five brittle fracture A tests and the single BP pattern test.

6.2.12.1 Set 12a

As shown in Figure 6-85, the system behavior for al of the BF A pattern testsis remarkably sm-
ilar. This demonstrates both the repeatability of the test and the small effects of additional beam
mass on the overall system response. In most cases (except period elongation and acceleration) the
percent differencesin Tables E-34-E-36 between Test E and Tests A—D were smaller than between
Tests A-D, showing that the effects of additional beam mass on global behavior wereinsignificant.
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Figure 6-85. Comparison of base shear first-story drift hysteresis, BF A, 0.6 sec cosine pulse

219



Despite the small effects on global behavior, the additional beam mass has a significant
effect on the dynamic properties of the beam itself. As discussed in Sections 5.4.2 and 5.4.4, both
the change in beam deflected shape and the excitation of higher beam vibration modes caused by
fracture can cause vertical accelerations of the beam. Vertical accelerations at midspan are shown
in Figure 6-86, and the longer fundamental vibration mode of the beam with massis apparent. The
maximum accelerations are similar, but the vibration continues much longer for the case with mass,

as evident in the portion of the time history from 4.3 to 4.5 seconds.
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Figure 6-86. Comparison of MB1 midspan vertical accelerations, BF A pattern, 0.6 sec
cosine pulse

The additional mass on the beam also affects another local fracture-induced phenomenon -
the strain spike discussed in Section 5.4.3. High-speed strain time histories for Tests A and E are
compared in Figure 6-87. As shown, the strain spike has a significantly lower amplitude for Test
E. Thisindicatesthat additional massaong the beam may mitigate the strain spike. However, more
study is needed to determine how much massis needed and why adding mass seems to be helpful.
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Figure 6-87. Effect of additional distributed mass on strain spike

6.2.12.2 Set 12b

The effects of the second brittle fracture in the first story can be seen in the interstory drift time
history in Figure 6-88. The maximum interstory drifts increase by about 10%, and the BP pattern
time history clearly deviates from the A patterns after the fractures occur. The residual drifts are
also roughly triple for the BP pattern, to 0.65%. The effects of the fracture are also evident as a
“shift” in the system hysteresis shown in Figures 6-89 and 6-90. The second fracture causes addi-
tional strength loss, though the amount iswithin the global error bounds.
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Figure 6-89. Comparison of base shear first-story drift hysteresis, BF A, BP patterns
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6.3 SUMMARY AND CONCLUSIONS

Looking at the results of all of the comparison sets, several general observations can be made. For
excitationswhere the structure isin a period range where strength affects the magnitude of the dis-
placement response, hysteretic degradation that causes a substantial loss of strength will have sig-
nificant effects on the response, regardless of the cause of the strength loss. Likewise, for
excitations where the structure is in the long-period range where strength loss does not cause
increases in displacements, the strength loss caused by hysteretic degradation will not adversely
affect the response. However, depending on the type of degradation, results other than strength

loss, such as negative tangent stiffness can affect the system behavior by different mechanisms.
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6.3.1 Pulse Excitations

Both cosine pulse excitations caused large deformation responses in all of the cases, including the
ductile baseline case. These responses were typically characterized by a single large displacement
excursion, followed by decaying free vibration if collapse did not occur. No collapses were
observed for the ductile baseline case or any of the B patternsfor either of the pulses. Thetwo duc-
tile baseline connections present in the B patterns provided enough residual strength to prevent col-
lapse.

Hysteretic degradation caused collapses to occur for most C patterns with the full-ampli-
tude cosine pulse excitations. One very important exception was the BF CB pattern/1.2 second
cosine pulse combination, where no collapse occurred, and a response very similar to that of the
BF BP pattern was obtained instead. The BF CB and BF BP cases demonstrate that the number of
intact tension flanges (and thus the number of connections with higher moment capacity) is more

important that their spatial distribution for this frame geometry.

There were small but statistically significant (above the global error estimates for the tests)
differences in the displacement response for ductile and brittle fracture for the 1.2 second cosine
pulse and the INFO1 ground motion. Differences were not significant for the 0.6 second cosine
pulse, as discussed in Section 4.4.3.

Comparisons with the ductile baseline case show that fracture causes increased maximum
and residual displacements, loss of base shear capacity, and negative post-fracture tangent stiff-
ness, both localy in the connection moment-rotation hysteresis and globally in the base shear-
interstory drift hysteresis. The increase over the ductile baseline case in residual displacementsis
generaly larger than the increase in maximum displacements. The severity of the effects of frac-
ture are largely dependent on the number and spatial distribution of fractures. Fractures which
caused the loss of full moment capacity in a particular response direction in 50% or less of the con-
nections did not lead to collapse for the excitations studied. L oss of full moment capacity in a par-

ticular direction in 100% of the connections caused collapse for the pulse excitations.

A similar observation can be made for deformation softening, where the severity of the
effects depend on the number of connections with negative post-yield stiffness. In the cases where
deformation softening occurred in the first story only, collapse did not occur. If deformation soft-

ening occurred in all the connections; however, collapse occurred for both pulse excitations.
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Deformation softening also has other effects on global behavior which are similar to frac-
ture. These effectsinclude increased maximum and residual drift and loss of global strength capac-
ity. Fracture and deformation softening both reduce the base shear significantly when compared to
the ductile baseline case. Interestingly, both fracture and deformation softening tend to reduce the
base shear to about the same final value and the slopes of the post-degradation curves are similar.
The effects of deformation softening are more severe than those of fracture in some cases, but less

severe in others. More study is needed to determine why thisis the case.

Fracture effects are also dependent on excitation amplitude. For large-amplitude pulses, the
excitation continues to place large demands on the structure after fracture, driving it far into the
inelastic range. A small-amplitude excitation may cause fracture, but will not continue to drive the
structurein the inelastic range, limiting the permanent deformation. Most of the residual displace-
ment in these tests was due to post-fracture plastic deformation rather than the fractures them-

salves.

6.3.2 Ground Motion Excitations

No collapses occurred for any of the patterns for either ground motion excitation. For the fracture
patterns, this can be attributed to the fact that only the bottom flanges were allowed to fracture, and

therefore two intact tension flanges were present at all times to resist the earthquake forces.

Displacement behavior of the fracturing cases, particularly residual displacements, appears
to be sensitive to ground motion characteristics and possibly fracture timing with respect to those
characteristics. For instance, the approximately 1.2 second pulse in the INFO1 motion had consid-
erably less effect on the brittle fracture CB case than the 1.2 second cosine pulse. Therefore, the
effects of pulses within motions may depend on the how the location of the pulse within the time
history relates to the timing of fractures. The location of the structure on alocal ascending branch
(Figure 4-6) may also affect the response, since it is possible that some of these branches could
define a local energy-preserved or short-period region. This is certainly not the case for al such
branches, since the structure is located at the base of a local ascending branch for both ground

motions, and displacements are preserved for the INFO1 motion but not for the JSE17 motion.
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For the deformation softening pattern, the hysteretic loops were very pinched in addition to
having negative post-yield stiffness, and this pinching behavior, rather than the negative post-yield
stiffness, governed the response for the ground motion. Therefore, the test did not provide much
useful information on the effects of negative post-yield stiffness for a ground motion record, and

it was not possible to make comparisons with other hysteretic types.

The behavior of the strength-degrading pattern was very similar to that of the ductile base-
line pattern, with greater period elongation and base shear degradation.
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7 Analytical Model Development

This chapter describes the devel opment and assessment of an analytical model that will be used in
subsequent numerical simulations of dynamic response. Thefocus of the model development effort
will be models for nonlinear dynamic analysis. As afirst step in the model development process,
modeling and analytical procedure options are discussed. By using a selection of these options,
several trial models with varying degrees of complexity are proposed. These models are then used
to reproduce data collected in several tests. The ability of these models to faithfully reproduce the

datais then discussed, and a final model is chosen for use in further studies.

The priority of this chapter is to determine the model features needed to capture the speci-

men’s system behavior as described by several response quantities of interest.

7.1  DESCRIPTION OF MODELING AND ANALYSIS OPTIONS

In this section, various available options for modeling and analysis are described in Sections 7.1.1
and 7.1.2, respectively. After review of the available options, selections are made for useinthetrial
models, which are discussed in Section 7.1.3.

In most analytical studies, there are trade-offs between accuracy and model complexity.
Engineering judgment is used to determine a“ reasonable” model, one sufficiently complex to cap-
ture the properties needed for acceptably accurate representation of the behavior of interest. For
thisreason, it is helpful to discuss the behavior of several models of varying levels of complexity,
and identify the parameters and features that have a large impact on accuracy, as opposed to the
those that have minor or negligible effects. This approach was followed in a number of the analyt-

ical studies discussed in Chapter 2, and it is the approach that will be followed here.

Consequently, three levels of model complexity are discussed: a simple two-dimensional

model (2D), a moderately complex two-dimensional model, and a more complex three-dimen-



sional (3D) model. It should be noted here that the complex 3D model considered isnot afull finite
element model. More refined finite element models might be necessary to capture details associ-
ated with local fracture-related phenomena. However, these phenomena are not the focus of these

studies.

In addition to model complexity, there are also corresponding levels of complexity in the
computational algorithms and procedures used to perform the analysis. For nonlinear analysis,
there are trade-offs between accuracy and computational cost/algorithm complexity. Where possi-
ble (and appropriate), the same agorithms and procedures are used with al models. Because of
sudden changesin force and stiffness associated with fracture and the negative post-yield (or post-
fracture) stiffness observed in many of the tests, special attention to various aspects of the numer-
ical solution may be needed. For this reason, and to satisfy the goal of using the same procedures
for all trial models, some advanced methods are used. Thisdoes not present an undue burden, since
the use of advanced methods does not necessarily create more work for the analyst [though the
same can not be said for the computer!]] if the chosen software has implemented the methods and

documented them in such a manner that they are user-friendly.

The advanced methods used are aready in place in the chosen analysis software, the Open
System for Earthquake Engineering Simulation (OpenSees), an open-source computational frame-
work developed at UC Berkeley (McKenna, 2003). This software providesthe analyst with agreat
degree of flexibility in choosing material models and computational algorithms and procedures,

and is much more transparent than many other software packages.

7.1.1 Modeling Options

There are several mgjor structural properties that must be modeled to provide an accurate analysis,
including the specimen geometry, mass, damping, member cross-section properties, connection
behavior, and geometric nonlinearity. It is aso critical to properly model the locations and extent
of material nonlinearity in the structure. The major options for modeling the key structural proper-
ties for the test specimen are shown below in Table 7-1. Only some of these options will be con-

sidered for usein the trial models.
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Due to the test specimen’ s design, the modeling of nonlinearity can be greatly simplified.
Since yielding was confined to the coupons within the clevis connection, the remainder of the
members can be modeled as elastic. In addition, the confinement of nonlinearity to the small, dis-
creteregion of the clevis connectionsfacilitatesthe use of alumped plasticity model such asazero-
length rotational spring. A zero-length rotational spring defines the connection hysteretic behavior
using a material model that describes the moment-rotation relationship for the connection. This
approach is much simpler to implement than more complex options in which the coupons and
clevis pieces are modeled individually. Therefore, connection hysteretic behavior will be modeled
using zero-length springs. Offsets of the springs from centerline for model s with clear-span dimen-

sions are achieved by using rigid links.

Table 7-1. Modeling options for key test specimen structural properties

Property Option Description
Mass Lumped All mass lumped at nodes
Lumped + distributed frame Concrete block mass lumped at nodes, frame
mass distributed along members
Mass moments of Not included Mass moments of inertia set to zero
inertia Included Mass moments of inertiaincluded
Geometry Centerline dimensions Discrete member sizes not accounted for

Clear-span dimensions Column size, clevis attachment and end plates

included

Clear span w/panel zones

Column size included; panel zones modeled

Connection hysteretic
behavior

Simple rotational spring

Nonlinear zero-length rotational spring with
simple material models such as bilinear

Realistic rotational spring

Nonlinear zero-length rotational spring with
more complex material models such as a gen-
eral hysteretic model or several materialsin
parale or series

Clevis connection modeled
explicitly

Clevis modeled with €l astic elements, cou-
pons modeled with distributed plasticity
e ements

Damping

Rayleigh equivalent viscous

Equivalent viscous damping using Rayleigh’s
approach

Beam members

Elastic beam-column

Elastic beam-column elements with appropri-
ate area, moment of inertia, and modulus of
elasticity
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Table 7-2. — Continued

Property Option Description
Truss members Elastic truss Elastic truss elements with appropriate area
(needed only for 3D and modulus of elasticity
model) Corotational truss Truss elements formul ated for use with coro-
tational geometric transformation

Since the zero-length spring is the most promising modeling scheme for the connections,
and there are many different types of material models that can be employed to model the different
connection hysteretic behaviors, a separate discussion of these optionsis necessary. Five different
hysteretic model types are being considered in this study, and the material model requirements for
each type vary widely. The material models which are available in the OpenSees framework are
shown for each hysteretic type in Table 7-2 below. The reader is referred to the OpenSees Com-

mand Language Manual (Mazzoni et a., 2003) for details.

Table 7-2. Material modeling options in OpenSees for zero-length rotational springs

Hysteretic Type OpenSEES Material(s) Description
Ductile Baseline ElasticPP Elastic-perfectly-plastic model
Hysteretic Modified Clough-type bilinear model
Steel02 Minegatto-Pinto type model with Bauschinger

effects

Brittle Fracture

ElasticPP in paralel with
Elastic with strain limit

Contribution of Elastic w/strain limit material
vanishes at fracture strain, leaving EPP

Hysteretic

Modified Clough-type trilinear model with
residual strength, negative branches

Ductile Facture

Same as brittle fracture

Deformation Softening Hysteretic Modified Clough-type trilinear model with
residual strength, pinching, negative branches
Strength Degrading Hardening Bilinear model with isotropic and kinematic
hardening (or softening)
Steel02 Minegatto-Pinto type model with Bauschinger

effects and isotropic strain hardening (or soft-
ening)
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Table 7-2. — Continued

Hysteretic Type OpenSEES Material(s) Description
Coupon slip Hysteretic Use of pinching parameters
Sgi')& toall hysteretic Two ElasticPPGap materias | Two el astic-perfectly-plastic gap materials

in parallel with an Elastic (one for positive gap, one for negative gap) in
material, and this paralel with an elastic material (to remove the
combination in serieswith | zero slope) placed in series with the material
material model for hyster- model that represents the characteristics of the
etic type particular hysteretic type

The zero-length springs model elastic behavior, inelastic behavior, and dip. Elastic behav-
ior is modeled in the zero-length spring as well as the beam because the goal is to accurately rep-
resent the behavior of clevis connection, which has a finite length, using the zero-length spring.
The elastic contribution from the clevis connection is significant, sinceit isroughly half as stiff as

the beam even though it has the same moment capacity.

In order to properly configure the zero-length springs, it is important to determine the rel-
ative contributions to the elastic rotation from the beam and clevis connection. To avoid “double
counting” contributions to the member flexibility in the analytical model, only the elastic contri-
bution from the clevis connection itself was included in the moment-rotation relation of the zero-
length springs. The elastic contribution from the beam was removed from the moment-rotation

relation used for the spring.

Thiswas done empirically by determining how much elastic rotation needed to be incorpo-
rated into the clevis connectionsto match the total elastic end rotation measured during the selected
test cases. The empirical selection of elastic stiffness was then checked by comparison with simple
structural analysis theory and the clevis connection quasi-static test results (see Section 3.2.4). In
most cases, the results were close. However, for the fracture cases, it was difficult to determinethe
precise rotation at fracture due to the sparseness of the data in the neighborhood of the fracture, so

alarger difference between observed and theoretical elastic clevis rotation was permitted.
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7.1.2 Analytical Procedure Options

There are anumber of computational algorithms and analytical methods available for the different
tasks performed during a nonlinear dynamic analysis. Only those algorithms and methods which
are appropriate for the problem at hand and which have been implemented in OpenSees are dis-
cussed in this section. These options are presented in summary form in Table 7-3 below. Proce-
dures used in the analysis of the trial models are chosen from this set of options. References are
included for proceduresthat are not commonly implemented in structural analysis software. Addi-

tional information on all procedures can be found in the OpenSEES command language manual

(Mazzoni et al., 2003).

Table 7-3. Applicable OpenSees analysis procedure options

algorithm

Procedure OpenSees Option Description
Geometric transformation | Linear Linear transformation (small dis-
placement assumptions)
PDelta Linear transformation w/2nd
order P-A effects
Corotational Exact transformation using the
corotational formulation
Numerical integration Newmark Newmark’s method withy = 0.5,
B = 0.25 (Average acceleration
method)
HHT Hilbert-Hughes-Taylor method
Nonlinear solution Newton Standard Newton-Raphson algo-

rithm

KrylovNewton

Newton-Raphson agorithm with
Krylov subspace accel eration
(Scott and Fenves, 2003)

System of equations solver

SparseGeneral

Solves a general sparse system of
equations using the SuperLU
solver

UmfPack

Solves ageneral sparse system of
equations using the UMFPACK
solver

Constraint handler

Penalty

Penalty method used to apply
multipoint constraints

Lagrange

Lagrange multipliers used to
apply multipoint constraints
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In many of the test cases, the specimen was subjected to displacements large enough to
invalidate the small displacement assumption on which the standard linear geometric transforma-
tion isbased. In these cases, geometric nonlinearity becomes very important, and the full nonlinear
geometric theory implemented using the corotational formulation gives the most accurate results.
However, in the cases where the simple 2D model is used, a linear transformation that includes
second-order P-A effectsis employed, since it is much more appropriate given the degree of accu-
racy of the model. In cases such as the wave propagation test sequence where displacements are

relatively small, the linear transformation is adequate.

The numerical integration schemes available are the standard Newmark and Hilbert-
Hughes-Taylor methods, both of which employ Rayleigh equivalent viscous damping. The solu-
tion algorithms available are the standard Newton-Raphson algorithm (with options available for
no updating or reduced updating of the tangent stiffness matrix) and a new modification of this
algorithm to incorporate Krylov subspace accel eration to improve convergence (Scott and Fenves,
2003). The latter algorithm is particularly useful in cases where the stiffness matrix is changing

rapidly, such as when fracture occurs.

The appropriate constraint handlers are based on the standard penalty method and L agrange
multipliers. If Lagrange multipliers are used to handle constraints, it is necessary to use a sparse
genera solver for the system of equations, since zeros are placed on the diagonal and the stiffness
matrix isno longer symmetric positive definite. Two sparse general solvers are available in Open-
Sees — the SuperLU and UMFPACK solvers. The reader is referred to the command language

manual (Mazzoni et a., 2003) for discussion of all other procedures.

7.1.3 Selected Analytical Models

In the previous sections, the options for both the modeling and numerical analysis of the specimen
were discussed. Based on both theoretical considerations and preliminary analyses, three models
have been chosen for comparison and assessment with test data. Appropriate analytical procedures
and algorithms have been paired with the model s based on their complexity, with the goal of using
the same procedures with all models where appropriate. The selected modeling and analytical pro-
cedure options for the trial models are shown below in Table 7-4.
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Table 7-4. Parameters for chosen analytical models

Parameter Model 1 Model 2 Model 3

Mass Lumped at nodes Lumped at nodes Lumped at nodes
Mass moments of inertia | Not included Included Included

Model dimension 2D 2D 3D

Geometric dimensions | Centerline Clear span Clear span w/scissors

type panel zone model

Frame elements

ElasticBeamColumn

ElasticBeamColumn

ElasticBeamColumn

Truss elements

N/A

N/A

Corotational Truss

Clevis connection
models

Zero-length rotational
springs

Zero-length rotational
springs

Zero-length rotational
springs

Ductile baseline (DB)
hysteretic model

ElasticPP

Steel02 in series w/Elas-
ticPPGap and Elastic

Steel 02 in series w/Elas-
ticPPGap and Elastic

Brittle fracture (BF)
hysteretic model

Hysteretic w/negative
post-yield stiffness

Hysteretic w/negative
post-yield stiffness

Hysteretic w/negative
post-yield stiffness

Deformation softening
(DFS) hysteretic model

Hysteretic w/pinching

Hysteretic w/pinching

Hysteretic w/pinching

Strength degrading (SD) | Hardening Steel 02 wi/strain harden- | Steel02 w/strain harden-

hysteretic model ing in series w/ElasticP- | ing in series w/ElasticP-
PGap and Elastic PGap and Elastic

Damping 4% Rayleigh 4% Rayleigh 4% Rayleigh

Geometric transforma- | PDelta Corotational Corotational

tion

Constraint handler

Lagrange multipliers

Lagrange multipliers

Lagrange multipliers

Numerical integration

Newmark

Newmark

Newmark

Solution algorithm

KrylovNewton

KrylovNewton

KrylovNewton

SOE solver

Umfpack

Umfpack

Umfpack

7.2 ASSESSMENT WITH GLOBAL BEHAVIOR DATA

The results of nonlinear dynamic analyses using the three trial models described in the previous
section are compared with test datain this section. Specifically, global behaviors such asinterstory
drift ratio and base shear are used to evaluate the quality of the results generated by analyses using
the trial models. The models are compared to each other and to the data, and the best performing

model is selected based on these comparisons.
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7.2.1 Case Studies

Some of the representative case studies introduced in Chapter 5 will be utilized to evaluate the ana-
lytical models presented in Section 7.1.3. The performance of the analytical models can be most
easily and reliably evaluated by using a selected set of key global response quantities, which
include both normalized values, time histories, and hysteretic plots. Also examined was the first
mode period T;. Normalized values, which were defined in Section 4.4.2, provide a simple and

portable means of comparing the system response. These normalized values are:

* Maximum interstory drift ratio
* Residual interstory drift ratio
» Elongation of first mode period

Time histories are invaluable for determining how well the model reproduces both the
linear and nonlinear behavior of thetest specimen. In particular, time histories provide information
on the model’ s vibration properties and how well these follow the changesin the specimen’ s prop-
erties over the course of the excitation. Time histories were examined for the following global

response quantities:

* Interstory drift ratio
» Base shear

Hysteretic plots serve asimilar function to time histories, but contain information on local
or global stiffness and nonlinear behavior that is not apparent from atime history. Hysteresis plots

were examined for the following quantities:

¢ Connection moment-rotation
» Base shear-interstory drift ratio

Though all of the previously mentioned response quantities were examined, they were not
weighted equally in the assessment. In terms of prioritization, the ability of the model to reproduce
the maximum interstory drift ratio of the structure was deemed to be the most important criterion.
The elastic vibration properties (evident in the displacement time history) and connection moment-

rotation relationship were also very important, as was the maximum value of base shear. If all of
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these properties were equally well represented by the three trial models (an unlikely proposition),
the next criterion used was the overall representation of the system behavior, as measured by the
base shear-interstory drift ratio hysteresis. Other properties were used for further evaluation of the

quality of the models, but were not critical criteriafor model selection.

7.2.1.1 Ductile baseline case

The ductile baseline case used is the 1.2 second cosine pulse excitation, and the experimental
results for this case are discussed in Section 5.2.1. Results from analyses using the three trial
models are compared with the experimental data in Figures 7-1 through 7-5. Tabulated response

guantities for the analyses and experimental data are compared in Table 7-5.
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Figure 7-1. Comparison of first-story interstory drift for trial models and DBC test data
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Figure 7-2. Comparison of base shear for trial models and DBC test data
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Figure 7-3. Comparison of base shear first-story interstory drift hysteresis for trial
models and DBC test data
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Figure 7-4. Comparison of C2 moment-rotation hysteresis for trial models and DBC test

data

Numerical instability in the acceleration values was encountered with Model 3, as shown

in Figure 7-5. The model seems to suffer from ringing, and many attempts to remove it from the

response by adj

usting the damping and other parameters failed.
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Figure 7-5. Numerical instability in acceleration for trial model 3

Table 7-5. Comparison of first-mode period and percent values of normalized
response parameters for trial models and DBC test data

Parameter Test case data Model 1 Model 2 Model 3
©1 Maximum 6.5 79 6.4 52
O1 Residual 04 20 12 0.5
A1 13 3.3 17+ 0.02
T, undamaged (sec) 0.65 0.75 0.64* 164

* Gap element modeling dlip in connections omitted for initial eigenvalue calculation

From the global base shear-interstory drift ratio hysteresis and time histories, Model 1
appearsto betoo flexible, which leadsto excessive drifts. The connection hysteretic model for this
case is also very smple, and the residual drifts are too large. Model 2 does a much better job of
predicting drifts and forces, but is a bit on the stiff side after the pulse ends, as evidenced by the
damaged period in the time history plots. Model 3 does not give improved accuracy in spite of its
increased complexity. It is much too stiff and suffers from numerical instability problems in the
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accelerations. Thus, Model 2 appearsto be the best choice for reproducing the behavior of the duc-
tile baseline case.

7.2.1.2 Fracture case

Only one fracture case (the brittle case) is used for the assessment process. In many cases, as
explained in Chapter 5, differencesin major response quantities between ductile and brittle are not
statistically significant. Also, since only a very small amount of plastic rotation was possibly
obtained in thetests, it is not useful to try to define a hysteretic model to represent this behavior.

The fracture case used is the brittle fracture BP pattern with the 1.2 second cosine pulse
excitation. The experimental results for this case are discussed in Section 5.2.2. Results from anal-
yses using the three trial models are compared with the experimental data in Figures 7-6 through
7-9, and tabulated response quantities are compared in Table 7-6.
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Figure 7-6. Comparison of first-story interstory drift for trial models and BF BP test data
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Figure 7-7. Comparison of base shear for trial models and BF BP test data
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Figure 7-8. Comparison of base shear first-story interstory drift hysteresis for trial
models and BF BP test data
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Figure 7-9. Comparison of C2 moment-rotation hysteresis for trial models and BF BP
test data

Table 7-6. Comparison of first-mode period and percent values of normalized response
parameters for trial models and BF BP test data

Normalized parameter Test case data Model 1 Model 2 Model 3
©1 Maximum 104 10.2 95 6.1
O1 Residual 4.1 24 3.3 04
A1 36 35 18 0.01
T, undamaged (sec) 0.67 0.75 0.75 164

Aswas the case for the ductile baseline case, Model 2 best reproduces the behavior of the
brittle fracture test case, though the reproduction of behavior is not as good. In particular, maxi-
mum deformations are underestimated, though the hysteretic model used shows very good agree-
ment with the experimental data during the large displacement excursion. Thisis a consequence of
the model being dightly stiffer than the real specimen. The hysteretic model does not represent the
behavior after the large excursion nearly as well, however, leading to differences in the damaged

period and residual displacement.
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Models 1 and 3 show many of the same shortcomings that were discussed for the ductile
baseline case. Also, as shown in Figure 7-9, the constant residual connection moment assumed
after fracturefor Model 1 causes the rotations to be underestimated because the negative post-frac-
ture stiffness in the test data is not taken into account.

7.2.1.3 Deformation softening case

The deformation softening (negative post-yield stiffness) case used is the DFS B pattern with the
1.2 second cosine pulse excitation. The experimental results for this case are discussed in
Section 5.2.4. Results from analyses using the three trial model s are compared with the experimen-
tal data in Figures 7-10 through 7-13, while tabulated response quantities for the analyses and
experimental data are compared in Table 7-7.
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Figure 7-10. Comparison of first-story interstory drift for trial models and DFS B test data
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Figure 7-11. Comparison of base shear for trial models and DFS B test data
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Figure 7-12. Comparison of base shear first-story interstory drift hysteresis for trial
models and DFS B test data
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Figure 7-13. Comparison of C2 moment-rotation hysteresis for trial models and DFS B
test data

Table 7-7. Comparison of first-mode period and percent values of normalized
response parameters for trial models and DFS B test data

Normalized parameter Test case data Model 1 Model 2 Model 3
©1 Maximum 105 11.9 9.3 6.1
O1 Residual 2.8 8.6 2.7 0.1
A1 76 61 42 0.0
T, undamaged (sec) 0.64 0.73 0.74 164

As shown in Figure 7-10, Model 2 isthe only model capable of representing the displace-
ment response of the specimen with any accuracy at all. The other cases either grossly overpredict
(Modél 1) or underpredict (Model 3) the interstory drift response over the entire time history. The
maximum interstory drifts are underestimated by Model 2, but theresidual drifts are predicted very
well. Model 2 aso predicts much more high-frequency response (Figure 7-12) than is actualy
present in the data. However, these shortcomings of Model 2 are relatively minor compared with

the major flaws of the other models in the representation of the displacement response.
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7.2.1.4 Strength-degrading case

The strength-degrading case used isthe only one available — the SDC pattern with the JSE17 exci-
tation. The experimental results for this case are discussed in Section 5.2.5. Results from analyses
using the three trial models are compared with the experimental datain Figures 7-14 through 7-21.
Since the excitation is lengthy, close-ups of key regions are provided for the time histories. Tabu-

lated response quantities for the analyses and experimental data are compared in Table 7-8.
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Figure 7-14. Comparison of first-story interstory drift for trial models and SDC test data
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Figure 7-15. Close-up of first-story interstory drift for trial models and test data, 4-14 sec
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Figure 7-16. Close-up of first-story interstory drift for trial models and test data, 14-24 sec
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Figure 7-17. Comparison of base shear for trial models and SDC test data
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Figure 7-18. Close-up of base shear for trial models and SDC test data
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Figure 7-19. Comparison of base shear first-story interstory drift hysteresis for trial

models and SDC test data
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Figure 7-20. Comparison of base shear first-story interstory drift hysteresis for Model 2
and SDC test data
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Figure 7-21. Comparison of C2 moment-rotation hysteresis for trial models and test data
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Figure 7-22. Comparison of C2 moment-rotation hysteresis for Model 2 and test data
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Table 7-8. Comparison of first-mode period and percent values of normalized response

parameters for trial models and SDC test case data

Normalized parameter Test case data Model 1 Model 2 Model 3
O1 Maximum 6.8 5.7 6.9 7.0
01 Residual 2.7 16 19 09
A1 36 3.1 23 0.1
T, undamaged (sec) 0.64 0.73 0.63 164

The strength-degrading case uses the same hysteretic model asthe ductile baseline case, but
with strain hardening (or softening, in this case) turned on. Similar issues are therefore expected
when thetrial models are compared to the experimental data, and thisiswhat in fact happens. Max-
imum displacements/drifts and base shear are predicted well, while the residual displacements are
underestimated by all models, with Model 3 being the worst. Overall, Model 2 shows the best
agreement for this case.

7.2.1.5 Selected model based on global behavior

Asshown in the comparisons of thetrial model swith the case studies, Model 2 isbest ableto repro-
duce the data. Model 1 istoo simple and too flexible, and its accuracy suffersfrom not accounting
for clear-span dimensions and realistic ductile connection behavior. On the other hand, Model 3is
overly complex and too stiff, which causes it to grosdy underestimate drifts. In this case, a more
complicated model does not lead to greater accuracy.

Thus, Model 2 ischosen for use in further studies.

7.3  SENSITIVITY TO MODEL PARAMETERS

During the course of the model assessment, sensitivity to variousmodeling and analysis parameters
was examined as well. Several parameters were found to have significant sensitivities, and these
will be discussed individually here.
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7.3.1 Specimen Dimensions

The response of the specimen was determined to be quite sensitive to whether clear-span or cen-
terline dimensions were used. The use of clear-span dimensions stiffens the structure significantly,
and is the major reason for the difference in stiffness between Models 1 and 2. Asis evident from
the comparisons with data in previous sections, the stiffer Model 2 better reproduces the test
results. Thus, the use of clear-span dimensions was found to be important for a correct representa-
tion of structure stiffness (and therefore dynamic properties), which was also a key finding of the
analytical studies discussed in Section 2.3.6.

7.3.2 Mass and Mass Moment of Inertia

Inclusion of the correct total massis of course critical for the correct determination of the struc-
ture' s fundamental period, aswell asfor the determination of forces. In addition to the total mass,
it was determined that the inclusion of mass moments of inertiawas important for correctly repro-
ducing the maximum displacement response. Displacements tend to be underpredicted to a much

greater degree by Model 2 if the mass moments of inertia are not included.

7.3.3 Column Section Properties

Since the columns make alarge contribution to the stiffness of the entire frame, the vibration prop-
erties of structure are sensitive to moderate changesin column stiffness. This sensitivity is not par-
ticularly pronounced for maximum displacements, since a great deal of the deformation is due to
material nonlinearity, which isnot affected by the section properties of the columns, which remain

elastic. The column stiffness has a much greater effect on the fundamental period of the system.
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7.3.4 Post-Yield and Post-Fracture Stiffness

It was determined that use of the correct post-yield or post-fracture stiffness was important for
determining the maximum response in cases with large pulse excitations. In the fracturing and
deformation softening cases, maximum and residual drifts could be significantly underestimated if
negative post-yield or post-fracture stiffness was not included in the model. In addition, the degra-
dation in system strength is not correctly modeled if the negative stiffness is not included. This
becomes particularly important in the short- and intermediate-period ranges, where decreases in

strength lead to increases in displacement.

7.3.5 Connection Unloading and Reloading Stiffness

The connection unloading and rel oading stiffnesses were determined to have fairly large effectson
the free vibration response of the structure after a pulse as well as the residual displacements. In
particular, the general hysteretic material model (used in the zero-length rotational springs at the
connectionsfor thefracture and deformation softening cases) did not correctly represent these tiff-
nesses. This material model makes Clough-type assumptions (Mazzoni et a., 2003) about kine-
matic softening which do not represent the behavior observed in the tests. The use of this material
model, which matches the moment-rotation envelope very well, leads to large inaccuracies in

residual displacements and damaged-state vibration properties.

For the ductile baseline case, the residual displacements were found to be sensitive to the
inclusion of Bauschinger-type effectsin the connection moment-rotation relation. Modelswith this
behavior were able to much better represent both the hysteretic behavior and the residual displace-

ments.

7.3.6 Connection Slip

The modeling of the pinching that occurred in many connection hystereses as the moments passed

through zero was determined to be important for the correct determination of the vibration proper-
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ties after damage occurs. The damaged period was found to be quite sensitive to this parameter.
However, since the damaged period was affected to a much greater degree by the assumptions
about stiffness degradation discussed in Section 7.3.5, the effects of the sensitivity to connection

dip modeling were minor.

7.3.7 Damping

Rayleigh damping is a convenient method for providing equivalent viscous damping. Since the
damping matrix contains mass-proportional and stiffness-proportional portions, a choice as to
which stiffnesswill be usedis necessary in nonlinear problems, where the stiffness matrix is chang-
ing. If the tangent stiffness is chosen, any changes to the stiffness matrix will affect the damping
matrix as well. For certain types of nonlinear problems encountered in this study, changes in the
stiffness matrix may be both large and sudden, particularly in the case of fracture. This raises con-
cerns about the time variance of the damping matrix if tangent stiffness-proportional Rayleigh
damping isused. It may also be possible to get negative damping valuesif negative post-yield stiff-
nessis severe. The choice of initial stiffness or tangent stiffness can lead to fairly large differences
in the structural response, depending on the amount of change in the stiffness matrix. The sensitiv-
ity to the type of stiffness used can best be examined by looking at the test cases described previ-

ously, which use the 1.2 second cosine pul se excitation.

For instance, in the ductile baseline case, the structural response is virtually the same for
both stiffnesses. In contrast, for the BF BP fracture pattern the response depends on the stiffness
used to calculate the Rayleigh damping matrix. The sensitivity to damping is aggravated by the
sensitivity to post-fracture stiffness discussed previously. Displacements and connection hysteresis
for ahysteretic model with zero post-fracture stiffness are shown in Figures 7-23 and 7-24. Figures
7-25 and 7-26 show theresults for a hysteretic model with a negative post-fracture stiffness, which

isabetter fit for the experimental data.
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Figure 7-23. Comparison of first-story interstory drifts for hysteretic model with Kpf = 0

100
50
£ o0
2
=
i<
(0]
§
s -50
-100 : _
p— Experiméntal Data
. - — Kinitial proportional damping
: —— Ktangent proportional damping
_150 i i i i i i
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

Rotation (rad)

Figure 7-24. Comparison of connection hysteresis for hysteretic model with Kpf = 0
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Figure 7-25. Comparison of first-story interstory drifts for hysteretic model with Kpf < 0
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Figure 7-26. Comparison of connection hysteresis for hysteretic model with Kpf < 0
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The difference in the displacement time histories caused by the use of different stiffnesses
for the damping calculations is exacerbated by the addition of negative post-fracture stiffness to
the connection hysteresis. Clearly, for problems where the stiffness matrix changes dramatically,
it isimportant to consider which stiffness is being used in Rayleigh damping calculations, partic-

ularly if residual displacement is an important response quantity.

74  SUMMARY

Three trial models were assessed using test data from the case studies is Chapter 5. The model
which was best able to reproduce the test results was determined for all casesto be Model 2, which
is a two-dimensional model of intermediate complexity. The more complex three-dimensional
model, Model 3, was found to have no advantages in accuracy, and in fact showed severa disad-

vantages.

As apart of the model development process, critical properties that must be modeled cor-
rectly were identified. These include the specimen mass (including mass moments of inertia),
geometry, member section properties, material properties, connection hysteretic behavior
(strength, stiffnesses and degradation properties), and amount of equivalent viscous damping. In
addition, it is very important to include the effects of geometric nonlinearity. Full nonlinear geom-

etry theory is preferable to linearized P-A representationsif large to collapse level drifts occur.

During the assessment of the trial models, several important sensitivities were observed.
The most important of these included specimen dimensions, damping, and several parameters
related to connection hysteretic modeling, such as stiffness values in the nonlinear range, Bausch-
inger effects, and kinematic softening parameters. In particular, the effects of negative post-yield
and post-fracture stiffness are important, and should be included in connection hysteretic models

if such behavior is anticipated in the connections being modeled.

257



8 Analytical Studies

This chapter contains the results of an analytical parametric study carried out using the model
developed in the previous chapter. The objective of this study isthree-fold: to investigate cases of
interest which were not tested experimentally, to determine the sensitivity of structural responseto
hysteretic behavioral characteristics and frame properties, and to determine the response of the
specimen to excitations different from those used for the shaking table tests. Model 2, which was
presented in the previous chapter, is used for all of the analyses in this chapter. Since a model of
the test specimen, which underwent very large drifts without collapse, was used for these analyses,
it should not come as a surprise that the drifts reported here are large. Drifts of this magnitude are

not expected in actual buildings.

8.1 ANALYTICAL STUDY PLAN

It is helpful for organizational purposes to divide this study into several substudies which are
focused on the variation of one major parameter each. These substudies include effects of ampli-
tude on the experimentally tested cases, effects of connection hysteretic properties, (particularly
those measuring degradation), effects of frame parameters, and effects of excitation. The results of
these substudies are presented in Sections 8.2 through 8.5, respectively. Parameters and analysis
methods used in the substudies are defined in Section 8.1.1. Study organizational details are
located in Section 8.1.2.



8.1.1 Definitions
Most of the parameters discussed in the remainder of this chapter have been defined previoudy, so

the focus of this section is on those parameters which are being used for the first time. However,

references to previoudy defined terms or quantities are provided in Section 8-1.

Table 8-1. References to previously defined terms and quantities

Term or Quantity Reference Location Page
Hysteretic behavior types Table 3-1, Figure 3-8 42,44
Tested connection configuration patterns Figure 4-9 62
Shaking table excitations Table 4-2 61
SAC Joint Venture ground motion suites | Section 4.1.1, Somerville, 1997 53, 308
Analytical model characteristics Table 7-4 234

8.1.1.1 Parameters

Pattern CTB, Top and Bottom Flange Fractures

In the interest of time and cost efficiency, patterns where all flanges were fracture-capable were
not tested experimentally. However, this pattern is of interest and can easily be examined analyti-
caly. Thispatternisreferred to as CTB, where Cindicates all connectionsin the structure fracture,
and TB indicates both the top and bottom flanges fracture. The hysteretic behavior of a connection
with both top and bottom flange fractures can be justifiably assumed to be a combination of the
response of the top and bottom-flange only combinations, due to the modular nature of the clevis
connection design. Analytical studies using these patterns can be used to examine the response of

structures with very brittle connectionsin all locations.

In the case of cosine pulse excitations, it is likely that the behavior will be similar to that
seen for the CP patterns. However, in cases where the pulse amplitude is large, the behavior may
be significantly different, since fracture will occur in the first negative excursion for CTB patterns,

while it cannot occur for CP patterns.
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Hysteretic Parameters for Fracturing Connections

In the subsequent analytical studies, brittle fracture and ductile fracture are clearly distinct hyster-
etic types, and some parameters are applicable for one type of fracture and not the other. Hysteretic

parameters for each case are shown in Figures 8-1 and 8-2, respectively.

As fracture occurs, the moment capacity of the connection drops sharply, as shown in
Figure 8-1. The post-fracture moment capacity is most easily defined as the ratio of the residual
moment capacity M, to the moment capacity immediately before fracture occurs, My. In the case of
brittle fracture, the value of M used isless than the value of the plastic moment M,,. After fracture
occurs and the moment capacity dropsto M,., the sope of the subsequent branch of the hysteretic
loop is defined as the post-fracture tangent stiffness K, This quantity is expressed in terms of a
decimal fraction of theinitial elastic stiffness K.

Moment

Mr S

/ Ki

Kpf

Rotation

Mp

Figure 8-1. Definition of hysteretic parameters for a brittle fracturing connection

For a ductile fracturing connection, the fracture occurs after the plastic moment has been
reached. The key parameter for ductile fracturing connectionsis the amount of plastic rotation 6,
which occurs prior to fracture as shown in Figure 8-2. Also, due to the limitations of the trilinear
connection hysteretic model used, only zero post-fracture tangent stiffnessis possible for ductile

fracture.
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Moment Op
Mp

Mr

Rotation

Figure 8-2. Definition of hysteretic parameters for a ductile fracturing connection

8.1.1.2 Analysis procedures

The incremental dynamic analysis (IDA) method was first suggested by Bertero (Bertero, 1977),
though it has only recently become feasible to implement due to increasesin computing capability.
The IDA method has been recently applied in seismic response studies, most notably by Vamvatsi-
kos and Cornell (Vamvatsikos and Cornell, 2002). This method has numerous applications, which
vary from the simple investigation of the effects of excitation amplitude to the development of fra-
gility curvesfor performance-based design. The method consists of a series of nonlinear dynamic
analyses of a particular structural model, in which the same excitation is used at increasing ampli-
tudes. The factor used for the amplitude scaling of earthquake excitations is defined as the scalar
o, which obeysthe relation

Amplified — *3original

where agmpjified IS the amplitude-scaled acceleration time hi, and ayiging iSthe acceleration time hi
inorigina form. The scale factor o varies linearly from the initial value of the scale factor o, to
the final value of the scale factor o in constant increments of Aa.. The first analysisis performed

at avery low amplitude of the excitation, and o isincreased until some criterion for the collapse of
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the structure is met. In each analysis, the state of the structure is reset to its original, undamaged

state; damage is not cumul ative across analyses.

The incremental dynamic analysis (IDA) method was used in this study to examine the
effects of excitation amplitude. For a single excitation, the acceleration time hi was ssimply multi-
plied by o. In the cases where the SAC suites of ground motion records were used, the simple
approach of applying a uniform amplification scale factor to al records in the suite was adopted.
The use of auniform scalefactor preserves the variability in amplitude between individual ground

motions that was intended by the creators of the suites.

It isimportant to remember when looking at plots of IDA resultsfor the SAC motions that
the absci ssa contai ns the uniform scal e factor used for the entire suite of motions, rather than amea-
sure of ground motion amplitude. Because of this, individual ground motions may have different
values of intensity measures such as peak ground acceleration. An amplitude scale factor of one

indicates that all motions have the same scale as when downloaded from the SAC website.

8.1.2 Study Organization

As previously mentioned, the study discussed in this chapter has been divided into four substudies
for organizational purposes. Mgjor parameters and the associated excitation cases are shown in

Table 8-2. Connection hysteretic properties examined are listed separately.

Table 8-2. Parametric study matrix

Parameter Values of Parameter Shaking Table | Additional | SACLA | SACLA
Excitations | CosinePulses| 10/50 2/50
Amplitude All tested DB, BF, DFS, X
SD patterns
Ductile fracture BP & X
CPw/6, =0.01, 0.02 rad
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Table 8-2. — Continued

Parameter

Values of Parameter

Shaking Table
Excitations

Additional
Cosine Pulses

SACLA
10/50

SACLA
2/50

Excitation

Ductile baseline

X

X

Brittle fracture CB w/
Kpf =0, Mr =60 and
Kpf, Mr = best fit

X

Brittle fracture CTB w/
Kpf =0, Mr=60and
Kpf, Mr = best fit

Ductile fracture CB w/
0, =10.01, 0.02 rad

Ductile fracture CTB w/
0, =10.01, 0.02 rad

Post-fracture moment
Mr

Mr/Mp=0.1,0.2, 0.3,
0.4,05,0.6,0.8

Post-fracture tangent

Kpf/Ki =-0.07,-0.05, -

stiffness K pf 0.02, 0, 0.02, 0.05
Post-yield stiffness | Kpy/Ki = -0.07, -0.05, - X
Kpy 0.03, -0.02, 0.01, 0

Column stiffness

Ic/lb=0.5,0.75, 1.0,
2.0,3.0

P-A effects

None, Full nonlinear
theory for Kpf, Kpy
cases above

8.2

The sengitivity of the results to the amplitude of excitation is examined in this section by the use
of incremental dynamic analysis (IDA), which was defined in Section 8.1.1.2. The recorded shak-
ing table accelerations for each selected test were used as the excitation for the appropriate connec-
tion pattern. IDAsfor the brittlefracture, ductile fracture, and deformation softening patternstested
are shown in Figures 8-3 through 8-5, and 8-6 through 8-8, for the 1.2 and 0.6 second cosine pul ses,
respectively. Since fewer patterns were tested for the INFO1 and JSE17 motions, al cases are
shown together for each motion in Figures 8-9 and 8- 10, respectively. The ductile baseline case is

included for referencein all plots.

EFFECTS OF EXCITATION AMPLITUDE
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Figure 8-3. Comparison of IDAs corresponding to 1.2 sec cosine pulse tests, BF patterns
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Figure 8-4. Comparison of IDAs corresponding to 1.2 sec cosine pulse tests, DF patterns
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Figure 8-5. Comparison of IDAs corresponding to 1.2 sec cosine pulse tests, DFS patterns

2 T T T T T T T T T

— Ductile Baseline : : . I

18k~ Brittle Fracture BP Test 1 | - . .. ... .. .. . o L L]

’ +++ Brittle Fracture BP Test 2 : : N ./ : : :

—+ Brittle Fracture CP : : /- : :

1.6F A DBC TestData SRR T o N R P
O BFBP Test Data : : A : :

O BFCB Test Data : : vaYi

4[| O BFCPTestData [ 777 i i i

12F . SERREEE P SERRRRE EERRRRES AL DENEE EEERREE EEEEREE D

Y] R L L A e RSN S SN L]

Amplitude Scale Factor
\
<>
1

osk T
04F - .ol T o TP Do L T I ........

02k - A SRR S SERRRRE ERRRRREE SRR L R SRR R

0 2 4 6 8 10 12 14 16 18 20
Maximum Interstory Drift Ratio (%)

Figure 8-6. Comparison of IDAs corresponding to 0.6 sec cosine pulse tests, BF patterns
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Figure 8-7. Comparison of IDAs corresponding to 0.6 sec cosine pulse tests, DF patterns
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Figure 8-8. Comparison of IDAs corresponding to 0.6 sec cosine pulse tests, DFS patterns
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Figure 8-9. Comparison of IDAs corresponding to JNFO01 tests

¥ T T I T T
s
1 :./: A Ao G e
/, o
08 ..................................................................................
0.6F - RERERY Ao SEERREE CRREEEEE ARRREE — Ductile Baseline e
: L : : : + — Brittle Fracture CB Kpf =0
0ab ++++ Strength Degrading C i
’ —— Brittle Fracture CB Kpf < 0
: : : : A DBC Test Data
02F - SRR R EEREEEE EEEREREE Do O BFCB Test Data .
: : : : : O SDC Test Data
0 i i i i i i i i i
0 2 4 6 8 10 12 14 16 18 20

Maximum Interstory Drift Ratio (%)

Figure 8-10. Comparison of IDAs corresponding to JSE17 tests
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Relatively good agreement is obtained between the test results (point values) and the cor-
responding values of the IDA curve in most cases. The notable exceptions are the ductile fracture
cases, which on the average show more discrepancy between the dataand the analytical resultsthan
for other types of hysteretic degradation. This is most likely due to the “ductile’ fracture cases
having significantly less plastic rotation capacity than assumed in the analytical model. However,
thisresult shows that ductile fracture may help behavior in some cases, though the results are a bit
mixed. Thisissue will be discussed in greater detail in Section 8.3.4.

The other case where significant deviation occurs is the brittle fracture case for the JSE17
motion, where the analysis badly underpredicts the maximum drift. It is unclear why this occurs,
but it is possible that small differences between the damaged-state vibration characteristics of the
model and the specimen trandate into larger differences in response to the particular pulse-like

waveform contained in the JSE17 motion.

8.3  CONNECTION HYSTERETIC PARAMETERS

The major focus of this section isthe effects of the severity of hysteretic deterioration on response.

Modeling parameters that control the rate or amount of deterioration are:

» Post-fracture residual moment capacity
» Post-fracture stiffness

» Pladgtic rotation prior to fracture

» Number of flanges permitted to fracture
* Post-yield stiffness

Also included in the substudy of connection hysteretic parameters are studies of patterns
which were not tested. Two ductile fracture cases with different amounts of plastic rotation prior
to fractureinitiation were examined. The use of these values also allowsfor amorethorough inves-

tigation into the role pre-fracture ductile behavior might play in reducing adverse system behavior.

In this section, the effects of various hysteretic degradation parameters on the displacement
response of the test specimen are examined. These parameters are specific to the different types of

hysteretic degradation and are related to the severity of the degradation. For instance, in the case
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of fracture, the residual moment capacity, post-fracture stiffness, and amount of plastic rotation
prior to fracture all contribute in different ways to the severity of the effects of the fracture on the
frame’ s behavior. The effects of the various hysteretic degradation parameters are examined for

the tested connection configuration patterns and compared with test data.

8.3.1 Effects of Post-Fracture Residual Moment Capacity

A range of values of the M,/Mratio (defined in Section 8.1.1.1) between 0.1 and 1.0 are examined
inthissection, with 0.1 indicating avery severe reduction of 90% in moment capacity and 1.0 indi-
cating no reduction (ductile behavior). This wide range of residual capacities allows the examina-
tion of trends associated with residual moment capacity and number and location of fractures.
These trends can be seen in Figures 8-11 and 8-12 for the case of the 1.2 second and 0.6 second
cosine pulse shaking tabl e test excitations. Trendswith excitation amplitude for each level of resid-

ual moment are shown in Figures 8-13 through 8-17 for three fracturing connection patterns.
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Figure 8-11. Post-fracture moment capacity vs. interstory drift ratio, 1.2 sec cosine pulse,
test amplitude (1.0)
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Figure 8-12. Post-fracture moment capacity vs. interstory drift ratio, 0.6 sec cosine pulse,
test amplitude (1.0)

It isapparent from Figures 8-11 and 8-12 that the CP patterns (where al the tension flanges
fracture nearly smultaneously during the pulse) are much more sensitive to residual moment
capacity than the BP patterns, which have fracturesin thefirst only. In fact, the sensitivity may be
worse than indicated in the above plots, since comparison with the test data shows an underpredic-
tion of drifts. In the case of CP pattern fractures, it is clear that collapse can only be prevented for
the level of excitation considered in Figure 8-12 if the level of strength reduction is small. How-
ever, as shown in the Figures 8-15 and 8-16, sufficient residual moment capacity can prevent col-
lapse for low to moderate drift levels.

In the case of the BP pattern, the amount of sensitivity to resdua moment capacity varies
with excitation. The variation is much more dramatic for the 1.2 second cosine pulse than the 0.6
second cosine pulse, which is expected, since strength is moreimportant in the 1.2 second case due
to the response spectrum position of the structure.

Prior analytical studies (Hart in SAC, 1995, Luco and Cornell, 1999) have concluded that

moderate variations in post-fracture residual moment capacity have little or no effect on the
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response of the system unless the reduction is very severe. However, these studies considered
structureswhich were generally on the descending branch of the response spectrum for the selected
excitations, where strength is lessimportant. Figures 8-13 and 8-14 show the effects of post-frac-
ture moment capacity for increasing amplitudes of two cosine pulse excitations. The structureison
the ascending branch for the 1.2 second pulse, and on the descending branch for the 0.6 second
pulse. The shape of the IDA curvesis quite different for the two cases, with reduction in post-frac-
ture capacity leading to collapse at much lower amplitudes for the case where the structure is on

the ascending branch.
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Figure 8-13. Comparison of IDAs for variable Mr, BF BP pattern, 1.2 second cosine pulse
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Figure 8-14. Comparison of IDAs for variable Mr, BF BP pattern, 0.6 sec cosine pulse
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Figure 8-15. Comparison of IDAs for variable Mr, BF CP pattern, 1.2 sec cosine pulse
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Figure 8-16. Comparison of IDAs for variable Mr, BF CP pattern, 0.6 sec cosine pulse
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Figure 8-17. Comparison of IDAs for variable Mr, BF CB pattern, 1.2 sec cosine pulse
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In general, the effects of post-fracture residual moment capacity depend largely on the
number and spatial distribution of fractures. Inthe case of brittle fractureslocalized in one (pattern
BP), even very severe loss of moment capacity in the fractured connections does not necessarily
lead to collapse. Whether collapse occurs depends on the capacity of theintact connectionsrelative
to the severity of the excitation. Similar observations can be made for the case where fractures are
confined to the bottom flanges only, except that collapse occurrence is determined by the capacity
of the fractured connections when the fractured flange is in compression, rather than the capacity
of the intact connections. On the other hand, if fractures cause |oss of capacity in every connection
in one direction of motion (pattern CP or CTB), less severe strength loss and lower amplitudes of

excitation are needed to cause collapse.

8.3.2 Effects of Post-Fracture Tangent Stiffness

In this section, the effects of post-fracture tangent stiffness are explored. This parameter is partic-
ularly relevant in cases where the specimen continues to deform significantly in the same direction
after fracture occurs. In the cases studied, this happens when the fracture occurs early in alarge
pulse excitation. The effects of the variation of post-fracture stiffness from strongly positive to

strongly negative are shown in Figure 8-18.
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Figure 8-18. Post-fracture stiffness vs. interstory drift ratio, 1.2 second cosine pulse,
test amplitude (1.0)

Pattern CP is most sengitive to changes in slope post-fracture stiffness. Thisis because all
of the fractures occur at nearly the same time, and so the tangent stiffness of all connectionsisthe
post-fracture stiffness. For the other patterns, only two of the connections can fracture at any one
time, so only two connections have the post-fracture tangent stiffness. Thisgreatly reducesthe sen-

sitivity to post-fracture stiffness, and a significant increase in drift is observed only when K,
becomes strongly negative.

It should also be remembered that at this amplitude of excitation geometric nonlinearities
are important, and that a positive post-fracture tangent slope in the connection hysteresis counter-
actstheglobal P-A effects. For thisreason, the curvesflatten out for the larger positive valuesrather
than decreasing rapidly. For the larger negative values, the P-A effects and negative post-fracture
stiffness are additive, resulting in alarger combined effect on the displacement response. Therel-
ative contributions of geometric nonlinearity and connection behavior, which were obtained by

running the analysis with and without geometric nonlinearities, are shown in Figure 8-19.
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Figure 8-19. Relative contribution of geometric and hysteretic negative stiffnesses, 1.2
second cosine pulse, test amplitude (1.0)

The variation of the effects of post-fracture stiffness with amplitude are shown for the brit-
tlefracture BP, CP, and CB patternsin Figures 8-20 through 8-22. For all of the patterns, the effect
of post-fracture stiffness increases with amplitude. Thisis most likely due to the combined effects
of geometric stiffness reduction (due to P-A), which increases with amplitude, and hysteretic stiff-
ness reduction, which was discussed previoudly.
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Figure 8-20. Comparison of IDAs for variable Kpf, BF BP pattern, 1.2 sec cosine pulse
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Figure 8-21. Comparison of IDAs for variable Kpf, BF CP pattern, 1.2 sec cosine pulse
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Figure 8-22. Comparison of IDAs for variable Kpf, BF CB pattern, 1.2 sec cosine pulse

8.3.3 Effects of Amount of Negative Post-Yield Tangent Stiffness

In this section, the effects of the amount of negative post-yield tangent stiffness are examined for
the deformation softening patterns DFS B and DFS C. In Figure 8-23, the variance of interstory
drift ratio with stiffness is shown. As expected, the C pattern is affected to a much greater extent
than the B pattern because it has four connections suffering the negative post-yield stiffness. This
figure also showsthat there seemsto be acritical level of post-yield stiffness where collapse occurs
if all connections have that level of stiffness, asis the case for the C pattern. The ductile connec-

tionsin thetop inthe B pattern prevent this global instability.
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Figure 8-23. Post-yield stiffness vs. interstory drift ratio, 1.2 second cosine pulse, test
amplitude (1.0)

In Figures 8-24 and 8-25, IDAs are plotted for the DFS B and DFS C patterns, respectively.

The excitations used are the appropriate recorded shaking table excitations for the 1.2 second
cosine pulse.
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Figure 8-24. Comparison of IDAs for variable Kpy, DFS B pattern, 1.2 second cosine pulse
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Figure 8-25. Comparison of IDAs for variable Kpy, DFS C pattern, 1.2 second cosine pulse
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For the B pattern, the effects of the level of deformation softening are small until drifts
become quite large (approximately 6%), as shown in Figure 8-24. In contrast, the effects begin to
cause divergence in the responses at just over 3% drift for the C pattern. These results indicate that
alarge amount of negative post-yield stiffness can have very adverse effects on the system behav-
ior, but the effects are pronounced only if amajority of the connections exhibit this behavior. Also,
the same additive relationship between negative hysteretic stiffness and P-A effects that was seen
for post-fracture stiffness occurs for post-yield stiffness as well. These combined effects tend to
increase with amplitude, so the expected excitation is also a factor in determining whether defor-

mation softening can lead to structural instability.

8.3.4 Effects of Plastic Rotation Prior to Fracture

In this section, the effects of pre-fracture plastic rotation are examined. Threevalues of plastic rota-
tion prior to fracture are examined: zero, 0.01 radian, and 0.02 radian. The*zero” case corresponds
to a brittle fracture, which would be expected from a pre-Northridge connection, while the other
values are appropriate for post-Northridge connections that show limited plastic rotation capacity.

IDAS for these cases are shown in Figures 8-26 and 8-27.
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Figure 8-26. Comparison of IDAs for varying pre-fracture 6p, 1.2 sec cosine pulse

2 T T T T T — — T T
= Ductile Baseline : \:
18k - Brittle Fracture CP Kpf=0 | = . Y AU N T
’ v Ductile Fracture CP 6p = 0.01 : I : .
—— Ductile Fracture CP 6p = 0.02 . \ . - .
16 ........ o S e T ....... .......................... -
14-[ ........................... p
o .
© .I:
LCE1-2 ...................................... y K P p
P .
Tg ./
%) 1 ................................. -
()
©
2
6_08' e e e e )
1S
<
06 .........................................................................
04 ........................................................................ -
02k - SRR D SRR EERRRR SERREEE R EEREN L EERTE 4
C 1 I 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Maximum Interstory Drift Ratio (%)

Figure 8-27. Comparison of IDAs for varying pre-fracture 6p, 0.6 sec cosine pulse
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Figure 8-28. Comparison of IDAs for varying pre-fracture 0p, 0.6 sec cosine pulse
excitation, large amplitude scale factor values

In the case of the 1.2 second cosine pulse, the effects of plastic rotation prior to fracture are
generally beneficial, decreasing the drift for a given amplitude, particularly for larger drifts. How-
ever, the oppositeis true for the 0.6 second case, as the plastic rotation prior to fracture appears to
make things worse for the lower amplitudes shown in Figure 8-27. This is counterintuitive, and
more work is necessary to determine why this is the case. At very large amplitudes, as shown in

Figure 8-28, the effects of plastic rotation can be beneficial.

84 EFFECTS OF FRAME PROPERTIES

The effects of variationsin column stiffness are examined in this section by varying theratio of the
cross-section moments of inertia of the columns to the beams (Ic/lb) and keeping the beam cross

section constant. Interstory drifts are plotted versus the column-to-beam stiffness ratio for the test

excitation amplitude in Figure 8-29. Interstory drifts are not particularly sensitive to column stiff-
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ness unless the columns section stiffness becomes less than that of the beam. Next, IDASs are com-

pared for varying column stiffness for the ductile baseline and brittle fracture BP, CP, and CB in
Figures 8-30 through 8-33.
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Figure 8-29. Column-to-beam section stiffness ratio vs. interstory drift ratio, 1.2 sec
cosine pulse, test amplitude (1.0)
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Figure 8-31. Comparison of IDAs for varying Ic, BF BP pattern, 1.2 sec cosine pulse
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For the connection configuration patterns shown above, the effects of column stiffness are
not large unless the columns become much more flexibl e than the beams. M ost cases seem to show
similar rates of variation in drift with Ic/Ib ratio, with the exception of the brittle fracture CB pat-
tern, which does not show a rapidly steepening sope as the columns become very flexible. This
may have something to do with fractures in the other direction, which tends to “balance” the
response and lead to moderate positive and negative displacement excursions as opposed to asmall
negative excursion and alarge positive excursion. This may cause the response to be less sensitive

to the column stiffness.

8.5 EFFECTS OF EARTHQUAKE EXCITATION

In this section, the response of the test specimen to earthquake excitations other than those used in
the experimental series is examined. The selected excitations include a variety of trigonometric
pulses and the SAC Joint Venture suites of ground motions for the Los Angeles areafor the 10%

in 50 year and 2% in 50 year earthquake hazard levels.

8.5.1 Pulse Excitations

Inthis section, the effect of structure period-to-pulse period ratio T's;,cure/T puise ONiNterstory drift
is examined. This is done using shock spectra calculated for the test specimen with cosine pulse
excitations of varying periods and constant peak velocities of 25 in./sec (the test excitation ampli-
tude), 37.5in./sec (1.5 timestest amplitude), and 50 in./sec (2 timestest amplitude). These spectra,
which were created for both the CB (bottom flange only) and CTB (top and bottom flange) pat-
terns, are shown in Figures 8-34 through 8-39.
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Figure 8-34. Variation of interstory drift w/cosine pulse period, Vp=25 in./sec, CB patterns
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Figure 8-35. Variation of interstory drift w/cosine pulse period, Vp=25 in./sec, CTB patterns
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Figure 8-36. Variation of interstory drift w/cosine pulse period, Vp=37.5 in./sec, CB patterns
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Figure 8-37. Variation of interstory drift w/cosine pulse period, Vp=37.5 in./sec, CTB
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Figure 8-38. Variation of interstory drift w/cosine pulse period, Vp=50 in./sec, CB patterns
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In the case of the test amplitude (Vp = 25 in./sec), the pulse period which causes the largest
responseis 1.5 times the model’ s first mode period. Asthe peak pulse velocity increases, the loca
tion where the maximum response is obtained is shifted to the left for the fracturing cases and the

pulse period becomes longer and longer with respect to the period of the specimen.

For al of the peak pulse velocities, the fracturing cases cause increased displacement in the
region to the left of the peak where the 7/T,

pulse

behavior of the specimen iselastic and thereisnoincrease. For the 25 in./sec cases, ductilefracture

ratio is small. For very small values, however, the

causes larger responses outside this region to the right of the peak. As the peak pulse velocity
increases, the region where ductile fracture causes larger response shrinks and becomes approxi-

mately the same as the region for brittle fracture.

For all of the peak pulse velocities, there is a region to the right of the peak where brittle
fracture actually reduces the displacement response. For the larger peak pulse velocities 1.5 and
2.0 times the test velocity, ductile fractures reduce the response in this region as well. The benefi-
cial effects of fracture appear to increase with severity, asthereduction islarger for the CTB cases

than the CB cases.

8.5.2 Earthquake History Excitations

The model was subjected to two suites of earthquake histories which were developed by the SAC
Joint Venture (Somerville, 1997) for the Los Angeles area. These two suites of motions were
developed for the 10% probability of exceedance in 50 years and 2% probability of exceedancein
50 years seismic hazard levels. These suites of motions are referred to as the SAC LA 10/50 and
SAC LA 2/50 suites, respectively.

Median values of IDAs are compared for the SAC LA 10/50 and 2/50 motions in Figures
8-40 and 8-41, respectively. These median valueswere determined by taking the natural logarithms
of the interstory drift values, finding the median, and then taking the exponential of this value to
convert back to interstory drift ratio. There was a great deal of scatter in the IDA results, which is
shown for the ductile cases in Figures 8-43 and 8-44. Equal or greater amounts of scatter occurred

for the fracturing cases as well. Because of this, only general trends will be discussed.
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For the 10/50 suite of motions, all of the fracturing patterns cause larger interstory driftsfor
lower amplitude scale factors than the ductile baseline case. All of the fracture cases except for the
brittle fracture cases with best-fit negative post-fracture stiffness have similar IDA curves. This
indicates that the response is relatively insensitive to the location and type of fracture unless neg-

ative post-fracture stiffness is present.

For the SAC LA 2/50 suite, the ground motions are more severe, and thisis reflected in the
much earlier onset of collapse for the median values shown in Figure 8-41. Because of this, a set
of IDAswith amuch finer scale factor discretization is shown for the lower portion of the curvein
Figure 8-42.

N

T T T T T T T T T
== Ductile Baseline
| | -+ — Brittle Fracture CB Kpf=0
. Brittle Fracture CB Kpf < 0
—— Brittle Fracture CTB Kpf =0 : : : ; :
— Brittle Fracture CTBKpf<0 |- - - T EEEEEEREREP> gl e R
— Ductile Fracture CP 6p = 0.01 : : : :
| | =« Ductile Fracture BP 6p = 0.02

-
[oe]

-
[&]
T

—_
H

-
N

o
o

Amplitude Scale Factor

o
)

I
~

02k . ' ...... D SRR ERRRRE SERREEE Dl EERREEE ERRRRRL

Interstory Drift (%)

Figure 8-40. Comparison of median IDA values for SAC LA 10/50 suite of motions
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Figure 8-41. Comparison of median IDA values for SAC LA 2/50 suite of motions
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Figure 8-42. Comparison of median IDA values for SAC LA 2/50 suite of motions, high
resolution
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Asshown in Figure 8-42, fractures cause larger drifts than the ductile baseline case for the
same amplitude. Thereislittle difference in the shape of the curves, except that the brittle fracture

CTB case becomes unstable at lower amplitude than the other fracturing cases do.
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Figure 8-43. IDAs for SAC LA 10/50 suite of motions, ductile baseline case
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Figure 8-44. IDAs for SAC LA 2/50 suite of motions, ductile baseline case

It should be mentioned here that the test specimen was not designed to conform to the inter-
story drift requirements set forth in FEMA 273 (FEMA, 1997). Simple interstory drift predictions
made using the provisionsin FEMA 273 (but neglecting P-A effectsby setting C5 = 1) indicate that
drifts of approximately 5.5% and 11% can be expected for the ductile case for this specimen at the
10% in 50 year and 2% in 50 year earthquake hazard levels, respectively. Since these estimates do
not include P-A effects, it is not surprising that they are a bit lower than the median values shown
in Figures 8-43 and 8-44.

The FEMA evaluation also places the structure in the constant acceleration portion of the
elastic pseudo-accel eration spectrum for both 10/50 and 2/50 hazard levels, which corresponds to
Newmark’s energy-preserved range for an inelastic spectrum. This indicates that strength loss
should lead to larger displacements for the patterns with strength degradation, and thisis in fact

what was observed.
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8.6 SUMMARY

Several hysteretic parameters related to the severity of fracture were examined, including post-
fracture residual moment capacity, post-fracture tangent stiffness, and amount of plastic rotation
prior to fracture. These parameterswere all shown to affect the deformation response of the model,
but the severity of the effects of these parameters were found to be dependent on number and spa-
tial distribution of fractures aswell as excitation amplitude, in addition to the values of the param-

eters themselves.

Hysteretic degradation parameters that affect system strength, such as residual post-frac-
ture moment capacity, have significant effects on the response in situations where system strength
isimportant to behavior. This occurs in Newmark’s short-period and energy-preserved ranges of
the response spectrum. These regions of the response spectrum may encompass a larger range of
periodsfor near-field motionsthan for far-field motions, causing strength to be important for larger

numbers of structures.

The effects of strength loss due to fracture as well as ductile forms of degradation are exac-
erbated if the number of connections with fracture is increased, and the effects can be acute if the

strength loss occursin one direction during a pulse.

The effects of plastic rotation before fracture are mixed. In the case of the 1.2 second cosine
pulse, behavior improves with increased plastic rotation prior to fracture. The opposite is true for
the 0.6 second pulse, however. Response spectrum position, along with pulse amplitude, may play

arole in causing the difference.

For large drifts, the effects of negative post-yield or post-fracture tangent stiffness in the
connection hysteresis combine with geometric nonlinearity (P-A) effects to force the structure to
extreme drifts or collapse. In the cases where there is positive post-yield or post-fracture tangent
stiffness in the connection hysteresis, this positive stiffness tends to counteract the effects of geo-
metric nonlinearity, resulting in reduced drift. Therefore, if drifts are to be predicted accurately via
analysis, the analytical model must make realistic assumptions about post-yield or post-fracture
stiffness, particularly if negative tangent stiffnessis likely to occur. The likelihood of this can be

estimated using experimental data from beam-column connection tests.
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Frame parameters related to stiffness, such as column section stiffness and height, contrib-
uteto the elastic flexibility of the frame. Decreasesin member stiffness can causeincreasesin elas-
tic drift demand (depending on period range), thereby potentially increasing the overall maximum

drifts for the structure.

The *shock spectra’ for the specimen showing the effect of pulse duration indicate that the
region where the most adverse effects on the displacement response due to hysteretic degradation
occur isdependent on the peak velocity of the pulse. For increasing peak velocity, the most adverse
T-structure/T-pul seratio migrates to shorter and shorter periods. Asthe aspect ratio of the structure
changes, higher-mode effects may al so affect the critical value of thisratio. However, thisisatopic

for further study.

The deformation response is not highly sensitive to amplitude for the test excitations, but
instead increases gradually in most cases. The notable exception is the BFCB pattern with the
JSE17 excitation, which displays sudden instability with little warning. It isunclear why thisisthe

case.
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9 Conclusions and Recommendations
for Future Work

9.1 CONCLUSIONS

The objective of thisstudy wasto examine the effects of connection hysteretic behavior onthe seis-
mic behavior of steel moment frames. This was accomplished by dynamic testing of aframe spec-
imen and analytical simulations. Five types of hysteretic behavior, defined in Section 1.1, were
examined. Both the experimental and analytical portions of this study produced resultswhich show
that the effects of degradation in connection hysteretic behavior on system response are dependent
on several factors. These factors include the region of the response spectrum where the system is
located, the type of degradation, the severity of that degradation, and the amplitude of the earth-
guake excitation.

Based on both the experimental and analytical portions of this study, the following general
observations can be made on the effects of brittle fracture on system behavior for the short and

intermediate structure period-to-pulse period (Terycture/ Tpuise) Fanges for pulse excitations:

* global displacements are increased over ductile baseline behavior
» system strength capacity is reduced from pre-fracture levels

* the severity of the effects of fracture is dependent on the number and spatial distribution of
fractures aswell as the amplitude of the excitation

 the severity of the effects of fracture also depends on various hysteretic characteristics includ-
ing post-fracture residual moment capacity and post-fracture tangent stiffness

 four local dynamic phenomena caused by fracture were observed experimentally: change of
beam deflected shape, propagation of elastic waves, excitation of higher vibration modesin the
beam, and local area moment redistribution

» theselocal fracture-induced phenomenawere found to have small effects on the global
response in most cases

» analytical modelsthat did not account for these local phenomenawere till able to reproduce
the system response reasonably well



The following observations can be made from the analytical studies on the effects of struc-

ture period-to-pulse period (Tgrycture/ Tpuise) FANge on behavior of systems with brittle fracture at

the top and bottom flanges and bottom flanges only of the connections:

Brittle fracture adversely affects the system behavior in both cases (top and bottom flange frac-
tures and bottom flange fractures only) by increasing the maximum and residual drifts and
causing substantial strength loss, aswell as aloss of stiffness which causes period elongation,
in the shorter-period “ascending branch” (Tgycture/ Tpuise < 2/3) of the response spectrum for
pulse excitations

Brittle fracture also matters for both cases in the intermediate period range (2/3 < Tgycture/
Tpuise < 3) or upper “descending branch” for pulse excitations for the same reasons

Top and bottom flange fractures cause greater driftsin the short and short-intermediate regions
of the spectrum (together 0.25 < Tgycrure/ Tpuise < 1) than bottom flanges only

Neither fracture distribution adversely affects the response in the long-period range (Tgyycture
Touise > 3) for pulse excitations

Based on analytical studies, the effects of ductile fracture (meaning significant plastic rota-

tion occurs prior to fracture) versus brittle fracture are as follows:

ductile fracture does not provide any advantages or disadvantages over brittle fracture in the
long-period range for pulse excitations

the difference between plastic rotation values of 0.01 and 0.02 radians before fracture has a
small effect on the resultsin the intermediate period range for pulse excitations

these amounts of plastic rotation (0.01 and 0.02 radians) can cause larger interstory drifts than
those for brittle fracture (zero plastic rotation) at low to moderate amplitudes of excitation

at very large amplitudes of excitation, some amount of plastic rotation, on the order of 0.01 to
0.02 radians, may be beneficial

For deformation softening (i.e., negative post-yield stiffness) in the connection hysteresis,

the following observations can be made for the short and intermediate Tgycture/ Tpuise FaNGES:

global displacements are increased over ductile baseline behavior

system strength capacity is reduced continually as the specimen becomes nonlinear under load-
ing

the severity of the effects of deformation softening is dependent on the number of deformation-
softening connections as well as the amplitude of the excitation

the severity of the effect of deformation softening also depends on the post-yield tangent tiff-
ness
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 deformation softening can combine with P-A effects at large deformations and produce unsta-
ble system response

The above findings suggest that attention during the development and acceptance of con-
nections needs to be placed on the tangent slope of the hysteretic curve after yielding aswell ason
the deformation capacity.

Since the forms of hysteretic degradation examined here all cause strength loss, they were
found to have larger effects on the response in the period ranges where strength is important. The

reasons for the strength loss were found to be less important than the severity of the strength loss.

Overall, the effects of fracture and other forms of hysteretic degradation range from severe
to negligible, depending primarily on period range, severity of degradation, and amplitude of exci-
tation.

9.2 FUTURE WORK

A great deal of potential remains for work in the area of system behavior of moment frames. The
series of experiments performed in this study could be extended to consider several other interest-

ing cases:

« alowing both top and bottom flange fractures for ground motion excitations
 varying amounts of negative post-yield stiffness

* varying post-fracture stiffness, particularly negative post-fracture stiffness
 varying plastic rotation capacity prior to fracture

« different rates of strength degradation, particularly increased rates

» additional ground motions

These cases were investigated analytically, but experimental verification of the analytical
resultsis highly desirable.

Also, high-speed data could be collected for more tests, and these data would facilitate
understanding of immediate post-fracture phenomena. In addition, the effects of degrading connec-

tion behavior for other specimen configurations, particularly taller specimens, should be examined,
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as should structures with more degrees of freedom (for the purposes of investigating higher mode
effects). Efforts should also be made to test full-scale specimens.

The test frame incorporating the idealized mechanical connections has proven to be quite
useful and additional studiesrelated to effects of hysteretic shape should be considered, including
those associated with partially restrained connections and shape memory alloys. Special details
with post-tensioning applied that would tend to reduce residual displacements could aso be con-
sidered. The frame may also provide a useful repeatable test bed for development of hybrid ssimu-

|ation and active control methods.

Future analytical work includes further investigations on how to define Newmark-esque
period ranges for near-fault ground motions and structures with various types of degradation, and
finite element analysisto study post-fracture wave propagation and energy dissipation by fracture-

induced phenomena.

Understanding the effects of connection hysteretic behavior on system performanceis key
to developing performance-based engineering methods and practices for steel moment-resisting
frame structures. At present, knowledge of the relationship between connection behavior and
system behavior is still limited, and thus great potential existsfor significant future research in this

area.
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Appendix A: Drawings of Specimen

A complete set of shop drawings were prepared for the steel fabricator, RBJ, Incorporated, by Peter
dePavloff. Thisset of drawingsis presented in this appendix. The safety catch cables are not shown

in the shop drawings, since they use standard rigging details selected and provided by the fabrica-
tor.
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Appendix B: Instrumentation Details

This appendix consists of alist of channels with instrument type and location shown in Table B-1.

Table B-1. List of channels

Channel | Transducer | Response Coord. System Transducer Location
Number Type Quantity and Orientation
ph1 - date - -
ph 2 - time - -
1 LVvDT table disp. global Y table: H1o stroke
2 LVvDT table disp. global X table: H20 stroke
3 LVvDT table disp. global Y table: H3o stroke
4 LVvDT table disp. global X table: H4o stroke
5 LVvDT table disp. global Z table: V1o stroke
6 LVvDT table disp. global Z table: V20 stroke
7 LVvDT table disp. global Z table: V3o stroke
8 LVvDT table disp. global Z table: V4o stroke
9 A table accel. globa Y table: H1-2 acc
10 A table accel. globa X table: H3-4 acc
11 A table accel. globa Y table: H4-1 acc
12 A table accel. globa X table: H2-3 acc
13 A table accel. global Z table: 1v acc
14 A table accel. global Z table: 2v acc
15 A table accel. global Z table: 3v acc
16 A table accel. global Z table: 4v acc
17 LC1 shear local x perimeter column 1
18 LC1 moment local x perimeter column 1
19 LC1 shear loca y perimeter column 1
20 LC1 moment loca y perimeter column 1
21 LC1 axia load global Z perimeter column 1
22 LC2 shear local x perimeter column 2




Table B-1. — Continued

Channel | Transducer | Response Coord. System Transducer Location

Number Type Quantity and Orientation
23 LC2 moment local x perimeter column 2
24 LC2 shear loca y perimeter column 2
25 LC2 moment loca y perimeter column 2
26 LC2 axial load global Z perimeter column 2
27 LC4 shear local x main column 1
28 LC4 moment local x main column 1
29 LC4 shear loca y main column 1
30 LC4 moment loca y main column 1
31 LC4 axial load global Z main column 1
32 LC5 shear local x main column 2
33 LC5 moment local x main column 2
34 LC5 shear local y main column 2
35 LC5 moment loca y main column 2
36 LC5 axial load global Z main column 2
37 LC6 shear local x perimeter column 3
38 LC6 moment local x perimeter column 3
39 LC6 shear local y perimeter column 3
40 LC6 moment loca y perimeter column 3
41 LC6 axial load global Z perimeter column 3
42 LC7 shear local x perimeter column 4
43 LC7 moment local x perimeter column 4
44 LC7 shear loca y perimeter column 4
45 LC7 moment loca y perimeter column 4
46 LC7 axial load global Z perimeter column 4
a7 A frame accel globa X perimeter column 2 base
48 A frame accel globa X main column 2 base
49 A frame accel globa X perimeter column 4 base
50 A frame accel globa X perimeter column 2 midheight
51 A frame accel global X main column 2 midheight
52 A frame accel globa X perimeter column 4 midheight
53 A frame accel globa X perimeter column 2 top
54 A frame accel global X main column 2 top
55 A frame accel globa X perimeter column 4 top
56 A frame accel globa Y perimeter column 1 base
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Table B-1. — Continued

Channel | Transducer | Response Coord. System Transducer Location

Number Type Quantity and Orientation
57 A frame accel globa Y perimeter column 2 base
58 A frame accel globa Y perimeter column 1 midheight
59 A frame accel globa Y midspan 1st story perimeter beam
60 A frame accel globa Y perimeter column 2 midheight
61 A frame accel globa Y perimeter column 1 top
62 A frame accel globa Y midspan 2nd story perimeter beam
63 A frame accel globa Y perimeter column 2 top
64 A frame accel global Z midspan 1st story main beam (MB1)
65 A frame accel global Z midspan 2nd story main beam (MB2)
66 SG beam strain local x L (East) end story 1 main beam T flange
67 SG beam strain local x L (East) end story 1 main beam T flange
68 SG beam strain local x L (East) end story 1 main beam B flange
69 SG beam strain local x L (East) end story 1 main beam B flange
70 SG beam strain local x R (West) end story 1 main beam T flange
71 SG beam strain local x R (West) end story 1 main beam T flange
72 SG beam strain local x R (West) end story 1 main beam B flange
73 SG beam strain local x R (West) end story 1 main beam B flange
74 SG beam strain local x L (East) end story 2 main beam T flange
75 SG beam strain local x L (East) end story 2 main beam T flange
76 SG beam strain local x L (East) end story 2 main beam B flange
77 SG beam strain local x L (East) end story 2 main beam B flange
78 SG beam strain local x R (West) end story 2 main beam T flange
79 SG beam strain local x R (West) end story 2 main beam T flange
80 SG beam strain local x R (West) end story 2 main beam B flange
8l SG beam strain local x R (West) end story 2 main beam B flange
82 SG column strain local x bottom main column 1 outside flange
83 SG column strain local x bottom main column 1 inside flange
84 SG column strain local x lower mid main column 1 outside flange
85 SG column strain local x lower mid main column 1 inside flange
86 SG column strain local x upper mid main column 1 outside flange
87 SG column strain local x upper mid main column 1 inside flange
88 SG column strain local x top main column 1 outside flange
89 SG column strain local x top main column 1 inside flange
90 SG column strain local x bottom main column 2 outside flange
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Table B-1. — Continued

Channel | Transducer | Response Coord. System Transducer Location

Number Type Quantity and Orientation
91 SG column strain local x bottom main column 2 inside flange
92 SG column strain local x lower mid main column 2 outside flange
93 SG column strain local x lower mid main column 2 inside flange
94 SG column strain local x upper mid main column 2 outside flange
95 SG column strain local x upper mid main column 2 inside flange
96 SG column strain local x top main column 2 outside flange
97 SG column strain local x top main column 2 inside flange
98 SG column strain local x bottom perimeter column 2 outside flange
99 SG column strain local x bottom perimeter column 2 inside flange
100 SG column strain local x lower mid perimeter col. 2 outside flange
101 SG column strain local x lower mid perimeter column 2 inside flange
102 SG column strain local x upper mid perimeter col. 2 outside flange
103 SG column strain local x upper mid perimeter column 2 inside flange
104 SG column strain local x top perimeter column 2 outside flange
105 SG column strain local x top perimeter column 2 inside flange
106 SR beam strain local x’ L (East) end story 1 main beam web
107 SR beam strain local y’ L (East) end story 1 main beam web
108 SR beam strain local X’ R (West) end story 1 main beam web
109 SR beam strain local y’ R (West) end story 1 main beam web
110 SR beam strain local x’ L (East) end story 2 main beam web
111 SR beam strain local y’ L (East) end story 2 main beam web
112 SR beam strain local X’ R (West) end story 2 main beam web
113 SR beam strain local y’ R (West) end story 2 main beam web
114 SR column strain | avg of local x’, y’ bottom main column 1 web
115 SR column strain | avg of local x’, y’ lower mid main column 1 web
116 SR column strain | avg of local x’, y’ upper mid main column 1 web
117 SR column strain | avg of local X, y’ top main column 1 web
118 SR column strain | avg of local X, y’ bottom main column 2 web
119 SR column strain | avg of local x’, y’ lower mid main column 2 web
120 SR column strain | avg of local X', y’ upper mid main column 2 web
121 SR column strain | avg of local X, y’ top main column 2 web
122 SR column strain | avg of local X, y’ bottom perimeter column 2 web
123 SR column strain | avg of local X, y’ lower mid perimeter column 2 web
124 SR column strain | avg of local X, y’ upper mid perimeter column 2 web
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Table B-1. — Continued

Channel | Transducer | Response Coord. System Transducer Location
Number Type Quantity and Orientation
125 SR column strain | avg of local X', y’ top perimeter column 2 web
126 open - - -
127 open - - -
128 open - - -
129 30" LP frame disp global X perimeter column 2 base
130 30" LP frame disp global X main column 2 base
131 30" LP frame disp global X perimeter column 4 base
132 30" LP frame disp global X perimeter column 2 midheight
133 30" LP frame disp globa X main column 2 lower midheight
134 30" LP frame disp globa X main column 2 upper midheight
135 30" LP frame disp global X perimeter column 4 midheight
136 30" LP frame disp global X perimeter column 2 top
137 30" LP frame disp global X main column 2 top
138 30" LP frame disp global X perimeter column 4 top
139 15" LP frame disp global Y perimeter column 1 base
140 15" LP frame disp global Y perimeter column 2 base
141 15" LP frame disp global Y perimeter column 1 midheight
142 15" LP frame disp globa Y midspan 1st story perimeter beam
143 15" LP frame disp global Y perimeter column 2 midheight
144 30" LP frame disp globa Y perimeter column 1 top
145 30" LP frame disp globa Y midspan 2nd story perimeter beam
146 30" LP frame disp globa Y perimeter column 2 top
147 2" DCDT clevisdisp local x top of clevis1 (E end story 1)
148 2" DCDT clevisdisp local x bottom of clevis 1 (E end story 1)
149 2" DCDT clevisdisp local x top of clevis2 (W end story 1)
150 2" DCDT clevisdisp local x bottom of clevis 2 (W end story 1)
151 2" DCDT clevisdisp local x top of clevis 3 (E end story 2)
152 2" DCDT clevisdisp local x bottom of clevis 3 (E end story 2)
153 2" DCDT clevisdisp local x top of clevis4 (W end story 2)
154 2" DCDT clevisdisp local x bottom of clevis 4 (W end story 2)
155 60" LP frame disp global X perimeter column 2 top
156 60" LP frame disp global X perimeter column 4 top
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Appendix C:

A listing of the tests performed, together with span settings, file names, and other test run informa-

Testing Program Details

tion is provided in this appendix.

Table C-1. Test log

Date Data file name Configuration Signal/Test type Span Agmax (8)
22-May 010522160413 - Load cell - -
010522162415 - Load cell - -
010523085146 - Load cell - -
010523092620 - Load cell - -
010523093601 - Load cell - -
23-May 010523155612 DBC Stiffness pull - -
010523161034 DBC Snapback - -
010523162601 DB C Stiffness pull - -
010523162853 DBC Snapback - -
24-May 010524102127 DBC Stiffness pull - -
010524102352 DBC Snapback - -
010524103223 DB C Stiffness pull - -
010524103520 DBC Snapback - -
010524140833 DB C Stiffness pull - -
010524141034 DBC Snapback - -
010524142831 DBC Stiffness pull - -
010524143151 DBC Snapback - -
010524160237 DBC White noise 5 0.06
010524162648 DBC JPUL SEO06 25 0.034
010524163714 DB C JPUL SEO06 500 0.678
25-May 010525084643 BFBP Stiffness pull - -
010525084955 BFBP Snapback - -
010525090057 BFBP Stiffness pull - -




Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span Agmax (8)
010525090427 BFBP Snapback - -
010525092932 BFBP Stiffness pull - -
010525093227 BFBP Snapback - -
010525102543 BFBP White noise 5 0.06
010525103705 BFBP JPUL SEO6 500 0.678
010525144701 BFBP White noise 5 0.06
010525150159 BFBP JPUL SEO6 500 0.678
010525171435 BFCP Stiffness pull - -
010525171659 BFCP Snapback - -
010525172442 BFCP Stiffness pull - -
010525172838 BFCP Snapback - -
010525175636 BFCP White noise 5 0.06
010525183200 BFCP JPUL SE06 500 0.678

29-May 010529103823 DFBP Stiffness pull - -
010529104105 DFBP Snapback - -
010529104827 DFBP Stiffness pull - -
010529105019 DFBP Snapback - -
010529111320 DFBP White noise 5 0.06
010529112558 DFBP JPUL SEO6 500 0.678
010529144224 DFCP Stiffness pull - -
010529144544 DFCP Snapback - -
010529145024 DFCP Stiffness pull - -
010529145436 DFCP Snapback - -
010529151343 DFCP White noise 5 0.06
010529152221 DFCP JPUL SEO06 500 0.678
010529174551 DFSB Stiffness pull - -
010529174846 DFSB Snapback - -
010529180210 DFSB Stiffness pull - -
010529180445 DFSB Snapback - -
010529181913 DFSB White noise 5 0.06
010529182334 DFSB JPUL SE06 500 0.678

30-May 010530093524 DFSC Stiffness pull - -
010530093800 DFSC Snapback - -
010530094303 DFSC Stiffness pull - -
010530094531 DFSC Snapback - -
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Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span Agmax (8)
010530100023 DFSC White noise 5 0.06
010530101108 DFSC JPUL SE06 500 0.678
010530130952 DBC Stiffness pull - -
010530131228 DBC Snapback - -
010530133520 DBC White noise 5 0.06
010530134158 DBC JPULSE12 1000 0.339
010530155357 BFBP White noise 5 0.06
010530160557 BFBP JPULSE12 1000 0.339
010530180004 BFCP White noise 5 0.06
010530181413 BFCP JPULSE12 1000 0.339

31-May 010531100257 DFBP White noise 5 0.06
010531101731 DFBP JPULSE12 1000 0.339
010531131645 DFCP White noise 5 0.06
010531132607 DFCP JPULSE12 1000 0.339
010531155243 DFSB White noise 5 0.06
010531170616 DFSB JPULSE12 1000 0.339

1-June 010601090926 DFSC White noise 5 0.06
010601091124 DFSC White noise 5 0.06
010601092502 DFSC JPULSE12 1000 0.339
010601115325 BFCB White noise 5 0.06
010601120814 BFCB JNFO1 954 0.836
010601132702 BFCB White noise 5 0.06
010601144554 BFCB White noise 5 0.06
010601145503 BFCB JPULSE12 1000 0.339
010601163012 BFBB White noise 5 0.06
010601164220 BFBB JNFO1 954 0.836
010601174432 DFCB White noise 5 0.06
010601175543 DFCB JNFO1 954 0.836
010604151508 DFSC White noise 5 0.06
010604153825 DFSC JNFO1 954 0.836
010604171729 DBC White noise 5 0.06
010604172829 DBC JNFO1 954 0.836

5-June 010605090747 SDC Stiffness pull - -
010605091024 SDC Snapback - -
010605091700 SDC Stiffness pull - -
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Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span Agmax (8)
010605091903 SDC Snapback - -
010605095840 SDC White noise 5 0.06
010605100730 SDC JSE17 685 1.77
010605114457 BFCP White noise 5 0.06
010605120625 BFCP JPULSE12 500 0.170
010605120901 BFCP JPULSE12 750 0.254
010605132324 BFCB White noise 5 0.06
010605133243 BFCB JSE17 685 1.77
010605160701 DBC White noise 5 0.06
010605162243 DBC JSE17 685 177
010605174843 BF A White noise 5 0.06
010605180155 BF A JPUL SE6 250 0.339

6-June 010606094756 BF A White noise 5 0.06
010606102635 BF A JPUL SE6 250 0.339
010606120248 BF A White noise 5 0.06
010606121220 BF A JPUL SE6 250 0.339
010606143434 BF A White noise 5 0.06
010606144314 BF A JPUL SE6 250 0.339
010606172348 BF A White noise 5 0.06
010606173249 BF A JPUL SE6 250 0.339
010606180837 BFBP White noise 5 0.06
010606181206 BFBP JPUL SE6 250 0.339
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Appendix D: Data Summary Tables

A tabular summary of the data obtained from the 32 high-level shaking table testsis presented in
thisappendix. This summary consists of maximum values of all response quantities of interest, and
residual values of selected response quantities such asinterstory drift and connection rotation. The

tables are organized by response quantity.

Table D-1. Summary of in-plane displacements

Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation | Pattern Drae | DRelbase | Drel story1 | Drel story2 | DRel story1 | Drel story2
(in) (in) (in) (in) (in) (in)

0.6seccosine | DBC 2.45 0.73 4.69 9.12 2.08 412
pulse BFBP1 | 245 0.84 5.47 10.74 3.78 7.44
BFBP2 | 245 0.82 5.33 10.42 3.43 6.77

DFBP 2.44 0.82 5.43 10.66 3.65 7.20

DFSB 2.44 0.72 471 9.20 2.81 5.56

BF CP* 243 1.14 7.01 13.69 6.40 12.62

DF CP* 2.46 111 7.23 14.18 6.70 13.22

DFSC* 2.44 0.92 6.03 11.89 5.76 11.35

BFAA 1.22 0.33 2.10 4.04 0.13 0.26

BFAB 1.20 0.33 212 4.08 0.12 0.24

BFAC 1.21 0.34 211 4.03 0.08 0.14

BFA D 121 0.34 214 4.10 0.09 0.19

BFAE 1.23 0.33 213 4.11 0.10 0.21

BFBPH | 121 0.37 2.32 4.46 0.35 0.70




Table D-1. — Continued

Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation Peattern DTable DRel base | Drel story1 | DRel story2 | Drel story1 | Drel story2
(in) (in) (in) (in) (in) (in)

1.2seccosine | DBC 4.98 0.63 359 6.89 0.22 0.44
pulse BF BP 4.97 0.90 5.73 11.16 2.25 4.43
DFBP 4.96 0.84 511 9.92 143 2.80
DFSB 4.97 0.87 5.75 11.25 1.50 301
BFCP1*| 495 1.62 10.00 19.59 9.12 17.98
BFCP2 | 246 0.29 1.53 2.89 0.09 0.18
BFCP3 | 373 1.06 6.86 13.50 6.50 12.83
BF CB 4.98 0.89 5.50 10.79 1.89 3.76
DF CP* 4.97 1.63 10.13 19.98 9.28 18.34
DFSC* 4.97 1.62 10.20 20.02 9.36 18.46
INFOL DBC 4.69 0.44 2.69 5.22 0.50 1.01
(Tabas) BF BB 4.70 0.44 2.79 5.41 0.44 0.90
BF CB 4.69 0.45 2.68 5.20 021 0.43
DF CB 472 0.42 2.72 5.31 0.37 0.75
DFSC 471 0.38 2.36 4.65 -1.48 -2.89
JSE17 DBC 331 0.54 3.47 6.82 1.07 217
(Llolleo) BF CB 3.33 0.65 4.37 8.75 -2.23 -4.43
sDC 3.30 0.57 3.67 7.22 1.45 2.90

Statistical values:
Maximum * 4.98 1.63 10.20 20.02 9.36 18.46
Minimum 1.20 0.29 153 2.89 0.08 0.14
Mean * 3.32 0.73 4.62 9.04 2.42 4.79
Median * 331 0.69 453 8.94 1.44 2.85
Standard deviation * 1.45 0.39 2.44 4.82 3.14 6.20

* Catch cables engaged — values compromised
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Table D-2. Summary of maximum in-plane displacement differences

Base Top of Story 1 Top of Story 2

E’t(ig:* Pattern Tavle o T Pea- | Pca | MC2 | PCa | PCa- | MC2- | PCa- | PCa-
Pc2 | MCc2 | Pc2 | -Pc2 | MC2 | PC2 | PC2 | MC2 | PC2

(in) | (in) | (in) | (in) | (in) | (in) | (in) | (in) (in) (in)

06sec | DBC | 028 | 012 | 009 | 018 | 015 | 0.21 | 0.35 | 046 | 065 | 0.65
gﬁf’;e BFBP1 | 023 | 012 | 010 | 015 | 013 | 012 | 0.24 | 033 | 045 | 043
BFBP2 | 025 | 011 | 010 | 0.14 | 014 | 015 | 0.20 | 035 | 038 | 0.34

DFBP | 026 | 013 | 009 | 017 | 018 | 013 | 023 | 031 | 043 | 037

DFSB | 029 | 011 | 011 | 015 | 0.16 | 013 | 022 | 0.29 | 037 | 040

BFCP* | 029 | 009 | 010 | 016 | 012 | 018 | 018 | 031 | 025 | 025

DFCP* | 025 | 010 | 011 | 017 | 013 | 014 | 0.14 | 021 | 043 | 035

DFSC* | 028 | 012 | 009 | 017 | 019 | 009 | 025 | 023 | 037 | 045

BFAA | 017 | 008 | 009 | 013 | 0.08 | 011 | 018 | 025 | 023 | 0.12

BFAB | 016 | 006 | 013 | 016 | 0.11 | 014 | 024 | 034 | 027 | 015

BFAC | 023 | 011 | 0.10 | 018 | 0.09 | 011 | 017 | 042 | 035 | 027

BFAD | 019 | 009 | 010 | 0.15 | 0.10 | 0.10 | 018 | 043 | 033 | 027

BFAE | 015 | 011 | 012 | 017 | 0.12 | 012 | 023 | 045 | 035 | 028

BFBPH | 019 | 009 | 008 | 016 | 009 | 009 | 0.17 | 041 | 032 | 023

12sc | DBC | 039 | 019 | 019 | 031 | 022 | 015 | 0.35 | 054 | 055 | 0.49
gﬁf’;e BFBP | 041 | 019 | 021 | 033 | 018 | 021 | 0.34 | 041 | 052 | 047
DFBP | 049 | 021 | 023 | 037 | 027 | 027 | 053 | 053 | 058 | 0.72

DFSB | 049 | 023 | 021 | 042 | 0.16 | 027 | 0.39 | 047 | 045 | 050

BFCP1* | 045 | 024 | 018 | 035 | 0.64 | 027 | 089 | 1.05 | 071 | 174

BFCP2 | 031 | 018 | 018 | 032 | 014 | 013 | 026 | 025 | 013 | 017

BFCP3 | 030 | 012 | 012 | 017 | 014 | 015 | 019 | 025 | 013 | 020

BFCB | 037 | 014 | 023 | 032 | 0.16 | 024 | 036 | 039 | 027 | 027

DFCP* | 035 | 018 | 020 | 025 | 053 | 024 | 0.65 | 0.72 | 053 | 124

DFSC* | 039 | 019 | 019 | 033 | 031 | 039 | 048 | 036 | 059 | 093

NFOL | DBC | 036 | 017 | 015 | 028 | 0.19 | 0.16 | 0.34 | 049 | 024 | 032
(Tebas) ™ pr BR[| 034 | 041 | 047 | 021 | 047 | 020 | 030 | 038 | 027 | 019
BFCB | 035 | 018 | 0.16 | 027 | 022 | 018 | 032 | 046 | 030 | 019

DFCB | 027 | 013 | 018 | 023 | 0.19 | 0.16 | 030 | 046 | 028 | 025

DFSC | 036 | 016 | 014 | 027 | 019 | 016 | 031 | 036 | 021 | 0.9
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Table D-2. — Continued

Base Top of Story 1 Top of Story 2

E’t(ig:* Pattern Tavle o Tpea- | pca | MC2 | PCa- | PCa- | MC2- | Pca- | Pea-
Pc2 | MCc2 | Pc2 | -Pc2 | MC2 | Pc2 | PC2 | MC2 | PC2
(in) | (in) | (in) | (in) | (i) | (in) | (in) | (in) (in) (in)
SE17 DBC | 018 | 011 | 0.4 | 018 | 0.13 | 0.0 | 021 | 039 | 031 | 019
l('&'))O' " | BFCB | 021 | 009 | 013 | 022 | 014 | 018 | 029 | 047 | 032 | 022
SDC | 024 | 011 | 016 | 018 | 012 | 017 | 027 | 044 | 031 | 025

Statistical values:
Maximum 049 | 024 | 023 | 042 064 | 039 | 089 | 1.05 | 071 | 174
Minimum 015 | 006 | 008 | 013 | 0.08 | 0.09 | 0.14 | 021 | 013 | 0.12
Mean 030 | 014 | 014 | 023 | 018 | 017 | 030 | 041 | 037 | 041
Median 028 | 012 | 014 | 018 | 0.16 | 0.16 | 026 | 040 | 034 | 027
Standard deviation | 0.09 | 0.05 | 005 | 008 | 012 | 007 | 0.16 | 016 | 014 | 034

* Catch cables engaged

Table D-3. Summary of interstory drifts

Maximum Storyl | Maximum Story2 | Residua Storyl | Residua Story2
Excitation Pattern Drift Drift Drift Drift
(%) (%) (%) (%)
0.6 sec DB C 8.56 8.20 3.82 3.78
cosinepulse g gy 10.04 9.75 6.89 6.78
BF BP 2 9.76 9.43 6.28 6.19
DF BP 9.97 9.69 6.67 6.57
DFSB 8.66 8.34 5.14 5.08
BF CP* 12.70 12.41 11.70 11.53
DF CP* 13.22 12.91 12.23 12.07
DFSC* 11.09 10.87 10.50 10.35
BFAA 3.84 3.58 0.26 0.24
BFAB 3.88 3.63 0.21 0.22
BFAC 3.82 3.57 0.12 0.12
BFAD 3.88 3.64 0.17 0.20
BFAE 3.92 3.65 0.23 0.21
BFBPH 4.22 3.97 0.65 0.64
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Table D-3. — Continued

Maximum Storyl | Maximum Story2 | Residua Storyl | Residua Story2
Excitation Pattern Drift Drift Drift Drift
(%) (%) (%) (%)

1.2 sec DB C 6.51 6.10 0.44 0.40
cosinepulse g pp 10.44 10.05 4.10 4.04
DFBP 9.27 8.90 2.56 2.54
DFSB 10.54 10.19 2.80 2.79
BFCP1* 18.09 17.78 16.60 16.42
BF CP2 2.72 2.52 0.16 0.16
BFCP3 12.52 12.35 11.86 11.80
BF CB 9.98 9.79 3.49 3.46
DF CP* 18.37 18.24 16.96 16.78
DFSC* 18.62 18.21 17.07 16.85
INFOL DB C 4.87 4.70 0.89 0.94
(Tabas) BF BB 5.10 4.84 0.83 0.85
BF CB 4.83 4.66 0.37 0.40
DFCB 4.98 4.80 0.71 0.71
DFSC 4.29 4.23 -2.68 2,62
JSE17 DBC 6.37 6.20 1.98 2.03
(LIolleo) BFCB 8.13 8.12 -4.09 -4.07
sDcC 6.76 6.58 2.66 2.68

Statistical values:
M aximum * 18.6 18.2 17.1 16.9
Minimum 2.72 2.52 0.12 0.12
Mean * 8.44 8.19 4.42 4.38
Median * 8.35 8.16 261 261
Standard deviation * 444 441 5.73 5.66

* Catch cables engaged — values compromised
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Table D-4. Summary of out-of-plane displacements without large deformation geometric

correction
Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation | Pattern DTable DRrelbase | Drelistory1 | Drelistory2 | DRrel storyr | Drel story2
(in) (in) (in) (in) (in) (in)
0.6 sec DBC 0.039 0.089 0.155 0.356 0.054 0.129
gﬁf’;e BFBP1 | 0023 0.068 0.107 0539 0.079 0.451
BFBP2 | 0024 0.068 0.132 0.419 0.111 0.312
DFBP 0.049 0.124 0.215 0572 0.171 0.454
DFSB 0.034 0.087 0.148 0.416 0.125 0.305
BFCP* | 0.187 0.370 0.578 1.387 0.411 1.303
DFCP* | 0022 0.063 0.455 1.459 0.435 1.434
DFSC* | 0030 0.079 0.380 1.195 0.367 1.183
BFA A 0.022 0.040 0.072 0.141 0.000 -0.001
BFAB 0.055 0.089 0.113 0.119 -0.025 -0.027
BFAC | 0031 0.067 0.065 0.149 0.001 0.001
BFAD | 0040 0.071 0.101 0.198 0.026 0.022
BFAE 0.026 0.066 0.066 0.122 -0.024 -0.020
BFBPH | 0.062 0.119 0.115 0.196 -0.001 0.015
1.2 sec DBC 0.037 0.284 0.609 1.014 0.017 0.010
;ﬁf‘;e BF BP 0.036 0.262 0.666 1.355 0121 0.266
DFBP 0.089 0.333 0.586 1.032 -0.023 -0.004
DFSB 0.174 0.319 0.478 0.945 0.040 0.060
BFCP1*| 0.024 0.258 0.664 2274 0.624 2217
BFCP2 | 0081 0.172 0.240 0.327 0.109 0.097
BFCP3 | 0053 0.102 0.376 1.323 0.335 1.275
BF CB 0.074 0.204 0.530 1.047 -0.053 0.027
DFCP* | 0028 0.219 0.689 2.467 0.665 2.444
DFSC* | 0034 0.243 0.779 2.644 0.759 2.627
INFO1 DBC 0.034 0.206 0.441 0.703 0.038 0.057
(Tavas) BF BB 0.054 0.182 0.313 0.455 0.011 0.014
BF CB 0.056 0.172 0.264 0.358 -0.071 -0.071
DF CB 0.070 0.162 0.312 0.495 -0.076 -0.063
DFSC 0.039 0.206 0.269 0.491 0.046 0.101
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Table D-4. — Continued

Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation |  Pattern Dravle Drelbase | DRel storyt | DRel story2 | DRrel story | DRrel story2
(in) (in) (in) (in) (in) (in)

JSE17 DB C 0.038 0.110 0.156 0.300 0.039 0.056
(Llolleo) BF CB 0.053 0.105 0.206 0.673 0.076 0.202

SDC 0.063 0.131 0.258 0.493 0.040 0.097
Statistical values:
Maximum 0.19 0.37 0.78 2.64 0.76 2.63
Minimum 0.02 0.04 0.06 0.12 0.0001 0.001
Mean 0.05 0.16 0.33 0.80 0.14 0.47
Median 0.04 0.13 0.27 0.52 0.04 0.10
Standard deviation 0.04 0.09 0.22 0.68 0.22 0.77

* Catch cables engaged

Table D-5. Summary of out-of-plane displacements with large deformation geometric

correction
Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation | Pattern DTable DRrelbase | Drelistory1 | Dreistory2 | DRre storyr | Drel story2
(in) (in) (in) (in) (in) (in)
0.6 sec DB C 0.039 0.050 0.071 0.008 0.024 0.010
gﬁf’;e BFBP1 | 0023 0.029 0.006 0.045 0.021 0.063
BFBP 2 0.024 0.029 0.048 0.041 0.029 0.010
DFBP 0.049 0.084 0.120 0.086 0.077 0.090
DFSB 0.034 0.047 0.092 0.084 0.069 0.088
BFCP* 0.187 0.330 0.288 0.269 0.123 0.190
DF CP* 0.022 0.023 0.137 0.231 0.120 0.213
DFSC* 0.030 0.038 0.145 0.288 0.134 0.281
BFA A 0.022 0.026 0.023 0.042 0.000 0.002
BFA B 0.055 0.074 0.063 0.014 0.025 0.028
BFAC 0.031 0.053 0.013 0.030 0.001 0.001
BFAD 0.040 0.056 0.051 0.084 0.026 0.022
BFAE 0.026 0.052 0.020 0.020 0.024 0.020
BFBPH 0.062 0.107 0.081 0.101 0.002 0.012
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Table D-5. — Continued

Maximum | Maximum | Maximum | Maximum | Residual Residual
Excitation | Pattern DTable DRrelbase | Drelistory1 | Drelstory2 | DRrel storyr | Drel story2
(in) (in) (in) (in) (in) (in)
1.2 sec DBC 0.037 0.083 0.192 0.221 0.017 0.008
gﬁf’;e BF BP 0.036 0.061 0.209 0.323 0.085 0.129
DFBP 0.089 0.131 0.141 0.085 0.037 0.059
DFSB 0.174 0.129 0.073 0.008 0.024 0.003
BFCP1*| 0024 0.061 0.076 0.011 0.041 0.026
BFCP2 | 0081 0.123 0.140 0.158 0.109 0.097
BFCP3 | 0053 0.011 0.072 0.146 0.038 0.117
BF CB 0.074 0.008 0.123 0.174 0.078 0.072
DFCP* | 0028 0.020 0.075 0.110 0.061 0.113
DFSC* | 0034 0.047 0.157 0.265 0.145 0.266
INFOL DBC 0.034 0.040 0.169 0.242 0.036 0.050
(Tavas) BF BB 0.054 0.026 0.096 0.072 0.010 0.008
BF CB 0.056 0.018 0.080 0.034 0.072 0.073
DF CB 0.070 0.006 0.104 0.136 0.077 0.067
DFSC 0.039 0.052 0.036 0.051 0.031 0.042
JSE17 DBC 0.038 0.035 0.032 0.060 0.031 0.023
(Llolleo) ™ grca 0.053 0.037 0.005 0.117 0.041 0.064
sDC 0.063 0.054 0.133 0.175 0.025 0.038
Statistical values:

Maximum 0.19 033 0.29 0.32 0.15 0.28
Minimum 0.02 0.01 0.00 0.01 0.00 0.00
Mean 0.05 0.06 0.10 0.12 0.05 0.07
Median 0.04 0.05 0.08 0.09 0.04 0.05
Standard deviation 0.04 0.06 0.06 0.09 0.04 0.07

* Catch cables engaged
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Table D-6. Summary of maximum out-of-plane displacement differences

Table

Base

Top of Story 1

Top of Story 2

Excitation | Pattern | e | R | e | e | B
(in) (in) (in) (in) (in) (in) (in) (in)

0.6 sec DBC | 006 | 019 | 016 | 015 | 027 | 024 | 012 | 037
;3[26 BFBP1 | 007 | 011 | 023 | 025 | 022 | 013 | 012 | 023
BFBP2 | 007 | 012 | 011 | 008 | 018 | 015 | 011 | o021

DFBP | 012 | 012 | 011 | 007 | 018 | 012 | 012 | 020

DFSB | 009 | 014 | 011 | 009 | 018 | 016 | 009 | 023

BFCP* | 023 | 021 | 010 | 008 | 014 | 014 | 010 | 017

DFCP* | 007 | 011 | 009 | 007 | 012 | 012 | 010 | 019

DFSC* | 010 | 016 | 012 | 010 | 022 | 015 | 009 | 023

BFAA | 010 | 011 | 007 | 008 | 011 | 007 | 012 | 019

BFAB | 011 | 016 | 008 | 009 | 015 | 009 | 013 | 022

BFAC | 012 | 018 | 008 | 009 | 014 | 009 | 010 | 018

BFAD | 009 | 012 | 008 | 008 | 012 | 010 | 011 | 019

BFAE | 009 | 018 | 009 | 008 | 014 | 011 | 012 | o2l

BFBPH | 014 | 015 | 007 | 007 | 012 | 008 | 010 | 016

1.2 sec DBC | 011 | 032 | 017 | 017 | 031 | 017 | 016 | 031
gﬂf‘;e BFBP | 012 | 033 | 016 | 018 | 030 | 017 | 018 | 031
DFBP | 029 | 039 | 020 | 019 | 038 | 021 | 024 | 045

DFSB | 030 | 037 | 015 | 015 | 028 | 017 | 022 | 038

BFCP1*| 011 | 031 | 032 | 034 | 066 | 052 | 038 | 088

BFCP2 | 025 | 027 | 012 | 011 | 020 | 010 | 010 | 020

BFCP3 | 009 | 017 | 010 | 009 | 018 | 009 | 012 | 020

BFCB | 035 | 030 | 014 | 015 | 025 | 014 | 018 | 032

DFCP* | 017 | 029 | 023 | 025 | 047 | 036 | 026 | 061

DFSC* | 012 | 035 | 019 | 015 | 028 | 027 | 028 | 055

INFOL DBC | 013 | 025 | 014 | 014 | 027 | 018 | 016 | 030
(Tabas) BFBB | 013 | 020 | 011 | 013 | 022 | 017 | 020 | 027
BFCB | 014 | 031 | 016 | 015 | 029 | 020 | 018 | 031

DFCB | 013 | 021 | 014 | 014 | 026 | 018 | 016 | 030

DFSC | 012 | 028 | 013 | 014 | 025 | 018 | 016 | 030
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Table D-6. — Continued

Top of Story 1 Top of Story 2

Excitation | Pattern revle o PCL- PBL- PCL PCL- PB2- PCl
PB1 PC2 PC2 PB2 PC2 PC2
(in) (in) (in) (in) (in) (in) (in) (in)
JSE17 DB C 0.13 0.16 0.08 0.08 0.15 0.13 0.16 0.23
(Llolleo) BF CB 0.12 0.23 0.12 011 0.20 0.20 0.17 0.31
SDC 0.20 0.19 011 0.09 0.17 0.14 0.18 0.29

Statistical values:
Maximum 0.35 0.39 0.32 0.34 0.66 0.52 0.38 0.88
Minimum 0.06 0.11 0.07 0.07 0.11 0.07 0.09 0.16
Mean 0.14 0.22 0.13 0.13 0.23 0.17 0.16 0.30
Median 0.12 0.20 0.12 011 0.21 0.15 0.14 0.25
Standard deviation 0.07 0.08 0.06 0.06 011 0.09 0.06 0.15

* Catch cables engaged

Table D-7. Summary of maximum in-plane accelerations

Relative Absolute
Excitation Pattern ATaple Ao Astorﬂ AStoryZ Ao Aaom A&oryz
(9) 9 (9) (9) (9) (9) (9)
0.6 sec DBC 101 0.28 1.04 150 0.85 0.74 0.99
;TSZe BFBP1 | 112 0.35 1.06 1.55 0.90 0.74 0.81
BFBP2 | 099 0.31 0.93 1.40 0.82 0.55 0.79
DFBP | 103 0.40 0.98 148 0.87 0.65 0.82
DFSB 1.05 0.24 0.96 142 0.84 0.56 0.74
BFCP* | 107 0.48 0.93 1.54 1.07 0.66 0.83
DFCP* | 123 117 148 141 0.87 0.54 0.77
DFSC* | 098 0.26 0.96 1.32 0.82 0.25 0.57
BFAA | 057 0.63 051 0.84 0.64 0.24 0.73
BFAB | 057 0.59 0.49 0.85 0.54 0.27 0.73
BFAC | 051 0.59 0.46 091 0.56 0.17 0.74
BFAD | 049 0.72 0.45 0.81 0.61 0.16 0.74
BFAE | 052 0.52 0.44 0.85 057 0.18 0.76
BFBPH | 055 0.43 0.48 0.80 057 0.15 0.71
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Table D-7. — Continued

Relative Absolute
Excitation Pattern Atable Ao ASOWI AStoryZ Asoce As:oryl A&oryz
(9) 9 (9) (9) (9) (9) (9)
1.2 sec DBC 0.48 0.14 0.41 0.62 0.50 0.24 0.78
;lojize BFBP | 068 0.65 0.61 0.74 0.81 0.24 0.59
DFBP | 072 0.97 0.67 0.64 1.01 0.29 0.63
DFSB 0.78 0.19 0.70 0.86 0.65 0.25 0.54
BFCP1*| 0.79 0.73 0.79 1.02 0.80 0.46 0.93
BFCP2 | 046 0.71 051 0.49 0.72 0.25 0.54
BFCP3 | 050 0.42 051 0.50 0.44 0.34 0.74
BFCB | 063 0.72 0.73 0.71 0.78 0.36 0.78
DFCP* | 0.60 0.85 0.92 1.08 0.58 0.41 1.07
DFSC* | 065 0.54 0.64 1.26 055 058 1.58
INFOL DBC 0.73 0.22 0.68 111 0.69 0.27 0.83
(Tabas) BFBB | 075 0.48 0.71 118 0.75 0.22 0.80
BFCB | 074 0.89 0.77 112 0.73 0.32 0.95
DFCB | 072 0.93 0.83 132 0.94 0.42 0.96
DFSC | 0.70 0.21 0.62 1.03 0.67 0.19 0.62
JSEL7 DBC 191 0.54 1.90 2.48 1.76 0.33 1.22
(Llolleo) - ™ g g 1.84 1.08 1.85 218 1.67 0.39 0.97
sDC 1.83 0.53 1.92 2.44 161 0.33 1.31
Statistical values:

Maximum 191 | 117* 1.92 2.48 1.76 074 | 158+
Minimum 0.46 0.14 0.41 0.49 0.44 0.15 0.54
Mean 0.85 0.55 0.84 117 0.82 0.37 0.83
Median 0.73 0.54 0.72 1.09 0.77 0.32 0.78
Standard deviation 0.39 0.27 0.42 0.50 0.32 0.17 0.22

* Catch cables engaged — values compromised
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Table D-8. Summary of maximum out-of-plane accelerations

Relative Absolute
Excitation Pattern Atable Ags A&OWI A&oryz Asme A&OWI As:oryz
(9 ) (9 (9) (9) (9) (9)
0.6 sec DBC 005 | 041** | 013 012 | 041** | 009 0.11
gﬁf’;e BFBP1 | 009 | 098* | 021 018 | 096** | 020 0.17
BFBP2 | 008 | 014+ | 013 010 | 022** | o012 0.09
DFBP | 012 0.17 0.18 0.18 0.12 0.13 0.18
DFSB | 005 0.42 0.16 0.12 0.38 0.12 0.10
BFCP* | 022 0.18 0.40 0.16 0.10 0.27 0.16
DFCP* | 034 0.36 0.35 0.61 021 0.32 0.27
DFSC* | 005 0.11 0.10 0.14 0.08 0.07 0.10
BFAA | 004 0.13 0.13 0.18 0.09 0.14 0.18
BFAB | 005 0.3 0.17 0.08 0.35 0.5 0.09
BFAC | 004 0.16 0.17 0.27 0.20 0.15 0.26
BFAD | 006 0.11 0.30 0.21 0.16 0.28 0.23
BFAE | 006 0.16 0.16 0.16 0.13 0.17 0.14
BFBPH | 006 0.13 0.22 0.20 0.11 0.20 0.18
1.2 sec DBC 0.03 0.07 0.20 0.15 0.06 0.20 0.15
gﬁf‘;e BFBP | 0.0 0.13 0.16 0.14 0.07 0.11 0.13
DFBP | o021 0.45 0.18 0.22 0.24 0.15 0.23
DFSB | 008 0.17 0.13 011 0.09 0.10 0.06
BFCP1* | 014 0.69 0.37 0.25 0.70 0.37 0.25
BFCP2 | 018 0.26 0.32 0.22 0.17 0.27 0.23
BFCP3 | 011 0.15 0.15 0.22 0.10 0.16 0.17
BFCB | 0.6 0.19 0.23 0.17 0.16 0.17 0.15
DFCP* | 0.10 0.36 0.25 0.21 0.27 0.27 0.25
DFSC* | 0.9 0.31 0.19 0.16 031 0.18 0.12
INFOL DBC 0.08 0.13 0.16 0.13 0.08 0.16 0.13
(Tabas) BFBB | 008 0.15 0.23 0.19 0.15 0.24 0.20
BFCB | 0.16 0.25 0.25 0.28 0.25 0.25 0.16
DFCB | 022 0.31 0.30 0.32 0.22 0.23 0.24
DFSC | 006 0.12 0.10 0.10 0.08 0.09 0.11
JSEL7 DBC 0.10 0.26 0.26 0.23 0.22 0.22 0.29
(Llolleo) M B e ™1 om 0.23 0.26 0.26 0.27 031 0.24
sDC 0.11 0.37 0.23 0.45 0.28 0.20 0.47
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Table D-8. — Continued

Relative Absolute
Excitation Pattern Atable Ags A&orﬂ AStoryZ Asme A&orﬂ As:oryz
(9 ©) (9) (9 (9 ) (9
Statistical values:
Maximum 0.34 0.98 0.40 0.61 0.96 0.37 0.47
Minimum 0.03 0.07 0.10 0.08 0.06 0.07 0.06
Mean 0.11 0.26 0.21 0.20 0.23 0.19 0.18
Median 0.09 0.19 0.19 0.18 0.19 0.18 0.17
Standard deviation 0.07 0.19 0.08 0.11 0.19 0.07 0.08
* Catch cables engaged
** Vaue from fewer instruments than normal due to PC1 base accelerometer malfunction
Table D-9. Summary of maximum global forces
In-Plane at Base Out-of-Plane at Base
Excitation Pattern Shear O™ fl\:l Oc:Tr]nErg Shear f'\:l Oor:]ﬁrg Z?(tljl
(kips) (Kip-in) (Kip-in) (kips) (Kip-in) (kips)
0.6 sec DB C 7.3 740 104 0.5 10 24
cosine BFBP1 53 554 80 0.6 8 2.4
pulse
BF BP 2 5.2 553 77 0.6 7 2.3
DF BP 6.1 553 95 0.6 9 2.7
DFSB 49 494 73 0.7 10 2.3
BF CP* 55 541 75 0.6 12 2.7
DF CP* 6.3 547 91 0.8 7 2.2
DFSC* 40 401 62 0.6 9 2.0
BFAA 5.6 557 75 0.5 10 19
BFAB 53 558 71 0.5 10 16
BFAC 5.6 568 75 04 9 17
BFAD 5.6 555 73 0.5 10 14
BFAE 54 573 73 04 13 2.2
BFBPH 4.8 510 66 0.3 11 18
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Table D-9. — Continued

In-Plane at Base

Out-of -Plane at Base

Excitation Pattern Shear O™ fl\:l Oc:Tr]nErg Shear f'\:l Oor:frg Z?(tljl
(kips) (Kip-in) (Kip-in) (kips) (Kip-in) (kips)
1.2 sec DB C 74 694 101 0.8 10 18
cosine BFBP 55 504 78 0.6 9 2.5
pulse

DF BP 5.6 541 84 0.8 11 3.6
DFSB 5.2 505 79 1.0 13 21
BFCP1* 5.0 607 74 23 40 6.0
BF CP 2 4.8 465 64 0.5 11 18
BFCP3 4.3 406 59 0.5 9 18
BF CB 5.7 505 78 0.7 12 2.2
DF CP* 5.6 715 88 18 30 55
DFSC* 3.8 900 111 10 22 5.2
NFO1 DB C 7.0 650 95 0.8 10 2.3
(Tabas) BF BB 6.1 579 84 0.7 10 19
BF CB 5.2 495 75 0.6 10 2.8
DF CB 55 535 79 0.8 10 25
DFSC 20 381 63 0.5 8 2.0
SE17 DB C 6.6 692 101 0.8 16 3.7
(Llolleo) BFCB 5.2 466 83 0.8 12 31
SbC 7.2 750 105 14 16 3.9

Statistical values:
Maximum 74 900 111 23 40 6.0
Minimum 20 381 59 0.3 7 14
Mean 55 565 81 0.8 12 2.6
Median 55 553 78 0.6 10 2.3
Standard deviation 11 110 13 04 7 11

* Catch cables engaged
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Table D-10. Summary of connection rotations

Excitation | Pattern Maximum Residua
c1 c2 Cc3 c4 c1 c2 Cc3 c4
(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)
0.6 sec DBC | 0082 | 0080 | 0072 | 0.07L | -0.043 | 0.043 | -0.042 | 0.042
gﬂf‘;e BFBP1 |0.117** | 0110 | 0096 | 0.093 | -0.041 | 0.079 | -0.077 | 0.074
BFBP2 | 0106 | 003 | 0.088 | 0.090 | -0.072 | 0.069 | -0.068 | 0.069
DFBP |0.116** | 0110 | 0096 | 0.088 | -0260 | 0.077 | -0.076 | 0.070
DFSB | 0.095 |0.093** | 0077 | 0.079 | -0.060 | 0.028 | -0.056 | 0.057
BFCP* | 0145 | 0139 | 0141 | 0.141 | -0136 | 0130 | -0.133 | 0.132
DFCP* |0.151** | 0151 | 0.149 | 0.145 | -0294 | 0.143 | -0.140 | 0.137
DFSC* | 0126 | 0123 | 0122 | 0.124 | -0.121 | 0118 | -0.117 | 0.119
BFAA | 0023 | 0039 | 0020 | 0.020 | -0.003 | 0002 | -0.003 | 0.002
BFAB | 0023 | 0040 | 0020 | 0.020 | -0.002 | 0002 | -0.002 | 0.001
BFAC | 0024 | 0037 | 0020 | 0020 | -0.001 | 0001 | -0.001 | 0.001
BFAD | 0024 | 0038 | 0020 | 0.021 | -0.002 | 0001 | -0.002 | 0.002
BFAE | 0024 | 0040 | 0021 | 0.021 | -0.002 | 0003 | -0.002 | 0.002
BFBPH | 0.041 | 0036 | 0025 | 0.025 | -0.008 | 0.006 | -0.007 | 0.007
1.2 sec DBC | 0058 | 0057 | 0049 | 0.049 | -0.006 | 0.004 | -0.006 | 0.005
gﬂf‘;e BFBP | 0.114 | 0112 | 0096 | 0.09 | -0.048 | 0.045 | -0.044 | 0.045
DFBP | 0100 | 0098 | 0081 | 0.082 | -0.029 | 0.028 | -0.028 | 0.027
DFSB | 0119 | 0113 | 0099 | 0.100 | -0.034 | 0.030 | -0.032 | 0.032
BFCP1*| 0205 |0.207** | 0.207 | 0208 | -0.190 | 0.096 | -0.192 | 0.193
BFCP2 | 0022 | 0023 | 0012 | 0015 | -0.001 | 0003 | -0.002 | 0.001
BFCP3 | 0143 | 0142 | 0141 | 0136 | -0137 | 0136 | -0.135 | 0.130
BFCB | 0099 | 0113 | 0093 | 0.108 | -0.037 | 0.041 | -0.039 | 0.037
DFCP* | 0220 | 0213 | 0216 | 0.212 | -0201 | 0.198 | -0.200 | 0.197
DFSC* | 0220 | 0219 | 0216 | 0.215 | -0202 | 0202 | -0.200 | 0.200
NFO1 DBC | 0045 | 0036 | 0030 | 0.034 | -0011 | 0.008 | -0.009 | 0.012
(Tabas) BFBB | 0040 | 0052 | 0033 | 0.034 | -0.010 | 0.008 | -0.009 | 0.010
BFCB | 0035 | 0054 | 0032 | 0.044 | -0002 | 0.008 | -0.005 | 0.004
DFCB | 0.040 | 0053 | 0.034 | 0048 | -0.009 | 0.007 | -0.007 | 0.007
DFSC | 0045 | 0045 | 0041 | 0.040 | 0.030 | -0.031 | 0.029 | -0.028
SE17 DBC | 0055 | 0057 | 0048 | 0.050 | -0.019 | 0.024 | -0.022 | 0.022
(Llolleo)  ™BFcE | 0.004 | 0081 | 0090 | 0.075 | 0047 | -0.046 | 0.046 | -0.045
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Table D-10. Continued

Excitation | Pattern Maximum Residual
C1 c2 C3 c4 C1 c2 C3 c4
(red) | (rad) | (red) | (red) | (rad) | (rad) | (rad) | (red)
sbC 0.061 | 0.060 | 0.054 | 0.047 | -0.033 | 0.030 | -0.032 | 0.026
Statistical values:
Maximum * 0.220 0.219 0.216 0.215 0.047 0.202 0.046 0.200
Minimum 0.022 | 0023 | 0.012 | 0.015 | 0.001 | 0.001 | 0.001 | 0.001
Mean * 0.088 | 0.090 | 0.079 | 0.080 | -0.061 | 0.047 | -0.050 | 0.050
Median * 0.088 | 0081 | 0.075 | 0.073 | -0.031 | 0.028 | -0.030 | 0.027
Standard deviation * 0.058 | 0.054 | 0059 | 0.058 | 0.086 | 0.062 | 0.066 | 0.066

* Catch cables engaged — values compromised
** Rotation calculated from one displacement transducer only due to malfunction of 2nd transducer

Table D-11. Summary of maximum connection moments (projected to the clevis pin)

Excitation Pattern c1 c2 c3 ca
(Kip-in) (Kip-in) (kip-in) (kip-in)
0.6seccosne | DBC 1514 157.1 150.7 155.8
pulse BFBP1 119.1 114.9 1436 147.9
BF BP 2 120.4 1172 150.4 145.1
DF BP 119.8 1214 140.8 157.2
DFSB 78.4 835 140.9 133.6
BF CP* 1186 109.3 104.0 108.8
DF CP* 128.0 120.8 1122 109.4
DFSC* 84.8 84.0 74.7 80.9
BFAA 136.0 114.8 142.8 1344
BFAB 137.1 110.8 1439 134.4
BFAC 133.9 1118 136.8 1315
BFA D 133.7 1158 1437 1335
BFAE 135.7 1165 1451 135.4
BF BPH 109.1 98.2 130.3 133.0
12seccosne | DBC 1456 150.9 142.8 145.2
pulse BF BP 1114 106.5 1465 147.6
DF BP 1154 1129 149.0 152.6
DFSB 82.9 95.7 138.9 1385
BFCP1* 109.4 108.6 105.8 105.4
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Table D-11. — Continued

Excitation Pattern c1 c2 c3 ca

(Kip-in) (Kip-in) (kip-in) (kip-in)

BFCP2 105.1 100.1 1018 97.4

BFCP3 90.6 82.0 94.0 87.6

BF CB 127.9 103.5 129.6 935

DF CP* 119.2 119.0 1132 111.3

DFSC* 78.8 815 80.4 76.5

INFOL DBC 132.8 153.4 136.0 128.6
(Tabas) BF BB 130.2 113.7 145.0 137.6
BF CB 137.4 113.7 126.3 106.0

DFCB 1212 128.2 132.6 114.3

DFSC 80.0 79.9 74.8 77.8

JSE17 DBC 155.3 143.9 149.0 139.9
(Llolleo) BF CB 124.0 121.9 115.6 126.3
sDC 151.0 158.3 155.3 175.2

Statistical values:

Maximum 155.3 158.3 155.3 175.2
Minimum 78.4 79.9 74.7 76.5
Mean 1195 114.1 128.0 125.1
Median 120.8 113.7 137.8 133.2
Standard deviation 218 21.3 233 25.0

* Catch cables engaged

Table D-12. Summary of maximum

Main Column 1 (kip-in) Main Column 2 (kip-in) Perim. Column 2 (kip-in)
Excita- | Pattern At Midheight At Midheight At Midheight
tion Base | Connection Top | Base | Connection Top | Base | Connection Top
Below | Above Below | Above Below | Above

0.6 sec DB C 3 205 47 | 173| 6 198 25 |180| 21 42 21 2

gﬁf’;e BFBPL| 2 | 141 | 74 |164| 4 | 141 | 75 |[176] ~ | — | 24 | 3

BF BP2 3 142 71 (174 4 140 47 | 176 | -- - 22 2

DF BP 4 149 81 |162| -- -- 49 |183| 11 27 24 3

DFSB 2 120 65 | 163 | 3 126 48 | 162 | 9 26 23 2

BF CP* 5 143 35 | 117 | -- -- 26 |128| 11 23 22 2
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Table D-12. — Continued

Main Column 1 (Kkip-in)

Main Column 2 (kip-in)

Perim. Column 2 (kip-in)

Excita- | Pattern At Midheight At Midheight At Midheight
tion Base | Connection Top | Base | Connection Top | Base | Connection Top
Below | Above Below | Above Below | Above
DFCP* | 4 | 148 | 23 |126| 7 | 143 | 36 |129| 15 | 23 | 33 | 2
DFSC* | 2 | 99 | 28 |84 | 5 [ 105 | 20 |93 | 8 | 19 | 18 | 4
BFAA | 3 | 164 | 25 |150| 4 | 133 | 34 |157| 61 | 121 | 14 | 1
BFAB | 2 | 166 | 25 |152| 4 | 130 | 34 |160| 66 | 115 | 12 | 1
BFAC | 2 | 164 | 27 |152| 4 | 132 | 30 |156| 70 | 114 | 13 | 2
BFAD | 3 | 164 | 30 |153| 4 | 134 | 31 |158| 68 | 118 | 10 | 1
BFAE | 3 | 168 | 28 |154| 5 | 139 | 33 |159| 69 | 119 | 15 | 3
BFBPH | 2 | 134 | 57 |150| 3 | 123 | 27 |158| 53 | 101 | 17 | 18
12%c | DBC | 3 | 190 | 29 |165| 5 | 101 | 17 |173| 12 | 19 | 18 | 2
gﬁf’;e BFBP | 31 | 152 | 74 |170| 5 | 136 | 47 |178| 13 | 18 | 17 | 2
DFBP | 4 | 151 | 88 |175| 5 | 144 | 44 |186| 13 | 20 | 19 | 2
DFSB | 2 | 130 | 76 |159| 10 | 140 | 42 |167| 11 | 19 | 17 | 2
BFCPL* | 21 | 137 | 41 |130| 4 | 123 | 32 |124| 42 | 24 | 43 | 4
BFCP2 | 2 | 125 | 38 | 112 119 | 13 |114| 45 | 100 | 11 | 5
BFCP3 | 3 | 115 | 31 |104| 4 | 105 | 17 |100] 15 | 85 | 12 | 2
BFCB | 4 | 146 | 32 |143| 23 | 160- | 40 |116| 9 | 15 | 13 | 2
DFCP* | 4 | 142 | 48 |129| 15 | 137 | 39 |140| 32 | 17 | 20 | 3
DFSC* | 1 | 97 | 38 |89 | 14 | 97 | 45 | 90| 49 | 33 | 19 | 3
INFOL | DBC | 3 | 179 | 34 |160| 7 | 193 | 22 |151| — | — | 24 | 2
(Tebas) Tarag | 2 | 174 | 49 |161| 26 | 171 | 51 |162] 34 | 31 | 23 | 2
BFCB | 3 | 147 | 46 |141| 8 | 124 | 52 |118| 12 | 20 | 21 | 4
DFCB | 3 | 148 | 43 |144| 25 | 173 | — |152| — | — | 20 | 2
DFSC | 2 | 101 | 33 |8 | 8 | 100 | 10 |9 | 25 | 73 | 21 | 1
JSE17 | DBC | 3 | 192 | 44 |161| 6 | 180 | 36 |165| 33 | 143 | 35 | 18
l('é(');" " | 'BFCB | 3 | 141 | 67 |131| 6 | 126 | 53 | 139| 59 | 103 | 37 | 34
sbCc | 3 | 202 | 56 [177] ~ | - | 40 [205] - | - | 39 | 28
Statistical values:
Maximum 31 | 205 | 88 [177] 26 | 198 | 75 |205] 70 | 143 | 43 | 34
Minimum 13| 97 | 23 |8 | 3 | 97| 13 |9 8| 15| 10 | 1
Mean 4 | 149 | 46 |144| 8 | 140 | 38 |148] 32 | 58 | 21 | 5
Median 3 |147 |42 |152|5 136 |36 |158|25 |31 |20 |2
Standard deviation |6 |27 |19 |27 |7 |27 |14 |30 |22 |44 |8 |8

* Catch cables engaged

--Strain gage malfunction; no data available
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Table D-13. Summary of maximum column axial loads

Excitation Pattern PC1 PC2 MC1 MC2 PC3 PC4
(kips) (kips) (kips) (kips) (kips) (kips)
0.6 seccosine DB C 12 14 8.5 7.4 0.8 1.2
pulse BFBP1 11 16 6.1 59 1.0 17
BFBP2 11 15 6.3 5.8 11 18
DF BP 1.0 15 6.4 55 1.0 18
DFSB 11 14 5.7 5.0 1.0 15
BF CP* 15 17 56 53 0.7 0.8
DF CP* 12 17 5.4 5.3 0.9 12
DFSC* 13 15 4.0 3.7 0.9 17
BFAA 0.7 0.6 6.0 5.0 0.4 05
BFAB 0.6 0.6 6.1 5.0 0.4 0.6
BFAC 0.7 0.7 6.1 5.2 0.4 0.6
BFAD 0.7 0.6 6.1 5.1 0.6 0.6
BFAE 0.7 0.6 6.3 5.1 04 0.7
BFBPH 0.7 0.7 5.7 5.1 04 0.6
1.2seccosine DB C 0.9 0.8 7.7 6.8 0.6 0.7
pulse BF BP 12 12 59 5.4 0.8 1.0
DF BP 0.9 1.0 6.1 5.6 0.9 1.3
DFSB 1.0 1.0 5.8 5.4 11 16
BFCP1* 46 16 49 46 13 43
BF CP2 05 0.4 46 4.4 0.4 0.4
BFCP3 12 1.0 4.1 4.1 1.0 12
BF CB 12 12 5.6 5.1 0.8 1.0
DF CP* 3.2 13 5.0 4.8 13 2.8
DFSC * 24 15 56 45 2.9 2.8
INFOL DB C 0.8 0.7 7.1 6.0 0.6 0.9
(Tabas) BF BB 0.9 0.8 6.3 5.6 06 0.7
BF CB 0.8 0.8 55 5.7 05 1.0
DF CB 0.8 1.0 6.1 55 06 11
DFSC 0.8 0.6 4.0 35 0.5 0.7
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Table D-13. — Continued

Excitation Pattern PC1 PC2 MC1 MC2 PC3 PC4
(kips) (kips) (kips) (kips) (kips) (kips)
JSEL7 DB C 11 13 8.3 6.5 0.9 13
(Llolleo) BF CB 17 13 55 5.2 1.2 12
sbC 10 13 8.9 6.8 0.8 1.3

Statistical values:

Maximum 4.6 17 8.9 74 2.9 4.3
Minimum 0.5 0.4 4.0 35 0.4 0.4
Mean 12 11 6.0 53 0.8 13
Median 10 11 6.0 53 0.8 11
Standard deviation 0.8 04 12 0.8 05 0.8

* Catch cables engaged
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Appendix E: Data Comparison Tables

In this appendix, comparisons are made for response quantities of interest between tests using per-
cent differences. The comparisons are organized by the comparison sets defined in Section 6.1.
Comparison Set 3 contains two BF BP pattern/0.6 second cosi ne pul se (100% amplitude) tests, and
these repeated tests are used along with the set of repeated BF A tests (Comparison Set 12) to deter-
mine error bounds for the experimental program. These error bounds are located in Table 4-9.
Tables E-7 through E-9 contain percent differences between the two repeated BF BP tests which

are then compared to percent differences between these tests and the othersin the comparison set.

The repeated BF A tests are found in Set 12, which contains four BF A pattern/0.6 second
cosine pulse (50% amplitude) tests. Percent differences for this set are found in Tables E-34
through E-36. Percent differences for the remaining comparison sets are found in Tables E-10
through E-33.

It should be noted that for determining whether the difference in quantitiesis less than the
global error bound, in some cases the absolute error bounds in Table 4-9 control, rather than the
percentage error bounds. In these cases, large percent differences that are indicated as being less

than the global error bounds actually have small absolute differences.



E.1 COMPARISON SET 1— B PATTERNS, 1.2 SECOND COSINE PULSE

Table E-1. Percent differences in in-plane displacements and interstory drifts, Set 1

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)

between Base | Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BF BP DB C 425 59.6 62.1 909 907 60.3 64.7 831 904
DF BP DB C 32.3 423 44.0 542 537 423 45.9 481 532
DFSB DB C 37.2 60.2 63.4 573 583 61.9 66.9 536 594
BF BP DF BP 7.8 12.2 125 57.2 58.0 12.7 12.9 60.1 58.8
BF BP DFSB 3.9* 0.3* 0.8* 50.0 47.3 1.0* 1.4* 46.4 447
DF BP DFSB 3.7* 125 134 4.8* 7.2* 13.8 14.4 9.3* 9.8*

* Percent difference is less than or equal to error bounds

Table E-2. Percent differences in major response quantities, Set 1

Percent differ- | Max Relative Accel | Max Absolute Accel | ,, = Max N \

ences between Story 1 | Story2 | Story1l | Story2 AL O™ v i
BFBP | DBC 47.6 19.6 0.0* 32.2 34.7 37.6 44.5 182
DFBP | DBC 63.0 2.1* 20.8 23.8* 30.7 28.2 35.0 216
DFSB | DBC 70.4 37.7 4.2 44.4 41.8 37.3 58.1 487
BFBP | DFBP | 10.4* 171 20.8 6.8* 3.1* 7.3 7.0% 11.9*
BFBP | DFSB 154 151 4.2 9.3 5.2* 0.3 9.4* 107.9
DFBP | DFSB 4.5 34.8 16.0* 16.7* 8.5 7.1% 17.1* 85.9

* Percent difference is less than or equal to error bounds

Table E-3. Percent differences in maximum values of connection response quantities, Set 1

Percent differences Maximum 6, Maximum Mg,
bet
ctween c1 C2 C3 C4 c1 C2 C3 C4
BEBP | DBC | 95 | 974 | %4 | %3 307 | 417 | 26* 17+

DF BP DB C 71.2 72.2 63.7 67.3 26.2 33.7 4.4* 5.1*
DFSB DB C 104.4 98.5 101.4 104.1 75.6 57.8 2.8* 4.8*
BF BP DF BP 14.2 14.7 194 17.6 3.6* 5.9* 1.7+ 3.3
BF BP DFSB 4.6* 0.5* 3.0* 3.7* 34.3 11.4 5.5* 6.6
DF BP DFSB 194 15.2 23.0 220 39.2 18.0 7.3 10.2

* Percent difference is less than or equal to error bounds
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E.2 COMPARISON SET 2—C PATTERNS, 1.2 SECOND COSINE PULSE

Table E-4. Percent differences in in-plane displacements and interstory drifts, Set 2

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)

between Base | Story 1| Story 2| Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2

BFCP** | DBC 156 178 185 3990 3990 178 191 3668 3980

BF CB DBC 40.0 | 531 56.7 748 755 53.3 60.4 692 761

DFCP*| DBC 532 | 477 479 427 42.5 46.7 47.7 431 422

DESC** | DBC 155 184 191 4100 4098 186 198 3770 4090

BFCP** | BFCB | 827 | 818 81.6 383 379 81.2 81.6 376 374

BF CP** | DF CP** | 0.2* 1.3* 2.0* 1.8* 2.0* 1.5* 2.6* 2.2* 2.2*

BF CP** | DFSC** | 0.4* 2.0* 2.2* 2.7* 2.6* 2.9* 2.4* 2.8* 2.6*

DF CP** | DFSC** | 0.6* 0.7* 0.2* 0.8* 0.6* 1.4* 0.2* 0.6* 0.4*

* Percent difference is less than or equal to error bounds
** Catch cables engaged—values compromised

Table E-5. Percent differences in major response quantities, Set 2

Percent differ- Max Relative Accel | Max Absolute Accel Max Max N N
ences between Story 1 Story 2 | Story1 | Story 2 AL 0T™ v i
BFCP** | DBC 92.5 64.4 91.7 19.2* 47.6 143 371 n/a
BF CB DBC 77.9 138 50.0* 0.0* 29.3 37.2 65.9 301
DFCP** | DBC 79.7 114 20.6* 44.6 30.8 76.1 96.2 n/a
DFSC** | DBC 55.9 103 142 103 93.0 29.7 193 n/a
BFCP** | BFCB 8.2* 445 27.8* 19.2* 141 20.1 184 n/a
BF CP** | DF CP** 16.3 5.1* 12.2* 15.1* 129 17.8 41.1 n/a
BF CP** | DFS C** 234 235 26.1* 69.9 30.8 48.2 60.9 n/a
DF CP** | DFS C** 435 175 41.5* 47.7 47.7 25.8 127 n/a

* Percent difference is less than or equal to error bounds
** Catch cables engaged
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Table E-6. Percent differences in maximum values of connection response quantities, Set 2

Percent differences Maximum 6.y, Maximum My,
between C1 C2 C3 c4 C1 C2 C3 c4
BFCP** | DBC | 253 | 264 | 319 326 331 | 300 | 349 | 377
BFCB | DBC | 704 | 987 | 80 | 120 138 | 459 | 101 | 553
DFCP**| DBC | 537 | 500 | 528 | 567 | 315 | 451 | 205 | 270
DFSC**| DBC | 279 | 286 | 338 340 847 | 8.1 | 776 | 898
BFCP** | BFCB | 107 | 834 | 123 | 934 | 170 | 50¢ | 225 | 128
BFCP** |DFCP** | 7.4¢ | 31* | 43 | 21 9.0+ | 95 | 7.0 5.6¢
BFCP** |DFSC** | 75¢ | 58 | 45 | 34 388 | 332 | 317 | 378
DFCP** |[DFSC** | 01* | 26¢ | 02¢r | 13 513 | 459 | 409 | 455

* Percent difference is less than or equal to error bounds
** Catch cables engaged

E.3 COMPARISON SET 3—B PATTERNS, 0.6 SECOND COSINE PULSE

Table E-7. Percent differences in in-plane displacements and interstory drifts, Set 3

Max Relative Residual Dis- Max Inter- Residual Inter-
Percent differences Displacement placement story Drift story Drift
between

Base | Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BFBP1 | BFBP2 | 27 2.7 3.0 10.2 9.9 29 34 9.7 9.5
BFBP1 DB C 15.1 16.6 17.7 818 80.6 17.3 18.9 80.3 79.5
BF BP 2 DB C 12.0 135 14.2 64.9 64.4 14.0 15.0 64.3 64.0
Average of above 2 13.6 15.1 16.0 73.3 72.5 15.6 17.0 72.3 717
BFBP1 DF BP 2.7* 0.8* 0.7* 3.5% 3.3* 0.7* 0.6* 3.3* 3.1*
BF BP 2 DF BP 0.0* 1.9* 2.3* 6.6* 6.4* 2.2* 2.7* 6.2 6.2*
Average of above 2 1.4* 1.4* 1.5* 5.0* 4.8* 1.4* 1.7* 4.8* 4.6*
BFBP1 DFSB 15.6 16.3 16.7 34.3 339 16.0 16.9 34.0 335
BF BP 2 DFSB 12.6 13.2 133 218 219 12.8 131 22.2 220
Average of above 2 14.1 14.7 15.0 28.0 279 14.4 15.0 28.1 277
DF BP DB C 12.1 15.7 16.9 75.7 74.9 16.4 18.1 74.5 74.1
DFSB DB C 0.5* 0.3* 0.8* 354 349 1.1* 1.7* 34.5 344

* Percent difference is less than or equal to that between BF BP 1 and BF BP 2
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Table E-8. Percent differences in major response quantities, Set 3

Percent differ- Max Relative Accel | Max Absolute Accel Max Max N N
ences between Story 1 | Story2 | Story1 Story 2 Vb 0T™ v "
BFBP1 | BF BP2 14.4 11.0 34.5 2.5 2.0 0.2 17.3 17.1
BFBP1| DBC 2.3* 3.3 0.0* 222 38.5 336 90.8 107
BFBP2| DBC 11.9* 7.5* 34.5* 253 41.3 338 62.7 142
BFBP1| DFBP 8.0* 5.1* 13.8* 1.2* 147 0.2* 11.7* 31.6
BFBP2| DFBP 6.0* 5.6* 18.2%* 38 16.9 0.1* 31.0 | 12.3*
BFBP1| DFSB 9.9* 9.2* 32.1* 9.5 7.7 122 5.8* 49.6
BFBP1| DFSB 4.2* 1.6* 1.8* 6.8 5.6 121 10.9* 27.7
DFBP | DBC 5.6* 1.7* 13.8* 20.7 20.8 33.9 113 172
DFSB DB C 7.4* 5.8* 32.1* 338 49.1 50.0 80.4 209

* Percent difference is less than or equal to that between BF BP 1 and BF BP 2

Table E-9. Percent differences in maximum values of connection response quantities, Set 3

Percent differences Maximum 6., Maximum M,
between C1 C2 C3 c4 C1 C2 C3 c4
BFBP1 |BFBP2| 104 | 7.5 9.1 38 1.1 2.0 4.7 1.9
BFBPL | DBC | 430 | 373 | 330 | 313 | 271 | 367 | 49 5.4
BFBP2 | DBC | 295 | 277 | 220 | 265 | 258 | 340 | 0.2* 7.4
BFBPL | DFBP | 04* | 05 | 01 59 | 06* 56 | 20* 6.3
BFBP2 | DFBP | 100 | 70* | 89 | 20* | 05 3.6 6.8 8.4
BFBPL | DFSB | 230 | 189 | 248 | 190 | 5.9 | 377 | 19* | 107
BFBPL | DFSB | 114 | 106 | 145 | 147 | 536 | 404 | 67 8.6
DFBP | DBC | 424 | 367 | 328 | 240 | 264 | 204 | 71 0.9
DFSB | DBC | 162 | 155 | 66 103 | 932 | 881 | 70 | 166

* Percent difference is less than or equal to that between BF BP 1 and BF BP 2
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E.4 COMPARISON SET 4—C PATTERNS, 0.6 SECOND COSINE PULSE

Table E-10. Percent differences in in-plane displacements and interstory drifts, Set 4

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)

between Base | Story 1| Story 2| Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BF CP** DB C 56.2 49.2 50.0 208 207 48.3 51.3 206 205
DF CP** DB C 53.0 54.0 554 223 221 544 57.3 220 220
DFS C** DB C 258 285 30.3 177 176 294 325 175 174
BF CP** | DF CP** | 2.0* 3.2* 3.6* 4.8* 4.7* 4.1* 4.0* 4.5* 4.7*
BF CP** | DFSC** | 241 16.1 151 11.0 11.2 14.6 14.2 114 114
DF CP** | DESC** | 21.6 19.8 19.2 16.3 16.5 19.3 18.8 16.5 16.6

* Percent difference is less than or equal to error bounds
** Catch cables engaged—values compromised

Table E-11. Percent differences in major response quantities, Set 4

Percent differ- Max Relative Accel | Max Absolute Accel Max Max N N

ences between Story1 | Story2 | Story1l | Story?2 AL O™ v i
BFCP** | DBC 11.4* 2.5* 12.1* 19.3* 32.9 36.8 821 n/a
DFCP** | DBC 43.1 6.3* 37.0 28.6 157 352 980 n/a
DFSC** | DBC 7.9* 14.3* 196 74 85.0 84.8 100 nfa
BF CP** | DF CP** 59.4 8.9* 222 7.8* 14.9 12* 17.3* n/a
BF CP** | DFS C** 3.2* 171 164 45.6 39.1 35.0 100 n/a
DF CP** | DFS C** 54.4 7.5* 116 35 59.8 36.6 100 n/a

* Percent difference is less than or equal to error bounds
** Catch cables engaged

Table E-12. Percent differences in maximum values of connection response quantities, Set 4

Percent differences Maximum 6, Maximum M,

between c1 C2 C3 C4 c1 C2 C3 C4

BF CP** DB C 76.5 72.9 94.7 97.6 276 43.8 45.0 432
DFECP**| DBC 83.8 88.2 105.6 103.1 18.3 30.0 34.4 42.4
DFESC**| DBC 53.6 53.5 68.8 73.9 78.5 87.1 101.8 92.5
BF CP** | DF CP** | 4.1* 8.8* 5.6* 2.8* 7.9 10.6 7.9 0.6*
BFCP** | DFSC** | 14.9 12.7 154 13.6 399 30.1 39.2 34.4
DF CP** | DFSC** | 19.6 22.6 21.8 16.8 50.9 43.9 50.2 35.2

* Percent difference is less than or equal to error bounds
** Catch cables engaged
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E.5 COMPARISON SET 5A & B—JNF01 (TABAS-BASED) MOTION

Table E-13. Percent differences in in-plane displacements and interstory drifts, Set 5

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)
between

Base | Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BF CB DB C 2.0* 0.1* 0.5* 138 138 0.8* 1.0* 139 138
DF CB DB C 54 1.1* 1.6* 37.3 349 2.2% 2.1* 253 32.6
DFSC DB C 16.1 13.6 124 194 186 135 111 202 177
BF CB DF CB 7.5 1.2* 2.1* 73.0 76.2 3.0* 3.1* 90.6 79.4
BF CB DFSC 184 135 11.8 598 579 125 10.0 622 559
DF CB DFSC 10.2 14.9 14.2 304 285 15.9 135 279 268
BF BB DB C 0.6* 4.0* 3.5% 135 12.0 4.7* 3.0* 7.3* 10.6
BF CB BF BB 1.4~ 4.1* 4.0* 109 112 55 4.0* 123 115

* Percent difference is less than or equal to error bounds

Table E-14. Percent differences in major response quantities, Set 5

Percent differ- Max Relative Accel Max Absolute Accel Max Max N N

ences between Story 1 Story 2 Story 1 Story 2 AL O™ v "
BFCB | DBC 145 0.5* 22.7* 3.7 35.0 314 284 175
DFCB | bDBC 22.2 185 18.5* 14.5* 27.2 215 284 246
DFSC | DBC 9.3 8.3 55.6* 15.7* 243 70.8 81.8 769
BFCB | DFCB 6.7 179 42.1* 339 6.1* 8.2* 0.0* 25.7
BFCB | DFSC 25.2 8.9 45.5* 18.8* 154 30.0 416 216
DFCB | DFSC 335 28.3 31.3* 1.1* 170 40.6 41.6 151
BFBB | DBC 4.7* 58 68.4* 53.2 145 123 | 121 | 795
BFCB | BFBB 9.4 52 121 54.8 179 170 | 146* | 533

* Percent difference is less than or equal to error bounds
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Table E-15. Percent differences in maximum values of connection response quantities, Set 5

Percent differences Maximum 6.y, Maximum My,
between C1 C2 C3 c4 C1 C2 C3 c4
BFCB | DBC | 282 | 49.7 | 90 | 299 | 34 | 349 | 7.7 213
DFCB | DBC | 109 | 451 | 134 | 403 | 96 196 | 26* 125
DFSC | DBC | 09* | 232 | 398 | 169 | 661 | 920 | 80 | 652
BFCB | DFCB | 155 | 32¢ | 40 | 80* 134 | 128 | 50* 7.8*

BF CB DFSC 29.3 215 28.3 111 71.8 42.4 69.0 36.2
DF CB DFSC 12.0 17.7 23.3 20.0 515 60.6 77.4 46.8
BF BB DB C 11.1 44.0 11.8 0.1* 2.0* 34.9 6.6* 7.0%
BF CB BF BB 153 3.9* 2.6* 30.1 5.5* 0.0* 14.8 29.8

* Percent difference is less than or equal to error bounds

E.6 COMPARISON SET 6—JSE17 (LLOLLEO-BASED) MOTION

Table E-16. Percent differences in in-plane displacements and interstory drifts, Set 6

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)
between

Base | Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BF CB DB C 20.6 26.0 284 107 104 277 310 106 100
SbC DB C 6.7 5.7 5.9 35.0 333 6.1 6.1 34.1 316
BF CB SDC 13.0 19.2 21.2 53.5 52.7 20.3 234 53.7 52.0

* Percent difference is less than or equal to error bounds

Table E-17. Percent differences in major response quantities, Set 6

Percent differ- | Max Relative Accel | Max Absolute Accel Max Max N N

ences between Story 1 Story 2 Story 1 Story 2 Vb O0T™ v "
BFCB | DBC 2.9* 13.9* 18.2* 258 27.2 48.7 53.6 27.6
SbC | bBC 1.0* 19* 0.0* 7.4* 8.0* 8.4* 1.3* 25.8
BFCB| SDC 4.0* 11.9* 18.2* 35.1 374 61.2 55.7 60.5

* Percent difference is less than or equal to error bounds
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Table E-18. Percent differences in maximum values of connection response quantities, Set 6

Percent differences Maximum 6.y, Maximum M,
between c1 C2 C3 c4 c1 C2 C3 c4
BFCB | DBC | 705 | 411 | 85 | 500 | 253 | 180 | 289 | 108
SDC | DBC | 104 | 41 | 114 | 67 | 28 | 101 | 42 | 252
BFCB | SDC | 544 | 355 | 674 | 600 | 218 | 299 | 343 | 387

* Percent difference is less than or equal to error bounds

E.7 COMPARISON SET 7—DB C PATTERN, ALL EXCITATIONS

Table E-19. Percent differences in in-plane displacements and interstory drifts, Set 7

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)
between

Base | Story 1| Story 2| Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
0.6spulse|1.2spul.| 148 | 30.7 32.5 833 836 315 34.4 767 839
0.6spulse| JNFO1 | 66.2 | 74.8 74.7 313 306 75.9 74.5 331 300
0.6spulse| JSE17 | 352 | 353 33.8 934 89.4 34.5 32.3 92.6 85.5
12spulse| JNFO1 | 44.7 | 337 318 126 130 33.7 29.8 101 135
12spulse| JSE17 | 17.7 | 3.5* 1.0* 383 394 2.2% 1.6* 350 406
JNFO1 JSE17 | 229 | 29.2 30.5 113 115 30.8 31.9 124 116

* Percent difference is less than or equal to error bounds

Table E-20. Percent differences in major response quantities, Set 7

Percent differences | Max Relative Accel | Max Absolute Accel Max Max N N
between Story 1 | Story2 | Story1 | Story 2 AL 0T™ v "
0.6spulse | 1.2spulse 152 141 208 26.9 0.6* 6.7* 15* 32.2
0.6spulse| JNFO1 53.3 35.1 174 19.3* 4.1* 138 | 12.5* | 15.2*
0.6spulse| JSEL17 83.6 65.1 124 232 105 6.9* 6.9* 68.1
1.2spulse| JNFO1 64.5 78.7 12.5* 6.4* 4.8* 6.7* 24* | 14.8*
12spulse| JSEL17 363 298 37.5% 56.4 11.2 0.2* 231 122
JNFO1 JSE17 181 123 222 47.0 6.1* 6.5* 20.2 | 935

* Percent difference is less than or equal to error bounds
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Table E-21. Percent differences in maximum values of connection response quantities, Set 7

Percent differences Maximum 6, Maximum My,

between c1 C2 C3 c4 c1 C2 C3 c4

0.6spulse|1.2spulse| 413 41.6 46.7 457 4.0* 4.1* 5.6* 7.3*
0.6spulse| JNFO1 84.4 121 145 109 14.0 2.4 10.8 21.2
0.6spulse| JSE17 48.6 40.2 49.3 415 2.6* 9.2* 1.1* 11.3
12spulse| JNFO1 30.5 56.2 66.9 435 9.6* 1.6* 4.9* 12.9
1.2spulse| JSE17 5.2 10 18 2.9 6.6* 4.9* 4.4* 3.8*

JINFO1 JSE17 24.1 57.8 63.9 47.7 16.9 6.6* 9.5* 8.8*

* Percent difference is less than or equal to error bounds

E.8 COMPARISON SET 8—BF CB PATTERN, 1.2 SEC COSINE PULSE AND JNF01

Table E-22. Percent differences in in-plane displacements and interstory drifts, Set 8

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)
between

Base [ Story 1| Story 2| Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
12spulse| IJNFO1 | 98.7 105 108 791 782 107 110 841 773

* Percent difference is less than or equal to error bounds

Table E-23. Percent differences in major response quantities, Set 8

Percent differences | Max Relative Accel | Max Absolute Accel | .. = Max N N
between Vb T1
Story 1 | Story?2 | Story1 Story 2 AL 0T™
12spulse| JNFO1 5.9* 57.8 12.5% 21.8* 9.3* 2.2 26.2 26.9

* Percent difference is less than or equal to error bounds

Table E-24. Percent differences in maximum values of connection response quantities, Set 8

Percent differences Maximum 6oy, Maximum Mg,
bet
ctween c1 C2 C3 C4 C1 C2 C3 c4
12spulse| JNFOL | 185 107 188 143 | 74 9.0% 265 134

* Percent difference is less than or equal to error bounds
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E.9 COMPARISON SET 9—COMPARABLE B & C PATTERNS, 0.6 & 1.2 SECOND
COSINE PULSES

Table E-25. Percent differences in in-plane displacements and interstory drifts, Set 9

% difference Max Relative Residual Max Interstory | Residual Interstory
between pulses Displacement (in) Displacement (in) Drift (%) Drift (%)

for pattern Base [Story1l|Story2| Story1 | Story2 | Story1 | Story2 | Story 1 | Story 2
DBC 148 | 30.7 325 833 836 31.5 34.4 767 839
BFBP1 7.8 4.8* 3.9* 68.1 68.0 4.0* 3.1* 67.9 67.9
BFBP 2 10.8 7.6 7.1 52.5 52.9 7.0 6.6 53.0 534
DF BP 2.8 6.2 75 155 157 7.6 8.8 160 159
DFSB 201 | 222 223 87.8 84.9 218 222 834 81.9
BF CP** 42.7 | 427 43.1 425 425 42.4 43.3 41.9 42.4
DF CpP** 459 | 40.2 40.9 384 38.7 389 41.3 38.7 39.0
DFS C** 764 | 69.1 68.4 62.4 62.6 67.9 67.5 62.5 62.8

* Percent difference is less than or equal to error bounds
** Catch cables engaged—values compromised

Table E-26. Percent differences in major response quantities, Set 9

% difference between | Max Relative Accel | Max Absolute Accel | /.0 | oo N \

pulses for pattern Story 1 | Story2 | Story1 Story 2 AL S v i
DB C 152 141 208 26.9 0.6 6.7 | 152* | 311
BFBP1 4.7 108 208 37.3 3.4 | 100* | 521 | 4.3*
BFBP2 52.6 87.8 129 33.9 5.5 9.8 29.7 | 12.3*

DF BP 46.6 132 124 30.2* 7.5% 2.2 818 | 12.8*

DFSB 37.7 65.7 124 37.0 5.8* 2.3 314 | 45.0

BF CP** 17.7 50.5 43.5 12.0* 10.4 12.2 125 na

DF CP** 61.3 314 3L.7* 39.0 12.3 307 | 87.2 na
DFSC** 49.9 4.1* 132 177 3.7% | 1246 | 1000 | n/a

* Percent difference is less than or equal to error bounds
** Catch cables engaged
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Table E-27. Percent differences in maximum values of connection response quantities, Set 9

betz]eglilfi[.fll;fslzcsefor Maximum 6, Maximum Mg,

pattern C1 C2 C3 C4 C1 C2 C3 C4

DB C 413 41.6 46.7 45.7 4.0* 4.1* 5.6* 7.3*
BFBP1 3.3* 1.5 0.2* 2.8* 6.9* 7.9* 2.0* 0.2*
BF BP 2 6.9* 9.2* 9.3* 6.7* 8.1* 10.0* 2.7* 1.7*
DF BP 17.6 124 19.0 8.0* 3.8* 7.6* 5.8* 3.1*
DFSB 245 214 289 27.0 5.8* 14.6 1.5 3.7*
BF CP** 414 48.8 46.8 47.8 8.5* 0.6* 1.8 3.1*
DF CP** 459 410 450 46.9 7.3* 1.5* 1.0* 1.8*
DFS C** 74.6 77.4 77.0 73.8 7.6* 3.0* 7.6* 5.8*

* Percent difference is less than or equal to error bounds
** Catch cables engaged

E.10 COMPARISON SET 10—FRACTURE PATTERNS, 0.6 SECOND COSINE PULSE

Table E-28. Percent differences in in-plane displacements and interstory drifts, Set 10

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)

between Base | Story 1| Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2

BFAA | BFBPH | 137 10.1 10.5 168 169 9.9 11.0 152 171
BFBPH | BFBP1 | 127 136 141 976 968 138 146 962 960
BFBPH | BFBP2 | 121 130 134 876 872 131 138 868 868
BFBPH | DFBP 121 134 139 940 934 136 144 928 928
BFBP1 | BFCP** | 35.7 28.0 274 69.3 69.7 26.5 27.2 69.9 70.2
BFBP2 | BFCP** | 394 314 313 86.6 86.5 30.2 315 86.4 86.3
BFBP1 | DFCP** | 33.0 32.0 32.0 77.5 77.8 316 323 77.6 78.1
BFBP2 | DFCP** | 36.6 | 35.6 36.0 95.6 95.3 355 36.8 94.9 95.0

DFBP |DFCP** | 36.5 33.1 329 83.6 83.6 32.6 33.2 835 83.6

* Percent difference is less than or equal to error bounds
** Catch cables engaged—values compromised
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Table E-29. Percent differences in major response quantities, Set 10

Percent differences | Max Relative Accel | Max Absolute Accel Max Max N N
between Story 1 Story 2 Story 1 Story 2 Vb 0T™ v "
BFAA | BFBPH 5.6* 4.9* 60.0* 2.8* 17.0 9.3* 3.5% 32.8
BFBPH | BFBP1 120 94.0 393 14.1* 9.9* 8.7* 109 50.5
BFBPH | BFBP2 92.0 74.9 267 11.3* 7.7* 8.5* 779 | 76.3
BFBPH | DFBP 104 84.7 333 15.5* 26.0 8.4* 133 98.1
BFBP1 | BFCP** | 13.9* 0.7* 12.1* 2.5* 4.2* 2.4* 383 na
BFBP2 | BF CP** 0.5* 10.1* 20.0* 5.1* 6.3* 2.3* 466 na
BFBP1 | DF CP** 39.9 9.7* 37.0 5.2* 19.7 1.2* 466 na
BFBP2 | DF CP** 60.1 11+ 19* 2.6* 221 1.1* 564 na
DFBP | DF CP** 51.1 4.4* 20.4* 6.5* 4.4* 1.0* 407 na

* Percent difference is less than or equal to error bounds

Table E-30. Percent differences in maximum values of connection response quantities, Set

10
Percent differences Maximum 6.y, Maximum My,
between c1 C2 C3 c4 c1 C2 C3 c4
BFAA |BFBPH| 827 | 63 | 236 | 243 | 247 | 169 | 95 | 10°
BFBPH | BFBPL | 183 | 203 | 281 | 277 | 92¢ | 171 | 102 | 1.2
BFBPH | BFBP2 | 156 | 181 | 249 | 263 | 103 | 193 | 154 | 91
BFBPH| DFBP | 182 | 201 | 280 | 256 | 98 | 236 | 80* | 182

BFBP1 | BFCP** | 235 25.9 46.4 50.5 0.4* 5.2* 38.2 35.9
BFBP2 | BFCP** | 36.3 354 59.7 56.2 1.4* 7.3* 4.7 334
BFBP1 | DFCP** | 28.6 37.0 54.6 54.7 7.5* 5.1* 28.1 35.2
BFBP2 | DFCP** | 420 47.3 68.6 60.6 6.3* 3.1* 34.1 32.7

DFBP |DFCP** | 29.1 37.7 54.8 63.8 6.9* 0.5* 255 43.8

* Percent difference is less than or equal to error bounds
** Catch cables engaged
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E.11 COMPARISON SET 11—FRACTURE PATTERNS, 1.2 SECOND COSINE PULSE

Table E-31. Percent differences in in-plane displacements and interstory drifts, Set 11

Max Relative Residual Dis- Max Inter- Residual Inter-
Percent differences Displacement (in) placement (in) | story Drift (%) | story Drift (%)

between Base | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
BF BP DF BP 7.8 12.2 125 57.2 58.0 12.7 12.9 60.1 58.8
BFBP |BFCP1**| 795 | 743 75.5 306 306 73.2 76.8 305 307
BF BP BF CB 1.8* 4.3* 3.5% 19.1 17.8 4.6* 2.7* 17.5 16.6
BF BP DFCP** | 799 | 76.7 79.0 313 314 75.9 814 314 316
DFBP |BFCP1**| 935 | 955 97.5 538 542 95.2 99.7 548 546
DF BP BF CB 5.9 7.6 8.8 32.1 34.1 7.7 9.9 36.2 36.2
DF BP DFCP** | 938 | 98.2 101 549 555 98.2 105 562 560

BFCP1** | BFCP2 | 464 555 579 9626 9867 565 605 9999 | 10127
BFCP1** | BFCP3 | 529 | 45.7 451 40.2 39.7 444 44.0 40.0 39.1
BFCP2 | BFCP3 | 269 350 368 6838 7036 360 390 7111 7251

* Percent difference is less than or equal to error bounds
** Catch cables engaged

Table E-32. Percent differences in major response quantities, Set 11

Percent differences | Max Relative Accel | Max Absolute Accel Max Max N \
between Story 1 | Story2 | Story1 | Story2 Vb 0T™ " "
BF BP DF BP 10.4* 171 20.8* 6.8* 3.1* 7.3* 7.0* | 11.9*
BFBP |BFCP 1** 304 375 91.7 57.6 9.5* 205 226 n/a
BF BP BF CB 20.5 5.1* 50.0* 32.2* 4.2* 0.3* | 148 | 420
BF BP DF CP** 51.6 445 70.8* 814 3.1* 42.0 360 n/a
DFBP |BFCP1** 18.1 61.0 58.6* 47.6 12.9 122 249 n/a
DF BP BF CB 9.2* 11.4* 24.1* 23.8* 1.0* 7.0* 229 | 269
DF BP DF CP** 37.3 69.2 41.1* 69.8 0.0* 323 392 n/a
BFCP1** | BFCP2 55.7 108 84.0 72.2 4.6* 30.6 300 n/a
BFCP1** | BFCP3 545 103 35.3* 25.7* 15.9 494 | 390 n/a
BFCP2 | BFCP3 0.8* 2.1* 36.0* 37.0* 10.7 145 188 128

* Percent difference is less than or equal to error bounds
** Catch cables engaged
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Table E-33. Percent differences in maximum values of connection response quantities, Set
11

Percent differences Maximum 6, Maximum Mg,

bet
ctween c1 C2 C3 C4 C1 C2 C3 c4

BFBP DF BP 14.2 14.7 194 17.6 3.6* 5.9* 1.7* 3.3
BFBP |BFCP1** | 805 84.6 114 116 1.8* 2.0* 38.4 40.0
BF BP BF CB 14.7 0.7* 3.9* 11.8 14.9 3.0* 13.0 57.9
BF BP DF CP** 93.8 90.3 124 121 7.0* 11.7 29.3 32.6
DFBP |BFCP1** 106 112 156 154 5.5% 3.9* 40.7 447
DF BP BF CB 0.5* 154 14.9 315 10.9 9.1* 14.9 63.2
DF BP DF CP** 121 118 167 160 3.3* 54* 315 37.0
BFCP1** | BFCP2 832 813 1561 1296 4.1* 8.5* 3.9 8.3
BFCP1** | BFCP3 43.1 454 46.5 53.4 20.7 325 12.6 20.3
BFCP2 | BFCP3 551 528 1034 810 16.0 220 8.4* 11.1

* Percent difference is less than or equal to error bounds
** Catch cables engaged

E.12 COMPARISON SET 12—BF A, BP PATTERNS, 0.6 SEC COS PULSE, 50% AMP.

Table E-34. Percent differences in in-plane displacements and interstory drifts, Set 12

Max Relative Residual Dis- | Max Interstory | Residual Inter-
Percent differences Displacement (in) placement (in) Drift (%) story Drift (%)

between Base |Story 1| Story 2| Story 1 | Story 2 | Story 1 | Story 2 | Story 1 | Story 2
Max/ minBFA A-D | 5.6 1.5* 1.7* 66.6 82.1 1.6* 2.1* 120 101
BFA A BFAE | 1.1* 1.3* 1.7* 28.8 214 1.9* 2.2% 131 14.7
BFAB BFAE | 0.2* 0.8* 0.7* 15.7 10.7 1.0* 0.6* 5.9* 6.2*
BFAC |BFAE| 44* 1.0* 1.8* 294 50.0 2.5* 2.4* 94.8 75.5
BFAD |BFAE| 3.1* 0.1* 0.1* 19.3 117 0.9* 0.3* 30.2 5.6*
Max/ minBF A A-E | 5.6 1.5* 1.8* 66.6 82.1 2.5% 2.4* 120 101
BF BP BFAA | 137 10.1 10.5 168 169 9.9 11.0 152 171
BF BP BFAB | 122 9.5 9.4 198 195 9.0 9.3 202 192
BF BP BFAC| 7.7 9.7 10.6 346 390 10.5 11.2 456 445
BF BP BFAD| 91 8.5 8.7 311 265 8.8 9.0 272 228
BF BP BFAE | 125 8.7 8.7 245 227 7.8 8.6 185 210
Avg. of above 5 diffs| 10.6 9.5 9.8 256 255 9.6 10.1 271 259

* Percent difference is less than or equal to error bounds

357



Table E-35. Percent differences in major response quantities, Set 12

Percent differences | Max Relative Accel | Max Absolute Accel Max Max N N
between Story 1 Story 2 Story 1 Story 2 Vb 0T™ v "
Max/ minBFA A-D| 12.2* 12.7* 68.8* 1.4* 6.2* 2.4* 4.6* 28.3
BFAA | BFAE 17.0 1.8* 33.3* 4.1* 3.4* 2.8* 4.0* 27.8
BFAB | BFAE 13.6* 0.2* 50.0* 4.1* 2.7* 2.7* 0.6* 36.1
BFAC | BFAE 5.6* 7.1* 5.9* 2.7* 2.8* 0.9* 15* 61.1
BFAD | BFAE 4.2* 5.2* 12.5* 2.7* 3.4* 3.3* 2.4* 63.9
Max/ min BF A A-E 17.0 12.7* 68.8* 4.1* 6.2* 3.3* 4.6* 63.9
BFBP | BFAA 5.6* 4.9* 60.0* 2.8* 17.0 9.3* 3.5% 32.8
BFBP | BFAB 2.6* 6.5* 80.0* 2.8* 10.1 9.4* 8.3* 24.6
BFBP | BFAC 4.8* 14.3* 13.3* 4.2 16.3 11.4 6.1* 5.3*
BFBP | BFAD 6.3* 15* 6.7* 4.2 16.9 8.8* 5.2* 3.5%
BFBP | BFAE 10.7* 6.8* 20.0* 7.0* 131 124 7.7* 69.7
Avg. of above5diffs| 4.8* 6.8* 40.0* 3.5* 151 9.7* 5.8* 16.6

* Percent difference is less than or equal to error bounds

Table E-36. Percent differences in max.imum values of connection response quantities, Set

12

Percent differences Maximum 6,,, Maximum M,
between c1 C2 C3 c4 c1 C2 C3 c4
Max/ mnBFAAD| 74~ | 63" | 38 | 59° | 25 | 45 | 52¢r | 2.2
BFAA | BFAE | 40 | 45 | 30° | 40- | 02 | 14 | 17v | or
BFAB | BFAE | 32* | 21¢* | 45 | 36 10- | 51 | 09 | o7
BFAC | BFAE | 04* | 85 | 68 | 26 13 | 42¢ | 61 | 30°
BFAD | BFAE | 32 | 72¢ | 42 | 19 15 | 06* | 10¢ | 14
Max/ mnBFAA-E | 74 | 85 | 68 | 59+ | 25 | 51 | 61* | 30°
BFBP | BFAA | 827 | 63" | 236 | 243 | 247 | 169 | 95 | 10°
BFBP | BFAB | 814 | 88 | 254 | 239 | 257 | 128 | 104 | 1.1*
BFBP | BEAC | 750 | 24* | 283 | 227 | 228 | 138 | 50¢ | 1.2*
BFBP | BEAD | 702 | 36* | 251 | 174 | 226 | 179 | 103 | 04
BFBP | BFAE | 757 | 111 | 200 | 196 | 244 | 186 | 114 | 18
Avg. of above 5 diffs| 773 | 53 | 256 | 221 | 239 | 154 | 88 | 09

* Percent difference is less than or equal to error bounds

358



PEER REPORTS

PEER reports are available from the National Information Service for Earthquake Engineering (NISEE).
To order PEER reports, please contact the Pacific Earthquake Engineering Research Center, 1301 South
46" Street, Richmond, California 94804-4698. Tel.: (510) 231-9468; Fax: (510) 231-9461.

PEER 2003/13

PEER 2003/10

PEER 2003/08

PEER 2003/06

PEER 2003/05

PEER 2003/04

PEER 2003/03

PEER 2003/02

PEER 2003/01

PEER 2002/24

PEER 2002/23

PEER 2002/22

PEER 2002/21

PEER 2002/20

PEER 2002/19

Effects of Connection Hysteretic Degradation on the Seismic Behavior of Steel
Moment-Resisting Frames. Janise E. Rodgers and Stephen A. Mahin. March 2004.

A Beam-Column Joint Model for Simulating the Earthquake Response of Reinforced
Concrete Frames. Laura N. Lowes, Nilanjan Mitra, and Arash Altoontash. February
2004.

A Technical Framework for Probability-Based Demand and Capacity Factor Design
(DCFD) Seismic Formats. Fatemeh Jalayer and C. Allin Cornell. November 2003.

Performance of Circular Reinforced Concrete Bridge Columns under Bidirectional
Earthquake Loading. Mahmoud M. Hachem, Stephen A. Mahin, and Jack P. Moehle.
February 2003.

Response Assessment for Building-Specific Loss Estimation. Eduardo Miranda and
Hesameddin Aslani. September 2003.

Experimental Assessment of Columns with Short Lap Splices Subjected to Cyclic
Loads. Murat Melek, John W. Wallace, and Joel Conte. April 2003.

Probabilistic Response Assessment for Building-Specific Loss Estimation. Eduardo
Miranda and Hesameddin Aslani. September 2003.

Software Framework for Collaborative Development of Nonlinear Dynamic Analysis
Program. Jun Peng and Kincho H. Law. September 2003.

Shake Table Tests and Analytical Studies on the Gravity Load Collapse of
Reinforced Concrete Frames. Kenneth John Elwood and Jack P. Moehle. November
2003

Performance of Beam to Column Bridge Joints Subjected to a Large Velocity Pulse.
Natalie Gibson, André Filiatrault, and Scott A. Ashford. April 2002.

Effects of Large Velocity Pulses on Reinforced Concrete Bridge Columns. Greg L.
Orozco and Scott A. Ashford. April 2002.

Characterization of Large Velocity Pulses for Laboratory Testing. Kenneth E. Cox
and Scott A. Ashford. April 2002.

Fourth U.S.-dJapan Workshop on Performance-Based Earthquake Engineering
Methodology for Reinforced Concrete Building Structures. December 2002.

Barriers to Adoption and Implementation of PBEE Innovations. Peter J. May. August
2002.

Economic-Engineered Integrated Models for Earthquakes: Socioeconomic Impacts.
Peter Gordon, James E. Moore Il, and Harry W. Richardson. July 2002.



PEER 2002/18

PEER 2002/17

PEER 2002/16

PEER 2002/15

PEER 2002/14

PEER 2002/13

PEER 2002/12

PEER 2002/11

PEER 2002/10

PEER 2002/09

PEER 2002/08

PEER 2002/07

PEER 2002/06

PEER 2002/05

PEER 2002/04

Assessment of Reinforced Concrete Building Exterior Joints with Substandard
Details. Chris P. Pantelides, Jon Hansen, Justin Nadauld, and Lawrence D.
Reaveley. May 2002.

Structural Characterization and Seismic Response Analysis of a Highway
Overcrossing Equipped with Elastomeric Bearings and Fluid Dampers: A Case
Study. Nicos Makris and Jian Zhang. November 2002.

Estimation of Uncertainty in Geotechnical Properties for Performance-Based
Earthquake Engineering. Allen L. Jones, Steven L. Kramer, and Pedro Arduino.
December 2002.

Seismic Behavior of Bridge Columns Subjected to Various Loading Patterns.
Asadollah Esmaeily-Gh. and Yan Xiao. December 2002.

Inelastic Seismic Response of Extended Pile Shaft Supported Bridge Structures. T.C.
Hutchinson, R.W. Boulanger, Y.H. Chai, and .M. Idriss. December 2002.

Probabilistic Models and Fragility Estimates for Bridge Components and Systems.
Paolo Gardoni, Armen Der Kiureghian, and Khalid M. Mosalam. June 2002.

Effects of Fault Dip and Slip Rake on Near-Source Ground Motions: Why Chi-Chi
Was a Relatively Mild M7.6 Earthquake. Brad T. Aagaard, John F. Hall, and Thomas
H. Heaton. December 2002.

Analytical and Experimental Study of Fiber-Reinforced Strip Isolators. James M. Kelly
and Shakhzod M. Takhirov. September 2002.

Centrifuge Modeling of Settlement and Lateral Spreading with Comparisons to
Numerical Analyses. Sivapalan Gajan and Bruce L. Kutter. January 2003.

Documentation and Analysis of Field Case Histories of Seismic Compression during
the 1994 Northridge, California, Earthquake. Jonathan P. Stewart, Patrick M. Smith,
Daniel H. Whang, and Jonathan D. Bray. October 2002.

Component Testi/l% Stability Analysis and Characterization of Buckling-Restrained
Unbonded Braces' ™. Cameron Black, Nicos Makris, and lan Aiken. September 2002.

Seismic Performance of Pile-Wharf Connections. Charles W. Roeder, Robert Graff,
Jennifer Soderstrom, and Jun Han Yoo. December 2001.

The Use of Benefit-Cost Analysis for Evaluation of Performance-Based Earthquake
Engineering Decisions. Richard O. Zerbe and Anthony Falit-Baiamonte. September
2001.

Guidelines, Specifications, and Seismic Performance Characterization of
Nonstructural Building Components and Equipment. André Filiatrault, Constantin
Christopoulos, and Christopher Stearns. September 2001.

Consortium of Organizations for Strong-Motion Observation Systems and the Pacific
Earthquake Engineering Research Center Lifelines Program: Invited Workshop on
Archiving and Web Dissemination of Geotechnical Data, 4-5 October 2001.
September 2002.



PEER 2002/03

PEER 2002/02

PEER 2002/01

PEER 2001/16

PEER 2001/15

PEER 2001/14

PEER 2001/13

PEER 2001/12

PEER 2001/11

PEER 2001/10

PEER 2001/09

PEER 2001/08

PEER 2001/07

PEER 2001/06

PEER 2001/05

PEER 2001/04

PEER 2001/03

Investigation of Sensitivity of Building Loss Estimates to Major Uncertain Variables
for the Van Nuys Testbed. Keith A. Porter, James L. Beck, and Rustem V.
Shaikhutdinov. August 2002.

The Third U.S.-Japan Workshop on Performance-Based Earthquake Engineering
Methodology for Reinforced Concrete Building Structures. July 2002.

Nonstructural Loss Estimation: The UC Berkeley Case Study. Mary C. Comerio and
John C. Stallmeyer. December 2001.

Statistics of SDF-System Estimate of Roof Displacement for Pushover Analysis of
Buildings. Anil K. Chopra, Rakesh K. Goel, and Chatpan Chintanapakdee. December
2001.

Damage to Bridges during the 2001 Nisqually Earthquake. R. Tyler Ranf, Marc O.
Eberhard, and Michael P. Berry. November 2001.

Rocking Response of Equipment Anchored to a Base Foundation. Nicos Makris and
Cameron J. Black. September 2001.

Modeling Soil Liquefaction Hazards for Performance-Based Earthquake Engineering.
Steven L. Kramer and Ahmed-W. Elgamal. February 2001.

Development of Geotechnical Capabilities in OpenSees. Boris Jeremic. September
2001.

Analytical and Experimental Study of Fiber-Reinforced Elastomeric Isolators. James
M. Kelly and Shakhzod M. Takhirov. September 2001.

Amplification Factors for Spectral Acceleration in Active Regions. Jonathan P.
Stewart, Andrew H. Liu, Yoojoong Choi, and Mehmet B. Baturay. December 2001.

Ground Motion Evaluation Procedures for Performance-Based Design. Jonathan P.
Stewart, Shyh-Jeng Chiou, Jonathan D. Bray, Robert W. Graves, Paul G. Somerville,
and Norman A. Abrahamson. September 2001.

Experimental and Computational Evaluation of Reinforced Concrete Bridge Beam-
Column Connections for Seismic Performance. Clay J. Naito, Jack P. Moehle, and
Khalid M. Mosalam. November 2001.

The Rocking Spectrum and the Shortcomings of Design Guidelines. Nicos Makris
and Dimitrios Konstantinidis. August 2001.

Development of an Electrical Substation Equipment Performance Database for
Evaluation of Equipment Fragilities. Thalia Agnanos. April 1999.

Stiffness Analysis of Fiber-Reinforced Elastomeric Isolators. Hsiang-Chuan Tsai and
James M. Kelly. May 2001.

Organizational and Societal Considerations for Performance-Based Earthquake
Engineering. Peter J. May. April 2001.

A Modal Pushover Analysis Procedure to Estimate Seismic Demands for Buildings:
Theory and Preliminary Evaluation. Anil K. Chopra and Rakesh K. Goel. January
2001.



PEER 2001/02

PEER 2001/01

PEER 2000/10

PEER 2000/09

PEER 2000/08

PEER 2000/07

PEER 2000/06

PEER 2000/05

PEER 2000/04

PEER 2000/03

PEER 2000/02

PEER 2000/01

PEER 1999/14

PEER 1999/13

PEER 1999/12

PEER 1999/11

Seismic Response Analysis of Highway Overcrossings Including Soil-Structure
Interaction. Jian Zhang and Nicos Makris. March 2001.

Experimental Study of Large Seismic Steel Beam-to-Column Connections. Egor P.
Popov and Shakhzod M. Takhirov. November 2000.

The Second U.S.-Japan Workshop on Performance-Based Earthquake Engineering
Methodology for Reinforced Concrete Building Structures. March 2000.

Structural Engineering Reconnaissance of the August 17, 1999 Earthquake: Kocaeli
(Izmit), Turkey. Halil Sezen, Kenneth J. Elwood, Andrew S. Whittaker, Khalid
Mosalam, John J. Wallace, and John F. Stanton. December 2000.

Behavior of Reinforced Concrete Bridge Columns Having Varying Aspect Ratios and
Varying Lengths of Confinement. Anthony J. Calderone, Dawn E. Lehman, and Jack
P. Moehle. January 2001.

Cover-Plate and Flange-Plate Reinforced Steel Moment-Resisting Connections.
Taejin Kim, Andrew S. Whittaker, Amir S. Gilani, Vitelmo V. Bertero, and Shakhzod
M. Takhirov. September 2000.

Seismic Evaluation and Analysis of 230-kV Disconnect Switches. Amir S. J. Gilani,
Andrew S. Whittaker, Gregory L. Fenves, Chun-Hao Chen, Henry Ho, and Eric
Fujisaki. July 2000.

Performance-Based Evaluation of Exterior Reinforced Concrete Building Joints for
Seismic Excitation. Chandra Clyde, Chris P. Pantelides, and Lawrence D. Reaveley.
July 2000.

An Evaluation of Seismic Energy Demand: An Attenuation Approach. Chung-Che
Chou and Chia-Ming Uang. July 1999.

Framing Earthquake Retrofitting Decisions: The Case of Hillside Homes in Los
Angeles. Detlof von Winterfeldt, Nels Roselund, and Alicia Kitsuse. March 2000.

U.S.-Japan Workshop on the Effects of Near-Field Earthquake Shaking. Andrew
Whittaker, ed. July 2000.

Further Studies on Seismic Interaction in Interconnected Electrical Substation
Equipment. Armen Der Kiureghian, Kee-Jeung Hong, and Jerome L. Sackman.
November 1999.

Seismic Evaluation and Retrofit of 230-kV Porcelain Transformer Bushings. Amir S.
Gilani, Andrew S. Whittaker, Gregory L. Fenves, and Eric Fujisaki. December 1999.

Building Vulnerability Studies: Modeling and Evaluation of Tilt-up and Steel
Reinforced Concrete Buildings. John W. Wallace, Jonathan P. Stewart, and Andrew
S. Whittaker, editors. December 1999.

Rehabilitation of Nonductile RC Frame Building Using Encasement Plates and
Energy-Dissipating Devices. Mehrdad Sasani, Vitelmo V. Bertero, James C.
Anderson. December 1999.

Performance Evaluation Database for Concrete Bridge Components and Systems
under Simulated Seismic Loads. Yael D. Hose and Frieder Seible. November 1999.



PEER 1999/10

PEER 1999/09

PEER 1999/08

PEER 1999/07

PEER 1999/06

PEER 1999/05

PEER 1999/04

PEER 1999/03

PEER 1999/02

PEER 1999/01

PEER 1998/08

PEER 1998/07

PEER 1998/06

PEER 1998/05

PEER 1998/04

PEER 1998/03

PEER 1998/02

U.S.-Japan Workshop on Performance-Based Earthquake Engineering Methodology
for Reinforced Concrete Building Structures. December 1999.

Performance Improvement of Long Period Building Structures Subjected to Severe
Pulse-Type Ground Motions. James C. Anderson, Vitelmo V. Bertero, and Raul
Bertero. October 1999.

Envelopes for Seismic Response Vectors. Charles Menun and Armen Der
Kiureghian. July 1999.

Documentation of Strengths and Weaknesses of Current Computer Analysis
Methods for Seismic Performance of Reinforced Concrete Members. William F.
Cofer. November 1999.

Rocking Response and Overturning of Anchored Equipment under Seismic
Excitations. Nicos Makris and Jian Zhang. November 1999.

Seismic Evaluation of 550 kV Porcelain Transformer Bushings. Amir S. Gilani,
Andrew S. Whittaker, Gregory L. Fenves, and Eric Fujisaki. October 1999.

Adoption and Enforcement of Earthquake Risk-Reduction Measures. Peter J. May,
Raymond J. Burby, T. Jens Feeley, and Robert Wood.

Task 3 Characterization of Site Response General Site Categories. Adrian
Rodriguez-Marek, Jonathan D. Bray, and Norman Abrahamson. February 1999.

Capacity-Demand-Diagram Methods for Estimating Seismic Deformation of Inelastic
Structures: SDF Systems. Anil K. Chopra and Rakesh Goel. April 1999.

Interaction in Interconnected Electrical Substation Equipment Subjected to
Earthquake Ground Motions. Armen Der Kiureghian, Jerome L. Sackman, and Kee-
Jeung Hong. February 1999.

Behavior and Failure Analysis of a Multiple-Frame Highway Bridge in the 1994
Northridge Earthquake. Gregory L. Fenves and Michael Ellery. December 1998.

Empirical Evaluation of Inertial Soil-Structure Interaction Effects. Jonathan P.
Stewart, Raymond B. Seed, and Gregory L. Fenves. November 1998.

Effect of Damping Mechanisms on the Response of Seismic Isolated Structures.
Nicos Makris and Shih-Po Chang. November 1998.

Rocking Response and Overturning of Equipment under Horizontal Pulse-Type
Motions. Nicos Makris and Yiannis Roussos. October 1998.

Pacific Earthquake Engineering Research Invitational Workshop Proceedings, May
14—15, 1998: Defining the Links between Planning, Policy Analysis, Economics and
Earthquake Engineering. Mary Comerio and Peter Gordon. September 1998.

Repair/Upgrade Procedures for Welded Beam to Column Connections. James C.
Anderson and Xiaojing Duan. May 1998.

Seismic Evaluation of 196 kV Porcelain Transformer Bushings. Amir S. Gilani, Juan
W. Chavez, Gregory L. Fenves, and Andrew S. Whittaker. May 1998.



PEER 1998/01 Seismic Performance of Well-Confined Concrete Bridge Columns. Dawn E. Lehman
and Jack P. Moehle. December 2000.





