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ABSTRACT

Fractures observed at the welded beam-column connections in 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 is for 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 real

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 connections to achieve the 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 phenomena were found to have small impacts

on the system response. 

The data from the experimental portion of the study were used to develop a computer model

of the structure for use in analytical studies that 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. 
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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 Officials, 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, there are

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
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studies. The vast majority 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 tests in the years following 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 in welded steel frames. It is therefore 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 analysis, beam-to-column connections in steel moment-resist-

ing frames are frequently characterized as having full hysteretic loops with an overall bilinear (or

similar) 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: No 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;
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• Deformation softening: The presence of negative post-yield tangent stiffness in 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. As a result, 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, as well as examining and interpreting the data. 

The overall questions posed in the introductory section can be answered much more effi-

ciently by a combination of analytical simulations and experiments than by experiments alone, 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

parameters that would be difficult to examine experimentally without the construction of many test

specimens, such as different member sizes for 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 is to 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-
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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 a fracture, and one of the objectives of this study is to gain insight into this area. Overall,

the basic intent of the studies is 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 connections into 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 simple 
pulses, near-field ground motions, and long-duration subduction zone-type ground motions;

• Identify from the results any hysteretic behavior/ground motion combinations that produce 
undesirable system behavior;

• Use the data to 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

• Identify 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 use in further studies is 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 fractures visible 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.

As a result, a number of investigators have performed analytical studies to assess the seis-

mic safety and performance of steel moment-frame buildings, both damaged and undamaged, new

and old (Astaneh-Asl 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 al., 1999; Nakashima et al., 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. 

Despite the variations in 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 be relatively benign. This result 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 this is troubling. Clearly, the presence of fractured connections in a build-
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ing following an earthquake invalidates the engineering calculations used to obtain permits to 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. 

As will be discussed in Section 2.2, a small 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 as collapse, but that there are many cases where fracture has relatively 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 a number of variables. 

Brittle fracture is 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 susceptible to 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 is important 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 a brief summary of damage to steel moment frames in recent earthquakes,

with an emphasis on the Northridge earthquake due to the availability of data and the significant
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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 this literature survey. The analytical studies

discussed herein constitute 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 the field. Finally, the few experimental studies

that have been performed on systems to date are discussed.

This literature survey is not intended to be a comprehensive treatment of the problems asso-

ciated with welded steel moment frames, but is intended only to provide necessary background

information for a portion of the problem discussed in this study. This study is focused 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. 
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2.2 SUMMARY OF DAMAGE TO STEEL MOMENT FRAMES IN PAST 
EARTHQUAKES

This section provides a brief overview of the damage to steel frames in 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

reconnaissance and walk-through inspection efforts had been completed, 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 Los Angeles. 

Much of this damage was discovered only after intrusive inspections (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 safety tags immediately fol-

lowing an earthquake were not a reliable 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 as the SAC Joint Venture (SAC, 1995, and

FEMA-355E, FEMA, 2000) and in various reconnaissance reports (AIJ, 1995, Bertero et al., 1994,

Bertero et al., 1995, Holmes and Somers ed., 1995, Youssef et al., 1994), so only a brief summary

is provided here. 

In the months following the Northridge earthquake, information on observed damage types

and their prevalence was collected by Nabih Youssef 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 heat-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 as well. 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 (AIJ Kinki Branch, 1995). Japanese moment-frame design and construction practice

differs in several important respects from U.S. practice, and these differences (along with the many

similarities) are discussed by Nakashima (Nakashima, Roeder, and Maruoka, 2000). These differ-

ences in design and practice are generally regarded as the major cause of the differences in 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 buildings in 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 diaphragms to the column could lead to a complete 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 (Nakashima et al., 1998). Complete column fractures were very rare

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

2.2.3 Other Recent U.S. Earthquakes

It is important to realize that earthquake-induced fracture damage was not limited to the Northridge

and Hyogo-ken Nambu (Kobe) earthquakes. After the discovery of fractures in 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 Landers, 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-

quakes 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 several 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)

• strength degradation

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

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. 

The analytical studies are quite diverse in the types of 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 studies is 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 studies in

categories (1) through (4) is to 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 techniques is necessary background information for the analytical work presented in 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

Study Analysis 
Types

Buildings 
Studied

Model Parameters
Ground 
Motions

Acceptance 
CriteriaGravity 

Frames
P-∆ Hysteresis 

Types

Astaneh-Asl et 
al., 1998 

Nonlinear 
dynamic

Damaged 
4, 14, 27 
story

? ? BF (mod-
eled post-
fracture)

NR-NH, 
MKO

Collapse pre-
vention (CP)*

Foutch and 
Shi, 1998

Nonlinear 
static and 
dynamic

Nine each 
3, 6, 9 
story, 
27 total

? ? DB, BF, 
SD plus 
pinching 
and com-
bined 
behaviors

EC, LN, LP, 
MH, ML, 
NPS, NR-U, 
SF [CS, PD, 
U], TB, WH

CP*

Foutch and 
Yun, 2002

Nonlinear 
static and 
dynamic

SAC LA 
9, 20 story 
6 each

Yes, w/
simple 
connec-
tions

Yes DB, BF Selected SAC 
LA 2/50, EC, 
IV, MH, ML, 
NPS, NR-U, 
SF [CS, PD, 
U], TF

CP*

Lee and 
Foutch, 2000, 
2002

Nonlinear 
static and 
dynamic

3 each 
SAC LA 
& Seattle 
3, 9, 20 
story

Yes Yes BF, sim-
ple con-
nections

SAC LA and 
Seattle 50/50, 
2/50

CP** (0.01 
global, vari-
able local), 
IO

Luco and Cor-
nell, 1999, 
2000

Nonlinear 
dynamic

SAC LA 
& Seattle 
3, 9, 20 
story

Yes Yes, 
linear

BF, DF, 
capacities 
probabilis-
tic

SAC LA and 
Seattle 10/50, 
2/50 suites

Extreme 
drifts (>0.10), 
CP*

Mahin and 
Morishita, 
1998 

Nonlinear 
dynamic

SDOF 
systems

N/A Yes DB, BF, 
SD, DFS

Idealized 
pulses

Peak ductil-
ity demand

Maison and 
Bonowitz, 
1999, 1998

Nonlinear 
dynamic

SAC LA 9 
story

Yes Yes, 
linear

BF, DF, 
capacities 
probabilis-
tic

SAC LA 10/
50, 2/50 suites

LS** (0.025) 
in rare events 
CP** (0.05) 
in very rare 
events

Maison and 
Kasai, 1997

Nonlinear 
dynamic

Damaged 
13 story

Yes Yes, 
linear

BF, DF, 
capacities 
probabilis-
tic

EC, LN, NR-
CP, NR-OX, 
NR-TZ, SF-
PD, TB

CP*
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Table 2-1. — Continued

* 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), LP: Loma Prieta unknown, IV: Imperial 
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

Study Analysis 
Types

Buildings 
Studied

Model Parameters
Ground 
Motions

Acceptance 
CriteriaGravity 

Frames
P-∆ Hysteresis 

Types

Naeim et al., 
2000

Nonlinear 
static and 
dynamic

SAC LA, 
Seattle, 
Boston 3, 
9, 20 story

Yes Yes, 
linear 

DB, SD SAC LA, 
Seattle, Bos-
ton 10/50, 2/
50 suites, LA 
50/50 suite

CP*

Naeim et al., 
1999 

Nonlinear 
static and 
dynamic, 
linear 
dynamic

Damaged 
8, 10, 16, 
20 story

No, 
after 
evalua-
tion

? DB, Elas-
tic

Site records: 
NR-EN, NR-
HW, NR-SO, 
NR-TZ

UBC-97, 
FEMA-273 
LS, CP

Rahnama and 
Krawinkler, 
1993

Nonlinear 
dynamic

SDOF 
systems

N/A Yes SD, DFS, 
DB

CL, CO, EC, 
IV, LB, OL, 
PS, SF-CS, 
TF

Strength 
reduction fac-
tor, hysteretic 
energy

Phase 1 Stud-
ies, SAC, 1995

Linear and 
nonlinear 
static and 
dynamic

9 total 
with vari-
ous condi-
tions

Yes Yes BF, DB SAC Phase 1 
site-specific 
suites 

Accurate 
reproduction 
of observed 
damage
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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 sim-

ilarities, though they were performed as nine individual investigations. The reader is referred 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 methodologies.

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

demands were found to be extremely variable. Panel zone behavior was found to have a large 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 is reduced from 50% to 20% of the

original moment capacity. Further reduction to 5% had relatively large effects. This indicates that

the system behavior may not be sensitive to residual strength except below a certain threshold

level. This is an 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-Asl 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-∆ 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 is in 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

are shown in Table 2-1, were used for the time history analyses, which were conducted with a mod-

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 structures for the R values used, which are quite large. For nonpinching hysteresis

types, the ratio 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 hysteresis types. Ductility demands

were found to be much more dependent on R values and period than hysteretic type. This finding

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. This study is classified as a deterministic study herein due to the way fracture is

assumed to occur, even though the end results are presented in probabilistic format, and the SAC

reliability procedure is 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 (IO) performance states in FEMA 350 (FEMA, 2000). The findings of the

study indicate that there is a low to moderate confidence level (between 20% and 80%) that older

steel moment frames with brittle connections will not collapse in a 2/50 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 frames will be able to obtain the IO performance state for the 50/

50 event. The conclusions regarding 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 al. 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 collapses were predicted due to LA 2/50 records for buildings with severe stiffness

degradation, but no collapses were predicted for any of the other types of hysteretic behavior. 

Mahin and Morishita performed a study of single-degree-of-freedom (SDOF) systems with

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 a variety of simple pulses for 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 components on 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-∆ effects were also investigated by using hysteretic models with negative

post-yield stiffness. Since this method was used, rather than direct incorporation of nonlinear

geometry in the analysis, the results are directly applicable to systems which 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 stiffness was 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 similar analysis

for an instrumented 13-story building. These studies took 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 simula-

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-

tions with low plastic rotation capacities during the first earthquake, but it is important 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 cases for the Landers record. The ductile case did not suffer collapse. The

key result of these analyses was that connection plastic rotation capacity governs the susceptibility

to collapse for these large ground motions. 

The first 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 a more conventional deterministic anal-

ysis with 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-rise 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

distributions with values shown in Table 2-2. Interestingly, the model allows a very long finite time

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-∆

were included in the model with a tree column assemblage and a P-∆ 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 a substantial level of frac-

ture damage still results in a building with a “safe” response. However, the results show that there

is only 50% confidence that the building will be life safe for such a safe response. 
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* 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 summarized in Luco

and Cornell, 2000, with a more thorough treatment found in Luco and Cornell, 1999. Nonlinear

dynamic analyses were performed on the SAC Phase II 3-, 9-, and 20-story buildings in both Los

Angeles and Seattle, with both brittle and ductile connections. The brittle fracture model used was

calibrated with experimental data and field observations, and was originally developed (Foutch and

Shi, 1996) for a modified version of DRAIN-2DX. The spatial distribution of fracturing connec-

tions was set as a random 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. 

Table 2-2. Comparison of probability distributions of connection rotation capacities
prior to fracture

Study
Top Flange Bottom Flange

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 —
“Brittle” Connections

“3%” Connections

0.008 W36
0.012 W33,W27

0.005 -0.003* W36
0.007 W33,W27

0.005

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, 
0.045

? 0.015 ?
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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

Nakashima et al. performed an analytical study of static moment redistribution after the occurrence

of fracture (Nakashima et al., 2000). For the case of a simple frame, the redistribution was obtained

by performing a pushover analysis under 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 loading in the beam on the opposite side of the panel zone from the fracture. Sequential frac-

tures triggered 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 — a finite element model with a large 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

a critical 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. 

The finite 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 simple

model. Therefore, if the oscillations are not of interest, a simple 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 one third that of the jump in beam-end rotation. The magnitude of the total change in rotation

(change in connection rotation plus change in beam rotation) appears to be twice the pre-fracture

rotation, but why this is the case is not apparent. 

Uetani and Tagawa then used the simplified 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 JMA Kobe, 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 this was not always the case and this trend 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 studies in 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 major 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 also 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

Study Analysis 
Types

Software 
used

Model Parameters

Hysteretic 
Models

Model 
Types

Panel 
Zones P-∆

Gravity 
Frames

Foutch and 
Yun, 2002

NS, ND, 
IDA

DRAIN-
2DX

Trilinear 
w/strength 
degrad., 
Foutch and 
Shi BF, 
simple 
connection

Centerline, 
clear span 
w/panel 
zones, 2D

Linear 
and non-
linear 
(scissors 
models)

Yes Yes, w/
simple 
connec-
tions

Gupta and 
Krawin-
kler, 1999, 
2000

NS, ND DRAIN-
2DX

DB, sim-
ple con-
nection

Centerline, 
clear span 
w/panel 
zones, 2D

Nonlin-
ear paral-
lelogram 
model

Yes, elas-
tic column 

Yes, equiv-
alent bay
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Table 2-3. — Continued

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

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

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

accurate model. These include:

• use of clear span dimensions

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

• P-∆ effects

• fracturing connection hysteretic models if 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 I studies also recommend that other parameters should be included, such

as the amount of strain hardening and composite beam action.

Overall, the analytical methods and modeling techniques studied were unable to predict

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 this what is primarily of inter-

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

Study Analysis 
Types

Software 
used

Model Parameters

Hysteretic 
Models

Model 
Types

Panel 
Zones P-∆

Gravity 
Frames

Naeim et 
al., 1999

EL [UBC 
97, FEMA 
273], LD, 
NS, ND 

DRAIN-
3DX?

DB, Elastic 3D Rigid and 
flexible

? No, after 
evaluation

Phase 1 
Studies, 
SAC, 1995

LD [RS, 
TH], NS, 
ND

ANSR-1, 
DRAIN-
2DX, 
ETABS, 
FEAP-
STRUC, 
IDARC, 
NODYN, 
SAP-90

Lumped 
and distrib-
uted plas-
ticity DB, 
already-
fractured 
BF

Centerline, 
clear span 
w/panel 
zones, 2D, 
3D (elastic 
only)

Rigid and 
flexible, 
various 
models

Yes Yes, w/var-
ious meth-
ods
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prediction of P-∆ 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 as the 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 the yield strength of these simple structures affects the 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 as a transi-

tion region for very short periods. To convert these elastic spectra into 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-acceleration spectra in 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 increase is limited to that which produces equal areas under 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 regions was intended provide a simple method of constructing spectra for 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 differences in system behavior beyond consideration of ground motion amplitude

measures. Behavioral dependence on the spatial arrangement or number of fractures was explored

by some investigators (Luco and Cornell, 1999), who found that fractures in the bottom flange only

seem to have less effect than fractures in 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.

2.4 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



30

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. 

The first tests of beam-column connections after Northridge were performed by Engelhardt

and Sabol, who tested a limited series of 16 full-size specimens in the months following the earth-

quake (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 a reliable 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.

These results are summarized in FEMA-355D (FEMA, 2000), and the reader is referred to this doc-

ument for detailed results, since only a very 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 was no. Several series of tests by Goel (Lee et 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 the types of 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 fractures were also observed after significant inelastic behavior had taken place.

The hysteretic behaviors which were predicted to have the most severe system behavior ramifica-

tions were negative post-yield stiffness, strength degradation and ductile fracture. One of the goals
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of this research 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 AIJ’s comprehensive

testing program (AIJ, 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 results were obtained by Uang et al., 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 all 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 strains anyway, 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 cycles in the loading history preceding the large cycles. Since steel is less brittle

at higher temperatures, the heat generated by yielding could act in a protective manner and reduce

the chance of fracture. However, it is important 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 an initial 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-scale 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 a few tests

could be performed. Unfortunately, the paper documenting the results of the tests is 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 this test 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 a full-scale test of a three-story

steel moment-frame building with a composite concrete slab. The test specimen was designed in

conformance to the European EC8 regulations, and the beam-column connections were of the post-



33

Northridge end-plate detail. No fractures were observed during the 2% drift quasi-static tests per-

formed in both lateral directions as well as diagonally, or the pseudodynamic test. However, many

bottom flange fractures were observed during a large amplitude (~ 5% interstory drift) quasi-static

cycle performed after the seismic pseudodynamic test. The emphasis of the paper documenting this

test seems to 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.
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3 Test Specimen Design

To examine experimentally the effect of local connection behavior on system response, a simple

reduced scale model of a moment-resisting steel frame will be tested on the earthquake simulator,

or shaking table. This chapter initially describes the development of simplified mechanical connec-

tions intended 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 tests it is not necessary to use connections that physically resem-

ble those employed in real structures. Rather, efforts are directed herein at devising potential plastic

hinge regions that exhibit predictable and repeatable flexural behavior. In particular, these efforts

focus on developing 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 potential 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 a general 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

is desired. 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 a whole.

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 a moment-

resisting frame suitable for testing which incorporates the simple, mechanical connections of

Section 3.2 is then described in Section 3.3.

3.1 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 Yamamoto, 1997), uniaxial 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 this point, the proposed connection was fabricated from a specially designed small beam

section (S4x7.7), as shown in Figure 3-1. Two options were considered for shear transfer in the

web. In the first, the beam was cut all the way through at the desired potential plastic hinge location.

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 stress in 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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3.2 CLEVIS-BASED CONNECTION

After the failure of the beam-based connections to achieve fracture, the decision was made to use

a mechanical 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, as the resulting con-

nection satisfied all the design criteria and performed as intended during behavior verification tests.

3.2.1 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 are inserted into holes in the end plates which are located above and below the clevis pin. The

clevis pin represents the shear and axial load 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

is shown in Figure 3-2, provided an economical and practical solution. 

Figure 3-2. Clevis connection at column face
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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 allows 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 ¾� ASTM A193 Gr. B7 steel all-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 coupons involved 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 the tip of the notch yielded

prior to fracture, but the degree of yielding was limited by the triaxial constraint and stress concen-

tration caused by the notching. For the purposes of the experiments described in this report, brittle

fracture is defined in the global sense — that is, the global stress-strain behavior of the coupon is

essentially 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.

Figure 3-3. Notch geometry used to obtain brittle fracture

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

a steel pipe with a 7/8 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 types of coupons were used in the clevis connection test series, as shown in Figure 3-5.

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, a variety 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. 

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. 

3.2.4 Testing and Verification of Behavior

Tests of the connections indicated that the properties of the connections were quite consistent and

reproducible (van Dam, 2000). These quasi-static, cyclic tests were performed on a test specimen

consisting of a clevis connection and stub beam assemblage connected to a reaction frame, as

shown in Figure 3-6.

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

Connection Type
Top Bottom

No. of 
Coupons

Coupon 
Type

Nuts 
placed on

No. of 
Coupons

Coupon 
Type

Nuts 
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
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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, the first of which is shown in Figure 3-7 and is similar to the SAC multiple step loading

protocol (Krawinkler et al. 2000). The second history was simply a large displacement (5 inches)

cycle preceded by a few very small elastic cycles, which was meant to represent the effects of a

near-field ground motion pulse. Following this initial 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 all five connection behavior types. The moment-rotation relation for the second loading his-

tory is also shown for the ductile fracture (DF) type only.
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Figure 3-7. Displacement histories for clevis connection tests

Figure 3-8. Typical moment-rotation results for various connection behaviors
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3.3 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 a simple 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 a low-

rise building with large plan area. The design requirements for the frame model are shown below.

The model frame specimen must

• be suitably 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 phenomena;

• remain elastic during testing, except at the connections;

• have a fundamental vibration period consistent when scaled with a full-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 phenomena;

• 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, all 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 table is 20 feet by 20 feet in plan, and has the properties listed in

Table 4-1. 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 unidirectional 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 tests is

kept simple due to the difficulty in scaling many of the desired effects. An artificial mass simula-

tion is used, and the pertinent scale factors are shown in Table 3-2. The scale factors Sx 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, is the same for both model and prototype. As seen

in Table 3-2, this form of similitude preserves acceleration, stress, and strain in the model and pro-

totype.
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3.3.2 Pilot Analytical Studies

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 modeled 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 modeled 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).

Table 3-2. Similitude relations and scale factors used

Quantity Scale Factor Value

Length 3

Time

Fundamental Vibration Period

Elastic Modulus 1

Acceleration 1

Mass 9

Strain 1

Stress 1

Force 9

SL

ST SL= 3

SP SL= 3

SE

SA

SM SL
2=

Sε

Sσ

SF SL
2=
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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 changes in

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 across the 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 (Nakashima et 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 mass is

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 mechanisms with 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 consistent 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 drawings is located in Appendix A. 

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, a rel-

atively stiff column was selected to minimize contributions of the second mode and permit consid-

eration of a wide 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 beams in this

frame are not named since they are not instrumented. 

Table 3-3. Abbreviations for member reference names

Member reference name Abbreviation Description of Location

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 C2 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 a discussion of errors and their effect on data interpretation are also included. The results from

the tests are presented and discussed in Chapter 5 and comparisons between tests for response

quantities of interest are made in Chapter 6.

4.1 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 studies were 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-

quake 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 potential 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 a simplification in represent-

ing near-fault excitations has been examined in several 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 a prior analytical study (Mahin and Morishita, 1998). 

A cosine acceleration pulse approximates the forward-and-back motion of the fault-normal

component of many near-field accelerograms, while a sine acceleration pulse approximates the for-

ward-and-stop motion of the fault-parallel component. A comparison of a cosine pulse with a near-

fault record is shown in Figure 4-1. The acceleration, velocity, and displacement pulses used in this

study are described by Equations 4-1 and 4-2 (as also done in Makris and Chang), which are written

in terms of the pulse period  and velocity .

(4-1a)

(4-1b)

(4-1c)

(4-2a)

(4-2b)

(4-2c)

Tp vp

u··g t( ) ωpvp ωpt( )cos= 0 t Tp≤ ≤

u· g t( ) vp ωpt( )sin= 0 t Tp≤ ≤

ug t( )
vp
ωp
------ 1 ωpt( )cos–( )= 0 t Tp≤ ≤

u··g t( )
ωpvp

2------------ ωpt( )sin= 0 t Tp≤ ≤

u· g t( )
vp
2----- 1 ωpt( )cos–( )= 0 t Tp≤ ≤

ug t( )
vpt
2-------

vp
2ωp
---------⎝ ⎠
⎛ ⎞– ωpt( )sin= 0 t Tp≤ ≤
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The similitude relation used for the pulse excitations was a simple relationship between the

pulse period Tp and the first-mode period of the test specimen Tn. The following pulses were

chosen for use as shaking table excitations: one with a pulse period Tp = 0.6 seconds, approxi-

mately equal to Tn, and one with Tp = 1.2 seconds, approximately equal to twice Tn. 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-acceleration 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. 

Figure 4-1. A 1.2 second cosine pulse compared with the SAC NF01 (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 pulses 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. 

Figure 4-2. Comparison of elastic response spectra for 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. This is 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).

The acceleration, velocity, and displacement time histories for the chosen pulses are shown

in Figure 4-3, while their elastic response spectra are shown in Figure 4-4. The 0.6 second and 1.2

second cosine pulses are also subsequently referred to as JPULSE06 and JPULSE12, respectively.

Table 4-1. Shaking table constraints

Property Specimen Design Value Maximum for Bare Table

Maximum acceleration (g) 1.0 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
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Figure 4-3. Acceleration, velocity, and displacement time histories of chosen cosine pulses

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,
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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 (NF01, NF02), Northridge Sylmar (NF15, NF16),

and Kobe JMA (NF17, NF18) from the SAC near-fault suite, and Llolleo (SE17, SE18), Vina del

Mar (SE19, SE20), and Valparaiso (SE29, SE30) from the SAC Seattle suite. The elastic and

inelastic response spectra of these records were then examined using the computer program BiSpec

(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 NF01 and SE17 records were chosen. The NF01 motion was based on the 1978 Tabas, Iran

record. The SE17 motion was based on the Llolleo 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 relations in Table 3-2, the time scales for the selected

records were divided by  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 quite light, it was possible to achieve additional acceleration 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 is not a near-field motion, and therefore large displacements are not present and the displace-

ment limits did not govern. 

In contrast, the scaling of the NF01 motion was controlled by the table’s displacement lim-

itations. Due to the fixed displacement capacity of the shaking table, an initial offset was employed

to allow greater peak displacements since NF01’s maximum displacements are not symmetric, as

shown in Figure 4-5. The final scaled and filtered versions of the NF01 and SE17 motions used for

the shaking table tests will hereafter be referred to as JNF01 and JSE17, respectively, to avoid con-

fusion, since they differ from the SAC NF01 and SE17 records. The JNF01 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.

3
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Figure 4-5. Acceleration, velocity, and displacement time histories for JNF01

Figure 4-6. Elastic response spectra for JNF01
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Figure 4-7. Acceleration, velocity, and displacement time histories for JSE17

Figure 4-8. Elastic response spectra for JSE17
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4.1.2 Selection 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 spatial arrangements of the different connection hysteretic types shown

in Table 3-1 were possible. Of course, not all of the possible patterns were representative of a sit-

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 a circle is 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

Table 4-2. Values of key parameters for earthquake excitations used in shaking table tests

Parameter JPULSE06 JPULSE12 JNF01 JSE17

Peak ground acceleration (g) 0.678 0.339 0.836 1.77

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

Original 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 1.2 28.875 57.72

Amplitude scale factor from original 
SAC motion

N/A N/A 0.91 2.75

Full scale span setting 500 1000 954 685

Filter (low cut, low corner, high cut, 
high corner)

N/A N/A (0.25, 0.25, 12, 
15)

(0.25, 0.3, 12, 
15)

Time scale factor 1 1 3 3
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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

is simply called “ductile baseline” or abbreviated as DBC. 

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 a brief 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 a fracture was 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 connections in 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 all 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 Data Acquisition Systems

The instrumentation for this experiment was challenging due to the necessity of capturing both

global behavior data and very specific local data related 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 sequences were 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 channels is located in Appendix B.

The second sequence, hereafter referred to as the wave-propagation sequence, used a spe-

cial 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 Types and Placement of Instruments

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

• Accelerometers

• Linear wire potentiometers

• Linear slider potentiometers

• Strain gages

• Load cells

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 Figures 4-11 and 4-12.

These instruments were mounted on aluminum blocks which were attached with epoxy to the spec-

imen. The accelerations of the shaking table were recorded by a separate set of accelerometers built

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 a flexible 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 slider 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 a flexible wire, geometric corrections to the

connection rotations are necessary at very large rotations.



65

Figure 4-10. Linear slider 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-

ble in-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

instruments is provided in Appendix B.
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Figure 4-11. Plan view of instrumentation
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Figure 4-12. Elevation view of main frame instrumentation

4.3 TESTING PLAN AND EXECUTION

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-

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 a high-level test using

the appropriate excitation. The white noise test was performed at a very 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 a typical

random signal used in the white noise tests is shown in Figure 4-13. 

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 filename is 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 a few cases, multiple tests of the same connection pattern/ground motion combi-

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

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 phenomena following

a fracture, included six high-level tests. Brittle fracture patterns were used on all of the tests in this

sequence, and the BF A/0.6 sec cosine pulse 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 ultra high-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 also 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 pulse combination and no

high-speed data are available for that pattern. 

Table 4-3. Test matrix

Excitation Amplitude 
Connection Configuration Pattern

A* B BB* BP* C CB* CP*

0.6 Second 
Cosine Pulse

100% DFS BF, DF DB, DFS BF, DF

50% BF BF

1.2 Second 
Cosine Pulse

100% DFS BF, DF DB, DFS BF BF, DF

75% BF

50% BF

SAC NF01 100% DFS BF DB, DFS BF, DF

SAC SE17 100% DB, SD BF
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Additional distributed mass was positioned along the first-story main beam for Test E to

determine if 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 mass on 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 dimensions for this configuration

of weights is 33.3 pounds per linear foot. By similitude, this amount is less than what would be

expected from a typical 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

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 cos pulse 50% BF A Top of MB1 (71, 101, 100, 67) No

Test B 0.6 sec cos pulse 50% BF A Top/bottom at MB1 ends (71, 
73, 67, 69)

No

Test C 0.6 sec cos pulse 50% BF A Top/bottom MB1, top MB2 (71, 
73, 79, 75)

No

Test D 0.6 sec cos pulse 50% BF A Top/bottom at MB1, MB2 ends 
(71, 73, 79, 81)

No

Test E 0.6 sec cos pulse 50% BF A Top of MB1 (71, 101, 100, 67) Yes

Test F 1.2 sec cos pulse 50% BF CP Top of MB1 (71, 101, 100, 67) No

Test G SAC SE17 100% BF CB Top of MB1 (71, 101, 100, 67) No
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the vertical excitation expected at fracture, rendering all comparisons meaningless and compromis-

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

4.4 ERROR SOURCES AND IMPACTS ON 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 errors identified during the course of

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

4.4.1 Sources of 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 were not

used in the generation of plots or summaries, and redundant instrumentation was relied on in these

cases, which increases the errors slightly 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

tests in 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

noise is present in the data it is generally quite obvious when looking at the plots. No attempts were

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

The slider potentiometers experienced occasional malfunctions of the connection of the

wire extension and the target. The bottom slider potentiometer wires slid off of their targets during

several tests, and the top slider potentiometer data was used alone to calculate connection rotations.
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Using data from only one potentiometer increases the errors by approximately 2%, producing min-

imal impact on the quality of the results.

Malfunction of the analog-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 fluctuations in

some data values. However, as stated previously, this type of malfunction is generally easy to iden-

tify so that the bad data can be removed from consideration. Malfunction of other DAQ compo-

nents such as amplifiers was very rare in 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

Several instrument configurations had the possibility of introducing errors when the specimen

underwent large deformations. The most significant of these was the rigid slider potentiometer arm

used in measuring the relative 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 18º. 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 calculations.

The other configuration, the out-of-plane linear wire potentiometers, was determined to

have a maximum angle of about 13º from the perpendicular, which is within the small angle

approximation. However, this 13º corresponds to 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. 
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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 a few 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 as well, and may have caused out-

of-plane displacements and accelerations.

Out-of-plane table displacements were generally very small, with the maximum absolute

value over all of the tests being less than 0.2 inches. With maximum in-plane table 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.

The table was also prone to some skew when it was traveling in the in-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 maxima in displacement differences. Notable tests where this occurred are the 0.6

second cosine pulse/ DFS B and 1.2 second cosine pulse/ DF BP tests. However, most in-plane dis-

placement differences between frames were very small (less than 0.3 inches) compared to the over-

all maximum displacement. 

Out-of-plane accelerations were more problematic, since the maximum out-of-plane table

acceleration for all 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 acceler-

ations are not negligible compared to the in-plane values. Since these accelerations 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 slightly 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, as the

specimen was traveling quite fast in these tests when the catch cables engaged. The differential

motions were probably occurred because it is practically impossible to loosen the catch cables so

they will all engage at exactly the same time. Some cables are bound to engage slightly 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. 

4.4.1.5 Human error

Human error is, of course, much more difficult to quantify. The slip present in some of the moment-

rotation hysteretic loops can be attributed to a failure to fully or uniformly tighten the coupon bolts

in some cases, but this is difficult to determine since the coupons invariably begin to slip a little

when exposed to large deformations, even when they are initially very tight. Other sources of

human error include forgetting to attach linear potentiometer wires and nonuniform loosening of

the catch cables. The latter occurred in the DFS C/0.6 sec cosine pulse test, and as a result one cable
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engaged early, affecting the results. This early cable catch is accounted for in the result interpreta-

tion.

4.4.2 Definition of Terms and Normalized Global Response Quantities

Since behavioral data will be presented in tabular summary form, it is helpful to define some nor-

malized response quantities which can be used for all of the cases. It is most 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 a good ‘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 (Θ1) 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

(λVb), defined in Figure 4-15, is used as a measure of global forces. This term is defined such that

a structure with no degradation in base shear capacity has λVb = 100%. Finally, the percentage elon-

gation of the first-mode period at the end of the test (λT1) is used to measure the change in the sys-

tem’s dynamic properties. If the structure has no period elongation, λT1 = 0. These normalized

quantities are calculated in decimal form as follows, and expressed in percent form in Tables 4-5

through 4-8:

Θ1 mean displacement (for the 3 frames) at the first story minus mean displacement at the 
column base, divided by the story height

λVb base shear at end of base shear-Θ1 hysteresis loop with most significant degradation 
divided by maximum base shear

λT 1 First mode period after test (determined from free vibration after end of excitation) 
minus original first-mode period, divided by original first-mode period



77

Figure 4-15. Definition of λVb

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. In the case of small numerical values, however, small absolute differences sometimes led to very

large percent differences. These cases are noted and absolute difference values, defined in Equa-

tion 4-4, are provided as necessary.

(4-3)

(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 this study, the engagement of the safety catch cables to prevent the structure from going

beyond the prescribed safe drift level is defined as collapse. This term is appropriate since judging

by visual observations of the tests in 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 Study 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 quantities in Table 4-6, and for connection response quantities in 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

bounds for the experimental setup. In each table below, the benchmark BF BP differences are com-

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

** Percent difference is less than or equal to that between BF BP 1 and BF BP 2

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

Percent differ-
ences between

Maximum Relative
Displacement

Residual 
Displacement

Θ1 Max Θ1 Res

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

BF BP 1 BF BP 2 2.7 2.7 3.0 10.2 9.9 2.9 3.4 9.7 9.5

BF BP 1 DB C 15.1 16.6 17.7 81.8 80.6 17.3 18.9 80.3 79.5

BF BP 2 DB C 12.0 13.5 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 71.7

BF BP 1 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**
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** Percent difference is less than or equal to that between BF BP 1 and BF BP 2

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

** Percent difference is less 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. This indicates

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 is that 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 a value much smaller than that seen in the large initial amplitude clevis

connection tests (see Figure 3-8).

Table 4-6. Percent differences in major response quantities

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF BP 1 BF BP 2 14.4 11.0 34.5 2.5 2.0 0.2 17.3 17.1

BF BP 1 DB C 2.3** 3.3** 0.0** 22.2 38.5 33.6 90.8 107

BF BP 2 DB C 11.9** 7.5** 34.5** 25.3 41.3 33.8 62.7 142

BF BP 1 DF BP 8.0** 5.1** 13.8** 1.2** 14.7 0.2** 11.7** 31.6

BF BP 2 DF BP 6.0** 5.6** 18.2** 3.8 16.9 0.1** 31.0 12.3**

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF BP 1 BF BP 2 10.4 7.5 9.1 3.8 1.1 2.0 4.7 1.9

BF BP 1 DB C 43.0 37.3 33.0 31.3 27.1 36.7 4.9 5.4

BF BP 2 DB C 29.5 27.7 22.0 26.5 25.8 34.0 0.2** 7.4

BF BP 1 DF BP 0.4** 0.5** 0.1** 5.9 0.6** 5.6 2.0** 6.3

BF BP 2 DF BP 10.0** 7.0** 8.9** 2.0** 0.5** 3.6 6.8 8.4
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In almost 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 differences in 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 there is not 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 Study 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 absolute 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 displacements in particular) where small absolute differences are masked by mislead-

ing large percent differences. 

It is also a good idea to mention here that the coupons in 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 differences in 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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As is apparent in Table 4-8, there were other cases which had very large percentage differ-

ences. This occurred for the residual displacements and residual interstory drift ratios, due to dif-

ferences in small absolute values. However, the absolute differences in the displacement measures

are very small and thus the large percent differences are misleading. In the case of the absolute

accelerations in the first 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 seems that 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 1.5 0.03

Story 2 1.7 0.07

Residual displacement (in.) Story 1 66.6 0.05

Story 2 82.1 0.12

Maximum interstory drift ratio (%) Story 1 1.6 0.06

Story 2 2.1 0.07

Residual interstory drift ratio (%) Story 1 120 0.14

Story 2 101 0.12

Maximum relative acceleration (g) Story 1 12.2 0.06

Story 2 12.7 0.10

Maximum absolute acceleration (g) Base 18.5 0.10

Story 1 68.8 0.12

Story 2 1.4 0.05

Maximum base shear (kips) 6.2 0.3

Maximum base overturning moment (kip-in.) 2.4 13

λVb (%) 4.6 4.3

λT 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

4.4.5 Error Estimates and Impacts on Data Interpretation

It is plausible to assume based on the repeated BF BP and BF A pattern tests that the errors inherent

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 are in fact

small.

The uncertainty analysis of the two case studies resulted in several 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 differences in 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, there is a lack of evidence for plastic deformation

in the moment-rotation hysteresis data for the ductile fracture cases. These data are relatively

sparse in 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 is impossible 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,

Response quantity Location Percent Difference Absolute Difference

Maximum connection moment (kip-
in.)

C1 2.5 3

C2 4.5 5

C3 6.8 7

C4 2.3 3
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when comparisons between hysteretic types are made, the term “fracture,” which encompasses

both connection types, will be used instead. 

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 a much greater degree than displace-

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 < 0.25 inch
whichever is larger

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 
is larger

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 is larger

Maximum column axial loads < 5% or < 1 kip,
whichever is larger

Maximum beam strains, high-speed data < 8%

λVb < 20%

λT 1 < 20%

Maximum in-plane table displacements < 3%

Maximum out-of-plane table displacements < 0.2 inch

Maximum in-plane table accelerations < 0.3 g

Maximum out-of-plane table accelerations < 0.3 g

Maximum relative out-of-plane displacements < 0.4 inch
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ments. For the most part, the effects of spurious shaking table motions were confined to highly

transient “spikes” in the accelerations 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

this type were readily detected and corrected. Most errors were obvious, and data with 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.
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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.

The results from the high-level shaking table tests are then presented in 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.

5.1 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 the total as-built mass of the system accurately, a load cell was attached

to the laboratory crane and the specimen was lifted up off its base. The total weight of the specimen

was found to be 14.5 kips, which gives a mass of 0.0376 kip- /inch.

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 was inclined at 23º. The

cable apparatus was equipped with a turnbuckle which was used to tighten the cable, as well as a

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

s2
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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 release the specimen, and the resulting

free vibration was recorded using the data acquisition system. A typical displacement response at

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

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 as in 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 u2(x) for a unit roof load, which is the f22 flexibility coefficient, was found by normalizing the

measured displacement by the applied force. The value of this flexibility coefficient for each of the

configurations is also listed in Table 5-1 below.

Table 5-1. Specimen mean fundamental mode properties from 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 1.7

Deformation softening C 0.48 0.62 1.8
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Table 5-1. — Continued

Random signal, or white noise tests were also used to determine the vibration properties.

The specimen was subjected to a low-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-

rithm in 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

*denotes that only a single value was available

Configuration Flexibility (in./kip) Period (sec) Damping ratio (%)

Brittle fracture BP 0.59 0.67 1.7

Brittle fracture CP 0.59 0.63 1.7

Ductile fracture BP 0.63 0.64 1.7

Ductile fracture CP 0.59 0.62 1.8

Strength degrading C 0.53 0.64 2.2

Configuration Period (sec) Damping ratio (%)

Ductile baseline C 0.62 1.5

Deformation softening B 0.60 1.3

Deformation softening C 0.55 0.9

Brittle fracture A 0.66 1.6

Brittle fracture BP 0.63 1.6

Brittle fracture BB 0.60* 1.7*

Brittle fracture CP 0.61 1.4

Brittle fracture CB 0.64 1.7

Ductile fracture BP 0.59 1.4

Ductile fracture CP 0.61 1.7

Ductile fracture CB 0.56* 1.4*

Strength degrading C 0.57* 1.2*
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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. The results

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.

5.2 GENERAL OBSERVATIONS REGARDING GLOBAL AND MEMBER 
BEHAVIOR

The general behavior of the specimen when the connections have a particular type of hysteretic

behavior is examined in the following subsections. Representative case studies are considered here,

and more exhaustive summaries of the data are 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

types in 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, since it 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-

sures for the other tests with 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 a boldface border. As a reminder, pattern definitions and excitations are found in Sec-

tions 4.1.2 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 case is 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, as is evident in the post-test photographs shown in

Figure 5-2.

Figure 5-2. 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

is about 13%, indicating that the stiffness of the system is not greatly reduced. These values provide

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

The results are similar for JNF01. 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.

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 pictures in 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.

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

Excitation Pattern
Θ1 Maximm Θ1 Residual λVb λT 1

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

0.6 sec cosine pulse C 8.6 3.8 82 17

1.2 sec cosine pulse C 6.5 0.4 94 13

JNF01 C 4.9 0.9 92 15

JSE17 C 6.4 2.0 77 29
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Figure 5-5. Ductile baseline connection C2 before (left) and after (right) testing

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

there is a relatively 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 there is a

change in slope similar to the Bauschinger effect. In the shaking table test, there is a single predom-

inant plastic excursion in one direction and little residual permanent rotation. In addition, the hys-

teretic loops are slightly pinched as the force goes through zero due to slip in the connection

between the coupons and the clevis.
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Figure 5-7. Comparison of connection hysteresis for shaking table test (left) and quasi-static 
test (right)

The post-degradation base shear ratio λVb 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 change in

loading stiffness is unrealistic. Overall, the ductile baseline connections behaved in a stable ductile

manner as expected.

5.2.2 Brittle Fracture 

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 structure is

moving in the positive direction are capable of fracture. In this case, both of the connections which

were capable of fracture did in fact fracture virtually simultaneously during the specimen’s first

positive excursion (see Figure 5-9). Key response quantities for this case (highlighted by a bold-

face border), as well as other tests of brittle fracture patterns, are tabulated in Table 5-4.
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5.2.2.1 Global behavior

The interstory drift time history, shown in Figure 5-9, is similar to that of the ductile baseline case:

it is smooth and is characterized by a single large displacement excursion, followed by decaying

oscillations. There is no sudden jump in the response when fracture occurs, as shown in the close-

up of the large excursion in Figure 5-9. This is not an intuitive result—one might expect the sudden

changes in system strength and stiffness caused by connection fracture to show up as a sudden

change in 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%. The residual drifts were 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 connections in 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 a clear discontinuity in the response at the time of fracture. This discontinuity

is best described as a pause in the increase of base shear — the value increases at a greatly reduced

rate for about 0.03 seconds. The base shear does not immediately decrease at fracture because the

ductile connections in 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 fractures is indicated by a decrease

of λVb 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.

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 measures for brittle fracture tests

Excitation Pattern Excitation 
Amplitude

Θ1 Maximum Θ1 Residual λVb λT 1

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

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

BP Run 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% 10.4 4.1 65 36

CP 50% 2.7 0.2 80 22

CP w/2 fracture 75% 12.5 11.9 28 50

CP 100% 18.1 16.6 20 n/a

CB 100% 10.0 3.5 57 52
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Table 5-4. — Continued

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

Excitation Pattern Excitation 
Amplitude

Θ1 Maximum Θ1 Residual λVb λT 1

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

JNF01 BB 100% 5.1 0.8 82 26

CB 100% 4.8 0.4 72 41

JSE17 CB 100% 8.1 4.1 50 22



98

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

points in 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 loop 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.

Figure 5-13. Comparison of connection hysteresis for shaking table test (left) and quasi-
static test (right)
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Though the hysteretic loops look 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 fracture for 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 stiffness in

the hysteresis during the large excursion following fracture. In addition, the unloading and reload-

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 Ductile Fracture

The pattern and excitation combination used for the ductile fracture study case was also the BP pat-

tern and the 1.2 second cosine pulse. Both fracture-capable connections in the first story did actu-

ally fracture, and the fractures were simultaneous within the resolution of the data, which means

that they were within 1/100 of a second 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 drifts for the ductile fracture

case were still 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 the residual drift, shown in Figure 5-14, is visibly

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

As shown 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 λVb 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 is 41%, which is larger than the 36% seen for brit-

tle fracture and approximately 3 times the 13% of the ductile case.
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Figure 5-15. First-story interstory drift and base shear time histories

Figure 5-16. Close-up of interstory drift and base shear time histories
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Table 5-5. Summary of global behavior measures for ductile fracture tests

5.2.3.2 Local behavior

As shown 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 photos is C1, because the after photo for C2 is not available. The behavior of these two con-

nections is 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

Excitation Pattern Excitation 
Amplitude

Θ1 Maximum Θ1 Residual λVb λT 1

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

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% 18.4 17.0 14 n/a

JNF01 CB 100% 5.0 0.7 72 51
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Figure 5-18. Comparison of connection hysteresis for shaking table test (left) and quasi-
static test (right)

From the connection hysteretic loops in 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 table test with the 1.2 second cosine pulse excitation. Because of this,

the ductile configuration clearly did not behave as intended — rather, it behaved in similar fashion

to the brittle case.

It is not possible to determine with certainty the amount of yielding in the connection before

fracture, since the scan rate is coarse and no high-speed data were 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

in the tests. It is therefore plausible to assume that the “ductile” fracturing connections had little or

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

Degradations in 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.

5.2.4 Deformation Softening Hysteretic 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% is about

65% larger than that of the ductile baseline case. This drift is about the same as that of the brittle

fracture case and slightly 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, as well

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

Figure 5-19. Specimen with deformation softening connections in the B pattern after testing



105

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

a small amount of tension capacity. This behavior during sliding may have affected the base shear

time history to a small 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 is shown 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%. This is substantially more elongation than that observed for any of the comparable study

cases discussed in this chapter.

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

5.2.4.2 Local behavior

As shown in Figure 5-21, all of the coupons in 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” picture at 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

Excitation Pattern Excitation 
Amplitude

Θ1 Maximum Θ1 Residual λVb λT 1

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

0.6 sec cosine pulse B 100% 8.7 5.1 45 52

C 100% 11.1 10.5 0 n/a

1.2 sec cosine pulse B 100% 10.5 2.8 60 76

C 100% 18.6 17.1 32 n/a

JNF01 C 100% 4.3 2.7 51 128
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other cases. This is due to the inability of the coupons to resist tension, which reduces the moment

arm by half.

Figure 5-21. Deformation softening connection C2 before (left) and after (right) testing

Figure 5-22. Close-up of buckled coupon after testing

Figure 5-23. Comparison of connection hysteresis for shaking table test (left) 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 as intended 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.

5.2.5 Strength-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

quantities 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%. This single large 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 residual drift,

which is visually apparent in the post-test photos in Figure 5-24, is 2.7%.
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Figure 5-24. Specimen with strength connections in the C pattern after testing

Figure 5-25. 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 λVb value of 78% indicates that the amount of strength degradation
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the course of the excitation, but again, this value is close to the 29% period elongation for the duc-

tile case. Overall, a comparison of the ductile baseline values in 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 measures for strength-degrading test

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 a buck-

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

Excitation Pattern Excitation 
Amplitude

Θ1 Maximum Θ1 Residual λVb λT 1

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

JSE17 C 100% 6.8 2.7 78 36
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Figure 5-27. Close-up of buckled coupon in C1 after testing

As shown in 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 slip

when the force passes through zero.

Figure 5-28. Comparison of connection hysteresis for shaking table test (left) and quasi-
static test (right)
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Overall, the strength-degrading connection behaved with less degradation than intended,

and its behavior was similar to the ductile baseline case, albeit with small increases in deformation

and degradation. 

5.3 SUMMARIES OF 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 a summary of major local response quantities. These summaries con-

tain maximum (absolute) values of all response quantities and residual values of displacement

measures for each test performed. Minimum values are 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

Excitation Pattern
Θ1 Max (%) Θ1 Res (%) Max Relative 

Acceleration (g)
Max 
Vb

λVb λT 1

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

0.6 sec 
cosine 
pulse

DB C 8.56 8.20 3.82 3.78 1.04 1.50 7.32 82 17

BF BP 1 10.04 9.75 6.89 6.78 1.06 1.55 5.28 43 35

BF BP 2 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

DFS B 8.66 8.34 5.14 5.08 0.96 1.42 4.91 45 52

BF CP * 12.70 12.41 11.70 11.53 0.93 1.54 5.51 9 n/a

DF CP * 13.22 12.91 12.23 12.07 1.48 1.41 6.32 8 n/a

DFS C * 11.09 10.87 10.50 10.35 0.96 1.32 3.96 0 n/a

BF A A 3.84 3.58 0.26 0.24 0.51 0.84 5.62 93 17

BF A B 3.88 3.63 0.21 0.22 0.49 0.85 5.29 97 19

BF A C 3.82 3.57 0.12 0.12 0.46 0.91 5.59 95 22

BF A D 3.88 3.64 0.17 0.20 0.45 0.81 5.62 94 22

BF A E 3.92 3.65 0.23 0.21 0.44 0.85 5.44 97 14

BF BP H 4.22 3.97 0.65 0.64 0.48 0.80 4.81 90 23
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Table 5-8. — Continued

* Catch cables engaged — peak values compromised

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

Excitation Pattern
Θ1 Max (%) Θ1 Res (%) Max Relative 

Acceleration (g)
Max 
Vb

λVb λT 1

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

1.2 sec 
cosine 
pulse

DB C 6.51 6.10 0.44 0.40 0.41 0.62 7.36 94 13

BF BP 10.44 10.05 4.10 4.04 0.61 0.74 5.46 65 36

DF BP 9.27 8.90 2.56 2.54 0.67 0.64 5.63 70 41

DFS B 10.54 10.19 2.80 2.79 0.70 0.86 5.19 60 76

BF CP 1 * 18.09 17.78 16.60 16.42 0.79 1.02 4.99 20 n/a

BF CP 2 2.72 2.52 0.16 0.16 0.51 0.49 4.77 80 22

BF CP 3 12.52 12.35 11.86 11.80 0.51 0.50 4.31 28 50

BF CB 9.98 9.79 3.49 3.46 0.73 0.71 5.69 57 52

DF CP * 18.37 18.24 16.96 16.78 0.92 1.08 5.63 14 n/a

DFS C * 18.62 18.21 17.07 16.85 0.64 1.26 3.81 32 n/a

JNF01 
(Tabas)

DB C 4.87 4.70 0.89 0.94 0.68 1.11 7.03 92 15

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 1.12 5.21 72 41

DF CB 4.98 4.80 0.71 0.71 0.83 1.32 5.53 72 51

DFS C 4.29 4.23 -2.68 -2.62 0.62 1.03 2.05 51 128

JSE17 
(Llolleo)

DB C 6.37 6.20 1.98 2.03 1.90 2.48 6.62 77 29

BF CB 8.13 8.12 -4.09 -4.07 1.85 2.18 5.21 50 22

SD C 6.76 6.58 2.66 2.68 1.92 2.44 7.15 78 36

Excitation Pattern Maximum θconn (rad) Maximum Mconn (kip-in.)

C1 C2 C3 C4 C1 C2 C3 C4

0.6 sec 
cosine pulse

DB C 0.082 0.080 0.072 0.071 151.4 157.1 150.7 155.8

BF BP 1 0.117** 0.110 0.096 0.093 119.1 114.9 143.6 147.9

BF BP 2 0.106 0.103 0.088 0.090 120.4 117.2 150.4 145.1

DF BP 0.116** 0.110 0.096 0.088 119.8 121.4 140.8 157.2

DFS B 0.095 0.093** 0.077 0.079 78.4 83.5 140.9 133.6

BF CP * 0.145 0.139 0.141 0.141 118.6 109.3 104.0 108.8

DF CP * 0.151** 0.151 0.149 0.145 128.0 120.8 112.2 109.4

DFS C * 0.126 0.123 0.122 0.124 84.8 84.0 74.7 80.9

BF A A 0.023 0.039 0.020 0.020 136.0 114.8 114.0 130.7
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Table 5-9. — Continued

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

5.4 OBSERVATIONS OF LOCAL FRACTURE-INDUCED PHENOMENA

A fracture in the flange of a beam in a welded beam-column connection (or, in our case, in a coupon

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

Excitation Pattern Maximum θconn (rad) Maximum Mconn (kip-in.)

C1 C2 C3 C4 C1 C2 C3 C4

BF A AB 0.023 0.040 0.020 0.020 137.1 110.8 114.8 130.7

BF A C 0.024 0.037 0.020 0.020 133.9 111.8 107.5 127.7

BF A D 0.024 0.038 0.020 0.021 133.7 115.8 114.2 129.7

BF A E 0.024 0.040 0.021 0.021 135.7 116.5 115.4 131.6

BF BP H 0.041 0.036 0.025 0.025 109.1 98.2 101.7 129.3

1.2 sec 
cosine pulse

DB C 0.058 0.057 0.049 0.049 145.6 150.9 142.8 145.2

BF BP 0.114 0.112 0.096 0.096 111.4 106.5 146.5 147.6

DF BP 0.100 0.098 0.081 0.082 115.4 112.9 149.0 152.6

DFS B 0.119 0.113 0.099 0.100 82.9 95.7 108.3 134.6

BF CP 1 * 0.205 0.207** 0.207 0.208 109.4 108.6 105.8 105.4

BF CP 2 0.022 0.023 0.012 0.015 105.1 100.1 79.7 94.6

BF CP 3 0.143 0.142 0.141 0.136 90.6 82.0 73.0 85.0

BF CB 0.099 0.113 0.093 0.108 127.9 103.5 98.8 90.5

DF CP * 0.220 0.213 0.216 0.212 119.2 119.0 113.2 111.3

DFS C * 0.220 0.219 0.216 0.215 78.8 81.5 62.4 74.5

JNF01 
(Tabas)

DB C 0.045 0.036 0.030 0.034 132.8 153.4 105.0 125.0

BF BB 0.040 0.052 0.033 0.034 130.2 113.7 115.4 133.6

BF CB 0.035 0.054 0.032 0.044 137.4 113.7 161.9 104.4

DF CB 0.040 0.053 0.034 0.048 121.2 128.2 177.9 112.7

DFS C 0.045 0.045 0.041 0.040 80.0 79.9 58.3 75.8

JSE17 
(Llolleo)

DB C 0.055 0.057 0.048 0.050 155.3 143.9 119.2 136.0

BF CB 0.094 0.081 0.090 0.075 124.0 121.9 88.1 124.8

SD C 0.061 0.060 0.054 0.047 151.0 158.3 122.4 171.0
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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 phenomena that 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. As a result, fracture may cause a number 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 stress waves 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 (Nakashima et al., 2000). The change in deflected shape is

illustrated schematically on a single-bay frame for simplicity in Figure 5-29, and the process is as

follows:

 1. As shown in (a), the frame undergoes lateral deformation ∆, and connection
moments are M1 = MF1 and M2 = MF2, where MF1 and MF2 are moment values
at the instant before fracture.

 2. Fracture occurs at connection 1.

 3. Either (b) or (c) occurs. In (b), connection 1 has no residual moment capacity
after fracture (M1 = 0), and M2 = MF2 + ∆M2. In (c), connection 1 has residual
moment capacity MR after fracture, and M2 = MF2 + ∆∗

M2. 
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In general, ∆M2 in (b) is not the same as ∆∗
M2 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

(Nakashima et al., 2000, Uetani and Tagawa, 2000). In either case, the sign of ∆M2 is such that the

total moment M2 tends to reduce. 

The beam end moments are reduced because the beam itself is elastic and the curvatures in

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). 

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 is much 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 a linear strain distribution was assumed for the cur-

vature calculations, since the beam remained elastic.

Figure 5-30. Curvature time histories at both ends of 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 Strain Spike and Propagating Waves

When a fracture occurs, strain energy absorbed by the connection is suddenly released. This has an

effect similar 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 lab 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, a fracture in the vicinity of a beam 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 a thin rod

will be longitudinal waves, and they will travel down the centroid of the rod (Graff, 1975). The

situation is slightly 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.

The reader is referred to appropriate texts (Graff, 1975, Clough and Penzien, 1993) for a discussion

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.

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

Figure 5-32. Elevation of MB2 with gage locations
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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. 

Table 5-10. Gages with high-speed data taken and fracture locations for high-speed tests

Test Gages Fracture Location(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)



120

Figure 5-33. Test A elastic wave propagation along MB1: gages (a) 71, (b) 101, (c) 100, (d) 67

Table 5-11. Observed wave velocities

Test Gages Used Vobs (m/s) % Difference from Vlong

A 71, 101 9313 56.3

71, 100 6651 11.6

71, 67 6091 2.2

B 71, 67 6191 2.2

E 71, 101 6209 4.2

71, 100 6318 6.0

71, 67 5710 4.4
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Table 5-11. — Continued

As shown in Table 5-11, the observed velocities Vobs of the first wave along the beam show

agreement with the theoretical longitudinal wave velocity Vlong 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.

Test Gages Used Vobs (m/s) % Difference from Vlong

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 8.5

67, 71 5537 7.6

G 71, 101 7983 33.9

71, 100 7433 24.7

71, 67 6091 2.2
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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-
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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 motion initially causes compression (or a reduction 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” — a very sudden increase and subsequent sudden

decrease in the tensile strain time history.

Figure 5-35. Strains along top flange of MB1 at gages: (a) 71, (b) 101, (c) 100, (d) 67; Test F
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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 is possible that a strain spike caused by propagating waves from a fracture at one end

of the beam could trigger a fracture in the connection at the other end. Though the strain spike did

not trigger a fracture in this case, Test F shows that the possibility exists.

Another concern raised by the existence of the strain spike is its strain rate, which is signif-

icantly higher than the strain rate induced by the excitation. Material testing has shown that the

behavior of steel changes with large strain rates (Manjoine, 1944; Barsom, 1975); the yield 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 the rates of 0.05 to 0.15 in./in./sec predicted in an analytical study by Harrigan (FEMA,

2000), are an order of magnitude less 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, a strain spike would probably not be capable of generating a fracture by embrittling the steel.

Clues to 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 data from 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. 

Table 5-12. 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
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Figure 5-36. Separation of bending and longitudinal components of strain

However, there is also a spike in the bending strain time history in (b) at the same time, and

it is approximately the same amplitude. This spike in the bending strain time history is most prob-

ably caused by either flexural waves or dynamic effects from the sudden change in beam curvature.

Flexural waves, which travel more slowly than longitudinal waves, can be generated by eccentric

impacts, such as that of a single flange fracture.

It appears at first that the bending and axial spikes are in opposite directions due to 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 MB1 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 strains at both ends of 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 axial strain components shown in Figure 5-38

gives a very 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 a small 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

Figure 5-39. Curvature time histories, west ends of MB1 and MB2, Test D
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5.4.4 Excitation of Higher Vibration Modes

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 requires finite element analysis, and is thus outside the scope of this chapter. The

amount of energy dissipated through these higher modes, and whether it is significant to the overall

structural response, are topics for future work.

Figure 5-40. Fourier amplitude plot with section of time history obtained from Test A
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Figure 5-41. Fourier amplitude plot, frequencies less than 1 KHz, and time history

5.4.5 Local Area Moment Redistribution

When fracture occurs at one end of the beam, the moment capacity of the section where fracture

occurs is drastically 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 elastic,

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 members in 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 slight decrease in curvature, and therefore moment, after the fracture occurs. No

strain profile is available for the east end of MB2, but a lack of observable transient response in 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. 

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

appears that this may be the case as there is a change in slope corresponding to the clockwise direc-

tion just after fracture, and then a “plateau” as the continuing deformation bends the column back

again. It is a bit difficult to determine exactly what is happening, since the column is undergoing

rigid body rotation in the positive direction as well. 

On a lesser scale, a similar unloading is taking place in 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.

Figure 5-43. Differential displacement above and below C2 (MC2 first story), normal-
speed data
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Figure 5-44. MC1 moments, BF A Test B, normal-speed data

The observations from the Test B time histories are combined into the conceptual moment

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

after fracture occurs at Connection 2. 
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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

same total amount of moment is present in the structure, and it is simply being moved around. What

is meant by moment redistribution is the change in the shape of the moment diagram of the struc-

ture. It is important 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 terms in the equa-

tion of motion. 

5.5 SUMMARIES OF 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 data were 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 5-14. Summary of maximum curvature values

Table 5-13. Summary of maximum strain values
Gage Location and 
Channel Number

Test A Test B Test C Test D Test E Test F Test G

(µstrains) (µstrains) (µstrains) (µstrains) (µstrains) (µstrains) (µstrains)

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) 480 505 505 690

MB1 Top Flg E Mid (100) 767 805 558 759

MB1 Top Flg E End (67) 1392 1343 1357 991 1489

MB1 Bot Flg E End (69) 1284

MB2 Top Flg W End (79) 1185 1180

MB2 Bot Flg W End (81) 1189

MB2 Top Flg E End (75) 1476

Section Location and Gage 
Channel Numbers

Test B Test C Test D

(1/in.) (1/in.) (1/in.)

MB1 West End (71, 73) 4.65 E-4 4.63 E-4 4.93 E-4

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

MB2 West End (79, 81) 5.92 E-4



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

quantities (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 are discussed in Section 6.2.12. Finally, the findings from the various comparisons

are summarized in Section 6.3. This chapter contains comparisons between experimental data from

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.
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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 a rational way of organizing the comparisons

• to facilitate 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

• spatial 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, DFS B 1.2 sec cosine pulse

2 Hysteretic type DB, BF CP, DF CP, DFS C 1.2 sec cosine pulse

3 Hysteretic type DB, BF BP (1&2), DF BP, DFS B 0.6 sec cosine pulse

4 Hysteretic type DB, BF CP, DF CP, DFS C 0.6 sec cosine pulse

5a Hysteretic type DB, BF CB, DF CB, DFS C JNF01

5b Spatial distrib. of 
hysteretic type

DB, BF BB, BF CB JNF01

6 Hysteretic type DB, BF CB, SD C JSE17

7 Excitation DB 0.6 sec cosine pulse, 1.2 sec cosine 
pulse, JNF01, JSE17

8 Excitation BF CB 1.2 sec cosine pulse, JNF01
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Table 6.1  — Continued

* Excitations are 100% amplitude unless otherwise noted.

Comparison sets are 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

Set Key Variable Pattern(s) Excitation(s)*

9 Response spec-
trum position

DB, BF BP, DF BP, DFS B 0.6 sec cosine pulse, 1.2 sec cosine 
pulse

10a Spatial distrib. of 
hysteretic type

DB, BF BP, DF BP, BF CP, DF CP 0.6 sec cosine pulse 

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

11a Spatial distrib. of 
hysteretic type.

DB, BF BP, DF BP, BF CP, BF CB, 
DF CP

1.2 sec cosine pulse 

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 
hysteretic type

BF A (Tests A–E), BF BP 0.6 sec cosine pulse, 50% amplitude

Excitation and Amplitude

0.6 sec cosine pulse 1.2 second cosine pulse JNF01 JSE17

50% 100% 50% 75% 100% 100% 100%

Ductile Baseline C 3, 4, 6, 9, 
10a

1, 2, 6, 
9, 11a 

5a, 5b, 6 6, 7

Brittle Fracture A 10b, 12a, 
12b [5]

BB 5b

BP 10b, 12b 3, 9, 10a, 
10b [2]

1, 9, 11a

CB 8, 11a 5a, 5b, 8 6

CP 4, 10a 11b 11b* 2, 11a, b

Ductile Fracture BP 3, 9, 10a 1, 9, 11a

CB 5a

CP 4, 10a 2, 11a
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Table 6.2 — Continued

* 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 all response quantities for each comparison set. Only those quantities of interest for a par-

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

x Graphical comparisons

* Percent differences only

Excitation and Amplitude

0.6 sec cosine pulse 1.2 second cosine pulse JNF01 JSE17

50% 100% 50% 75% 100% 100% 100%

Deformation 
Softening

B 3, 9 1, 9

C 4 2 5a

Strength Degrading C 6

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

Response Quantity
Comparison Set Number

1 2 3 4 5 6 7 8 9 10 11 12

Relative in-plane displacement x x x x x x * * x x

Interstory drift ratio (Θ1, Θ2) x x x x x x * * x x x

In-plane base shear x x x x x x *

Base shear-interstory drift 
hysteresis

x x x x x x x x x x x x

λVb * * * * * * * * * *

λT 1 * * * * * *

Absolute in-plane acceleration x x x x * *

Relative in-plane acceleration x *

Connection moment x x

Connection rotation x x

Connection moment-rotation 
hysteresis

x x x x x x x

Column axial force x

Beam vertical accelerations x

Beam strains, high-speed data x
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6.1.2 Effects of Other Variables in the Comparison Sets

In each comparison set (or subset), there is 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 is important

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

begins varies with hysteretic type. This is because each hysteretic type is achieved by a unique con-

figuration of a particular type (or types) of coupons in 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

similar initial stiffness, as shown in Section 5.1. 

During the connection design and testing process, it became apparent that it was not possi-

ble to obtain the same initial stiffness and yield or fracture strength for all the desired hysteretic

behavior types. Thus, some variability in strength was allowed where necessary. The effects of

strength on response quantities of interest will be examined and evaluated in an analytical paramet-

ric study, which is located 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

Table 6-4. Average moment quantities by hysteretic type
Hysteretic type Max plastic 

M (k-in.)
Yield M 
(k-in.)

Fracture 
M (k-in.)

Min. Residual 
M (k-in.)

Max Residual 
M (k-in.)

Max M 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 -- -- -- --
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kept in mind when making comparisons of the effects of excitation on response quantities, partic-

ularly when the quantity is related 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 data for all tests in 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 a time 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 these tests were introduced as case studies for their respective hysteretic types in Sec-

tions 5.2.1 to 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. 

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. The increases in 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 values were 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

begins to 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 all 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

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 deformation softening connec-

tion hysteresis in Figure 6-10.
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Figure 6-6. Comparison of base shear time histories, B patterns, 1.2 sec cosine pulse

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. The residual displacements are lower for the deformation softening

case than either of the fracture patterns. This is 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-∆ effects, or a combination of the two.

At the level of drift the specimen is experiencing, P-∆ effects are expected. 

Figure 6-8. Comparison of base shear first-story drift hysteresis for 1.2 sec cosine 
pulse, B patterns
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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.

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

stiffness for the deformation softening case is very close in slope 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 was intended in the design, as discussed in Chapter 3. The

yield strength of the deformation softening connections is 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 histories for 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

Figure 6-12. Close-up of C2 moments, B patterns, 1.2 sec cosine pulse
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Figure 6-13. Comparison of C2 rotations, B patterns, 1.2 sec cosine pulse

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 all 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 previously.

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

in the first story.
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Figure 6-17. Comparison of first-floor relative accelerations, B patterns, 1.2 sec cosine pulse

Figure 6-18. Close-up 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

Figure 6-20. Close-up of second-floor relative accelerations, B patterns, 1.2 sec cosine pulse

2 3 4 5 6 7 8 9 10 11 12
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (sec)

A
cc

el
er

at
io

n 
(g

)

Ductile Baseline     
Deformation Softening
Brittle Fracture     
Ductile Fracture     

Fracture
occurs  

Fracture
occurs  

3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time (sec)

A
cc

el
er

at
io

n 
(g

)

Ductile Baseline     
Deformation Softening
Brittle Fracture     
Ductile Fracture     

Fracture
occurs  

Fracture
occurs  



156

Column axial force time histories for 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 forces in the fracturing system no longer increase in a smooth way. Only

a small increase occurs prior to the response entering a long, essentially flat plateau which persists

until the specimen unloads. The flatness of the plateau contrasts with the steady decrease seen pre-

viously in the base shear time histories. The axial force in MC1 is maintained 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

the first negative excursion due to plastic deformation, as discussed previously. However, the max-

imum value of base shear, which occurs after yielding, is very 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 there is residual 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

Figure 6-22. Close-up of MC1 axial force time histories, B patterns, 1.2 sec cosine pulse
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The ductile fracture pattern had significant differences in 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 a role 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 is fracture 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

As in Comparison Set 1, the key variable examined is the effect of hysteretic type. This set 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 tests is 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,

is shown 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 cases is shown in Figure 6-24. The

response of the two fracture cases is identical to the ductile case until midway through the first neg-

ative excursion. The period of the fracture cases is slightly shorter than that of the ductile baseline

case, but the response is similar until about 4% drift, when the ductile case response begins to 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. This is 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 as they are

for the B patterns. The rate at which the base shear decreases is very similar for all 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

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.

Figure 6-27. Comparison of base shear first-story drift hysteresis for 1.2 sec cosine pulse, 
C patterns

Similar trends are present in the connection moment-rotation hysteresis shown in Figure 6-

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

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

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

ity, however. After fracture occurs, the tangent stiffness is 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 accelerations for 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-

quency response decays significantly within about 0.2 seconds. The deformation softening case
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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 similar for the three

types of degradation in this comparison set. The occurrence of degradation at all of the connections

causes collapse for both fracturing and deformation softening cases for this excitation. In all cases,

the strength loss caused by degradation lead to very large displacements, which cause geometric

instability and collapse.
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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
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but evidence is mixed and the catch cables certainly did not all engage fully. Relative displace-

ments at the top of the structure and interstory drifts are compared in Figures 6-30 through 6-32. 

Figure 6-30. Comparison of relative displacements at top, B patterns, 0.6 sec cosine pulse
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discussed. 
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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. 

Figure 6-31. Close-up comparison of first-story interstory drifts, Fracture and DB patterns
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Figure 6-32. Comparison of first-story interstory drifts, deformation softening pattern 
added

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 displacements and 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 residual 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.

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

cables may have interfered in the BF BP1, DF BP, and DFS B plots due to the presence of a similar

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 similar 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 is similar 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

stiffness in the fracture pattern. The reasons for 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 less (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.
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Figure 6-36. Comparison of C2 moment-rotation hysteresis, B patterns, 0.6 sec cosine pulse

Close-ups of the moment and rotation time histories in 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

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 all 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 specimen is at the top rather than the bottom of the descending branch,

where the boundary (which is not clearly defined) between period ranges is 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. As in

the previous sets, the key variable examined is the effect of hysteretic type. In this set, the catch

cables were 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

In the interest of space, the interstory drift time histories are 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). The fracture 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

is no 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

Figure 6-44. Close-up of base shear time histories, C patterns, 0.6 sec cosine pulse

2 3 4 5 6 7 8 9 10 11 12
−6

−4

−2

0

2

4

6

8

Time (sec)

B
as

e 
S

he
ar

 (
ki

ps
)

Ductile Baseline     
Deformation Softening
Brittle Fracture     
Ductile Fracture     

Fractures
occur    

Catch cables
engage      

3.8 4 4.2 4.4 4.6 4.8 5
−6

−4

−2

0

2

4

6

8

Time (sec)

B
as

e 
S

he
ar

 (
ki

ps
)

Ductile Baseline     
Deformation Softening
Brittle Fracture     
Ductile Fracture     

Fractures
occur    

Catch cables
engage      



179

System base shear-interstory drift ratio hysteresis is shown in Figure 6-45. The effects of

strength degradation on response are very significant, and all 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.

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 stiffnesses is much less severe than

the global tangent stiffness and seems to begin to flatten out as the rotations increase. 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 6-46. Comparison of C2 moment-rotation hysteresis, C patterns, 0.6 sec cosine pulse

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

a slightly more rapid rate than the fracturing cases.

6.2.5 Comparison Sets 5a and 5b — 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, 5a and 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-capable bottom flanges only in

all connections in both stories, while the BB pattern has fracture-capable bottom flanges only in

the first-story connections. The excitation for all tests in both subsets is the JNF01 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 results will 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 JNF01 motion had residual drifts about three times

those of the other patterns for JNF01. 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. 

Figure 6-48. Comparison of relative displacements, Set 5a, JNF01 (Tabas-based) motion

Figure 6-49. Close-up of first-story interstory drifts, Set 5a, 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. This is 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

is difficult 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 5a, JNF01 (Tabas-based) motion

The base shear first-story interstory drift hysteresis is 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-acceleration response spectrum (Figure 4-6), but is located at the

base of a smaller, local ascending branch. This local ascending branch does not appear to have the

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

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

2 4 6 8 10 12 14 16 18
−8

−6

−4

−2

0

2

4

6

8

Time (sec)

B
as

e 
S

he
ar

 (
ki

ps
)

Ductile Baseline       
Deformation Softening C
Brittle Fracture CB    
Ductile Fracture CB    

Ductile  
fractures
occur    

Brittle   
fracture  
occurs    

Ductile  
fractures
occur    Brittle fractures

occur            



185

Figure 6-51. Comparison of base shear first-story drift hysteresis, Set 5a, JNF01 (Tabas-
based) motion

Higher mode contributions can be clearly seen for all of the patterns. The severe pinching

in the global hysteresis for the deformation softening pattern shows that the response is governed

by connection slip 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 5a, JNF01 (Tabas-based) 
motion

Ductile and brittle fracture patterns show similar hysteretic behavior, with maximum rota-

tions that 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 these is 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. Differences in

maximum base shear were considerably greater between the ductile baseline case and all 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 drifts were not significantly different between

BF BB and DB C. In this case, the residual displacements and drifts had differences of less than

13%, which is only 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 connections is 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 5b, JNF01 (Tabas-based) motion

Figure 6-54. Close-up of first-story interstory drifts, Set 5b, JNF01 (Tabas-based) motion

0 5 10 15 20 25
−4

−3

−2

−1

0

1

2

3

4

5

6

Time (sec)

D
is

pl
ac

em
en

t (
in

)

Ductile Baseline   
Brittle Fracture BB
Brittle Fracture CB

Brittle  
fractures
occur    

Brittle fractures
occur            

2 4 6 8 10 12 14 16 18
−4

−3

−2

−1

0

1

2

3

4

5

6

Time (sec)

In
te

rs
to

ry
 D

rif
t R

at
io

 (
%

)

Ductile Baseline   
Brittle Fracture BB
Brittle Fracture CB

Brittle  
fractures
occur    

Brittle fractures
occur            



189

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

is in phase until about 6 seconds, when enough fractures have occurred to cause period elongation.

Figure 6-55. Close-up of base shear time histories, Set 5b, 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. As for 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

are slightly larger for the brittle fracture CB case than the BB case, though the amount is within 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 5b, JNF01 (Tabas-based) 
motion

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

behavior for this excitation. These ramifications are confined primarily to reductions in base shear

capacity. As shown previously, displacements are preserved for this excitation, so the reduction in

strength has little 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, as in 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 fractures in pattern BF CB.

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 a response 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 displacements for 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 all patterns are compared in Figure 6-61. Base shear

response for the ductile baseline and strength-degrading patterns is very similar, with the strength-

degrading case actually achieving slightly larger maximum values, though the percent difference

between them is less than the global error bound. In contrast, the maximum base shear for the frac-

turing case is 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 hysteresis in 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 cases is very similar, with little degradation evident for the strength-degrading case. 

The structure is on the global descending branch of the pseudo-acceleration response spec-

trum (Figure 4-8) but is at the base of a local ascending branch. It is unclear whether the increase

in displacement for the fracturing case is due to the influence of this local branch, but the possibility

warrants further study.
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Figure 6-62. Comparison of base shear first-story drift hysteresis, JSE17 (Llolleo-based) 
motion

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 case in 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 connections was

very similar for this excitation, and little degradation can be observed. This is primarily due to 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.

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 
(Llolleo-based) motion

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 a large

increase in maximum and residual displacement over the ductile baseline and strength-degrading

cases. The reason for this large increase is unclear, but is most likely due to the timely (or untimely)

occurrence of the final fractures at the beginning of a large 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 results for 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 are located 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 JNF01 motions. The residual displacements were

slightly different, with the 0.6 second pulse again having the largest values, followed by the JSE17,

JNF01, and 1.2 second pulse excitations. As expected, there were significant differences in 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 JNF01 motion were larger than

expected, since the JNF01 motion contains a pulse with a period close to 1.2 seconds. However,

there were other pulses in that record which evidently caused the pulse 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

JNF01 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. This indicates that the connections yield strengths, which

govern the maximum base shear, were consistent across the tests. Base shear-interstory drift hys-

teresis is compared in Figure 6-66. The maximum base shear values are similar for all excitations,

though the maximum drifts are quite different, with the 0.6 second pulse having significantly larger

drift. The response of the two earthquake motions is 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

is expected, since for these cases the first elastic vibration mode is on the descending branch of the

pseudo-acceleration response spectrum, causing some of the higher modes to 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 λVb than base shear, which was

expected due to the difference in duration of the excitations. Overall, only the 1.2 second pulse/

JSE17 and JNF01/JSE17 comparisons were above the 20% significance level, though. As

expected, the JSE17 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 λVb = 82%. The 1.2 second cosine pulse

caused the least with 94% residual base shear. The JNF01 motion caused similar degradation to the

1.2 second cosine pulse with 92% residual base shear. 

There were considerable 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/JNF01 and 0.6 second cosine pulse/JNF01 comparisons had percent differences less than the

global error estimate of 20%. 
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Maximum absolute and relative accelerations were also highly variable among the excita-

tions, with percent differences between 6% and 360%. This result 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

JNF01 motion are compared. This comparison is of interest due to the pulse of approximately 1.2

second duration present in the JNF01 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 pulses in the two excitations. However, percent differ-

ences are very helpful in this regard, and these are located in Tables E-22 through E-24.

The percent differences between the 1.2 second cosine pulse and the JNF01 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 less 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 JNF01 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 deformations caused

by the pulse waveform in the 1.2 second cosine excitation were not repeated for the 1.2 second

pulse waveform within the JNF01 motion. A possible reason for this is the effect of earlier pulses

in the JNF01 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.
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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. This is accomplished by making comparisons between the base shear-

interstory drift ratio hysteresis plots for selected 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 pulse in Figure 6-68, and the 1.2 second cosine pulse in Figure 6-69. 

The relative effects of strength loss are greater for the 1.2 second pulse than the 0.6 second

pulse. The same amount of strength is lost 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. This result 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. 

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 is divided into two subsets, 10a and 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

is the spatial distribution of the fracture hysteretic type. Since no significant differences between

brittle and “ductile” fracture (which was not actually ductile) were found, data for both patterns are

used in this set. The excitation for all of the tests in Set 10a is the 0.6 second cosine pulse at 100%

amplitude. As discussed previously in Sets 3 and 4, the catch cables engaged fully for all 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-

tains the 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

differences for 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

is apparent. The maximum and residual drifts increase with the number of tension flanges lost, until

collapse occurs when all tension flanges are lost for the CP patterns.

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 pulse is shown for first-story interstory

drifts in Figure 6-71. The displacement time histories are similar for all 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. The loss of strength when four fractures occur instead of two is significant, though the subse-

quent loss of strength due to negative post-fracture stiffness in the connection hysteresis (Figure 6-

74) occurs at the same rate. The suspiciously similar waveforms for the BP and CP patterns at about

4.45 seconds indicated that the catch cable may have interfered for the BP patterns, as discussed in

Set 3.

3.8 4 4.2 4.4 4.6 4.8 5
−4

−2

0

2

4

6

8

10

12

Time (sec)

In
te

rs
to

ry
 D

rif
t R

at
io

 (
%

)

Ductile Baselinet        
Brittle Fracture BP Run 1
Brittle Fracture BP Run 2
Ductile Fracture BP      
Brittle Fracture CP      
Ductile Fracture CP      

Fractures
occur 

Catch
cables
engage 



207

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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Figure 6-73. Comparison of base shear first-story drift hysteresis, fracture patterns, 0.6 
sec cosine pulse

Figure 6-74. Comparison of connection C2 moment-rotation hysteresis, fracture patterns, 
0.6 sec cosine pulse
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This comparison set shows that fractures in 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 is limited by the fracture moment of the connections,

which is unchanged. There is significantly less degradation in base shear after fracture for the 50%

amplitude case, though.

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 relations in Figure 6-77 and the connection moment-rotation

relations in Figure 6-78 show that most of the increase in the deformations due to amplitude is due

to plastic deformation after fracture occurs rather than due to the fracture itself. The larger the pulse

amplitude, the further it continues to 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 
BP pattern

Figure 6-78. Effects of excitation amplitude on connection moment-rotation hysteresis, BF 
BP pattern
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For this excitation, increasing the excitation amplitude for the BF BP pattern causes a large

increase in maximum and residual displacements, as well as connection rotations. Maximum base

shear and connection moment are relatively unchanged, since these values are 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

As was 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 the tests in Set 11a is the 1.2 second cosine pulse at 100% amplitude. As discussed pre-

viously 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-

tains the brittle fracture CP patterns. The excitation used is the 1.2 second cosine pulse at 50%, 75%

and 100% amplitude. The 75% case has two prior fractures from the 50% case test, which was per-

formed immediately prior to it. 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 simultaneously 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 connections with

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 patterns is 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 causes its response

to deviate from that of the ductile baseline case earlier. Also the maximum drift is less than for the

BP pattern, possibly because the system is less stiff due to the prior fracture. The CB pattern still

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.

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 hysteresis is compared 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 stiffness is roughly the same for 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 
sec cosine pulse

The major finding from Set 11a is that the spatial distribution of fractures can have signif-

icant effects on the system behavior. Fractures in the bottom flanges only have less effect than frac-

tures of both top and bottom flanges in a particular direction, even if all 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 systems with fracturing connections is 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.

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 response is not discon-

tinuous for any of the cases, though one might expect that the fracture could be seen more clearly

for a lower-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

the initial global stiffness to be reduced, compared to the other cases.
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* BF CP 75% amplitude test was run with bottom story connections already fractured

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 contains the five 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 is the spatial 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 all of the BF A pattern tests is remarkably sim-

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 differences in 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 were insignificant.

Figure 6-85. Comparison of base shear first-story drift hysteresis, BF A, 0.6 sec cosine pulse
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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 mass is 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. 

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. This indicates that additional mass along the beam may mitigate the strain spike. However, more

study is needed to determine how much mass is 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 is within the global error bounds. 
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Figure 6-88. Comparison of first-story interstory drift ratio, BF A, BP patterns

Figure 6-89. Comparison of base shear first-story drift hysteresis, BF A, BP patterns
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Figure 6-90. Close-up of base shear first-story drift hysteresis, brittle fracture A, BP 
patterns

6.3 SUMMARY AND CONCLUSIONS

Looking at the results of all of the comparison sets, several general observations can be made. For

excitations where the structure is in 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 patterns for either of the pulses. The two 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 JNF01 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 locally in the connection moment-rotation hysteresis and globally in the base shear-

interstory drift hysteresis. The increase over the ductile baseline case in residual displacements is

generally 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. Loss 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 effects include 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 this is 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

structure in 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-

selves.

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 JNF01 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 a local 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 all 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 JNF01 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.



7 Analytical Model Development

This chapter describes the development and assessment of an analytical model that will be used in

subsequent numerical simulations of dynamic response. The focus of the model development effort

will be models for nonlinear dynamic analysis. As a first 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

data is 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 use in the trial

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

this reason, 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-
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sional (3D) model. It should be noted here that the complex 3D model considered is not a full 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 algorithms and procedures are used with all models. Because of

sudden changes in 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. This does 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 already 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 provides the analyst with a great

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 major 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 also 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 use in 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-

crete region of the clevis connections facilitates the use of a lumped plasticity model such as a zero-

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 models 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 
inertia

Not included Mass moments of inertia set to zero

Included Mass moments of inertia included

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 materials in 
parallel or series

Clevis connection modeled 
explicitly

Clevis modeled with elastic elements, cou-
pons modeled with distributed plasticity 
elements

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

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 options is 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 al., 2003) for details.

Table 7-2. Material modeling options in OpenSees for zero-length rotational springs 

Property Option Description

Truss members 
(needed only for 3D 
model)

Elastic truss Elastic truss elements with appropriate area 
and modulus of elasticity

Corotational truss Truss elements formulated for use with coro-
tational geometric transformation

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 parallel 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

The zero-length springs model elastic behavior, inelastic behavior, and slip. 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, since it is roughly 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.

This was done empirically by determining how much elastic rotation needed to be incorpo-

rated into the clevis connections to 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 determine the

precise rotation at fracture due to the sparseness of the data in the neighborhood of the fracture, so

a larger difference between observed and theoretical elastic clevis rotation was permitted. 

Hysteretic Type OpenSEES Material(s) Description

Coupon slip 
(applies to all hysteretic 
types)

Hysteretic Use of pinching parameters

Two ElasticPPGap materials 
in parallel with an Elastic 
material, and this 
combination in series with 
material model for hyster-
etic type

Two elastic-perfectly-plastic gap materials 
(one for positive gap, one for negative gap) in 
parallel with an elastic material (to remove the 
zero slope) placed in series with the material 
model that represents the characteristics of the 
particular hysteretic type
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7.1.2 Analytical Procedure Options

There are a number 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 procedures that 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
Procedure OpenSees Option Description

Geometric transformation Linear Linear transformation (small dis-
placement assumptions)

PDelta Linear transformation w/2nd 
order P-∆ effects

Corotational Exact transformation using the 
corotational formulation 

Numerical integration Newmark Newmark’s method with γ = 0.5, 
β = 0.25 (Average acceleration 
method)

HHT Hilbert-Hughes-Taylor method

Nonlinear solution 
algorithm

Newton Standard Newton-Raphson algo-
rithm

KrylovNewton Newton-Raphson algorithm with 
Krylov subspace acceleration 
(Scott and Fenves, 2003)

System of equations solver SparseGeneral Solves a general sparse system of 
equations using the SuperLU 
solver 

UmfPack Solves a general 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 is based. 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-∆ effects is 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 acceleration 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 Lagrange

multipliers. If Lagrange multipliers are used to handle constraints, it is necessary to use a sparse

general solver for the system of equations, since zeros are placed on the diagonal and the stiffness

matrix is no 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 al., 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 models 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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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 data in this section. Specifically, global behaviors such as interstory

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.

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

Steel02 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)
hysteretic model

Hardening Steel02 w/strain harden-
ing in series w/ElasticP-
PGap and Elastic

Steel02 w/strain harden-
ing in series w/ElasticP-
PGap and Elastic

Damping 4% Rayleigh 4% Rayleigh 4% Rayleigh

Geometric transforma-
tion

PDelta Corotational Corotational

Constraint handler Lagrange multipliers Lagrange multipliers Lagrange multipliers

Numerical integration Newmark Newmark Newmark

Solution algorithm KrylovNewton KrylovNewton KrylovNewton

SOE solver Umfpack Umfpack Umfpack
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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 T1. 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 the test specimen. In particular, time histories provide information

on the model’s vibration properties and how well these follow the changes in 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 a similar function to time histories, but contain information on local

or global stiffness and nonlinear behavior that is not apparent from a time 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 criteria for 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

quantities for the analyses and experimental data are compared in Table 7-5.

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

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 adjusting the damping and other parameters failed.
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Figure 7-5. Numerical instability in acceleration for trial model 3

* Gap element modeling slip in connections omitted for initial eigenvalue calculation

From the global base shear-interstory drift ratio hysteresis and time histories, Model 1

appears to be too flexible, which leads to excessive drifts. The connection hysteretic model for this

case is also very simple, 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

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

Θ1 Maximum 6.5 7.9 6.4 5.2

Θ1 Residual 0.4 2.0 1.2 0.5

λT1 13 3.3 17* 0.02
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accelerations. Thus, Model 2 appears to 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, differences in 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 the tests, 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.

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

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
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behavior after the large excursion nearly as well, however, leading to differences in the damaged

period and residual displacement. 

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

Θ1 Maximum 10.4 10.2 9.5 6.1

Θ1 Residual 4.1 2.4 3.3 0.4

λT1 36 35 18 0.01

T1 undamaged (sec) 0.67 0.75 0.75 1.64
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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 fracture for 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 models 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.

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

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

As shown in Figure 7-10, Model 2 is the only model capable of representing the displace-

ment response of the specimen with any accuracy at all. The other cases either grossly overpredict

(Model 1) or underpredict (Model 3) the interstory drift response over the entire time history. The

maximum interstory drifts are underestimated by Model 2, but the residual drifts are predicted very

well. Model 2 also predicts much more high-frequency response (Figure 7-12) than is actually

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. 

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

Θ1 Maximum 10.5 11.9 9.3 6.1

Θ1 Residual 2.8 8.6 2.7 0.1

λT1 76 61 42 0.0

T1 undamaged (sec) 0.64 0.73 0.74 1.64
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7.2.1.4 Strength-degrading case

The strength-degrading case used is the 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 data in 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.

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

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

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

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

Figure 7-22. Comparison of C2 moment-rotation hysteresis for Model 2 and test data
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The strength-degrading case uses the same hysteretic model as the ductile baseline case, but

with strain hardening (or softening, in this case) turned on. Similar issues are therefore expected

when the trial models are compared to the experimental data, and this is what 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

As shown in the comparisons of the trial models with the case studies, Model 2 is best able to repro-

duce the data. Model 1 is too simple and too flexible, and its accuracy suffers from not accounting

for clear-span dimensions and realistic ductile connection behavior. On the other hand, Model 3 is

overly complex and too stiff, which causes it to grossly underestimate drifts. In this case, a more

complicated model does not lead to greater accuracy. 

Thus, Model 2 is chosen for use in further studies.

7.3 SENSITIVITY TO MODEL PARAMETERS

During the course of the model assessment, sensitivity to various modeling and analysis parameters

was examined as well. Several parameters were found to have significant sensitivities, and these

will be discussed individually here. 

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

Θ1 Maximum 6.8 5.7 6.9 7.0

Θ1 Residual 2.7 1.6 1.9 0.9

λT1 36 3.1 2.3 0.1

T1 undamaged (sec) 0.64 0.73 0.63 1.64
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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. As is 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 mass is of course critical for the correct determination of the struc-

ture’s fundamental period, as well as for the determination of forces. In addition to the total mass,

it was determined that the inclusion of mass moments of inertia was 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 a large contribution to the stiffness of the entire frame, the vibration prop-

erties of structure are sensitive to moderate changes in 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 is not 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 reloading stiffnesses were determined to have fairly large effects on

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

connections for the fracture and deformation softening cases) did not correctly represent these stiff-

nesses. This material model makes Clough-type assumptions (Mazzoni et al., 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 effects in the connection moment-rotation relation. Models with 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

slip 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 stiffness will be used is 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 is used. It may also be possible to get negative damping values if negative post-yield stiff-

ness is 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 pulse 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 a hysteretic model with zero post-fracture stiffness are shown in Figures 7-23 and 7-24. Figures

7-25 and 7-26 show the results for a hysteretic model with a negative post-fracture stiffness, which

is a better fit for the experimental data. 
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Figure 7-23. Comparison of first-story interstory drifts for hysteretic model with Kpf = 0

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

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 is important to consider which stiffness is being used in Rayleigh damping calculations, partic-

ularly if residual displacement is an important response quantity.

7.4 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 cases to 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 several disad-

vantages.

As a part 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-∆ representations if 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.



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 is three-fold: to investigate cases of

interest which were not tested experimentally, to determine the sensitivity of structural response to

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. 
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8.1.1 Definitions

Most of the parameters discussed in the remainder of this chapter have been defined previously, so

the focus of this section is on those parameters which are being used for the first time. However,

references to previously defined terms or quantities are provided in Section 8-1.

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-

cally. This pattern is referred to as CTB, where C indicates all connections in 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 connections in 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.

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
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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 Mr to the moment capacity immediately before fracture occurs, Mf. In the case of

brittle fracture, the value of Mf used is less than the value of the plastic moment Mp. After fracture

occurs and the moment capacity drops to Mr, the slope of the subsequent branch of the hysteretic

loop is defined as the post-fracture tangent stiffness Kpf. This quantity is expressed in terms of a

decimal fraction of the initial elastic stiffness Ki.

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 connections is the amount of plastic rotation θp

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 stiffness is possible for ductile

fracture.
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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 increases in 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 curves for 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

α, which obeys the relation

where aamplified is the amplitude-scaled acceleration time hi, and aoriginal is the acceleration time hi

in original form. The scale factor α varies linearly from the initial value of the scale factor αo to

the final value of the scale factor αf in constant increments of ∆α. The first analysis is performed

at a very low amplitude of the excitation, and α is increased until some criterion for the collapse of

aamplified αaoriginal=
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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 cumulative 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 simply multi-

plied by α. In the cases where the SAC suites of ground motion records were used, the simple

approach of applying a uniform amplification scale factor to all records in the suite was adopted.

The use of a uniform scale factor preserves the variability in amplitude between individual ground

motions that was intended by the creators of the suites. 

It is important to remember when looking at plots of IDA results for the SAC motions that

the abscissa contains the uniform scale factor used for the entire suite of motions, rather than a mea-

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. Major 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 
Excitations

Additional 
Cosine Pulses

SAC LA 
10/50

SAC LA 
2/50

Amplitude All tested DB, BF, DFS, 
SD patterns 

x

Ductile fracture BP & 
CP w/θp = 0.01, 0.02 rad

x
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Table 8-2. — Continued

8.2 EFFECTS OF EXCITATION AMPLITUDE

The sensitivity 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. IDAs for the brittle fracture, ductile fracture, and deformation softening patterns tested

are shown in Figures 8-3 through 8-5, and 8-6 through 8-8, for the 1.2 and 0.6 second cosine pulses,

respectively. Since fewer patterns were tested for the JNF01 and JSE17 motions, all cases are

shown together for each motion in Figures 8-9 and 8-10, respectively. The ductile baseline case is

included for reference in all plots.

Parameter Values of Parameter Shaking Table 
Excitations

Additional 
Cosine Pulses

SAC LA 
10/50

SAC LA 
2/50

Excitation Ductile baseline x x x x

Brittle fracture CB w/ 
Kpf = 0, Mr = 60 and 

Kpf, Mr = best fit

x x

Brittle fracture CTB w/
Kpf = 0, Mr = 60 and 

Kpf, Mr = best fit

x x x

Ductile fracture CB w/ 
θp = 0.01, 0.02 rad

x x x

Ductile fracture CTB w/
θp = 0.01, 0.02 rad

x

Post-fracture moment 
Mr

Mr/Mp = 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.8

x

Post-fracture tangent 
stiffness Kpf

Kpf/Ki = -0.07, -0.05, -
0.02, 0, 0.02, 0.05

x

Post-yield stiffness 
Kpy

Kpy/Ki = -0.07, -0.05, -
0.03, -0.02, 0.01, 0

x

Column stiffness Ic/Ib = 0.5, 0.75, 1.0, 
2.0, 3.0

x

P-∆ effects None, Full nonlinear 
theory for Kpf, Kpy 

cases above

x
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Figure 8-3. Comparison of IDAs corresponding to 1.2 sec cosine pulse tests, BF patterns

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

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

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 JNF01 tests

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 data and the analytical results than

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,

this result shows that ductile fracture may help behavior in some cases, though the results are a bit

mixed. This issue 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 translate 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 is the 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

• Plastic 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 fracture initiation were examined. The use of these values also allows for a more thorough 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 Mr/Mf ratio (defined in Section 8.1.1.1) between 0.1 and 1.0 are examined

in this section, with 0.1 indicating a very 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 table test excitations. Trends with excitation amplitude for each level of resid-

ual moment are shown in Figures 8-13 through 8-17 for three fracturing connection patterns.

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)
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response of the system unless the reduction is very severe. However, these studies considered

structures which were generally on the descending branch of the response spectrum for the selected

excitations, where strength is less important. Figures 8-13 and 8-14 show the effects of post-frac-

ture moment capacity for increasing amplitudes of two cosine pulse excitations. The structure is on

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 curves is 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.

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

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

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. In the case of brittle fractures localized 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 the intact connections relative

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 loss 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 a large

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)
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of the fractures occur at nearly the same time, and so the tangent stiffness of all connections is the

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. This greatly reduces the sen-

sitivity to post-fracture stiffness, and a significant increase in drift is observed only when Kpf

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-

acts the global P-∆ effects. For this reason, the curves flatten out for the larger positive values rather

than decreasing rapidly. For the larger negative values, the P-∆ effects and negative post-fracture

stiffness are additive, resulting in a larger combined effect on the displacement response. The rel-
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Figure 8-19. Relative contribution of geometric and hysteretic negative stiffnesses, 1.2 
second cosine pulse, test amplitude (1.0)
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Figure 8-20. Comparison of IDAs for variable Kpf, BF BP pattern, 1.2 sec cosine pulse

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
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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

Figure 8-25. Comparison of IDAs for variable Kpy, DFS C pattern, 1.2 second cosine pulse

0 2 4 6 8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Maximum Interstory Drift Ratio (%)

A
m

pl
itu

de
 S

ca
le

 F
ac

to
r

Kpy = −0.07 Ki
Kpy = −0.05 Ki
Kpy = −0.03 Ki
Kpy = −0.02
Kpy = −0.01 Ki
Kpy = 0

0 2 4 6 8 10 12 14 16 18 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Maximum Interstory Drift Ratio (%)

A
m

pl
itu

de
 S

ca
le

 F
ac

to
r

Kpy = −0.07 Ki
Kpy = −0.05 Ki
Kpy = −0.03 Ki
Kpy = −0.02
Kpy = −0.01 Ki
Kpy = 0



282

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

a large amount of negative post-yield stiffness can have very adverse effects on the system behav-

ior, but the effects are pronounced only if a majority of the connections exhibit this behavior. Also,

the same additive relationship between negative hysteretic stiffness and P-∆ 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. Three values 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 θp, 1.2 sec cosine pulse

Figure 8-27. Comparison of IDAs for varying pre-fracture θp, 0.6 sec cosine pulse
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Figure 8-28. Comparison of IDAs for varying pre-fracture θp, 0.6 sec cosine pulse 
excitation, large amplitude scale factor values
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ness unless the columns section stiffness becomes less than that of the beam. Next, IDAs 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. 

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 8-30. Comparison of IDAs for varying Ic, DB case, 1.2 sec cosine pulse

Figure 8-31. Comparison of IDAs for varying Ic, BF BP pattern, 1.2 sec cosine pulse
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Figure 8-32. Comparison of IDAs for varying Ic, BF CP pattern, 1.2 second cosine pulse

Figure 8-33. Comparison of IDAs for varying Ic, BF CB pattern, 1.2 second 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 flexible than the beams. Most 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 slope 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 a small

negative excursion and a large 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 area for the 10%

in 50 year and 2% in 50 year earthquake hazard levels.

8.5.1 Pulse Excitations

In this section, the effect of structure period-to-pulse period ratio Tstructure/Tpulse on interstory 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), 37.5 in./sec (1.5 times test amplitude), and 50 in./sec (2 times test 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

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

Figure 8-37. Variation of interstory drift w/cosine pulse period, Vp=37.5 in./sec, CTB 
patterns
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Figure 8-38. Variation of interstory drift w/cosine pulse period, Vp=50 in./sec, CB patterns

Figure 8-39. Variation of interstory drift w/cosine pulse period, Vp=50 in./sec, CTB patterns
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In the case of the test amplitude (Vp = 25 in./sec), the pulse period which causes the largest

response is 1.5 times the model’s first mode period. As the 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 all of the peak pulse velocities, the fracturing cases cause increased displacement in the

region to the left of the peak where the T/Tpulse ratio is small. For very small values, however, the

behavior of the specimen is elastic and there is no increase. For the 25 in./sec cases, ductile fracture

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, as the reduction is larger 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 exceedance in

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 values were 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 drifts for

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 this is reflected in the

much earlier onset of collapse for the median values shown in Figure 8-41. Because of this, a set

of IDAs with a much finer scale factor discretization is shown for the lower portion of the curve in

Figure 8-42.

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

Figure 8-42. Comparison of median IDA values for SAC LA 2/50 suite of motions, high 
resolution
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As shown in Figure 8-42, fractures cause larger drifts than the ductile baseline case for the

same amplitude. There is little 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.

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
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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 parameters were 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 as well 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

is important 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

periods for near-field motions than 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 occurs in 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

a role 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-∆) 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 stiffness is 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-

ute to the elastic flexibility of the frame. Decreases in member stiffness can cause increases in 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 is dependent on the peak velocity of the pulse. For increasing peak velocity, the most adverse

T-structure/T-pulse ratio migrates to shorter and shorter periods. As the aspect ratio of the structure

changes, higher-mode effects may also affect the critical value of this ratio. However, this is a topic

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 is unclear why this is the

case.



9 Conclusions and Recommendations 
for Future Work

9.1 CONCLUSIONS

The objective of this study was to examine the effects of connection hysteretic behavior on the seis-

mic behavior of steel moment frames. This was accomplished by dynamic testing of a frame 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 results which 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-

quake 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 (Tstructure/Tpulse) ranges 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 as well 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 modes in the 
beam, and local area moment redistribution

• these local fracture-induced phenomena were found to have small effects on the global 
response in most cases

• analytical models that did not account for these local phenomena were still able to reproduce 
the system response reasonably well
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The following observations can be made from the analytical studies on the effects of struc-

ture period-to-pulse period (Tstructure/Tpulse) range 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, as well as a loss of stiffness which causes period elongation, 
in the shorter-period “ascending branch” (Tstructure/Tpulse < 2/3) of the response spectrum for 
pulse excitations

• Brittle fracture also matters for both cases in the intermediate period range (2/3 < Tstructure/
Tpulse < 3) or upper “descending branch” for pulse excitations for the same reasons

• Top and bottom flange fractures cause greater drifts in the short and short-intermediate regions 
of the spectrum (together 0.25 < Tstructure/Tpulse < 1) than bottom flanges only

• Neither fracture distribution adversely affects the response in the long-period range (Tstructure/
Tpulse > 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 results in 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 Tstructure/Tpulse ranges:

• 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 stiff-
ness
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• deformation softening can combine with P-∆ 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 as well as on

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:

• allowing 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

results is 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 studies related 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 also be con-

sidered. The frame may also provide a useful repeatable test bed for development of hybrid simu-

lation 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 analysis to study post-fracture wave propagation and energy dissipation by fracture-

induced phenomena.

Understanding the effects of connection hysteretic behavior on system performance is 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 exists for 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. This set of drawings is 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 a list of channels with instrument type and location shown in Table B-1.

Table B-1. List of channels

Channel 
Number

Transducer 
Type

Response 
Quantity

Coord. System 
and Orientation

Transducer Location

ph 1 - date - -

ph 2 - time - -

1 LVDT table disp. global Y table: H1o stroke

2 LVDT table disp. global X table: H2o stroke

3 LVDT table disp. global Y table: H3o stroke

4 LVDT table disp. global X table: H4o stroke

5 LVDT table disp. global Z table: V1o stroke

6 LVDT table disp. global Z table: V2o stroke

7 LVDT table disp. global Z table: V3o stroke

8 LVDT table disp. global Z table: V4o stroke

9 A table accel. global Y table: H1-2 acc

10 A table accel. global X table: H3-4 acc

11 A table accel. global Y table: H4-1 acc

12 A table accel. global 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 LC 1 shear local x perimeter column 1

18 LC 1 moment local x perimeter column 1

19 LC 1 shear local y perimeter column 1

20 LC 1 moment local y perimeter column 1

21 LC 1 axial load global Z perimeter column 1

22 LC2 shear local x perimeter column 2
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Table B-1. — Continued

Channel 
Number

Transducer 
Type

Response 
Quantity

Coord. System 
and Orientation

Transducer Location

23 LC2 moment local x perimeter column 2

24 LC2 shear local y perimeter column 2

25 LC2 moment local 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 local y main column 1

30 LC4 moment local y main column 1

31 LC4 axial load global Z main column 1

32 LC 5 shear local x main column 2

33 LC 5 moment local x main column 2

34 LC 5 shear local y main column 2

35 LC 5 moment local y main column 2

36 LC 5 axial load global Z main column 2

37 LC 6 shear local x perimeter column 3

38 LC 6 moment local x perimeter column 3

39 LC 6 shear local y perimeter column 3

40 LC 6 moment local y perimeter column 3

41 LC 6 axial load global Z perimeter column 3

42 LC 7 shear local x perimeter column 4

43 LC 7 moment local x perimeter column 4

44 LC 7 shear local y perimeter column 4

45 LC 7 moment local y perimeter column 4

46 LC 7 axial load global Z perimeter column 4

47 A frame accel global X perimeter column 2 base

48 A frame accel global X main column 2 base

49 A frame accel global X perimeter column 4 base

50 A frame accel global X perimeter column 2 midheight

51 A frame accel global X main column 2 midheight

52 A frame accel global X perimeter column 4 midheight

53 A frame accel global X perimeter column 2 top

54 A frame accel global X main column 2 top

55 A frame accel global X perimeter column 4 top

56 A frame accel global Y perimeter column 1 base
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Table B-1. — Continued

Channel 
Number

Transducer 
Type

Response 
Quantity

Coord. System 
and Orientation

Transducer Location

57 A frame accel global Y perimeter column 2 base

58 A frame accel global Y perimeter column 1 midheight

59 A frame accel global Y midspan 1st story perimeter beam

60 A frame accel global Y perimeter column 2 midheight

61 A frame accel global Y perimeter column 1 top

62 A frame accel global Y midspan 2nd story perimeter beam

63 A frame accel global 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

81 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 
Number

Transducer 
Type

Response 
Quantity

Coord. System 
and Orientation

Transducer Location

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 
Number

Transducer 
Type

Response 
Quantity

Coord. System 
and Orientation

Transducer Location

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 global X main column 2 lower midheight

134 30" LP frame disp global 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 global Y midspan 1st story perimeter beam

143 15" LP frame disp global Y perimeter column 2 midheight

144 30" LP frame disp global Y perimeter column 1 top

145 30" LP frame disp global Y midspan 2nd story perimeter beam

146 30" LP frame disp global Y perimeter column 2 top

147 2" DCDT clevis disp local x top of clevis 1 (E end story 1)

148 2" DCDT clevis disp local x bottom of clevis 1 (E end story 1)

149 2" DCDT clevis disp local x top of clevis 2 (W end story 1)

150 2" DCDT clevis disp local x bottom of clevis 2 (W end story 1)

151 2" DCDT clevis disp local x top of clevis 3 (E end story 2)

152 2" DCDT clevis disp local x bottom of clevis 3 (E end story 2)

153 2" DCDT clevis disp local x top of clevis 4 (W end story 2)

154 2" DCDT clevis disp 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



Appendix C:  Testing Program Details

A listing of the tests performed, together with span settings, file names, and other test run informa-

tion is provided in this appendix.

Table C-1. Test log

Date Data file name Configuration Signal/Test type Span agmax (g)

22-May 010522160413 - Load cell - -

010522162415 - Load cell - -

010523085146 - Load cell - -

010523092620 - Load cell - -

010523093601 - Load cell - -

23-May 010523155612 DB C Stiffness pull - -

010523161034 DB C Snapback - -

010523162601 DB C Stiffness pull - -

010523162853 DB C Snapback - -

24-May 010524102127 DB C Stiffness pull - -

010524102352 DB C Snapback - -

010524103223 DB C Stiffness pull - -

010524103520 DB C Snapback - -

010524140833 DB C Stiffness pull - -

010524141034 DB C Snapback - -

010524142831 DB C Stiffness pull - -

010524143151 DB C Snapback - -

010524160237 DB C White noise 5 0.06

010524162648 DB C JPULSE06 25 0.034

010524163714 DB C JPULSE06 500 0.678

25-May 010525084643 BF B P Stiffness pull - -

010525084955 BF B P Snapback - -

010525090057 BF B P Stiffness pull - -
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Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span agmax (g)

010525090427 BF B P Snapback - -

010525092932 BF B P Stiffness pull - -

010525093227 BF B P Snapback - -

010525102543 BF B P White noise 5 0.06

010525103705 BF B P JPULSE06 500 0.678

010525144701 BF B P White noise 5 0.06

010525150159 BF B P JPULSE06 500 0.678

010525171435 BF C P Stiffness pull - -

010525171659 BF C P Snapback - -

010525172442 BF C P Stiffness pull - -

010525172838 BF C P Snapback - -

010525175636 BF C P White noise 5 0.06

010525183200 BF C P JPULSE06 500 0.678

29-May 010529103823 DF B P Stiffness pull - -

010529104105 DF B P Snapback - -

010529104827 DF B P Stiffness pull - -

010529105019 DF B P Snapback - -

010529111320 DF B P White noise 5 0.06

010529112558 DF B P JPULSE06 500 0.678

010529144224 DF C P Stiffness pull - -

010529144544 DF C P Snapback - -

010529145024 DF C P Stiffness pull - -

010529145436 DF C P Snapback - -

010529151343 DF C P White noise 5 0.06

010529152221 DF C P JPULSE06 500 0.678

010529174551 DFS B Stiffness pull - -

010529174846 DFS B Snapback - -

010529180210 DFS B Stiffness pull - -

010529180445 DFS B Snapback - -

010529181913 DFS B White noise 5 0.06

010529182334 DFS B JPULSE06 500 0.678

30-May 010530093524 DFS C Stiffness pull - -

010530093800 DFS C Snapback - -

010530094303 DFS C Stiffness pull - -

010530094531 DFS C Snapback - -
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Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span agmax (g)

010530100023 DFS C White noise 5 0.06

010530101108 DFS C JPULSE06 500 0.678

010530130952 DB C Stiffness pull - -

010530131228 DB C Snapback - -

010530133520 DB C White noise 5 0.06

010530134158 DB C JPULSE12 1000 0.339

010530155357 BF B P White noise 5 0.06

010530160557 BF B P JPULSE12 1000 0.339

010530180004 BF C P White noise 5 0.06

010530181413 BF C P JPULSE12 1000 0.339

31-May 010531100257 DF B P White noise 5 0.06

010531101731 DF B P JPULSE12 1000 0.339

010531131645 DF C P White noise 5 0.06

010531132607 DF C P JPULSE12 1000 0.339

010531155243 DFS B White noise 5 0.06

010531170616 DFS B JPULSE12 1000 0.339

1-June 010601090926 DFS C White noise 5 0.06

010601091124 DFS C White noise 5 0.06

010601092502 DFS C JPULSE12 1000 0.339

010601115325 BF C B White noise 5 0.06

010601120814 BF C B JNF01 954 0.836

010601132702 BF C B White noise 5 0.06

010601144554 BF C B White noise 5 0.06

010601145503 BF C B JPULSE12 1000 0.339

010601163012 BF B B White noise 5 0.06

010601164220 BF B B JNF01 954 0.836

010601174432 DF C B White noise 5 0.06

010601175543 DF C B JNF01 954 0.836

010604151508 DFS C White noise 5 0.06

010604153825 DFS C JNF01 954 0.836

010604171729 DB C White noise 5 0.06

010604172829 DB C JNF01 954 0.836

5-June 010605090747 SD C Stiffness pull - -

010605091024 SD C Snapback - -

010605091700 SD C Stiffness pull - -
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Table C-1. — Continued

Date Data file name Configuration Signal/Test type Span agmax (g)

010605091903 SD C Snapback - -

010605095840 SD C White noise 5 0.06

010605100730 SD C JSE17 685 1.77

010605114457 BF C P White noise 5 0.06

010605120625 BF C P JPULSE12 500 0.170

010605120901 BF C P JPULSE12 750 0.254

010605132324 BF C B White noise 5 0.06

010605133243 BF C B JSE17 685 1.77

010605160701 DB C White noise 5 0.06

010605162243 DB C JSE17 685 1.77

010605174843 BF A White noise 5 0.06

010605180155 BF A JPULSE6 250 0.339

6-June 010606094756 BF A White noise 5 0.06

010606102635 BF A JPULSE6 250 0.339

010606120248 BF A White noise 5 0.06

010606121220 BF A JPULSE6 250 0.339

010606143434 BF A White noise 5 0.06

010606144314 BF A JPULSE6 250 0.339

010606172348 BF A White noise 5 0.06

010606173249 BF A JPULSE6 250 0.339

010606180837 BF B P White noise 5 0.06

010606181206 BF B P JPULSE6 250 0.339



Appendix D: Data Summary Tables

A tabular summary of the data obtained from the 32 high-level shaking table tests is presented in

this appendix. This summary consists of maximum values of all response quantities of interest, and

residual values of selected response quantities such as interstory drift and connection rotation. The

tables are organized by response quantity.

Table D-1. Summary of in-plane displacements

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

0.6 sec cosine 
pulse

DB C 2.45 0.73 4.69 9.12 2.08 4.12

BF BP 1 2.45 0.84 5.47 10.74 3.78 7.44

BF BP 2 2.45 0.82 5.33 10.42 3.43 6.77

DF BP 2.44 0.82 5.43 10.66 3.65 7.20

DFS B 2.44 0.72 4.71 9.20 2.81 5.56

BF CP * 2.43 1.14 7.01 13.69 6.40 12.62

DF CP * 2.46 1.11 7.23 14.18 6.70 13.22

DFS C * 2.44 0.92 6.03 11.89 5.76 11.35

BF A A 1.22 0.33 2.10 4.04 0.13 0.26

BF A B 1.20 0.33 2.12 4.08 0.12 0.24

BF A C 1.21 0.34 2.11 4.03 0.08 0.14

BF A D 1.21 0.34 2.14 4.10 0.09 0.19

BF A E 1.23 0.33 2.13 4.11 0.10 0.21

BF BP H 1.21 0.37 2.32 4.46 0.35 0.70
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Table D-1. — Continued

* Catch cables engaged — values compromised

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

1.2 sec cosine 
pulse

DB C 4.98 0.63 3.59 6.89 0.22 0.44

BF BP 4.97 0.90 5.73 11.16 2.25 4.43

DF BP 4.96 0.84 5.11 9.92 1.43 2.80

DFS B 4.97 0.87 5.75 11.25 1.50 3.01

BF CP 1 * 4.95 1.62 10.00 19.59 9.12 17.98

BF CP 2 2.46 0.29 1.53 2.89 0.09 0.18

BF CP 3 3.73 1.06 6.86 13.50 6.50 12.88

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

DFS C * 4.97 1.62 10.20 20.02 9.36 18.46

JNF01 
(Tabas)

DB C 4.69 0.44 2.69 5.22 0.50 1.01

BF BB 4.70 0.44 2.79 5.41 0.44 0.90

BF CB 4.69 0.45 2.68 5.20 0.21 0.43

DF CB 4.72 0.42 2.72 5.31 0.37 0.75

DFS C 4.71 0.38 2.36 4.65 -1.48 -2.89

JSE17 
(Llolleo)

DB C 3.31 0.54 3.47 6.82 1.07 2.17

BF CB 3.33 0.65 4.37 8.75 -2.23 -4.43

SD C 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 1.53 2.89 0.08 0.14

Mean * 3.32 0.73 4.62 9.04 2.42 4.79

Median * 3.31 0.69 4.53 8.94 1.44 2.85

Standard deviation * 1.45 0.39 2.44 4.82 3.14 6.20
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Table D-2. Summary of maximum in-plane displacement differences

Excita-
tion Pattern

Table
Base Top of Story 1 Top of Story 2

MC2-
PC2

PC4-
MC2

PC4-
PC2

MC2
-PC2

PC4-
MC2

PC4-
PC2

MC2-
PC2

PC4-
MC2

PC4-
PC2

(in) (in) (in) (in) (in) (in) (in) (in) (in) (in)

0.6 sec 
cosine 
pulse

DB C 0.28 0.12 0.09 0.18 0.15 0.21 0.35 0.46 0.65 0.65

BF BP 1 0.23 0.12 0.10 0.15 0.13 0.12 0.24 0.33 0.45 0.43

BF BP 2 0.25 0.11 0.10 0.14 0.14 0.15 0.20 0.35 0.38 0.34

DF BP 0.26 0.13 0.09 0.17 0.18 0.13 0.23 0.31 0.43 0.37

DFS B 0.29 0.11 0.11 0.15 0.16 0.13 0.22 0.29 0.37 0.40

BF CP * 0.29 0.09 0.10 0.16 0.12 0.18 0.18 0.31 0.25 0.25

DF CP * 0.25 0.10 0.11 0.17 0.13 0.14 0.14 0.21 0.43 0.35

DFS C * 0.28 0.12 0.09 0.17 0.19 0.09 0.25 0.23 0.37 0.45

BF A A 0.17 0.08 0.09 0.13 0.08 0.11 0.18 0.25 0.23 0.12

BF A B 0.16 0.06 0.13 0.16 0.11 0.14 0.24 0.34 0.27 0.15

BF A C 0.23 0.11 0.10 0.18 0.09 0.11 0.17 0.42 0.35 0.27

BF A D 0.19 0.09 0.10 0.15 0.10 0.10 0.18 0.43 0.33 0.27

BF A E 0.15 0.11 0.12 0.17 0.12 0.12 0.23 0.45 0.35 0.28

BF BP H 0.19 0.09 0.08 0.16 0.09 0.09 0.17 0.41 0.32 0.23

1.2 sec 
cosine 
pulse

DB C 0.39 0.19 0.19 0.31 0.22 0.15 0.35 0.54 0.55 0.49

BF BP 0.41 0.19 0.21 0.33 0.18 0.21 0.34 0.41 0.52 0.47

DF BP 0.49 0.21 0.23 0.37 0.27 0.27 0.53 0.53 0.58 0.72

DFS B 0.49 0.23 0.21 0.42 0.16 0.27 0.39 0.47 0.45 0.50

BF CP 1* 0.45 0.24 0.18 0.35 0.64 0.27 0.89 1.05 0.71 1.74

BF CP 2 0.31 0.18 0.18 0.32 0.14 0.13 0.26 0.25 0.13 0.17

BF CP 3 0.30 0.12 0.12 0.17 0.14 0.15 0.19 0.25 0.13 0.20

BF CB 0.37 0.14 0.23 0.32 0.16 0.24 0.36 0.39 0.27 0.27

DF CP * 0.35 0.18 0.20 0.25 0.53 0.24 0.65 0.72 0.53 1.24

DFS C * 0.39 0.19 0.19 0.33 0.31 0.39 0.48 0.36 0.59 0.93

NF01 
(Tabas)

DB C 0.36 0.17 0.15 0.28 0.19 0.16 0.34 0.49 0.24 0.32

BF BB 0.34 0.11 0.17 0.21 0.17 0.20 0.30 0.38 0.27 0.19

BF CB 0.35 0.18 0.16 0.27 0.22 0.18 0.32 0.46 0.30 0.19

DF CB 0.27 0.13 0.18 0.23 0.19 0.16 0.30 0.46 0.28 0.25

DFS C 0.36 0.16 0.14 0.27 0.19 0.16 0.31 0.36 0.21 0.19
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Table D-2. — Continued

* Catch cables engaged 

Table D-3. Summary of interstory drifts

Excita-
tion Pattern

Table
Base Top of Story 1 Top of Story 2

MC2-
PC2

PC4-
MC2

PC4-
PC2

MC2
-PC2

PC4-
MC2

PC4-
PC2

MC2-
PC2

PC4-
MC2

PC4-
PC2

(in) (in) (in) (in) (in) (in) (in) (in) (in) (in)

SE17 
(Llol-
leo)

DB C 0.18 0.11 0.14 0.18 0.13 0.10 0.21 0.39 0.31 0.19

BF CB 0.21 0.09 0.13 0.22 0.14 0.18 0.29 0.47 0.32 0.22

SD C 0.24 0.11 0.16 0.18 0.12 0.17 0.27 0.44 0.31 0.25

Statistical values:

Maximum 0.49 0.24 0.23 0.42 0.64 0.39 0.89 1.05 0.71 1.74

Minimum 0.15 0.06 0.08 0.13 0.08 0.09 0.14 0.21 0.13 0.12

Mean 0.30 0.14 0.14 0.23 0.18 0.17 0.30 0.41 0.37 0.41

Median 0.28 0.12 0.14 0.18 0.16 0.16 0.26 0.40 0.34 0.27

Standard deviation 0.09 0.05 0.05 0.08 0.12 0.07 0.16 0.16 0.14 0.34

Excitation Pattern
Maximum Story1 

Drift
Maximum Story2 

Drift 
Residual Story1 

Drift
Residual Story2 

Drift

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

0.6 sec 
cosine pulse

DB C 8.56 8.20 3.82 3.78

BF BP 1 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

DFS B 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

DFS C * 11.09 10.87 10.50 10.35

BF A A 3.84 3.58 0.26 0.24

BF A B 3.88 3.63 0.21 0.22

BF A C 3.82 3.57 0.12 0.12

BF A D 3.88 3.64 0.17 0.20

BF A E 3.92 3.65 0.23 0.21

BF BP H 4.22 3.97 0.65 0.64



327

Table D-3. — Continued

* Catch cables engaged — values compromised

Excitation Pattern
Maximum Story1 

Drift
Maximum Story2 

Drift 
Residual Story1 

Drift
Residual Story2 

Drift

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

1.2 sec 
cosine pulse

DB C 6.51 6.10 0.44 0.40

BF BP 10.44 10.05 4.10 4.04

DF BP 9.27 8.90 2.56 2.54

DFS B 10.54 10.19 2.80 2.79

BF CP 1 * 18.09 17.78 16.60 16.42

BF CP 2 2.72 2.52 0.16 0.16

BF CP 3 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

DFS C * 18.62 18.21 17.07 16.85

JNF01 
(Tabas)

DB C 4.87 4.70 0.89 0.94

BF BB 5.10 4.84 0.83 0.85

BF CB 4.83 4.66 0.37 0.40

DF CB 4.98 4.80 0.71 0.71

DFS C 4.29 4.23 -2.68 -2.62

JSE17 
(Llolleo)

DB C 6.37 6.20 1.98 2.03

BF CB 8.13 8.12 -4.09 -4.07

SD C 6.76 6.58 2.66 2.68

Statistical values:

Maximum * 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 2.61 2.61

Standard deviation * 4.44 4.41 5.73 5.66
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Table D-4. Summary of out-of-plane displacements without large deformation geometric 
correction

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

0.6 sec 
cosine 
pulse

DB C 0.039 0.089 0.155 0.356 0.054 0.129

BF BP 1 0.023 0.068 0.107 0.539 0.079 0.451

BF BP 2 0.024 0.068 0.132 0.419 0.111 0.312

DF BP 0.049 0.124 0.215 0.572 0.171 0.454

DFS B 0.034 0.087 0.148 0.416 0.125 0.305

BF CP * 0.187 0.370 0.578 1.387 0.411 1.303

DF CP * 0.022 0.063 0.455 1.459 0.435 1.434

DFS C * 0.030 0.079 0.380 1.195 0.367 1.183

BF A A 0.022 0.040 0.072 0.141 0.000 -0.001

BF A B 0.055 0.089 0.113 0.119 -0.025 -0.027

BF A C 0.031 0.067 0.065 0.149 0.001 0.001

BF A D 0.040 0.071 0.101 0.198 0.026 0.022

BF A E 0.026 0.066 0.066 0.122 -0.024 -0.020

BF BP H 0.062 0.119 0.115 0.196 -0.001 0.015

1.2 sec 
cosine 
pulse

DB C 0.037 0.284 0.609 1.014 0.017 0.010

BF BP 0.036 0.262 0.666 1.355 0.121 0.266

DF BP 0.089 0.333 0.586 1.032 -0.023 -0.004

DFS B 0.174 0.319 0.478 0.945 0.040 0.060

BF CP 1 * 0.024 0.258 0.664 2.274 0.624 2.217

BF CP 2 0.081 0.172 0.240 0.327 0.109 0.097

BF CP 3 0.053 0.102 0.376 1.323 0.335 1.275

BF CB 0.074 0.204 0.530 1.047 -0.053 0.027

DF CP * 0.028 0.219 0.689 2.467 0.665 2.444

DFS C * 0.034 0.243 0.779 2.644 0.759 2.627

JNF01 
(Tabas)

DB C 0.034 0.206 0.441 0.703 0.038 0.057

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

DFS C 0.039 0.206 0.269 0.491 0.046 0.101



329

Table D-4. — Continued

* Catch cables engaged 

Table D-5. Summary of out-of-plane displacements with large deformation geometric 
correction

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

JSE17 
(Llolleo)

DB C 0.038 0.110 0.156 0.300 0.039 0.056

BF CB 0.053 0.105 0.206 0.673 0.076 0.202

SD C 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

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

0.6 sec 
cosine 
pulse

DB C 0.039 0.050 0.071 0.008 0.024 0.010

BF BP 1 0.023 0.029 0.006 0.045 0.021 0.063

BF BP 2 0.024 0.029 0.048 0.041 0.029 0.010

DF BP 0.049 0.084 0.120 0.086 0.077 0.090

DFS B 0.034 0.047 0.092 0.084 0.069 0.088

BF CP * 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

DFS C * 0.030 0.038 0.145 0.288 0.134 0.281

BF A A 0.022 0.026 0.023 0.042 0.000 0.002

BF A B 0.055 0.074 0.063 0.014 0.025 0.028

BF A C 0.031 0.053 0.013 0.030 0.001 0.001

BF A D 0.040 0.056 0.051 0.084 0.026 0.022

BF A E 0.026 0.052 0.020 0.020 0.024 0.020

BF BP H 0.062 0.107 0.081 0.101 0.002 0.012
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Table D-5. — Continued

* Catch cables engaged 

Excitation Pattern
Maximum 

DTable

Maximum 
DRel base

Maximum 
DRel Story1

Maximum 
DRel Story2

Residual 
DRel Story1

Residual 
DRel Story2

(in) (in) (in) (in) (in) (in)

1.2 sec 
cosine 
pulse

DB C 0.037 0.083 0.192 0.221 0.017 0.008

BF BP 0.036 0.061 0.209 0.323 0.085 0.129

DF BP 0.089 0.131 0.141 0.085 0.037 0.059

DFS B 0.174 0.129 0.073 0.008 0.024 0.003

BF CP 1 * 0.024 0.061 0.076 0.011 0.041 0.026

BF CP 2 0.081 0.123 0.140 0.158 0.109 0.097

BF CP 3 0.053 0.011 0.072 0.146 0.038 0.117

BF CB 0.074 0.008 0.123 0.174 0.078 0.072

DF CP * 0.028 0.020 0.075 0.110 0.061 0.113

DFS C * 0.034 0.047 0.157 0.265 0.145 0.266

JNF01 
(Tabas)

DB C 0.034 0.040 0.169 0.242 0.036 0.050

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

DFS C 0.039 0.052 0.036 0.051 0.031 0.042

JSE17 
(Llolleo)

DB C 0.038 0.035 0.032 0.060 0.031 0.023

BF CB 0.053 0.037 0.005 0.117 0.041 0.064

SD C 0.063 0.054 0.133 0.175 0.025 0.038

Statistical values:

Maximum 0.19 0.33 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
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Table D-6. Summary of maximum out-of-plane displacement differences

Excitation Pattern
Table Base

Top of Story 1 Top of Story 2

PC1-
PB1

PB1-
PC2

PC1-
PC2

PC1-
PB2

PB2-
PC2

PC1-
PC2

(in) (in) (in) (in) (in) (in) (in) (in)

0.6 sec 
cosine 
pulse

DB C 0.06 0.19 0.16 0.15 0.27 0.24 0.12 0.37

BF BP 1 0.07 0.11 0.23 0.25 0.22 0.13 0.12 0.23

BF BP 2 0.07 0.12 0.11 0.08 0.18 0.15 0.11 0.21

DF BP 0.12 0.12 0.11 0.07 0.18 0.12 0.12 0.20

DFS B 0.09 0.14 0.11 0.09 0.18 0.16 0.09 0.23

BF CP * 0.23 0.21 0.10 0.08 0.14 0.14 0.10 0.17

DF CP * 0.07 0.11 0.09 0.07 0.12 0.12 0.10 0.19

DFS C * 0.10 0.16 0.12 0.10 0.22 0.15 0.09 0.23

BF A A 0.10 0.11 0.07 0.08 0.11 0.07 0.12 0.19

BF A B 0.11 0.16 0.08 0.09 0.15 0.09 0.13 0.22

BF A C 0.12 0.18 0.08 0.09 0.14 0.09 0.10 0.18

BF A D 0.09 0.12 0.08 0.08 0.12 0.10 0.11 0.19

BF A E 0.09 0.18 0.09 0.08 0.14 0.11 0.12 0.21

BF BP H 0.14 0.15 0.07 0.07 0.12 0.08 0.10 0.16

1.2 sec 
cosine 
pulse

DB C 0.11 0.32 0.17 0.17 0.31 0.17 0.16 0.31

BF BP 0.12 0.33 0.16 0.18 0.30 0.17 0.18 0.31

DF BP 0.29 0.39 0.20 0.19 0.38 0.21 0.24 0.45

DFS B 0.30 0.37 0.15 0.15 0.28 0.17 0.22 0.38

BF CP 1 * 0.11 0.31 0.32 0.34 0.66 0.52 0.38 0.88

BF CP 2 0.25 0.27 0.12 0.11 0.20 0.10 0.10 0.20

BF CP 3 0.09 0.17 0.10 0.09 0.18 0.09 0.12 0.20

BF CB 0.35 0.30 0.14 0.15 0.25 0.14 0.18 0.32

DF CP * 0.17 0.29 0.23 0.25 0.47 0.36 0.26 0.61

DFS C * 0.12 0.35 0.19 0.15 0.28 0.27 0.28 0.55

JNF01 
(Tabas)

DB C 0.13 0.25 0.14 0.14 0.27 0.18 0.16 0.30

BF BB 0.13 0.20 0.11 0.13 0.22 0.17 0.20 0.27

BF CB 0.14 0.31 0.16 0.15 0.29 0.20 0.18 0.31

DF CB 0.13 0.21 0.14 0.14 0.26 0.18 0.16 0.30

DFS C 0.12 0.28 0.13 0.14 0.25 0.18 0.16 0.30
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Table D-6. — Continued

* Catch cables engaged

Table D-7. Summary of maximum in-plane accelerations

Excitation Pattern
Table Base

Top of Story 1 Top of Story 2

PC1-
PB1

PB1-
PC2

PC1-
PC2

PC1-
PB2

PB2-
PC2

PC1-
PC2

(in) (in) (in) (in) (in) (in) (in) (in)

JSE17 
(Llolleo)

DB C 0.13 0.16 0.08 0.08 0.15 0.13 0.16 0.23

BF CB 0.12 0.23 0.12 0.11 0.20 0.20 0.17 0.31

SD C 0.20 0.19 0.11 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 0.11 0.21 0.15 0.14 0.25

Standard deviation 0.07 0.08 0.06 0.06 0.11 0.09 0.06 0.15

Excitation Pattern ATable

Relative Absolute

ABase AStory1 AStory2 ABase AStory1 AStory2

(g) (g) (g) (g) (g) (g) (g)

0.6 sec 
cosine 
pulse

DB C 1.01 0.28 1.04 1.50 0.85 0.74 0.99

BF BP 1 1.12 0.35 1.06 1.55 0.90 0.74 0.81

BF BP 2 0.99 0.31 0.93 1.40 0.82 0.55 0.79

DF BP 1.03 0.40 0.98 1.48 0.87 0.65 0.82

DFS B 1.05 0.24 0.96 1.42 0.84 0.56 0.74

BF CP * 1.07 0.48 0.93 1.54 1.07 0.66 0.83

DF CP * 1.23 1.17 1.48 1.41 0.87 0.54 0.77

DFS C * 0.98 0.26 0.96 1.32 0.82 0.25 0.57

BF A A 0.57 0.63 0.51 0.84 0.64 0.24 0.73

BF A B 0.57 0.59 0.49 0.85 0.54 0.27 0.73

BF A C 0.51 0.59 0.46 0.91 0.56 0.17 0.74

BF A D 0.49 0.72 0.45 0.81 0.61 0.16 0.74

BF A E 0.52 0.52 0.44 0.85 0.57 0.18 0.76

BF BP H 0.55 0.43 0.48 0.80 0.57 0.15 0.71
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Table D-7. — Continued

* Catch cables engaged — values compromised

Excitation Pattern ATable

Relative Absolute

ABase AStory1 AStory2 ABase AStory1 AStory2

(g) (g) (g) (g) (g) (g) (g)

1.2 sec 
cosine 
pulse

DB C 0.48 0.14 0.41 0.62 0.50 0.24 0.78

BF BP 0.68 0.65 0.61 0.74 0.81 0.24 0.59

DF BP 0.72 0.97 0.67 0.64 1.01 0.29 0.63

DFS B 0.78 0.19 0.70 0.86 0.65 0.25 0.54

BF CP 1 * 0.79 0.73 0.79 1.02 0.80 0.46 0.93

BF CP 2 0.46 0.71 0.51 0.49 0.72 0.25 0.54

BF CP 3 0.50 0.42 0.51 0.50 0.44 0.34 0.74

BF CB 0.63 0.72 0.73 0.71 0.78 0.36 0.78

DF CP * 0.60 0.85 0.92 1.08 0.58 0.41 1.07

DFS C * 0.65 0.54 0.64 1.26 0.55 0.58 1.58

JNF01 
(Tabas)

DB C 0.73 0.22 0.68 1.11 0.69 0.27 0.83

BF BB 0.75 0.48 0.71 1.18 0.75 0.22 0.80

BF CB 0.74 0.89 0.77 1.12 0.73 0.32 0.95

DF CB 0.72 0.93 0.83 1.32 0.94 0.42 0.96

DFS C 0.70 0.21 0.62 1.03 0.67 0.19 0.62

JSE17 
(Llolleo)

DB C 1.91 0.54 1.90 2.48 1.76 0.33 1.22

BF CB 1.84 1.08 1.85 2.18 1.67 0.39 0.97

SD C 1.83 0.53 1.92 2.44 1.61 0.33 1.31

Statistical values:

Maximum 1.91 1.17 * 1.92 2.48 1.76 0.74 1.58 *

Minimum 0.46 0.14 0.41 0.49 0.44 0.15 0.54

Mean 0.85 0.55 0.84 1.17 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
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Table D-8. Summary of maximum out-of-plane accelerations

Excitation Pattern ATable

Relative Absolute

ABase AStory1 AStory2 ABase AStory1 AStory2

(g) (g) (g) (g) (g) (g) (g)

0.6 sec 
cosine 
pulse

DB C 0.05 0.41** 0.13 0.12 0.41** 0.09 0.11

BF BP 1 0.09 0.98** 0.21 0.18 0.96** 0.20 0.17

BF BP 2 0.08 0.14** 0.13 0.10 0.22** 0.12 0.09

DF BP 0.12 0.17 0.18 0.18 0.12 0.13 0.18

DFS B 0.05 0.42 0.16 0.12 0.38 0.12 0.10

BF CP * 0.22 0.18 0.40 0.16 0.10 0.27 0.16

DF CP * 0.34 0.36 0.35 0.61 0.21 0.32 0.27

DFS C * 0.05 0.11 0.10 0.14 0.08 0.07 0.10

BF A A 0.04 0.13 0.13 0.18 0.09 0.14 0.18

BF A B 0.05 0.34 0.17 0.08 0.35 0.15 0.09

BF A C 0.04 0.16 0.17 0.27 0.20 0.15 0.26

BF A D 0.06 0.11 0.30 0.21 0.16 0.28 0.23

BF A E 0.06 0.16 0.16 0.16 0.13 0.17 0.14

BF BP H 0.06 0.13 0.22 0.20 0.11 0.20 0.18

1.2 sec 
cosine 
pulse

DB C 0.03 0.07 0.20 0.15 0.06 0.20 0.15

BF BP 0.10 0.13 0.16 0.14 0.07 0.11 0.13

DF BP 0.21 0.45 0.18 0.22 0.24 0.15 0.23

DFS B 0.08 0.17 0.13 0.11 0.09 0.10 0.06

BF CP 1 * 0.14 0.69 0.37 0.25 0.70 0.37 0.25

BF CP 2 0.18 0.26 0.32 0.22 0.17 0.27 0.23

BF CP 3 0.11 0.15 0.15 0.22 0.10 0.16 0.17

BF CB 0.16 0.19 0.23 0.17 0.16 0.17 0.15

DF CP * 0.10 0.36 0.25 0.21 0.27 0.27 0.25

DFS C * 0.09 0.31 0.19 0.16 0.31 0.18 0.12

JNF01 
(Tabas)

DB C 0.08 0.13 0.16 0.13 0.08 0.16 0.13

BF BB 0.08 0.15 0.23 0.19 0.15 0.24 0.20

BF CB 0.16 0.25 0.25 0.28 0.25 0.25 0.16

DF CB 0.22 0.31 0.30 0.32 0.22 0.23 0.24

DFS C 0.06 0.12 0.10 0.10 0.08 0.09 0.11

JSE17 
(Llolleo)

DB C 0.10 0.26 0.26 0.23 0.22 0.22 0.29

BF CB 0.11 0.23 0.26 0.26 0.27 0.31 0.24

SD C 0.11 0.37 0.23 0.45 0.28 0.20 0.47
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Table D-8. — Continued

* Catch cables engaged
** Value from fewer instruments than normal due to PC1 base accelerometer malfunction

Table D-9. Summary of maximum global forces

Excitation Pattern ATable

Relative Absolute

ABase AStory1 AStory2 ABase AStory1 AStory2

(g) (g) (g) (g) (g) (g) (g)

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

Excitation Pattern

In-Plane at Base Out-of-Plane at Base
Total 
Axial

Shear OTM Moment 
from LC

Shear Moment 
from LC

(kips) (kip-in) (kip-in) (kips) (kip-in) (kips)

0.6 sec 
cosine 
pulse

DB C 7.3 740 104 0.5 10 2.4

BF BP 1 5.3 554 80 0.6 8 2.4

BF BP 2 5.2 553 77 0.6 7 2.3

DF BP 6.1 553 95 0.6 9 2.7

DFS B 4.9 494 73 0.7 10 2.3

BF CP * 5.5 541 75 0.6 12 2.7

DF CP * 6.3 547 91 0.8 7 2.2

DFS C * 4.0 401 62 0.6 9 2.0

BF A A 5.6 557 75 0.5 10 1.9

BF A B 5.3 558 71 0.5 10 1.6

BF A C 5.6 568 75 0.4 9 1.7

BF A D 5.6 555 73 0.5 10 1.4

BF A E 5.4 573 73 0.4 13 2.2

BF BP H 4.8 510 66 0.3 11 1.8
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Table D-9. — Continued

* Catch cables engaged

Excitation Pattern

In-Plane at Base Out-of-Plane at Base
Total 
Axial

Shear OTM Moment 
from LC

Shear Moment 
from LC

(kips) (kip-in) (kip-in) (kips) (kip-in) (kips)

1.2 sec 
cosine 
pulse

DB C 7.4 694 101 0.8 10 1.8

BF BP 5.5 504 78 0.6 9 2.5

DF BP 5.6 541 84 0.8 11 3.6

DFS B 5.2 505 79 1.0 13 2.1

BF CP 1 * 5.0 607 74 2.3 40 6.0

BF CP 2 4.8 465 64 0.5 11 1.8

BF CP 3 4.3 406 59 0.5 9 1.8

BF CB 5.7 505 78 0.7 12 2.2

DF CP * 5.6 715 88 1.8 30 5.5

DFS C * 3.8 900 111 1.0 22 5.2

NF01 
(Tabas)

DB C 7.0 650 95 0.8 10 2.3

BF BB 6.1 579 84 0.7 10 1.9

BF CB 5.2 495 75 0.6 10 2.8

DF CB 5.5 535 79 0.8 10 2.5

DFS C 2.0 381 63 0.5 8 2.0

SE17 
(Llolleo)

DB C 6.6 692 101 0.8 16 3.7

BF CB 5.2 466 83 0.8 12 3.1

SD C 7.2 750 105 1.4 16 3.9

Statistical values:

Maximum 7.4 900 111 2.3 40 6.0

Minimum 2.0 381 59 0.3 7 1.4

Mean 5.5 565 81 0.8 12 2.6

Median 5.5 553 78 0.6 10 2.3

Standard deviation 1.1 110 13 0.4 7 1.1
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Table D-10. Summary of connection rotations

Excitation Pattern Maximum Residual

C1 C2 C3 C4 C1 C2 C3 C4 

(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)

0.6 sec 
cosine 
pulse

DB C 0.082 0.080 0.072 0.071 -0.043 0.043 -0.042 0.042

BF BP 1 0.117** 0.110 0.096 0.093 -0.041 0.079 -0.077 0.074

BF BP 2 0.106 0.103 0.088 0.090 -0.072 0.069 -0.068 0.069

DF BP 0.116** 0.110 0.096 0.088 -0.260 0.077 -0.076 0.070

DFS B 0.095 0.093** 0.077 0.079 -0.060 0.028 -0.056 0.057

BF CP * 0.145 0.139 0.141 0.141 -0.136 0.130 -0.133 0.132

DF CP * 0.151** 0.151 0.149 0.145 -0.294 0.143 -0.140 0.137

DFS C * 0.126 0.123 0.122 0.124 -0.121 0.118 -0.117 0.119

BF A A 0.023 0.039 0.020 0.020 -0.003 0.002 -0.003 0.002

BF A B 0.023 0.040 0.020 0.020 -0.002 0.002 -0.002 0.001

BF A C 0.024 0.037 0.020 0.020 -0.001 0.001 -0.001 0.001

BF A D 0.024 0.038 0.020 0.021 -0.002 0.001 -0.002 0.002

BF A E 0.024 0.040 0.021 0.021 -0.002 0.003 -0.002 0.002

BF BP H 0.041 0.036 0.025 0.025 -0.008 0.006 -0.007 0.007

1.2 sec 
cosine 
pulse

DB C 0.058 0.057 0.049 0.049 -0.006 0.004 -0.006 0.005

BF BP 0.114 0.112 0.096 0.096 -0.048 0.045 -0.044 0.045

DF BP 0.100 0.098 0.081 0.082 -0.029 0.028 -0.028 0.027

DFS B 0.119 0.113 0.099 0.100 -0.034 0.030 -0.032 0.032

BF CP 1 * 0.205 0.207** 0.207 0.208 -0.190 0.096 -0.192 0.193

BF CP 2 0.022 0.023 0.012 0.015 -0.001 0.003 -0.002 0.001

BF CP 3 0.143 0.142 0.141 0.136 -0.137 0.136 -0.135 0.130

BF CB 0.099 0.113 0.093 0.108 -0.037 0.041 -0.039 0.037

DF CP * 0.220 0.213 0.216 0.212 -0.201 0.198 -0.200 0.197

DFS C * 0.220 0.219 0.216 0.215 -0.202 0.202 -0.200 0.200

NF01 
(Tabas)

DB C 0.045 0.036 0.030 0.034 -0.011 0.008 -0.009 0.012

BF BB 0.040 0.052 0.033 0.034 -0.010 0.008 -0.009 0.010

BF CB 0.035 0.054 0.032 0.044 -0.002 0.008 -0.005 0.004

DF CB 0.040 0.053 0.034 0.048 -0.009 0.007 -0.007 0.007

DFS C 0.045 0.045 0.041 0.040 0.030 -0.031 0.029 -0.028

SE17 
(Llolleo)

DB C 0.055 0.057 0.048 0.050 -0.019 0.024 -0.022 0.022

BF CB 0.094 0.081 0.090 0.075 0.047 -0.046 0.046 -0.045



338

Table D-10. Continued

* 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 Maximum Residual

C1 C2 C3 C4 C1 C2 C3 C4 

(rad) (rad) (rad) (rad) (rad) (rad) (rad) (rad)

SD C 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 0.023 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 0.081 0.075 0.073 -0.031 0.028 -0.030 0.027

Standard deviation * 0.058 0.054 0.059 0.058 0.086 0.062 0.066 0.066

Excitation Pattern C1 C2 C3 C4

(kip-in) (kip-in) (kip-in) (kip-in)

0.6 sec cosine 
pulse

DB C 151.4 157.1 150.7 155.8

BF BP 1 119.1 114.9 143.6 147.9

BF BP 2 120.4 117.2 150.4 145.1

DF BP 119.8 121.4 140.8 157.2

DFS B 78.4 83.5 140.9 133.6

BF CP * 118.6 109.3 104.0 108.8

DF CP * 128.0 120.8 112.2 109.4

DFS C * 84.8 84.0 74.7 80.9

BF A A 136.0 114.8 142.8 134.4

BF A B 137.1 110.8 143.9 134.4

BF A C 133.9 111.8 136.8 131.5

BF A D 133.7 115.8 143.7 133.5

BF A E 135.7 116.5 145.1 135.4

BF BP H 109.1 98.2 130.3 133.0

1.2 sec cosine 
pulse

DB C 145.6 150.9 142.8 145.2

BF BP 111.4 106.5 146.5 147.6

DF BP 115.4 112.9 149.0 152.6

DFS B 82.9 95.7 138.9 138.5

BF CP 1 * 109.4 108.6 105.8 105.4
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Table D-11. — Continued

* Catch cables engaged 

Table D-12. Summary of maximum 

Excitation Pattern C1 C2 C3 C4

(kip-in) (kip-in) (kip-in) (kip-in)

BF CP 2 105.1 100.1 101.8 97.4

BF CP 3 90.6 82.0 94.0 87.6

BF CB 127.9 103.5 129.6 93.5

DF CP * 119.2 119.0 113.2 111.3

DFS C * 78.8 81.5 80.4 76.5

JNF01 
(Tabas)

DB C 132.8 153.4 136.0 128.6

BF BB 130.2 113.7 145.0 137.6

BF CB 137.4 113.7 126.3 106.0

DF CB 121.2 128.2 132.6 114.3

DFS C 80.0 79.9 74.8 77.8

JSE17 
(Llolleo)

DB C 155.3 143.9 149.0 139.9

BF CB 124.0 121.9 115.6 126.3

SD C 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 119.5 114.1 128.0 125.1

Median 120.8 113.7 137.8 133.2

Standard deviation 21.8 21.3 23.3 25.0

Excita-
tion

Pattern
Main Column 1 (kip-in) Main Column 2 (kip-in) Perim. Column 2 (kip-in)

Base
At Midheight 
Connection Top Base

At Midheight 
Connection Top Base

At Midheight 
Connection Top

Below Above Below Above Below Above

0.6 sec 
cosine 
pulse

DB C 3 205 47 173 6 198 25 180 21 42 21 2

BF BP 1 2 141 74 164 4 141 75 176 -- -- 24 3

BF BP 2 3 142 71 174 4 140 47 176 -- -- 22 2

DF BP 4 149 81 162 -- -- 49 188 11 27 24 3

DFS B 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

* Catch cables engaged
--Strain gage malfunction; no data available

Excita-
tion

Pattern
Main Column 1 (kip-in) Main Column 2 (kip-in) Perim. Column 2 (kip-in)

Base
At Midheight 
Connection Top Base

At Midheight 
Connection Top Base

At Midheight 
Connection Top

Below Above Below Above Below Above

DF CP * 4 148 23 126 7 143 36 129 15 23 33 2

DFS C * 2 99 28 84 5 105 29 93 8 19 18 4

BF A A 3 164 25 150 4 133 34 157 61 121 14 1

BF A B 2 166 25 152 4 130 34 160 66 115 12 1

BF A C 2 164 27 152 4 132 30 156 70 114 13 2

BF A D 3 164 30 153 4 134 31 158 68 118 10 1

BF A E 3 168 28 154 5 139 33 159 69 119 15 3

BF BP H 2 134 57 150 3 123 27 158 53 101 17 18

1.2 sec 
cosine 
pulse

DB C 3 190 29 165 5 191 17 173 11 19 18 2

BF BP 31 152 74 170 5 136 47 178 13 18 17 2

DF BP 4 151 88 175 5 144 44 186 13 20 19 2

DFS B 2 130 76 159 10 140 42 167 11 19 17 2

BF CP 1* 21 137 41 130 4 123 32 124 42 24 43 4

BF CP 2 2 125 38 112 3 119 13 114 45 101 11 5

BF CP 3 3 115 31 104 4 105 17 100 15 85 12 2

BF CB 4 146 32 143 23- 160- 40 116 9 15 13 2

DF CP * 4 142 48 129 15 137 39 140 32 17 20 3

DFS C * 1 97 38 89 14 97 45 90 49 33 19 3

JNF01 
(Tabas)

DB C 3 179 34 160 7 193 22 151 -- -- 24 2

BF BB 2 174 49 161 26 171 51 162 34 31 23 2

BF CB 3 147 46 141 8 124 52 118 12 20 21 4

DF CB 3 148 43 144 25 173 -- 152 -- -- 20 2

DFS C 2 101 33 82 8 100 19 90 25 73 21 1

JSE17 
(Llol-
leo)

DB C 3 192 44 161 6 180 36 165 33 143 35 18

BF CB 3 141 67 131 6 126 53 139 59 103 37 34

SD C 3 202 56 177 -- -- 40 205 -- -- 39 28

Statistical values:

Maximum 31 205 88 177 26 198 75 205 70 143 43 34

Minimum 1.3 97 23 82 3 97 13 90 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
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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 sec cosine 
pulse

DB C 1.2 1.4 8.5 7.4 0.8 1.2

BF BP 1 1.1 1.6 6.1 5.9 1.0 1.7

BF BP 2 1.1 1.5 6.3 5.8 1.1 1.8

DF BP 1.0 1.5 6.4 5.5 1.0 1.8

DFS B 1.1 1.4 5.7 5.0 1.0 1.5

BF CP * 1.5 1.7 5.6 5.3 0.7 0.8

DF CP * 1.2 1.7 5.4 5.3 0.9 1.2

DFS C * 1.3 1.5 4.0 3.7 0.9 1.7

BF A A 0.7 0.6 6.0 5.0 0.4 0.5

BF A B 0.6 0.6 6.1 5.0 0.4 0.6

BF A C 0.7 0.7 6.1 5.2 0.4 0.6

BF A D 0.7 0.6 6.1 5.1 0.6 0.6

BF A E 0.7 0.6 6.3 5.1 0.4 0.7

BF BP H 0.7 0.7 5.7 5.1 0.4 0.6

1.2 sec cosine 
pulse

DB C 0.9 0.8 7.7 6.8 0.6 0.7

BF BP 1.2 1.2 5.9 5.4 0.8 1.0

DF BP 0.9 1.0 6.1 5.6 0.9 1.3

DFS B 1.0 1.0 5.8 5.4 1.1 1.6

BF CP 1 * 4.6 1.6 4.9 4.6 1.3 4.3

BF CP 2 0.5 0.4 4.6 4.4 0.4 0.4

BF CP 3 1.2 1.0 4.1 4.1 1.0 1.2

BF CB 1.2 1.2 5.6 5.1 0.8 1.0

DF CP * 3.2 1.3 5.0 4.8 1.3 2.8

DFS C * 2.4 1.5 5.6 4.5 2.9 2.8

JNF01 
(Tabas)

DB C 0.8 0.7 7.1 6.0 0.6 0.9

BF BB 0.9 0.8 6.3 5.6 0.6 0.7

BF CB 0.8 0.8 5.5 5.7 0.5 1.0

DF CB 0.8 1.0 6.1 5.5 0.6 1.1

DFS C 0.8 0.6 4.0 3.5 0.5 0.7
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Table D-13. — Continued

* Catch cables engaged 

Excitation Pattern PC1 PC2 MC1 MC2 PC3 PC4

(kips) (kips) (kips) (kips) (kips) (kips)

JSE17 
(Llolleo)

DB C 1.1 1.3 8.3 6.5 0.9 1.3

BF CB 1.7 1.3 5.5 5.2 1.2 1.2

SD C 1.0 1.3 8.9 6.8 0.8 1.3

Statistical values:

Maximum 4.6 1.7 8.9 7.4 2.9 4.3

Minimum 0.5 0.4 4.0 3.5 0.4 0.4

Mean 1.2 1.1 6.0 5.3 0.8 1.3

Median 1.0 1.1 6.0 5.3 0.8 1.1

Standard deviation 0.8 0.4 1.2 0.8 0.5 0.8



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 cosine pulse (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 others in 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 quantities is 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.
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E.1 COMPARISON SET 1— B PATTERNS, 1.2 SECOND COSINE PULSE

* Percent difference is less than or equal to error bounds

Table E-2. Percent differences in major response quantities, Set 1

* 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 difference is less than or equal to error bounds

Table E-1. Percent differences in in-plane displacements and interstory drifts, Set 1

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

BF BP DB C 42.5 59.6 62.1 909 907 60.3 64.7 831 904

DF BP DB C 32.3 42.3 44.0 542 537 42.3 45.9 481 532

DFS B DB C 37.2 60.2 63.4 573 583 61.9 66.9 536 594

BF BP DF BP 7.8 12.2 12.5 57.2 58.0 12.7 12.9 60.1 58.8

BF BP DFS B 3.9* 0.3* 0.8* 50.0 47.3 1.0* 1.4* 46.4 44.7

DF BP DFS B 3.7* 12.5 13.4 4.8* 7.2* 13.8 14.4 9.3* 9.8*

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF BP DB C 47.6 19.6 0.0* 32.2 34.7 37.6 44.5 182

DF BP DB C 63.0 2.1* 20.8 23.8* 30.7 28.2 35.0 216

DFS B DB C 70.4 37.7 4.2* 44.4 41.8 37.3 58.1 487

BF BP DF BP 10.4* 17.1 20.8 6.8* 3.1* 7.3* 7.0* 11.9*

BF BP DFS B 15.4 15.1 4.2* 9.3* 5.2* 0.3* 9.4* 107.9

DF BP DFS B 4.5* 34.8 16.0* 16.7* 8.5* 7.1* 17.1* 85.9

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF BP DB C 95.5 97.4 95.4 96.8 30.7 41.7 2.6* 1.7*

DF BP DB C 71.2 72.2 63.7 67.3 26.2 33.7 4.4* 5.1*

DFS B 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 19.4 17.6 3.6* 5.9* 1.7* 3.3*

BF BP DFS B 4.6* 0.5* 3.0* 3.7* 34.3 11.4 5.5* 6.6*

DF BP DFS B 19.4 15.2 23.0 22.0 39.2 18.0 7.3 10.2
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E.2 COMPARISON SET 2—C PATTERNS, 1.2 SECOND COSINE PULSE

* 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 difference is less than or equal to error bounds

** Catch cables engaged

Table E-4. Percent differences in in-plane displacements and interstory drifts, Set 2

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

BF CP** DB C 156 178 185 3990 3990 178 191 3668 3980

BF CB DB C 40.0 53.1 56.7 748 755 53.3 60.4 692 761

DF CP** DB C 53.2 47.7 47.9 42.7 42.5 46.7 47.7 43.1 42.2

DFS C** DB C 155 184 191 4100 4098 186 198 3770 4090

BF CP** BF CB 82.7 81.8 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** DFS C** 0.4* 2.0* 2.2* 2.7* 2.6* 2.9* 2.4* 2.8* 2.6*

DF CP** DFS C** 0.6* 0.7* 0.2* 0.8* 0.6* 1.4* 0.2* 0.6* 0.4*

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF CP** DB C 92.5 64.4 91.7 19.2* 47.6 14.3 371 n/a

BF CB DB C 77.9 13.8 50.0* 0.0* 29.3 37.2 65.9 301

DF CP** DB C 79.7 114 20.6* 44.6 30.8 76.1 96.2 n/a

DFS C** DB C 55.9 103 142 103 93.0 29.7 193 n/a

BF CP** BF CB 8.2* 44.5 27.8* 19.2* 14.1 20.1 184 n/a

BF CP** DF CP** 16.3 5.1* 12.2* 15.1* 12.9 17.8 41.1 n/a

BF CP** DFS C** 23.4 23.5 26.1* 69.9 30.8 48.2 60.9 n/a

DF CP** DFS C** 43.5 17.5 41.5* 47.7 47.7 25.8 127 n/a
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Table E-6. Percent differences in maximum values of connection response quantities, Set 2

* 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

* Percent difference is less than or equal to that between BF BP 1 and BF BP 2

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF CP** DB C 253 264 319 326 33.1 39.0 34.9 37.7

BF CB DB C 70.4 98.7 88.0 120 13.8 45.9 10.1 55.3

DF CP** DB C 53.7 50.0 52.8 56.7 31.5 45.1 20.5 27.0

DFS C** DB C 279 286 338 340 84.7 85.1 77.6 89.8

BF CP** BF CB 107 83.4 123 93.4 17.0 5.0* 22.5 12.8

BF CP** DF CP** 7.4* 3.1* 4.3* 2.1* 9.0* 9.5* 7.0* 5.6*

BF CP** DFS C** 7.5* 5.8* 4.5* 3.4* 38.8 33.2 31.7 37.8

DF CP** DFS C** 0.1* 2.6* 0.2* 1.3* 51.3 45.9 40.9 45.5

Percent differences 
between

Max Relative
Displacement

Residual Dis-
placement

Max Inter-
story Drift

Residual Inter-
story Drift

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

BF BP 1 BF BP 2 2.7 2.7 3.0 10.2 9.9 2.9 3.4 9.7 9.5

BF BP 1 DB C 15.1 16.6 17.7 81.8 80.6 17.3 18.9 80.3 79.5

BF BP 2 DB C 12.0 13.5 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 71.7

BF BP 1 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*

BF BP 1 DFS B 15.6 16.3 16.7 34.3 33.9 16.0 16.9 34.0 33.5

BF BP 2 DFS B 12.6 13.2 13.3 21.8 21.9 12.8 13.1 22.2 22.0

Average of above 2 14.1 14.7 15.0 28.0 27.9 14.4 15.0 28.1 27.7

DF BP DB C 12.1 15.7 16.9 75.7 74.9 16.4 18.1 74.5 74.1

DFS B DB C 0.5* 0.3* 0.8* 35.4 34.9 1.1* 1.7* 34.5 34.4
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* 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 difference is less than or equal to that between BF BP 1 and BF BP 2

Table E-8. Percent differences in major response quantities, Set 3

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF BP 1 BF BP 2 14.4 11.0 34.5 2.5 2.0 0.2 17.3 17.1

BF BP 1 DB C 2.3* 3.3* 0.0* 22.2 38.5 33.6 90.8 107

BF BP 2 DB C 11.9* 7.5* 34.5* 25.3 41.3 33.8 62.7 142

BF BP 1 DF BP 8.0* 5.1* 13.8* 1.2* 14.7 0.2* 11.7* 31.6

BF BP 2 DF BP 6.0* 5.6* 18.2** 3.8 16.9 0.1* 31.0 12.3*

BF BP 1 DFS B 9.9* 9.2* 32.1* 9.5 7.7 12.2 5.8* 49.6

BF BP 1 DFS B 4.2* 1.6* 1.8* 6.8 5.6 12.1 10.9* 27.7

DF BP DB C 5.6* 1.7* 13.8* 20.7 20.8 33.9 113 172

DFS B DB C 7.4* 5.8* 32.1* 33.8 49.1 50.0 80.4 209

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF BP 1 BF BP 2 10.4 7.5 9.1 3.8 1.1 2.0 4.7 1.9

BF BP 1 DB C 43.0 37.3 33.0 31.3 27.1 36.7 4.9 5.4

BF BP 2 DB C 29.5 27.7 22.0 26.5 25.8 34.0 0.2* 7.4

BF BP 1 DF BP 0.4* 0.5* 0.1* 5.9 0.6* 5.6 2.0* 6.3

BF BP 2 DF BP 10.0* 7.0* 8.9* 2.0* 0.5* 3.6 6.8 8.4

BF BP 1 DFS B 23.0 18.9 24.8 19.0 51.9 37.7 1.9* 10.7

BF BP 1 DFS B 11.4 10.6 14.5 14.7 53.6 40.4 6.7 8.6

DF BP DB C 42.4 36.7 32.8 24.0 26.4 29.4 7.1 0.9

DFS B DB C 16.2 15.5 6.6 10.3 93.2 88.1 7.0 16.6
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E.4 COMPARISON SET 4—C PATTERNS, 0.6 SECOND COSINE PULSE

* 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 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 difference is less than or equal to error bounds
** Catch cables engaged

Table E-10. Percent differences in in-plane displacements and interstory drifts, Set 4

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

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 55.4 223 221 54.4 57.3 220 220

DFS C** DB C 25.8 28.5 30.3 177 176 29.4 32.5 175 174

BF CP** DF CP** 2.0* 3.2* 3.6* 4.8* 4.7* 4.1* 4.0* 4.5* 4.7*

BF CP** DFS C** 24.1 16.1 15.1 11.0 11.2 14.6 14.2 11.4 11.4

DF CP** DFS C** 21.6 19.8 19.2 16.3 16.5 19.3 18.8 16.5 16.6

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF CP** DB C 11.4* 2.5* 12.1* 19.3* 32.9 36.8 821 n/a

DF CP** DB C 43.1 6.3* 37.0 28.6 15.7 35.2 980 n/a

DFS C** DB C 7.9* 14.3* 196 74 85.0 84.8 100 n/a

BF CP** DF CP** 59.4 8.9* 22.2* 7.8* 14.9 1.2* 17.3* n/a

BF CP** DFS C** 3.2* 17.1 164 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 differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF CP** DB C 76.5 72.9 94.7 97.6 27.6 43.8 45.0 43.2

DF CP** DB C 83.8 88.2 105.6 103.1 18.3 30.0 34.4 42.4

DFS C** DB C 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*

BF CP** DFS C** 14.9 12.7 15.4 13.6 39.9 30.1 39.2 34.4

DF CP** DFS C** 19.6 22.6 21.8 16.8 50.9 43.9 50.2 35.2
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E.5 COMPARISON SET 5A & B—JNF01 (TABAS-BASED) MOTION

* Percent difference is less than or equal to error bounds

Table E-14. Percent differences in major response quantities, Set 5

* Percent difference is less than or equal to error bounds

Table E-13. Percent differences in in-plane displacements and interstory drifts, Set 5

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

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 5.4 1.1* 1.6* 37.3 34.9 2.2* 2.1* 25.3 32.6

DFS C DB C 16.1 13.6 12.4 194 186 13.5 11.1 202 177

BF CB DF CB 7.5 1.2* 2.1* 73.0 76.2 3.0* 3.1* 90.6 79.4

BF CB DFS C 18.4 13.5 11.8 598 579 12.5 10.0 622 559

DF CB DFS C 10.2 14.9 14.2 304 285 15.9 13.5 279 268

BF BB DB C 0.6* 4.0* 3.5* 13.5 12.0 4.7* 3.0* 7.3* 10.6

BF CB BF BB 1.4* 4.1* 4.0* 109 112 5.5 4.0* 123 115

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF CB DB C 14.5 0.5* 22.7* 3.7* 35.0 31.4 28.4 175

DF CB DB C 22.2 18.5 18.5* 14.5* 27.2 21.5 28.4 246

DFS C DB C 9.3 8.3 55.6* 15.7* 243 70.8 81.8 769

BF CB DF CB 6.7 17.9 42.1* 33.9 6.1* 8.2* 0.0* 25.7

BF CB DFS C 25.2 8.9 45.5* 18.8* 154 30.0 41.6 216

DF CB DFS C 33.5 28.3 31.3* 1.1* 170 40.6 41.6 151

BF BB DB C 4.7* 5.8 68.4* 53.2 14.5 12.3 12.1* 79.5

BF CB BF BB 9.4 5.2 121 54.8 17.9 17.0 14.6* 53.3
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Table E-15. Percent differences in maximum values of connection response quantities, Set 5

* Percent difference is less than or equal to error bounds

E.6 COMPARISON SET 6—JSE17 (LLOLLEO-BASED) MOTION

* Percent difference is less than or equal to error bounds

Table E-17. Percent differences in major response quantities, Set 6

* Percent difference is less than or equal to error bounds

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF CB DB C 28.2 49.7 9.0* 29.9 3.4* 34.9 7.7* 21.3

DF CB DB C 10.9 45.1 13.4 40.3 9.6* 19.6 2.6* 12.5

DFS C DB C 0.9* 23.2 39.8 16.9 66.1 92.0 82.0 65.2

BF CB DF CB 15.5 3.2* 4.0* 8.0* 13.4 12.8 5.0* 7.8*

BF CB DFS C 29.3 21.5 28.3 11.1 71.8 42.4 69.0 36.2

DF CB DFS C 12.0 17.7 23.3 20.0 51.5 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 15.3 3.9* 2.6* 30.1 5.5* 0.0* 14.8 29.8

Table E-16. Percent differences in in-plane displacements and interstory drifts, Set 6

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

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 28.4 107 104 27.7 31.0 106 100

SD C DB C 6.7 5.7 5.9 35.0 33.3 6.1 6.1 34.1 31.6

BF CB SD C 13.0 19.2 21.2 53.5 52.7 20.3 23.4 53.7 52.0

Percent differ-
ences between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF CB DB C 2.9* 13.9* 18.2* 25.8 27.2 48.7 53.6 27.6

SD C DB C 1.0* 1.9* 0.0* 7.4* 8.0* 8.4* 1.3* 25.8

BF CB SD C 4.0* 11.9* 18.2* 35.1 37.4 61.2 55.7 60.5
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Table E-18. Percent differences in maximum values of connection response quantities, Set 6

* Percent difference is less than or equal to error bounds

E.7 COMPARISON SET 7—DB C PATTERN, ALL EXCITATIONS

* Percent difference is less than or equal to error bounds

Table E-20. Percent differences in major response quantities, Set 7

* Percent difference is less than or equal to error bounds

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF CB DB C 70.5 41.1 86.5 50.0 25.3 18.0 28.9 10.8

SD C DB C 10.4 4.1* 11.4 6.7* 2.8* 10.1 4.2* 25.2

BF CB SD C 54.4 35.5 67.4 60.0 21.8 29.9 34.3 38.7

Table E-19. Percent differences in in-plane displacements and interstory drifts, Set 7

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

0.6 s pulse 1.2 s pul. 14.8 30.7 32.5 833 836 31.5 34.4 767 839

0.6 s pulse JNF01 66.2 74.8 74.7 313 306 75.9 74.5 331 300

0.6 s pulse JSE17 35.2 35.3 33.8 93.4 89.4 34.5 32.3 92.6 85.5

1.2 s pulse JNF01 44.7 33.7 31.8 126 130 33.7 29.8 101 135

1.2 s pulse JSE17 17.7 3.5* 1.0* 383 394 2.2* 1.6* 350 406

JNF01 JSE17 22.9 29.2 30.5 113 115 30.8 31.9 124 116

Percent differences 
between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

0.6 s pulse 1.2 s pulse 152 141 208 26.9 0.6* 6.7* 15* 32.2

0.6 s pulse JNF01 53.3 35.1 174 19.3* 4.1* 13.8 12.5* 15.2*

0.6 s pulse JSE17 83.6 65.1 124 23.2 10.5 6.9* 6.9* 68.1

1.2 s pulse JNF01 64.5 78.7 12.5* 6.4* 4.8* 6.7* 2.4* 14.8*

1.2 s pulse JSE17 363 298 37.5* 56.4 11.2 0.2* 23.1 122

JNF01 JSE17 181 123 22.2* 47.0 6.1* 6.5* 20.2 93.5
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Table E-21. Percent differences in maximum values of connection response quantities, Set 7

* 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

* Percent difference is less than or equal to error bounds

Table E-23. Percent differences in major response quantities, Set 8

* 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 difference is less than or equal to error bounds

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

0.6 s pulse 1.2 s pulse 41.3 41.6 46.7 45.7 4.0* 4.1* 5.6* 7.3*

0.6 s pulse JNF01 84.4 121 145 109 14.0 2.4* 10.8 21.2

0.6 s pulse JSE17 48.6 40.2 49.3 41.5 2.6* 9.2* 1.1* 11.3

1.2 s pulse JNF01 30.5 56.2 66.9 43.5 9.6* 1.6* 4.9* 12.9

1.2 s pulse JSE17 5.2 1.0 1.8 2.9 6.6* 4.9* 4.4* 3.8*

JNF01 JSE17 24.1 57.8 63.9 47.7 16.9 6.6* 9.5* 8.8*

Table E-22. Percent differences in in-plane displacements and interstory drifts, Set 8

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

1.2 s pulse JNF01 98.7 105 108 791 782 107 110 841 773

Percent differences 
between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

1.2 s pulse JNF01 5.9* 57.8 12.5* 21.8* 9.3* 2.2* 26.2 26.9

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

1.2 s pulse JNF01 185 107 188 143 7.4* 9.9* 2.6* 13.4
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E.9 COMPARISON SET 9—COMPARABLE B & C PATTERNS, 0.6 & 1.2 SECOND 
COSINE PULSES

* 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

* Percent difference is less than or equal to error bounds

** Catch cables engaged

Table E-25. Percent differences in in-plane displacements and interstory drifts, Set 9

% difference 
between pulses 

for pattern

Max Relative
Displacement (in)

Residual 
Displacement (in)

Max Interstory 
Drift (%)

Residual Interstory 
Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

DB C 14.8 30.7 32.5 833 836 31.5 34.4 767 839

BF BP 1 7.8 4.8* 3.9* 68.1 68.0 4.0* 3.1* 67.9 67.9

BF BP 2 10.8 7.6 7.1 52.5 52.9 7.0 6.6 53.0 53.4

DF BP 2.8* 6.2 7.5 155 157 7.6 8.8 160 159

DFS B 20.1 22.2 22.3 87.8 84.9 21.8 22.2 83.4 81.9

BF CP** 42.7 42.7 43.1 42.5 42.5 42.4 43.3 41.9 42.4

DF CP** 45.9 40.2 40.9 38.4 38.7 38.9 41.3 38.7 39.0

DFS C** 76.4 69.1 68.4 62.4 62.6 67.9 67.5 62.5 62.8

% difference between 
pulses for pattern

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

DB C 152 141 208 26.9 0.6* 6.7* 15.2* 31.1

BF BP 1 74.7 108 208 37.3 3.4* 10.0* 52.1 4.3*

BF BP 2 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* 81.8 12.8*

DFS B 37.7 65.7 124 37.0 5.8* 2.3* 31.4 45.0

BF CP** 17.7 50.5 43.5 12.0* 10.4 12.2 125 n/a

DF CP** 61.3 31.4 31.7* 39.0 12.3 30.7 87.2 n/a

DFS C** 49.9 4.1* 132 177 3.7* 124.6 100.0 n/a
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Table E-27. Percent differences in maximum values of connection response quantities, Set 9

* 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

* Percent difference is less than or equal to error bounds

** Catch cables engaged—values compromised

% difference 
between pulses for 

pattern

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

DB C 41.3 41.6 46.7 45.7 4.0* 4.1* 5.6* 7.3*

BF BP 1 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 12.4 19.0 8.0* 3.8* 7.6* 5.8* 3.1*

DFS B 24.5 21.4 28.9 27.0 5.8* 14.6 1.5* 3.7*

BF CP** 41.4 48.8 46.8 47.8 8.5* 0.6* 1.8* 3.1*

DF CP** 45.9 41.0 45.0 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*

Table E-28. Percent differences in in-plane displacements and interstory drifts, Set 10

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

BF A A BF BP H 13.7 10.1 10.5 168 169 9.9 11.0 152 171

BF BP H BF BP 1 127 136 141 976 968 138 146 962 960

BF BP H BF BP 2 121 130 134 876 872 131 138 868 868

BF BP H DF BP 121 134 139 940 934 136 144 928 928

BF BP 1 BF CP** 35.7 28.0 27.4 69.3 69.7 26.5 27.2 69.9 70.2

BF BP 2 BF CP** 39.4 31.4 31.3 86.6 86.5 30.2 31.5 86.4 86.3

BF BP 1 DF CP** 33.0 32.0 32.0 77.5 77.8 31.6 32.3 77.6 78.1

BF BP 2 DF CP** 36.6 35.6 36.0 95.6 95.3 35.5 36.8 94.9 95.0

DF BP DF CP** 36.5 33.1 32.9 83.6 83.6 32.6 33.2 83.5 83.6
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Table E-29. Percent differences in major response quantities, Set 10

* 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 difference is less than or equal to error bounds

** Catch cables engaged

Percent differences 
between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF A A BF BP H 5.6* 4.9* 60.0* 2.8* 17.0 9.3* 3.5* 32.8

BF BP H BF BP 1 120 94.0 393 14.1* 9.9* 8.7* 109 50.5

BF BP H BF BP 2 92.0 74.9 267 11.3* 7.7* 8.5* 77.9 76.3

BF BP H DF BP 104 84.7 333 15.5* 26.0 8.4* 133 98.1

BF BP 1 BF CP** 13.9* 0.7* 12.1* 2.5* 4.2* 2.4* 383 n/a

BF BP 2 BF CP** 0.5* 10.1* 20.0* 5.1* 6.3* 2.3* 466 n/a

BF BP 1 DF CP** 39.9 9.7* 37.0 5.2* 19.7 1.2* 466 n/a

BF BP 2 DF CP** 60.1 1.1* 1.9* 2.6* 22.1 1.1* 564 n/a

DF BP DF CP** 51.1 4.4* 20.4* 6.5* 4.4* 1.0* 407 n/a

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF A A BF BP H 82.7 6.3* 23.6 24.3 24.7 16.9 9.5* 1.0*

BF BP H BF BP 1 183 203 281 277 9.2* 17.1 10.2 11.2

BF BP H BF BP 2 156 181 249 263 10.3 19.3 15.4 9.1*

BF BP H DF BP 182 201 280 256 9.8* 23.6 8.0* 18.2

BF BP 1 BF CP** 23.5 25.9 46.4 50.5 0.4* 5.2* 38.2 35.9

BF BP 2 BF CP** 36.3 35.4 59.7 56.2 1.4* 7.3* 44.7 33.4

BF BP 1 DF CP** 28.6 37.0 54.6 54.7 7.5* 5.1* 28.1 35.2

BF BP 2 DF CP** 42.0 47.3 68.6 60.6 6.3* 3.1* 34.1 32.7

DF BP DF CP** 29.1 37.7 54.8 63.8 6.9* 0.5* 25.5 43.8
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E.11 COMPARISON SET 11—FRACTURE PATTERNS, 1.2 SECOND COSINE PULSE

* 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 difference is less than or equal to error bounds

** Catch cables engaged

Table E-31. Percent differences in in-plane displacements and interstory drifts, Set 11

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Inter-
story Drift (%)

Residual Inter-
story Drift (%)

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 12.5 57.2 58.0 12.7 12.9 60.1 58.8

BF BP BF CP 1** 79.5 74.3 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 DF CP** 79.9 76.7 79.0 313 314 75.9 81.4 314 316

DF BP BF CP 1** 93.5 95.5 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 DF CP** 93.8 98.2 101 549 555 98.2 105 562 560

BF CP 1** BF CP 2 464 555 579 9626 9867 565 605 9999 10127

BF CP 1** BF CP 3 52.9 45.7 45.1 40.2 39.7 44.4 44.0 40.0 39.1

BF CP 2 BF CP 3 269 350 368 6838 7036 360 390 7111 7251

Percent differences 
between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

BF BP DF BP 10.4* 17.1 20.8* 6.8* 3.1* 7.3* 7.0* 11.9*

BF BP BF CP 1** 30.4 37.5 91.7 57.6 9.5* 20.5 226 n/a

BF BP BF CB 20.5 5.1* 50.0* 32.2* 4.2* 0.3* 14.8* 42.0

BF BP DF CP** 51.6 44.5 70.8* 81.4 3.1* 42.0 360 n/a

DF BP BF CP 1** 18.1 61.0 58.6* 47.6 12.9 12.2 249 n/a

DF BP BF CB 9.2* 11.4* 24.1* 23.8* 1.0* 7.0* 22.9 26.9

DF BP DF CP** 37.3 69.2 41.1* 69.8 0.0* 32.3 392 n/a

BF CP 1** BF CP 2 55.7 108 84.0 72.2 4.6* 30.6 300 n/a

BF CP 1** BF CP 3 54.5 103 35.3* 25.7* 15.9 49.4 39.0 n/a

BF CP 2 BF CP 3 0.8* 2.1* 36.0* 37.0* 10.7 14.5 188 128
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Table E-33. Percent differences in maximum values of connection response quantities, Set 
11

* 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. 

* Percent difference is less than or equal to error bounds

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

BF BP DF BP 14.2 14.7 19.4 17.6 3.6* 5.9* 1.7* 3.3*

BF BP BF CP 1** 80.5 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

DF BP BF CP 1** 106 112 156 154 5.5* 3.9* 40.7 44.7

DF BP BF CB 0.5* 15.4 14.9 31.5 10.9 9.1* 14.9 63.2

DF BP DF CP** 121 118 167 160 3.3* 5.4* 31.5 37.0

BF CP 1** BF CP 2 832 813 1561 1296 4.1* 8.5* 3.9* 8.3*

BF CP 1** BF CP 3 43.1 45.4 46.5 53.4 20.7 32.5 12.6 20.3

BF CP 2 BF CP 3 551 528 1034 810 16.0 22.0 8.4* 11.1

Table E-34. Percent differences in in-plane displacements and interstory drifts, Set 12

Percent differences 
between

Max Relative
Displacement (in)

Residual Dis-
placement (in)

Max Interstory 
Drift (%)

Residual Inter-
story Drift (%)

Base Story 1 Story 2 Story 1 Story 2 Story 1 Story 2 Story 1 Story 2

Max/ min BF A A-D 5.6 1.5* 1.7* 66.6 82.1 1.6* 2.1* 120 101

BF A A BF A E 1.1* 1.3* 1.7* 28.8 21.4 1.9* 2.2* 13.1 14.7

BF A B BF A E 0.2* 0.8* 0.7* 15.7 10.7 1.0* 0.6* 5.9* 6.2*

BF A C BF A E 4.4* 1.0* 1.8* 29.4 50.0 2.5* 2.4* 94.8 75.5

BF A D BF A E 3.1* 0.1* 0.1* 19.3 11.7 0.9* 0.3* 30.2 5.6*

Max/ min BF A A-E 5.6 1.5* 1.8* 66.6 82.1 2.5* 2.4* 120 101

BF BP BF A A 13.7 10.1 10.5 168 169 9.9 11.0 152 171

BF BP BF A B 12.2 9.5 9.4 198 195 9.0 9.3 202 192

BF BP BF A C 7.7 9.7 10.6 346 390 10.5 11.2 456 445

BF BP BF A D 9.1 8.5 8.7 311 265 8.8 9.0 272 228

BF BP BF A E 12.5 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
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Table E-35. Percent differences in major response quantities, Set 12

* 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 difference is less than or equal to error bounds

Percent differences 
between

Max Relative Accel Max Absolute Accel Max 
Vb

Max 
OTM

λVb λT 1
Story 1 Story 2 Story 1 Story 2

Max/ min BF A A-D 12.2* 12.7* 68.8* 1.4* 6.2* 2.4* 4.6* 28.3

BF A A BF A E 17.0 1.8* 33.3* 4.1* 3.4* 2.8* 4.0* 27.8

BF A B BF A E 13.6* 0.2* 50.0* 4.1* 2.7* 2.7* 0.6* 36.1

BF A C BF A E 5.6* 7.1* 5.9* 2.7* 2.8* 0.9* 1.5* 61.1

BF A D BF A E 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

BF BP BF A A 5.6* 4.9* 60.0* 2.8* 17.0 9.3* 3.5* 32.8

BF BP BF A B 2.6* 6.5* 80.0* 2.8* 10.1 9.4* 8.3* 24.6

BF BP BF A C 4.8* 14.3* 13.3* 4.2* 16.3 11.4 6.1* 5.3*

BF BP BF A D 6.3* 1.5* 6.7* 4.2* 16.9 8.8* 5.2* 3.5*

BF BP BF A E 10.7* 6.8* 20.0* 7.0* 13.1 12.4 7.7* 69.7

Avg. of above 5 diffs 4.8* 6.8* 40.0* 3.5* 15.1 9.7* 5.8* 16.6

Percent differences 
between

Maximum θconn Maximum Mconn

C1 C2 C3 C4 C1 C2 C3 C4

Max/ min BF A A-D 7.4* 6.3* 3.8* 5.9* 2.5* 4.5* 5.2* 2.2*

BF A A BF A E 4.0* 4.5* 3.0* 4.0* 0.2* 1.4* 1.7* 0.7*

BF A B BF A E 3.2* 2.1* 4.5* 3.6* 1.0* 5.1* 0.9* 0.7*

BF A C BF A E 0.4* 8.5* 6.8* 2.6* 1.3* 4.2* 6.1* 3.0*

BF A D BF A E 3.2* 7.2* 4.2* 1.9* 1.5* 0.6* 1.0* 1.4*

Max/ min BF A A-E 7.4* 8.5* 6.8* 5.9* 2.5* 5.1* 6.1* 3.0*

BF BP BF A A 82.7 6.3* 23.6 24.3 24.7 16.9 9.5* 1.0*

BF BP BF A B 81.4 8.8* 25.4 23.9 25.7 12.8 10.4 1.1*

BF BP BF A C 75.0 2.4* 28.3 22.7 22.8 13.8 5.0* 1.2*

BF BP BF A D 70.2 3.6* 25.1 17.4 22.6 17.9 10.3 0.4*

BF BP BF A E 75.7 11.1 20.0 19.6 24.4 18.6 11.4 1.8*

Avg. of above 5 diffs 77.3 5.3* 25.6 22.1 23.9 15.4 8.8* 0.9*
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