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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a
national center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National
Science Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this end,
the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal
Emergency Management Agency (FEMA), other state governments, academic institu-
tions, foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and
retrofit methodologies and strategies for new and existing bridges and other highway
structures, and for assessing the seismic performance of highway systems.  The FHWA
has sponsored three major contracts with MCEER under the Highway Project, two of
which were initiated in 1992 and the third in 1998.

Of the two 1992 studies, one performed a series of tasks intended to improve seismic
design practices for new highway bridges, tunnels, and retaining structures (MCEER
Project 112).  The other study focused on methodologies and approaches for assessing
and improving the seismic performance of existing “typical” highway bridges and other
highway system components including tunnels, retaining structures, slopes, culverts,
and pavements (MCEER Project 106).  These studies were conducted to:

• assess the seismic vulnerability of highway systems, structures, and components;
• develop concepts for retrofitting vulnerable highway structures and components;
• develop improved design and analysis methodologies for bridges, tunnels, and

retaining structures, which include consideration of soil-structure interaction mecha-
nisms and their influence on structural response; and

• develop, update, and recommend improved seismic design and performance criteria
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective of
performing studies to improve the seismic performance of bridge types not covered
under Projects 106 or 112, and to provide extensions to system performance assessments
for highway systems.  Specific subjects covered under Project 094 include:

• development of formal loss estimation technologies and methodologies for highway
systems;

• analysis, design, detailing, and retrofitting technologies for special bridges, includ-
ing those with flexible superstructures (e.g., trusses), those supported by steel tower
substructures, and cable-supported bridges (e.g., suspension and cable-stayed bridges);

• seismic response modification device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

• soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range
from non-destructive assessment of retrofitted bridge components to supporting studies
intended to assist in educating the bridge engineering profession on the implementation
of new seismic design and retrofitting strategies.

The research discussed in this report was performed within Project 094, Task 094-C-3.2, “Seismic
Performance of Steel Superstructures.” The objective of this research is to provide better knowledge
on the seismic behavior of laced members, which can be broadly applicable to many steel truss bridges
that share similar structural characteristics and details.  Commonly encountered built-up brace
details and configurations were collected from actual bridges that have laced members. Using this
information, an experimental program was designed and conducted to investigate the hysteretic
behavior of typical built-up compression members. Strength capacity of the specimens, obtained
from the testing, was correlated with the predicted strength in the AISC LRFD Specifications.
Assessments of hysteretic properties such as ductility capacity, energy dissipation capacity, and
strength degradation after buckling of the specimen were performed. Nonlinear pushover analyses
were also conducted and correlated with test results. The low cycle fatigue life of the specimens was
quantified and compared with that predicted from models by other researchers. The observed cyclic
inelastic behavior of the specimens showed that these latticed members can exhibit variable seismic
performance and could often fail to meet the displacement demands for typical braced frames in
seismic regions.
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ABSTRACT 

 

 

Built-up bracing members have been built as structural members in trusses throughout the United 

States.  These members have typically been designed to resist wind forces, but not earthquakes.  

Seismic evaluation of steel built-up members is difficult due to the lack of knowledge on the 

cyclic inelastic behavior of these members.  Although some testing of laced members has been 

conducted by other researchers, results to date have mostly been project specific; consequently, it 

is difficult to draw general conclusions from those studies.  The objective of this research is 

therefore to provide additional knowledge on the seismic behavior of laced members, supported 

by experimental results, and that can be broadly applicable to many structures that share similar 

structural characteristics and details. 

 

In this study, to understand how laced built-up bracing members were originally designed, 

design provisions and steel design textbooks published at the time when laced bracing were 

commonly being built, are also reviewed, along with recent research work conducted for built-up 

bracing members.  From the survey of some of the most commonly used shapes and details that 

have been historically used for built-up members, a range of parameters typically encountered 

for built-up bracing members, including typical built-up member configurations and lacing 

geometry, typical b/t and KL/r ratios for the built-up members and their lacings, connection 

details, and other lacing characteristics, are extracted.  Based on this information, a limited 

experimental program is designed and conducted to investigate the hysteretic behavior of typical 

built-up compression members, including design and quasi-static testing of the specimens. 

 

Strength capacity of the built-up bracing specimens obtained from the testing is correlated with 

the strength predicted by the AISC LRFD Specification (1999).  Assessments of hysteretic 

properties such as ductility capacity, energy dissipation capacity, and strength degradation after 

buckling of the specimen are performed.  Non-linear pushover analyses are also conducted and 

correlated with test results.  The low cycle fatigue life of the built-up bracing members is 

quantified and compared with that from the proposed models by other researchers. 
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From the experimental data obtained from the testing of twelve laced built-up bracing members, 

and analyses of these results, the experimentally obtained tensile strengths of  built-up bracing 

members is found to be relatively well predicted using equations from the AISC LRFD 

Specification.  When calculating the compressive strength of the built-up bracing members using 

the AISC LRFD Specification, the theoretical effective length factor, K, of 0.65 was found to 

more accurately match the experimental results for X-braced configuration.  In single brace 

configuration, the theoretical length factor, K, of 1.0 resulted in slightly under-estimating the 

compressive strength for the members.   

 

Although the laced built-up bracing members with a smaller slenderness ratio dissipated 

substantial energy dissipation and experienced many inelastic cycles, these members failed to 

reach the target ductility of 3.0 before starting to fracture. Built-up bracing members with a 

larger slenderness ratio had sufficient ductility to meet the ductility demand of 3.0 in most cases, 

although their normalized cumulative energy dissipation and fracture life capacities were much 

less than those with a smaller slenderness ratio.  Built-up laced bracing members with a larger 

slenderness ratio were shown to have less ductility capacity than monolithic bracing members, 

while those with a smaller slenderness ratio showed ductility capacity comparable to monolithic 

bracing members.  On average, the tested built-up bracing members with section shape “B” 

dissipated less normalized cumulative energy than monolithic bracing members, however those 

with section shape “A” dissipated slightly more normalized cumulative energy. 
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SECTION 1 
 

INTRODUCTION 
 

1.1 Statement of the Problem and Objectives 

 

A large number of steel truss bridges have been built through out the United States, many in 

zones of moderate to large seismicity.  These bridges have typically been designed to resist wind 

forces, but not earthquakes.  Structural analysis of such bridges typically reveal that many key 

structural members along the load path followed by the seismically-induced forces may buckle, 

yield, or suffer brittle fracture.  Built-up bracing members have been used as structural members 

in those bridges.  These members are formed by combining rolled plate, channel, angle sections 

to fabricate shapes with open webs or sides.  For example, channels are typically connected by 

bars and plates to create laced box sections to resist substantial compression forces.  Tie plates 

(also called stay plates) are usually placed at the end of the laced member and at the intermediate 

lacing interruptions producing a non-uniform cross section along the span of the member.   

 

Seismic evaluation of steel truss bridges is difficult due to the lack of knowledge on the cyclic 

inelastic behavior of built-up members of the type typically found in these bridges, and on the 

riveted connections of these members.  Although some testing of bridge-specific laced members 

has been conducted by other researchers, results to date have mostly been project specific; 

consequently, it is difficult to draw general conclusions from those studies.  The objective of this 

research is therefore to provide better knowledge on the seismic behavior of laced members, 

supported by experimental results, and that can be broadly applicable to many steel truss bridges 

that share similar structural characteristics and details. 

 

1.2 Scope of Work 

 

Commonly encountered built-up brace details and configurations, and foundation anchorage 

details have been collected from actual bridges through a few selected consulting firms 

experienced in the rehabilitation of existing bridges.  A particular attention was paid to identify 
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those details that are germane to bridges in the Eastern United States, but given the fact that most 

bridges were conceived in absence of earthquake-resistant design knowledge, similar details are 

commonly encountered nationwide. 

 

Using the above information, a limited experimental program was designed and conducted to 

investigate the hysteretic behavior of typical built-up compression members, including design 

and quasi-static testing of the specimens. 

 

Strength capacity of the specimens obtained from the testing is correlated with the predicted 

strength from the AISC LRFD Specification (1999).  Assessments of hysteretic properties such 

as ductility capacity, energy dissipation capacity, and strength degradation after buckling of the 

specimen are performed.  Non-linear pushover analyses are also conducted and correlated with 

test results.  

 

Finally, the low cycle fatigue life of the specimens is quantified and compared with that from the 

proposed models by other researchers. 

 

1.3 Outline of Report 

 

Following this introductory section, SECTION 2 describes the literature review of laced brace 

members.  Design provisions in the literature, particularly in steel design textbooks published at 

the turn of the century are described along with recent research work conducted for the major 

crossings in California.  Drawings obtained for a few existing bridges having truss substructures 

(bents, towers, etc.) with laced members are also reviewed to investigate those commonly used 

shapes and details that have been historically used for built-up members. 

 

SECTION 3 presents the design of built-up laced bracing members considered as part of the 

experimental program conducted here, using design parameters from the literature review.  

Details on test set-up are given along and results from coupon testing of materials used for the 

test specimens.  The instrumentation layout is also described. 
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In SECTION 4, loading protocol used for quasi-static testing is discussed, followed by 

descriptions of observations (including some photos) made during the testing of each specimen. 

 

SECTION 5 discusses the hysteretic behavior from the test results, including tensile and 

compressive strength comparison and normalized hysteretic curves of the specimens.  Results 

from the non-linear analyses of specimens are also discussed. 

 

SECTION 6 discusses results of the testing in a quantitative manner including energy dissipation 

in compression and strength degradation of compressive members.  The low cycle fatigue life of 

test specimens is also discussed. 

 

Summary and conclusions of this study are presented in SECTION 7 and recommendations for 

future research are also given. 

 

Finally, references are in SECTION 8. 
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SECTION 2 
 

LITERATURE REVIEW 
 

This research focuses on the study of built-up bracing members subjected to cyclic loading.  In 

this section, some design provisions for built-up laced members are reviewed, particularly those 

found in archaic steel design textbooks published at the turn of the century (Ketchum, 1920 and 

Kunz, 1915), along with recent research work conducted for the major crossings in California 

(Uang and Kleiser, 1997, Itani et al., 1998, and Dietrich and Itani, 1999).  Commonly 

encountered built-up brace details and configurations are collected from actual bridges drawings 

obtained from a few selected consulting firms and departments of transportation experienced in 

the rehabilitation of existing bridges. 

 

2.1 Review of Archaic Design Procedures for Laced Brace Members 

 

To understand how laced built-up bracing members were originally designed, design provisions 

and steel design textbooks published at the time when laced bracing were commonly being built, 

were reviewed. 

 

2.1.1 Section Shapes of a Laced Compressive Members 

 

Typically, laced built-up compression members were built from angles and channels connected 

with bars and plates by rivets to form I shapes and box shapes as shown in Figure 2.1.  Note that 

dotted lines represent lacings in Figure 2.1.  These laced built-up members have been used to 

resist compression and tension forces.  To satisfy the requirements of codes and specifications, 

and increased global buckling strength could be achieved by changing the distance between the 

assembled parts, that is by changing cross sectional properties such as moment of inertia, I and 

radius of gyration, r.  Tie plates (also called stay plates) were usually placed at the end of the 

laced compression member and at the intermediate lacing interruptions (where braces crossed) 

producing a non-uniform cross section along the span of the member as shown in Figure 2.2 

(Caltrans, 1995).   
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Figure 2.1 Cross sections for (a – d) non-symmetric built-up latticed compression members; (e – 

h) symmetric built-up latticed compression members (Ketchum, 1920) – symmetric cases 

considered in this study 

Figure 2.2 Latticed compression members (Caltrans, 1995) 
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2.1.2 Design of Lacing Bars 

 

In a laced built-up compression members, lacing bars were used to join the parts of the member 

together, and make it act as a solid member to resist the shear due to bending and diagonal shear 

in the member.  The length of lacing bars were commonly designed with a thickness of not less 

than 1/40 the distance between end rivets for single lacing, or 1/60 of the distance between rivets 

for double lacing riveted in the middle (Ketchum, 1920). 

 

For single lacing,  

40
lt ≥       (2.1 a) 

 

For double lacing,  

60
lt ≥       (2.1 b) 

 

These limitations translate into slenderness limits for lacing bars.  Assuming plate lacing 

members of rectangular cross section, with width of B , thickness of t , and length of l  as shown 

in Figure 2.3.  Considering, 
12

3BtI =  and BtA = , then 12rt = , and Eq. 2.1 can be rewritten as: 

 

For single lacing, 

6.138≤
r
l       (2.2 a) 

 

For double lacing, 

8.207≤
r
l       (2.2 b) 

 

It was also typically required that the spacing between laces be such that the sum of the strength 

of the individual constituting elements of the built-up cross-section between laces be stronger 

than the member as a whole to prevent localized buckling of an angle, plate, or channel prior to 
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attaining the design compression strength of the built-up member.  Specifications also required 

that lacing bars be at an angle with the axis of the member of 45 or 60 degrees for double and 

single lacings, respectively. 

 

The design of lacing bars on compression members was largely a matter of judgment and any 

theory advanced can be only an approximation.  A guide in designing lacing bar of heavy 

compression member was introduced in structural design text by Kunz (1915) and Ketchum 

(1920).  They suggested the following, considering that any compression strength formula can be 

cast into the form of: 

 

⎟
⎠
⎞

⎜
⎝
⎛−=

r
Lfssb          (2.3) 

 

where, bs  is an allowable buckling stress, s  is an allowable axial stress, and ⎟
⎠
⎞

⎜
⎝
⎛

r
Lf  denotes a 

certain function of ⎟
⎠
⎞

⎜
⎝
⎛

r
L  and may be regarded as the bending stress produced by the axial load P  

in the deflected column as shown in Figure 2.4 and can be presented as: 

 

S
P

I
My

r
Lf δ==⎟
⎠
⎞

⎜
⎝
⎛         (2.4) 

 

where, S  is section modulus, yIS /=  

 

The shear force, V  produced along the deflected compression member can be obtained by 

resolving the axial force, P  into components parallel to the elastic deflected shape and normal to 

P .  Assuming the elastic deflected shape to be a parabola, V  can be obtained as: 

 

δδ P
LL

PV 4
2/

2 ==         (2.5) 
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Figure 2.3 Plate lacing bar 

 

 

Figure 2.4 Axial and shear forces in compression member 
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Substituting Eq. 2.4 into Eq. 2.5: 

 

⎟
⎠
⎞

⎜
⎝
⎛=

r
LfS

L
V 4          (2.7) 

 

In old design requirements, for a concentrically loaded compressive member, the allowable 

buckling stress was often represented by a straight line reduction from an allowable compression 

stress as a function of member slenderness, such as per the formula (Ketchum, 1920): 

 

⎟
⎠
⎞

⎜
⎝
⎛−=

r
Lsb 7016000         (2.8) 

 

Since, ⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

r
L

r
Lf 70 bs  in Eq 2.8, Eq 2.7 can be rewritten as: 

 

r
SV 280=          (2.9) 

 

In addition, Kunz (1915) advised to limit the allowable compressive stress in flat lacing bar to no 

more than 
r
L4010000 −  or to use lacing angles or channels based on the results of research by 

others at the time.   

 

2.2 Survey of Recent Experimental Studies 

 

The cyclic behavior of built-up laced member subjected to repeated axial loads was apparently 

first studied by Caltrans (1995).  In this research program, the capacity of laced compression 

members (and their connections) used in the San Francisco-Oakland bay bridge was evaluated.  

In the following, parts of the Caltrans’ research program relevant to the hysteretic behavior of 

laced members are reviewed.   
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2.2.1 Uang and Kleiser (1997) 

 

Uang and Kleiser (1997) tested three one-half scale laced built-up compression members 

subjected to axial load eccentricities of 0, 5, and 15 inches to determine their cyclic behavior and 

ultimate strength.  The objectives were to develop an axial force–moment (P-M) interaction 

relationship for these members and investigate post-buckling behavior such as strength 

degradation and ductility capacity under cyclic loading conditions, as well as net section fracture.  

Shearing effect produced by lacing was also studied.   

 

The test results showed that compressive capacity of the laced specimens could be predicted 

reliably taking into account shearing effects of lacing and effective length factors.  The three 

specimens were able to reach and exceed the axial force–moment interaction surface predicted 

the by AISC LRFD Specification.  However, because average over-strength was less than 

otherwise obtained for usual beam-columns (e.g. W-shapes), reduced Φ factors were suggested 

to use with the AISC LRFD axial force–moment interaction formulae for the seismic retrofit 

design of laced members for the San Francisco–Oakland bay bridge. 

 

2.2.2 Dameron, Maxwell, and Dunham (1997) 

 

Dameron et al. (1997) performed pre-test analyses to predict the hysteretic behavior, capacity, 

and failure mode of the three built-up laced compression members tested by Uang and Kleiser 

(1997).  In this study, three loadings conditions (monotonic compression, monotonic tension, and 

cyclic test loading history) were cinsudered for each test specimen using finite element analysis 

software, ABAQUS.  In modeling the test specimens, gussets were strengthened to prevent 

failure in the gusset connection regions because the research focused on the behavior of the laced 

built-up compression members themselves.  

 

From the finite element analyses of the three test specimens of Uang and Kleiser (1997), it was 

found that although each specimen was significantly damaged early during the 5.1/ =yδδ  test 

cycle, all specimens survived this cycle without fracturing.  Also comparisons between test and 
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analysis results showed that analyses predicted peak compressive and tension strength within 10 

percents, and displacements within 15 percents.  Analyses also predicted reasonably well trends 

in local buckling. 

 

2.2.3 Itani, Vesco, and Dietrich (1998) 

 

Itani et al. (1998) tested a half scale specimen that represented the diagonal member of a tower 

(pier) of the eastern span of the San Francisco–Oakland bay bridge.  Built-up laced member 

specimen included representative end conditions, and were subjected to cyclic loading to 

determine the cyclic behavior and to evaluate the ultimate tensile and compressive capacity and 

post-buckling behavior of laced members with realistic end connections.   

 

Testing revealed that, due to premature local buckling near connection, only 60 percent of the 

predicted compressive strength could be reached.  That was consistent with predictions done for 

the compression strength of individual components (between laces) calculated using the AISC 

LRFD relationships.  Itani et al. recommended to extend the stay plates of laced members as 

much as possible into the gusset connection to partly improve seismic performance.   

 

2.2.4 Dietrich and Itani (1999) 

 

Dietrich and Itani (1999) tested two half scale built-up member specimens, one with lacings and 

the other with perforated built-up plates, representative of diagonal members of bents in western 

approach spans of the Francisco – Oakland bay bridge.  Cyclic testing was performed to 

determine the cyclic behavior of built-up laced and perforated members with representative end 

conditions and as well as to evaluate the ultimate tensile and compressive capacity and post-

buckling behavior of laced and perforated members.  Displacement ductility and energy 

dissipation capacities were evaluated from the test results.   

 

Test results showed that both laced and perforated specimens were not able to reach the capacity 

predicted by the AISC LRFD Specification.  However, perforated diagonal compression member 

was found to be more ductile and more capable of energy dissipation than the laced member. 
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2.3 Investigation of Existing Bridges 

 

A survey was conducted to identify some of the most commonly used shapes and details that 

have been historically used for built-up members in steel truss bridge braced pier substructures.  

As a result of discussion with the California, Oregon, Washington, Tennessee and New York 

DOTs, as well as with a few consulting engineering firms, drawings were obtained from for a 

few existing bridges having truss substructures (bents, towers, etc.) having laced members and 

these are summarized in Table 2.1.  This survey showed that braces in these bridges almost 

universally consist of laced built-up members with riveted connections.  Five common cross-

sectional configurations have been identified as seen in Figure 2.5.  From the limited survey, it 

was found that section type A (equivalent to an I shape rolled section) was frequently used as 

diagonal bracings or struts in bridge bents and section type B was used for columns or diagonal 

bracings where larger compression strength is needed. 

 

Potential failure modes of built-up laced members are global buckling (in-plane or out-of-plane 

of the frame) or local buckling so research focused mainly on assessing the impact of slenderness 

ratios, KL/r, and width-to-thickness ratios, b/t, on the seismic behavior of laced members.  A 

summary of the values of these parameters considered for these parameters is presented in Table 

2.2.  It was found from the sample of bridges for which structural drawings were collected that 

the slenderness ratios of laced members ranged from 40 to 160 and that the width-to-thickness 

ratios ranged from 8 to 19.  However, slenderness ratios and width to thickness ratios of most 

laced members were within the 60 to 120 and the 8 to 16 ranges, respectively. 

 

Another key issue characterizing the laced built-up compression member is the lacing members 

themselves.  Information on the lacing types, single and double lacings, and slenderness ratios, 

kl/r, was collected from the drawings presented in Table 2.1.  Lacing forces were also calculated 

by the procedure described Section 2.1 to achieve an understandings of design procedures for 

lacing members.  Information on the characteristics of lacing member investigated is 

summarized in Table 2.3.  Lacings are classified as single and double lacings by their 

configurations in a laced compression member as presented in Figure 2.6.  Survey showed that 

slenderness ratio of lacings ranged from 90 to 150 and 170 to 240 for single and double lacings, 
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respectively.  Note that some of these lacings violate the prescribed limits of approximately 140 

and 200 for single and double lacings, respectively described in Section 2.1.2.  The angle 

between lacing and longitudinal axis of the member was found to be approximately 60 degrees 

for single lacings and 45 degrees for double lacings, for the bridges reviewed. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Section A (b) Section B (c) Section C (d) Section D (e) Section E 

 

Figure 2.5 Section shapes from the existing bridges survey 

 

 

 

                                                  Figure 2.6 Lacing configurations 

 

(a) Single lacing (b) Double lacing
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SECTION 3 
 

EXPERIMENTAL APPROACH 
 

3.1 Selection of Parameters 

 

Drawings were obtained for a few existing bridges having truss substructures (bents, towers, etc.) 

with laced members as described in SECTION 2.  Design provisions and steel design textbooks 

published at the time when laced compression members were being used, were also reviewed, 

along with recent research work conducted for the major crossings in California.  To this end, 

based on representative details, an experimental program has been devised whereby several 

cross-sectional shapes and geometric configurations of X-bracing are explored to ascertain the 

inelastic deformation capability of these critical elements.  This allowed to extract a range of 

parameters typically encountered for such members, including typical built-up member 

configurations and lacing geometry, typical b/t and KL/r ratios for the built-up members and 

their lacings, connection details, and other lacing characteristics.  As a result of this work, 

parameters worthy of experimental consideration (and their range) have being identified as 

shown in Table 3.1 and Figure 3.1.  While some bridges were observed to have members having 

b/t ratios in excess of 16, it was decided to restrict testing to specimens having b/t values of 8 and 

16 on the basis that this would allow to compare the cyclic performance of members having 

considerably different expectations in terms of local buckling behavior.  Note that the AISC 

recommended maximum b/t value for ductile seismic design is 7.4 for grade 50 steel.  Likewise, 

it was judged that testing braces having slenderness, KL/r of 60 and 120 would encompass the 

range of member slenderness observed in bridges, while allowing comparisons of the cyclic 

inelastic behavior of members expected to have significantly different levels of inelastic 

buckling.  The resulting specimens designed based on these considerations are listed in Table 3.2 

and section shapes are presented in Figure 3.2.  Note that only built-up members constructed of 

angles are considered.   
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The purpose of the experimental portion of this project is to evaluate the seismic vulnerability of 

steel built-up brace members under moderate to severe earthquakes.  Therefore, the test 

specimens should be indicative of full-scale built-up brace members in North America. 

 

Table 3.1 Summary of experimental parameters to be considered 

Built-up Members Lacings 

Configurations b/t ratio KL/r ratio Type Angle kl/r 

Type "A" 
Type "B" 8 – 16 60 – 120 Single 

Lacing 60o 100 - 120 

 

Table 3.2 Given specimen names 

Name Section 
Shape*1 

Bucking 
Axis b/t ratio KL/r 

Ay8-60 A Y 8 60 

Ay8-120 A Y 8 120 

Ay16-60 A Y 16 60 

Ay16-120 A Y 16 120 

By8-60 B Y 8 60 

By8-120 B Y 8 120 

By16-60 B Y 16 60 

By16-120 B Y 16 120 

Bx8-60 B X 8 60 

Bx8-120 B X 8 120 

Bx16-60 B X 16 60 

Bx16-120 B X 16 120 

 *1. Section shapes are presented in Figure 3.2 
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Figure 3.1 Distributions of b/t ratios and KL/r ratios 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Section shapes 
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3.2 Design of Specimens and Testing Frames 

 

Test specimens were selected with representative section shapes having slenderness ratios and 

width to thickness ratios as described in previous section.  Compressive and tensile strength of 

each specimen was estimated, and considering limitations of the equipment available for quasi-

static testing in the Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the 

University at Buffalo, sizes of test specimens and frames were determined.  All the detailed 

drawings for the specimens and elements of boundary frames are presented in Appendix A. 

 

3.2.1 Design of Specimens 

 

As shown in Figure 3.2, Ay specimens are built using four angles, and By and Bx specimens 

using four angles and two tie plates.  Specimens were designed to have a strength less than the 

250 kips (1112.5 kN), actuator capacity available in the SEESL.  Considering representative 

cross-section aspect ratios, the largest angle size that could be used to build the specimens, and 

be tested with the 250 kips (1112.5 kN) actuator capacity of the SEESL, were identified.  

Selecting angle sections satisfying the target width to thick ratios, b/t, of 8 and 16, lead to 1 x 1 x 

1/8 (b/t = 8), 1-1/2 x 1-1/2 x 3/16 (b/t = 8), and 2 x 2 x 1/8 (b/t = 16 shapes). 

 

Then, widths and depths of the specimens to satisfy the slenderness ratio of 120 were selected 

using these three angles.  Note that when calculating the cross sectional properties of the 

specimens, the lacing members were not included, but the two tie-plates of the section shape “B” 

specimens were included.  In these procedures, the lengths of the specimens were also limited by 

the maximum height of the reaction frame available at SEESL.  For the specimens with section 

shape “B”, direction of buckling was also controlled by design by changing the width and depth 

of the test specimens.  Note that the interest in testing section shape “B” specimens for which 

lacing members would be in shear, as well as others for which this would not be the case.  Cross-

section used were the same for the specimens having KL/r of 60 and KL/r of 120 for a given 

specimen name designation.  For example, Ay8-60 and Ay8-120 specimens have the same cross-

section.   
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The original idea in designing the test set-up was that specimens having KL/r of 60 would be 

tested in a X-shape configuration, but with one of the brace not connected at its top end.  This 

effectively made braces with KL/r of 60 resist the tension and compression forces while the other 

brace in the X-braced configuration resisted no axial forces other than providing a bracing point 

at mid-length of the other member.  The concept was then to remove the specimen having KL/r 

of 60 after it was tested, connect the top of the other brace, and therefore test the second 

specimen having KL/r of 120 without having to change the configuration the test set-up, such 

that two specimens could be effectively tested per test set-up configuration.  However, as will be 

described in SECTION 4, this concept did not work as expected because was not possible to fail 

and fracture the specimen having KL/r of 60 without introducing possible plastic deformations in 

the specimen having KL/r of 120.  Therefore, to be able to test the specimen KL/r of 60 without 

introducing damage in the other specimen in the X-braced configuration, for all subsequent tests 

following the Ay8 series, dummy bracing members were used to provide the bracing point at the 

mid-length of the KL/r of 60 specimens.  These dummy bracing members were designed to 

provide the same in-plane and out-of-plane flexural stiffness as would be encountered in the real 

X-braced frame configuration as schematically presented in Figure 3.3.  As shown in this figure, 

the required flexural stiffness of the dummy bracing member was identified as 2 times and 8 

times that of the specimen for in-plane (weak axis) and out-of-plane (strong axis), respectively, 

and the dummy bracing members were designed satisfying this criteria. 

 

Resulting specimens are summarized with their cross sectional properties in Table 3.3.  

Properties of the dummy bracing members are presented in Figure 3.4.  Cross sections for the 

specimens are presented in Figure 3.5.  Detailed drawings for both specimens and dummy 

bracing members are also available in Appendix A. 
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Figure 3.5 Detailed cross section shapes of the specimens 
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Lacings were designed with slenderness ratios between 100 and 120, recognizing the fact that 

slenderness of a single lacing member was limited to by archaic design requirements 140 and 

data for the survey of existing built-up laced members which showed lacing having slenderness 

ranging from 90 to 150 (mostly from 100 to 120) as compiled in Table 3.1.  Angle between 

lacing and main member was selected as 60 degree as typically is the case for single lacing as 

summarized in Table 3.1.  Steel plates with thickness of 1/8” (3.2 mm) were used for all the 

lacing members, which is identical to the thickness of the angles used for the specimens except 

for the Ay8 specimens. 

 

As described in SECTION 2, hot driven riveted connections were the fasteners used for the field 

connections of the most built-up laced members until high strength bolts superseded them.  

Although riveted connections for the fabrication of the specimen would be ideal for evaluating 

the cyclic behavior of built-up laced member, due to difficulties in finding equipment and 

technicians for riveting, A307 mild carbon steel bolts were used for the connection of the 

specimens.  A comparative study of bolted and riveted connection was conducted by Roeder et 

al. (1994).  This experimental study indicated that the cyclic behavior of A307 mild carbon steel 

bolt in tightly fit connections is comparable to the inelastic behavior of riveted joints.   

 

3.2.2 Design of Testing Frames 

 

The scheme for the test set-up was to replicate one panel of an X-braced frame.  During sway, 

deformation of that panel would induce brace elongation or shortening, but also flexure in the 

brace and beams due to panel racking (distortion).  The focus of this research is on the buckling 

of the braces in a braced bent, and test set-up used for this research project (as shown in Figure 

3.6) gives the correct racking system deformation for braces in such bents, but the beams that 

would be present in such braced panels are omitted for convenience (to allow testing of bigger 

braces for the maximum actuator force available).  However, to properly distribute the lateral 

load to both columns and to ensure consistent racking deformations, a top beam on hinges is 

used as shown in Figure 3.6. 

 

The width and height of the frames were dictated by the diagonal length of the brace specimens.  
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Figure 3.6 shows an example setup, illustrating terminology for the various parts of the boundary 

frames and test setup.  The framing members around the brace specimens were designed to 

remain elastic under the maximum possible loading.  This was done to insure the safety of the 

test and so that the boundary frame could be reused for the whole experimental program.   

The dimensions of existing hinges available in the SEESL were considered in selecting the 

column dimensions; the resulting member is a W12x65.  These columns were checked to remain 

elastic considering the maximum shear and axial forces transferred from the maximum predicted 

diagonal axial loads during the testing.  Although the W12x65 columns are large enough to resist 

the maximum transferred forces, stiffners were added at the connections between columns and 

gusset plates and stub-beams. 

 

At the four edges of the boundary frames for the Ay specimens (four specimens), hinges 

available in the SEESL were installed and bearing capacities of these hinges were checked using 

the AISC LRFD Specification (1999).  For the testing of the specimens with section shape “B”, 

new hinges designed for another experimental project in the SEESL, were used.  These hinges 

had less slippage, and were designed to resist larger loads.  

 

For convenience, a W12x65, identical to the columns, was used for the top beam and stub beams.  

For the stub beams, stiffners were added at the connection with gusset plates. 

 

3.2.3 Design of Foundation Beams 

 

For the specimens with section shape “A”, a concrete foundation beam, previously used for 

quasi-static testing in the SEESL and slightly modified and reinforced, was secured to the 18" 

(460 mm) thick reinforced concrete strong floor of the SEESL using 4 prestressed, 1-1/8" (29 

mm) diameter Diwidag bars.  Specimens were mounted to the foundation beam using four 1-1/4" 

(31.8 mm) diameter high strength threaded rods embedded in the concrete foundation beam.  

However, during the testing of the “Ay” section shape specimens, as a consequence of excessive 

deformations in the concrete foundation beam, significant undesirable movements occurred in 

the test set-up and made data interpretation and test control challenging.  After attempting a 

number of unsuccessful modifications to improve the concrete foundation scheme, it was 
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replaced by a new foundation beam made from a steel wide flange section.  Conservatively, it 

was deemed appropriate to design the foundation beam for twice the maximum support reactions 

can could be developed assuming that the specimens could resist the load applied by the actuator 

developing its full capacity of 250 kips (1112.5 kN).   

 

The new foundation beam was also secured to the strong floor of the SEESL using 8 prestressed, 

1-1/8" (29 mm) diameter Diwidag bars.  The resulting friction between the floor and beam in the 

maximum uplift condition was deemed insufficient to resist horizontal sliding.  Therefore, the 

foundation beam was also connected to the bottom of the column of the existing reaction frame 

(on which the actuator is mounted) to create a self-reacting frame.  Design loads described above 

dictated the use of a W14x211 section to provide sufficient flexural strength and stiffness.  

Additionally, 1/2" (13 mm) stiffeners were used at the loading points and strong floor tie-down 

locations.  The beam was designed in two pieces, 74.5" (1892 mm), and 314-5/8" (7991 mm) 

long, each with butt-welded end-plates so that hey could be bolted together.  All specimen 

mounting and strong floor tie-down locations are on the longer segment, while the shorter 

section serves as the link to the column of the reaction frame.  The splice between the two beam 

sections and the connection to the reaction frame were designed for 2.5 times the maximum 

actuator force.  Detailed drawings of both concrete and new steel foundation beams are also 

available in Appendix A. 

 

3.3 Materials  

 

Steel for the angles and plates used for the test specimens were specified to be ASTM A36 Gr. 

36 (ASTM, 1997), which is a cold-rolled, carbon, chemical commercial steel sheet with no 

mandatory mechanical properties.  ASTM states that typical mechanical properties are minimum 

yield strengths of 36 ksi (250 MPa), minimum tensile strength between 58 and 80 ksi (400 and 

550 MPa), and elongations at fracture of 23 % in 2” (50 mm).  From the angles and plates used 

for the specimens, coupons were fabricated and tested following the ASTM A370 standard for 

mechanical testing of steel products (ASTM, 1997).  Results obtained from the coupon tests are 

summarized in Table 3.4 and Figures 3.7 to 3.11.  As seen in these table and figures, the yield 

stresses obtained from the coupon tests were much bigger than the specified minimum yield 
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stresses of the ASTM A36 steel especially for the angles.  Note that similar results were achieved 

by the other researchers who used this lower grade steel for the simulation of old types of 

structures.   

 

ASTM A572 Gr. 50 steel was used for the boundary frames however, due to the need to re-use 

the boundary frames for additional testing, coupon tests of the frame material were not 

performed.  

 

Table 3.4 Coupon test results  

Coupons 
Fy 
Ksi 

(MPa) 

Fu 
Ksi 

(MPa) 

E 
Ksi 

(MPa) 
Usages 

L - 11/2 x 11/ 2 x 3/16 50.78 
(349.9) 

72.00 
(496.1) 

29871 
(205811) Ay8 type Specimens 

L - 2 x 2 x 1/8 51.04 
(351.7) 

68.20 
(469.9) 

30024 
(206865) 

Ay16 Type, By16 type 
and Bx16 type Specimens 

L - 1 x 1 x 1/8 52.44 
(361.3) 

68.91 
(474.8) 

30847 
(212536) 

By8 type and Bx8 type 
Specimens 

1/8” thk. plate 46.81 
(322.5) 

55.70 
(383.8) 

32283 
(222430) Lacings, Tie-Plates 

3/8” thk. plate 36.77 
(253.3) 

50.63 
(348.8) 

29048 
(200141) Gusset plates 

 

3.4 Test Set-up 

 

Test set-up for the whole testing program of this project was gradually changed from the smallest 

test set-up for the Ay8 specimen to the largest test set-up of the By8 and Bx16 specimens by 

increasing the width between the columns and increasing the height of the frame by adding 

column stub segment extensions.  The resulting sequence of changes in test set-up is presented in 

Figure 3.12.  Test set-up for the Ay16 specimen was achieved by increasing the distance between 

the North and South columns of the test set-up for Ay8 specimen, the very first test set-up.  As 

described in the Section 3.2, the concrete foundation beam and bottom hinges of the SEELS  
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Figure 3.6 An example test set-up 
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 Figure 3.8 Stress-strain curve for the angle 1-1/2 x 1-1/2 x 3/16 

Figure 3.9 Stress-strain curve for the angle 2 x 2 x 1/8 
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Figure 3.10 Stress-strain curve for the plate with thickness of 1/8 

Figure 3.11 Stress-strain curve for the plate with thickness of 3/8 

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain (ε )

0

10

20

30

40

50

60

70

80

St
re

ss
 (k

si
)

0

100

200

300

400

500

St
re

ss
 (M

Pa
)

Stress - Strain (1/8 Thickness Plate)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain (ε )

0

10

20

30

40

50

60

70

80

St
re

ss
 (k

si
)

0

100

200

300

400

500

St
re

ss
 (M

Pa
)

Stress - Strain (3/8" Thickness Plate)



 38

were replaced by the new ones before testing section shape “B” specimens.  Test set-up for the 

By16 and Bx8 specimens were achieved by adding column extensions to the columns, as shown 

in Figure 3.12.  Finally, the last test set-up for the specimens By8 and Bx16 was achieved by 

both increasing the displacement between the columns and adding another set of column 

extension. 

 

3.4.1 Mounting of Boundary Frames and Specimens 

 

Testing was performed in the SEESL at the University at Buffalo.  The foundation beam was 

connected to the strong floor as described in Section 3.2.3.  Each specimen was mounted on the 

hinges which were themselves mounted on the foundation beam.  Four  1-1/2" (38 mm) diameter 

A490 bolts were used to attach each column base plate to the corresponding hinge, and then to 

attach each hinge to the foundation beam.  All bolts (the bolts on the specimen themselves as 

well as bolts used to connect the two sections of the foundation beam together and the foundation 

beam to the reaction frame) were tightened to their specified internal tension using the “turn-of-

the-nut” method described in the AISC LRFD Specifications (AISC, 1999).  To achieve the 

torque required to reach the specified nut rotations, a HYTORC Blitz 4-A hydraulic torque 

wrench was used.  

 

3.4.2 Mounting  Actuator 

 

The Miller servo-controlled static rated actuator with a load capacity of 250 kip (1110 kN) and 

an available stroke of 8" (200 mm) was mounted to the reaction frame using four 1" (25 mm) 

diameter high strength threaded rods.  Four similar rods were used to connect the actuator to the 

test specimen.  The actuator is equipped with swivels at each end and end-plates with threaded 

holes to accept the rods.   

 

3.4.3 Lateral Bracing 

 

Lateral bracing was provided to the specimen through the use of large rollers (Figure 3.13) 

cantilevering from frames mounted on the east and west side of the specimen and set to roll 
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along the middle of the web of the top beam.  A gap of approximately 1/8" (3 mm) was left 

between the beam web and each roller so that the roller would only be engaged if the out-of-

plane deflection closed that gap.  The frames supporting the rollers on each side of the specimen 

were secured to the strong floor using high strength threaded rods.  

 

3.5 Instrumentation 

 

3.5.1 Strain Gauges 

 

All specimens were instrumented with CEA-06-125UW-120 strain gauges manufactured by 

Vishay Measurements Group Incorporated at the location of predicted maximum moment of the 

each specimen.  The strain gauge layouts for specimens are shown in Figure 3.14.  For the 

specimens with KL/r of 60, the maximum moment was predicted at the 0.3 and 0.6 of the center 

to center length of the both South and North segments of the specimen.  The specimens with 

KL/r of 120 were instrumented with strain gauges at the quarter and half of the center to center 

length of the specimen, where the maximum moment was predicted. 

 

3.5.2 Temposonics and LVDTs 

 

The layout of the Temposonic Magnetic Strictive Transducers (Temposonics) is shown in Figure 

3.15.  To measure the horizontal frame drift at the loading point and bottom of the frame, 

Temposonics, T1 and T2 were installed.  Temposonics for the measuring the axial displacement 

of the specimens were also installed.  For the specimens with KL/r of 60, three Temposonics 

were installed, (labelled Tcontrol, ThalfN, and ThalfS) for measuring whole diagonal 

displacement, and displacement of the North and South segments of the specimens, respectively.  

Two Temposonics were installed to measure the diagonal axial displacements of the specimens 

with KL/r of 120.  

 

Two Displacement Potentiometers (DP) were placed in strategic locations to measure the vertical 

and horizontal displacement of the foundation beam under the South hinge.  The DP layout was 

the same for all specimens. 
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Figure 3.12 Test set-ups 
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Figure 3.13 Lateral bracing 

 

Figure 3.14 Strain gauge layouts 
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Figure 3.15 Temposonics and LVDT layout 
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SECTION 4 
 

EXPERIMENTAL OBSERVATIONS 
 

This section describes the loading programs and experimental observations for the twelve 

specimens (in the order of section shapes Ay, By, and Bx).  Hysteretic curve of each specimen is 

presented and observations made during the test are discussed in detail, supported with pictures 

taken during testing.  Based on the observations made in this section, analyses of results, in terms 

of hysteretic behaviors, comparison of analytical versus experimental tension and compression 

strength, and predicted hysteretic curves from existing models, will be discussed in SECTION 5.  

Energy dissipation, strength degradation, and low-cycle fatigue fracture life, will be also 

discussed in SECTION 6. 

 

4.1 Loading Programs 

 

4.1.1 ATC Loading Protocol 

 

In all cyclic tests, all specimens were loaded by quasi-static cycles following the procedure of the 

ATC 24 loading protocol (ATC, 1992).  As graphically presented in Figure 4.1, ATC 24 

specifies that specimens should be subjected to three cycles at each displacement step up to three 

times the yield displacement, after which only two cycles are necessary.  Before a specimen 

reaches its yield displacement (δy), it should experience three cycles at 1/3 of the yield 

displacement (1/3 δy) and three cycles at 2/3 of the yield displacement (2/3 δy).  The third 

displacement step should be the yield displacement (δy), and every step after should be 

increasing multiples of the yield displacement (2δy, 3δy, etc.). 

 

4.1.2 Loading Histories 

 

The difficulty in the ATC 24 loading procedure lies in defining yield displacement before testing.  

Because this research focuses more on the compressive behavior of the laced built-up bracing 

member than on their tensile behavior, the experimentally determined displacement at the onset  
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Figure 4.1 ATC loading protocol (ATC, 1992) 
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of buckling was substituted for the yield displacement in the above procedure.  Cycles of loading 

up to buckling were performed using force control, then once the buckling displacement had 

been identified experimentally, the subsequent cycles were done using displacement control.  

Due to the difficulty in exactly predicting the buckling strength and corresponding displacement, 

the displacement steps in the elastic range did not exactly equal 1/3 and 2/3 of the buckling 

displacements for any given specimen.  However, three cycles were still applied at each of at 

least two displacement steps of increasing amplitude prior to reaching the buckling displacement.  

Loading histories are summarized graphically in Figures 4.2 to 4.4, along with limit states 

discussed in their respective sections.  Detailed loading history for each test is described below. 

 

4.2 Experimental Observations 

 

The experimental observations made during testing of the twelve specimens are presented as 

consistently as possible over both the linear and nonlinear range.  However, some unavoidable 

departures are introduced as aspects of the test control were improved.  The experimental log 

book is included in Appendix B.  Note that the diagonal axial forces referred to in this section are 

converted from the horizontal forces applied by hydraulic actuator, and diagonal axial 

displacements were directly measured by Temposonics displacement transducers installed 

diagonally as described in Section 3.4.  Also note that the diagonal axial forces are not obtained 

from direct divisions of the horizontal forces by the cosine angle of the brace, because shear 

forces were introduced in the frame columns due to eccentricities between the longitudinal axes 

of the braces and the center of the hinges.  When calculating the diagonal axial forces, 

corrections were made considering the complete Free Body Diagram (FBD) for the specimens 

validated using analysis results from SAP 2000.  Resulting conversion factors are presented in 

Table 4.1, and example calculation and FBD in Figures 4.5 and 4.6.  

 

4.2.1 Bare Frame Testing 

 

Though four hinges are installed in the boundary frame shown in Figure 4.7, to quantify the 

typical contribution of that frame on specimen behavior, one boundary frame was tested alone 

before mounting the very first specimen.  As shown in Figure 4.8, the contribution of boundary 
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frame is very small (less than 0.1 kips (0.4 kN) lateral force applied at maximum actuator 

stroke).  Consequently, the impact of boundary frame lateral-load resistance on the results is 

negligible and not subtracted from the test results for the specimens. 

 

Table 4.1 Summary of equilibrium for converting from PH to PD  

                        (Results are from SAP2000 analyses) 

Specimen Equilibrium Results 
PD 

Ay8-60 0cossin03.003.009.01 =−−++=Σ θθ DPH  1.50PH 

Ay8-120 0cossin008243.011.01 =−++=Σ θθ DPH  1.53PH 

Ay16-60 0cossin02.002.009.01 =−−++=Σ θθ DPH  1.35PH 

Ay16-120 0cossin0074.011.01 =−++=Σ θθ DPH  1.37PH 

By8-60 0cossin01.001.006.01 =−−++=Σ θθ DPH  1.47PH 

By8-120 0cossin007628.006.01 =−++=Σ θθ DPH  1.49PH 

By16-60 0cossin03.002.007.01 =−−++=Σ θθ DPH  1.49PH 

By16-120 0cossin01.008.001.1 =−++=Σ θθ DPH  1.53PH 

Bx8-60 0cossin03.002.007.01 =−−++=Σ θθ DPH  1.49PH 

Bx8-120 0cossin01.008.001.1 =−++=Σ θθ DPH  1.53PH 

Bx16-60 0cossin01.002.0057.01 =−−++=Σ θθ DPH  1.47PH 

Bx16-120 0cossin01.006.01 =−++=Σ θθ DPH  1.49PH 

 

4.2.2 Specimen Ay8-60 

 

Test set-up for the Ay8-60 specimen is presented in Figure 4.9.  Note the unconnected upper end 

of one brace (Figure 4.9b) to ensure that only one brace is tested, while the other provides only 

lateral bracing at mid-length of the tested brace.  Hysteretic curve obtained from test result is 

presented in Figure 4.10 in support of the following description of observations. 

 

Initially, loading cycles were applied to the specimen based on theoretical calculation of elastic 

displacement of the specimen, and equivalent horizontal buckling frame drift (∆b) in 
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compression at the loading point was used for the test loading control.  However, after six cycles 

at 1/3 ∆b and 2/3 ∆b (three cycles each) which were in elastic range, strains from test results were 

compared with results from SAP 2000 analyses.  Significant discrepancies were noted as the 

frame proved to be very significantly more flexible as a consequence of excessive deformations 

in the concrete foundation beam and the hinges.  Because of these relatively large differences 

between theoretical and experimental results, a decision was made to seek the experimental 

buckling frame drift, ∆b,exp, by subjecting the specimen to progressively increasing small values 

of the control displacement, starting from the theoretical 2/3 ∆b = 0.2” (5.08 mm). 

 

Experimental buckling drifts, ∆b,exp was identified during the first compressive displacement at 

∆ = 1.0” (25.4 mm).  Global buckling was observed in both the South and North segments of the 

specimens as shown in Figure 4.11a.  During inspection of the specimen after buckling, 

relatively small damage on the other diagonal specimen (Ay8-120) was visually noticed.  To 

prevent severe damage of the Ay8-120 specimen, testing was continued with a small increment 

of 0.2” (5.08 mm) of the control displacement, ∆. 

 

During the first compressive cycle at ∆ = 1.2” (30.5 mm), more severe global buckling was 

observed as shown in Figure 4.8b.  Local buckling was also observed on the angles at the plastic 

hinge locations at mid-length of both the South and North segments of the specimens, as shown 

in Figure 4.11c and 4.11d, respectively.  Although the specimen had not reached fracture, testing 

was stopped to prevent severe damage on the Ay8-120 specimen.  Note that the compressive 

strength had dropped to about 1/3 of its maximum compressive force at that point. 

 

The risk of the damage to the second specimen proved to be a limiting factor in preventing 

testing of the specimen having a KL/r of 60 up to its fracture.  It was therefore decided for all 

subsequent specimens having a KL/r of 60 to use a dummy member to provide mid-length 

bracing.  Furthermore, due to a controller problem, displacement cycles were not symmetrical, 

and the specimen was not subjected to tensile inelastic deformations.  This problem was resolved 

for testing of the other specimens. 
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          (a) Ay8-60 specimen 

          (b) Ay8-120 specimen 

          (c) Ay16-60 specimen 

          (d) Ay16-120 specimen 

Figure 4.2 Loading histories for “Ay” specimens 
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          (a) By8-60 specimen 

          (b) By8-120 specimen 

          (c) By16-60 specimen 

          (d) By16-120 specimen 

Figure 4.3 Loading histories for “By” specimens 
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          (a) Bx8-60 specimen 

          (b) Bx8-120 specimen 

          (c) Bx16-60 specimen 

          (d) Bx16-120 specimen 

Figure 4.4 Loading histories for “Bx” specimens 
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 51.1,0cossin03.003.009.01 ==−−++=Σ axialaxial PPH θθ  

Figure 4.5 FBD for axial force corrections from SAP 2000 analysis (KL/r = 60) – example for 

Ay8-60 Specimen  

 

53.1,0cossin008243.011.01 ==−++=Σ axialaxial PPH θθ  

 Figure 4.6 FBD for axial force corrections from SAP 2000 analysis (KL/r = 120) – example for 

Ay8-120 Specimen 
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Figure 4.7 Test set-up for Bare Frame Test 

 

Figure 4.8 Hysteretic curve for Bare Frame Test 
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                        (a) Test set-up                                        (b) Unconnected end of a brace 

Figure 4.9 Test set-up for the Ay8-60 specimen 

 

Figure 4.10 Hysteretic curve for the Ay8-60 specimen 
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(a) Global buckling at ∆=1.0” (25.4mm) 

 
(b) Global buckling at ∆=1.2” (30.5mm) 

 

  
(c) Global and local buckling at ∆=1.2” 

(30.5mm), the South segment 
(d) Local buckling at ∆=1.2” (30.5mm), the 

North segment 
 

Figure 4.11 Observations made during testing of the Ay8-60 specimen 
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4.2.3 Specimen Ay8-120 

 

Testing of the Ay8-120 specimen was controlled by diagonal axial displacements of the 

specimen instead of horizontal frame drifts, because movement in the hinges and in the concrete 

foundation beam (as demonstrated during the previous test) made it too difficult to establish a 

reliable relationship between these two displacement measures and because the focus of this 

research project was more on the axial displacement behavior of the bracing member rather than 

on drifts of the braced frame.  Test set-up for Ay8-120 specimen is presented in Figure 4.12.  

Hysteretic curve obtained from test result is also presented in Figure 4.13. 

 
The calculated elastic theoretical buckling displacement (δb) was used to control the 

displacements for the first set of testing cycles, but no evidence of buckling or yielding was 

observed after 12 cycles at the theoretical 1/3 δb, 2/3 δb, 1.0 δb, and even 2.0 δb (3 cycles each).  

This was due to greater than expected flexibility of the specimen, as in all cases the 

corresponding applied axial brace force was less than the computed theoretical strength.  During 

the first compressive cycle at 2.5 δb, global buckling at mid-length of the specimen was observed 

as shown in Figure 4.14a and the experimental buckling displacements, δb,exp = 0.16” (4.1 mm) 

was identified.  This value was then used as the reference control displacement to continuous 

testing per the ATC-24 protocol. 

 
During the first compressive cycle at 2.0 δb,exp = 0.32” (8.1 mm), larger global buckling was 

observed at the location of initial buckling.  Local buckling was also observed during this cycle 

at near the mid-length brace plastic hinge location.  Figure 4.14b shows both global and 

(although hard to see) local buckling at 2.0 δb,exp. 

 
During the first tensile cycle at 4.0 δb,exp = 0.64” (16.26 mm), initial fracture was observed on the 

upper angle at the global and local buckling location as shown in Figure 4.14c.  Figure 4.14d 

shows local buckling during the first compressive cycle at 4.0 δb,exp.   

 
Entire fracture of specimen was observed at 6.0 δb,exp = 0.96” (24.38 mm).  Figures 4.11e and 

4.11f show global buckling at 5.0 δb,exp = 0.80” (20.33 mm) and entire fracture of the specimen at 

6.0 δb,exp, respectively. 
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Figure 4.12 Test set-up for the Ay8-120 specimen 

 

Figure 4.13 Hysteretic curve for the Ay8-120 specimen 
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(a) Global buckling at δ=0.16”(4.1mm) 

 
(b) Global and local buckling 

at δ=0.32”(8.1mm) 

  
(c) Initial fracture at δ=0.64”(16.3mm) 

 
(d) Local buckling at δ=0.64”(16.3mm) 

 

  
(e) Global buckling at δ=0.8”(20.3mm) 

 
(f) Entire fractured shape 

 
Figure 4.14 Observations made during testing of the Ay8-120 specimen 
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4.2.4 Specimen Ay16-60 

 

As described earlier, to prevent the damage on the other diagonal specimen (Ay16-120), a 

dummy brace member was used to brace specimen Ay16-60 at mid-length as shown Figure 4.15 

(see Section 3.2.1), to produce two specimen segments each with KL/r = 60.  Before applying 

horizontal forces to the frame, an axial gravity load of 56.33 kips (250.7 kN) was applied on the 

top beam to prevent lifting of the concrete foundation beam which was observed during testing 

of the Ay8-60 and Ay8-120 specimens and deemed to be partly accountable for the large 

discrepancy between theoretical and experimental results.  Hysteretic curve from test results is 

presented in Figure 4.16. 

 

Loading was controlled by diagonal axial displacement of the entire specimen, i.e., the 

cumulative displacement over both segments.  Before the experimental buckling displacement, 

δb,exp, could be identified, the theoretical one, δb, was used for controlling the loading. 

 

During the first compressive cycle at 1.0 δb = 0.22” (5.59 mm), local buckling was observed on 

the upper angles near the middle connection plate on the North specimen, as shown in Figure 

4.17a.  From the temposonic transducer installed for measuring the whole diagonal axial 

displacement of the specimen, the experimental buckling displacement was identified as δb,exp = 

0.22” (5.59 mm).  The corresponding experimental buckling displacements for each of the South 

and North segments of the specimen were identified as 0.11” (2.79 mm).  From that point, 

loading of the specimen proceeded on the assumption that damage would concentrate on the 

North segment, leaving the South segment intact, and that, therefore, smaller cyclic displacement 

steps should be applied using total member length as a control, to indirectly control the North 

segment displacements.  Observations confirmed that buckling, damage, and inelastic 

deformation concentrated only on the buckled North segment.  

 

After the three cycles at 1.0 δb,exp, three cycles at  δ = 1.25 δb,exp = 0.275” (6.99 mm) were 

applied, which was assumed to correspond to 1.5 δb,exp of the North segment and 1.0 δb,exp of the 

South segment.  The decision to apply 1.5 δb,exp on the North segment instead of 2.0 δb,exp was for  

 



 59

the purpose of allowing better observations of other local buckling which might be missed if 

using larger displacement increments. 

 

During the first compressive cycle at δ = 1.25 δb,exp = 0.275” (6.99 mm), local buckling on the 

lower angle near the middle connection plate and on the lower angle near the gusset-connection 

of the North segment of the specimen were observed as shown in Figures 4.17b and 4.17c 

respectively.  

 

During the third tensile cycle at δ = 1.75 δb,exp (corresponding to an assumed 2.5 δb,exp of the 

North and 1.0 δb,exp of the South segments) = 0.385” (9.78 mm), initial fracture was observed on 

the lower angle near the middle connection plate of the North segment of the specimen as shown 

in Figure 4.17d. 

 

During the first tensile cycle at δ = 3.0 δb,exp (5.0 δb,exp of North and 1.0 δb,exp of South specimen) 

= 0.66” (16.76 mm), entire fracture near the middle connection plate of the North segment was 

observed as shown in Figure 4.17f. 

 

4.2.5 Specimen Ay16-120 

 

Test set-up for Ay16-120 specimen is presented in Figure 4.18 and hysteretic curve obtained 

from test result is presented in Figure 4.19.  Testing of Ay16-120 specimen was controlled by 

diagonal axial displacements of specimen.   

 

Initially, the theoretical buckling displacement (δb) was used to control the displacements for the 

first set of testing cycles.  During the first compressive cycle at 1.0 δb, global buckling was 

observed near the mid-length of the specimen and the experimental buckling displacements, 

δb,exp = 0.088” (2.22 mm) was identified.  

 

The decision to apply 1.5 δb,exp of the specimen instead of 2.0 δb,exp was for the purpose of 

allowing better observations of local buckling which might be missed due to larger global 

buckling if using larger displacement increments. 
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                        (a) Test set-up                                            (b) Dummy specimen 

Figure 4.15 Test set-up for the Ay16-60 specimen 

 

Figure 4.16 Hysteretic curve for the Ay16-60 specimen 
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(a) Local buckling at δ=0.22”(5.6mm) 

 
(b) Local buckling at δ=0.28”(7.0mm) 

 

  
(c) Local buckling at δ=0.28”(7.0mm) 

 
(d) Initial fracture at δ=0.39”(10.0mm) 

 

  
(e) Global buckling at δ=0.55”(14.0mm) 

 
(f) Final fracture at δ=0.66”(16.8mm) 

 
 

Figure 4.17 Observations made during testing of the Ay16-60 specimen 
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Figure 4.18 Test set-up for the Ay16-120 specimen 

 

 

Figure 4.19 Hysteretic curve for the Ay16-120 specimen 
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During the first compressive cycle at 1.5 δb,exp, larger global buckling was observed at the 

location of initial buckling as shown in Figure 4.20a.  Local buckling was also observed during 

this cycle on the lower angle near the mid-length brace plastic hinge location and on the upper 

angle near the South gusset-connection as shown in Figures 4.20b and 4.20c, respectively.  

 

During the first compressive cycle at 3.0 δb,exp = 0.26” (6.60 mm), another local buckling was 

observed on the lower angle at 1/3 of member length from the South end as shown in Figure 

4.20d. 

 

After three cycles at 3.0 δb,exp, the actuator monitoring system behaved erratically during a few 

loading cycles, giving erroneous results that went unnoticed for a while, resulting in unexpected 

forces applied in compression on the specimen with large deformations at the buckling location 

and without data acquisition.  After correcting the problem and re-initializing the testing set-up, 

another three loading cycles at 3.0 δb,exp = 0.26” (6.60 mm) were applied to reduce the 

uncertainty that might exist between before and after initialization of the testing set-up.  During 

the first compressive cycle at these loading cycles, another local buckling was observed on the 

upper angle at 1/3 of member length from the South end. 

 

During the first tensile cycle at 5.0 δb,exp = 0.44” (11.18 mm), the North top hinge was damaged 

at δ = 0.35” (8.89 mm) as shown in Figure 4.20e due to eccentric axial gravity loads applied to 

the top beam and testing was stopped for safety purpose.  After replacing the damaged hinge 

with a new one, remaining the axial loads, and adjusting lateral bracing to the top beam, three 

cycles at 4.0 δb,exp were applied to compare the effect of testing ‘with’ and ‘without’ axial loads.  

Comparison is presented in Figure 4.20f.  In this figure, diagonal axial force and displacement 

from the three new cycles at 4.0 δb,exp were applied at the end of the data from the previous 

tensile cycle data (frame sway was observed during unloading of the gravity axial loads but not 

recoded by the data acquisition, resulting in an offset in data).  As shown in Figure 4.20f, trends 

in the slope of the hysteretic curve from the three comparison cycles without axial gravity loads 

followed logically and closely those from the three cycles with axial gravity loads.  Comparisons 

of the compression cycles results both with and without axial gravity loads were almost identical.  
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Decision was therefore made to continue testing without axial gravity loads for the rest of testing 

of the Ay16-120 specimen and for all following “B” shape specimens.  

 

During the first tensile cycle at 5.0 δb,exp = 0.44” (11.2 mm), initial fracture was observed on the 

lower angle near the mid-length of the specimen as shown in Figure 4.17g.  Another local 

buckling was observed on the upper angles near the North gusset-connection as shown in Figure 

4.20h. 

 

During the first tensile cycle at 11.0 δb,exp = 0.97” (24.6 mm), fractures on the upper angles near 

the South gusset-connection and on the lower angle at the 1/3 of member length from the South 

end were observed as shown in Figures 4.20i and 4.20j, respectively. 

 

During the first tensile cycle at 12.0 δb,exp = 1.06” (26.8 mm), fractures on the lower angles near 

the North gusset-connection was observed as shown in Figure 4.20k 

 

At the loading cycles of 14.0 δb,exp = 1.23” (31.3 mm), maximum actuator stroke was reached in 

compression, and the control displacement was increased thereon only in tension (for example, 

14.0 δb,exp in tension and 13.0 δb,exp in compression). 

 

During the first tensile cycle at 16.0 δb,exp = 1.41” (35.8 mm) in tension and 13.0 δb,exp = 1.144” 

(29.1 mm) in compression, lacing bolt failure near the mid-length of the specimen was observed. 

 

During the first tensile cycle at 17.0 δb,exp = 1.496” (38.0 mm) in tension, entire fracture near the 

mid-length of the specimen was observed as shown in Figure 4.20l. 

 

4.2.6 Specimen By8-60 

 

Before the testing the By8-60 specimen, the concrete foundation beam and hinges at the bottom 

of the frame (which caused significantly more flexible frame response due to their excessive 

deformations), were replaced with a steel foundation beam and better designed new hinges.  This 

foundation beam was connected to the large quasi-static reaction frame and strong floor as 



 65

described in SECTION 3.  Connections between the steel foundation beam and hinges were done 

with 1-1/2” (38.1 mm) diameter A490 high strength bolts using a hydraulic torque wrench to pre-

tension the bolts and prevent slippage in the connections.  The steel foundation beam was also 

connected with the reaction frame using 1-1/2” (38.1 mm) diameter A490 high strength bolts and 

connected to the strong floor with prestressed 1-1/8” (38.1 mm) diameter Diwidag bar to prevent 

slippage and lifting of the foundation beam.  These new steel foundation beam and hinges were 

consistently used for all the section shape B specimens.  These new equipments proved effective 

to prevent undesirable frame deformations due to movements in the foundation beam and hinges. 

 

For all the section shape B specimens, testing was initially controlled in relation to the lateral 

frame force, PH, corresponding to the theoretical elastic brace buckling force until the 

experimental buckling displacements (δb,exp) was identified.  Beyond that point, subsequent 

cycles were controlled using target displacements. 

  

Test set-up for the By8-60 specimen is presented in Figure 4.21 and the hysteretic curve obtained 

from test result is presented in Figure 4.22. 

 

During the first compressive cycle at 2/3 PH = 36 kips (160.2 kN) corresponding to the 2/3 of 

elastic theoretical buckling displacement, δb, global buckling was observed in the North segment 

of the specimen as shown in Figure 4.23a and the experimental buckling displacements, δb,exp = 

0.14” (3.6 mm) was identified. 

 

Three loading cycles at 1.5 δb,exp of the specimen instead of 2.0 δb,exp were applied for  better 

observations of local buckling and progress of global buckling.  During the first compressive 

cycle on the way to the target value of 1.5 δb,exp = 0.21” (5.3 mm), global buckling occurred 

suddenly in the North segment of the specimen when the control displacement had only reached 

0.17” (4.3 mm). 

 

During the first compressive cycle at 2.0 δb,exp = 0.28” (7.1 mm), buckling of the 2nd lacing on 

the East side of the brace and on the 6th lacing in the West side from the top of the North segment 

were observed as shown in Figure 4.23b.  Lacing buckling gradually spread to the 2nd, 4th, and 8th 
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lacings on the West side and on the 3rd, 5th, and 7th lacings on the East side from the top of the 

North segment during the cycles at δb,exp = 0.28” (7.1 mm).  Lacing buckling caused the two 

channels that constituted the cross-section to move closer together, resulting in a smaller moment 

of inertia (I) for the specimen and consequently a greater drops in compression strength during 

compressive cycles.  During the third compressive cycle, local buckling was observed on the 

upper angle near the middle connection plate as shown in Figure 4.23c.  

 

During the second compressive cycle at 2.5 δb,exp = 0.35” (8.9 mm), a lacing bolt failure near the 

middle connection plate was observed in the North segment of the specimen as shown in Figure 

4.23d. 

 

During the second compressive cycle at 3.0 δb,exp = 0.42” (10.7 mm), local buckling on the upper 

angle near the 5th lacing from the top of the North segment was observed as shown in Figure 

4.23e.  During the third compressive cycle, initial fracture was observed on the lower angle near 

the 5th lacing from the top of the North segment as shown in Figure 4.23f.  Fracture on the lower 

angle near the middle connection plate was also observed during this cycle as shown in Figure 

4.23g.   

 

During the first tensile cycle at 5.0 δb,exp = 0.70” (17.8 mm), the upper two angles completely 

fractured near the 4th and 5th lacings from the top of North segment of the specimen as shown in 

Figures 4.23h and 4.23i. 

 

During the first tensile cycle at 8.0 δb,exp = 1.12” (28.4 mm), entire fracture was observed at the 

fracture location that initiated at 5.0 δb,exp as shown in Figure 4.23j.  Figures 4.23k and 4.23l 

respectively show global and local buckling during the last compressive cycle before the entire 

fracture. 

 

4.2.7 Specimen By8-120 

 

Test set-up and hysteretic curve obtained from test result for the By8-120 specimen are presented 

in Figures 4.24 and 4.25, respectively. 
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(a) Global buckling at δ=0.13”(3.3mm) 
near the mid-length of the specimen 

(b) Local buckling at δ=0.13”(3.3mm) 
near the mid-length of the specimen  

  
(c) Local buckling at δ=0.13”(3.3mm) 

near the gusset-connection  
(d) Local buckling at δ=0.26”(6.7mm) 

at 1/3 of member length 

 

Comparison between 'with'  and 'without' axial load
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(e) Damaged hinge at δ=0.35”(8.9mm) 
 

(f) Comparison between with and without 
axial gravity loads 

 

Figure 4.20 Observations made during testing of the Ay16-120 specimen 
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(g) Initial fracture at δ=0.44”(11.1mm) 
near the mid-length of the specimen 

(h) Local buckling at δ=0.44”(11.1mm) 
near the gusset-connection 

  
(i) Fracture at δ=0.97”(24.5mm) 

near the gusset-connection 
(j) Fracture at δ=0.97”(24.5mm) 

at 1/3 of member length 

  
(k) Fracture at δ=1.06”(26.8mm) 

near gusset-connection 
(l) Final fracture at δ=1.49”(37.8mm) 

 
 

Figure 4.20 Observations made during testing of the Ay16-120 specimen (continued) 
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Figure 4.21 Test set-up for the By8-60 specimen 

 

Figure 4.22 Hysteretic curve for the By8-60 specimen 
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(a) Global buckling at δ=0.14”(3.66mm) 

 
(b) Lacing buckling at δ=0.28”(7.1mm) 

 

  
(c) Local buckling at δ=0.28”(7.1mm) 

 
(d) Lacing bolt failures 

at δ=0.35”(8.9mm) 

  
(e) Local buckling at δ=0.42”(10.7mm) 

 
(f) Initial fracture at δ=0.42”(10.7mm) 

 
 

Figure 4.23 Observations made during testing of the By8-60 specimen 
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(g) Initial fracture at δ=0.42”(10.7mm)  

 
(h) Fracture at δ=0.7”(17.8mm) 

  
(i) Fracture and lacing buckling 

at δ=0.7”(17.8mm) 
(j) Entire fracture at δ=1.12”(28.5mm) 

  
(k) Global buckling at δ=1.12”(28.5mm) (l) Local buckling at δ=1.12”(28.5mm) 

 
 

Figure 4.23 Observations made during testing of the By8-60 specimen (continued)
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Figure 4.24 Test set-up for the By8-120 specimen 

 

Figure 4.25 Hysteretic curve for the By8-120 specimen 
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The calculated frame force corresponding to the elastic theoretical buckling strength (Ph) was 

used to control for the first set of testing cycles, but no evidence of buckling or yielding was 

observed after 9 cycles at the theoretical 1/3 PH, 2/3 PH, and 1.0 PH (three cycles each), or even 

during the first cycle at 1 1/3 PH = 40 kips (178 kN).  A decision was made to seek the 

experimental buckling displacement by subjecting the specimen to progressively increasing 

small values of the control force, starting from PH = 42.0 kips (186.9 kN) for the first, 44.0 kips 

(195.8 kN) for the second, and 46.0 kips (204.7 kN) for third loading cycle.  During the third 

compressive cycle at 46.0 kips (204.7 kN), significant global buckling suddenly developed near 

mid-length of the specimen as shown in Figure 4.26a.  Local and lacing buckling, and lacing bolt 

failures, were also observed near the global buckling location during this cycle as shown in 

Figures 4.26b and 4.26c and the experimental δb,exp = 0.28” (7.1 mm) was identified. 

 

During the first tensile cycle at 3.0 δb,exp = 0.84” (21.3 mm), initial fracture on the lower angle 

near the 7th lacing from the South end of the specimen was observed as shown in Figure 4.26d.  

During the second compressive cycle at 0.84” (21.3 mm), fracture on the upper angle near the 

global buckling location was also observed as shown in Figure 4.26e.   

 

During the first compressive cycle at 4.0 δb,exp = 1.12” (28.5 mm), fractures on the lower angles 

near the South gusset-connection were observed as shown in Figures 4.26f and 4.26g.  During 

the first tensile cycle at this stage, entire fracture was observed at the global buckling location as 

shown 4.26h and 4.26i.  Figures 4.26j, to 4.26l show the global and local buckling at the last 

compressive loading cycle before the entire fracture of the specimen. 

 

4.2.8 Specimen By16-60 

 

Test set-up and hysteretic curve obtained from test result for the By16-60 specimen are presented 

in Figures 4.27 and 4.28, respectively. 

 

During the first compressive cycle at 2/3 PH = 77 kips (342.7 kN), local buckling on the upper 

angle near the middle connection plate and lower angles near the gusset-connection in the North 

segment of the specimen were observed as shown in Figures 4.29a and 4.29b, respectively and 
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(a) Global buckling at δ=0.28”(7.11mm) 

 
(b) Local and lacing buckling 

at δ=0.28”(7.11mm) 

  
(c) Lacing bolt failure 
at δ=0.28”(7.11mm) 

(d) Initial fracture at δ=0.84”(21.3mm) 
 

  
(e) Fracture at δ=0.84”(21.3mm) 

 
(f) Fracture at δ=1.12”(28.5mm) 

 
 

Figure 4.26 Observations made during testing of the By8-120 specimen 
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(g) Fracture at δ=1.12”(28.5mm) 

 
(h) Fracture at δ=1.12”(28.5mm) 

 

  
(i) Final fracture at δ=1.12”(28.5mm) 

 
(j) Local and lacing buckling 

at δ=1.12”(28.5mm) 

  
(k) Global buckling at δ=1.12”(28.5mm) 

 
(l) Global buckling at δ=1.12”(28.5mm) 

 
 

Figure 4.26 Observations made during testing of the By8-120 specimen (continued)
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Figure 4.27 Test set-up for the By16-60 specimen 

 

Figure 4.28 Hysteretic curve for the By16-60 specimen 
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(a) Local buckling at δ=0.16”(4.1mm) 

near the middle connection plate 
(b) Local buckling at δ=0.16”(4.1mm) 

near the gusset-connection (1st) 

  
(c) Local buckling at δ=0.16”(4.1mm) 

near the gusset-connection (3rd) 
(d) Local buckling on the plates 

at δ=0.24”(6.1mm), 1st 

  
(e) Local buckling on the plates 

at δ=0.24”(6.1mm), 2nd 
(f) Local buckling at δ=0.24”(6.1mm) 

 
 

Figure 4.29 Observations made during testing of the By16-60 specimen 
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(g) Lacing bolt failure 

at δ=0.4”(10.2mm) 
(h) Local buckling at δ=0.4”(10.2mm) 

 

  
(i) Initial fracture at δ=0.40”(10.2mm) 

 
(j) Final fracture at δ=0.48”(12.2mm) 

 

  
(k) Final fracture at δ=0.48”(12.2mm) (l) Global fractured shape 

at δ=0.48”(12.2mm) 
 

Figure 4.29 Observations made during testing of the By16-60 specimen (continued) 



 79

the corresponding experimental buckling displacement, δb,exp = 0.16” (4.1 mm) was identified.  

These local buckles became more severe during the following compressive loading cycles as 

shown in Figure 4.29c. 

 

Three loading cycles at 1.5 δb,exp of the specimen were applied for  better observations of local 

buckling.  During the first compressive cycle at 1.5 δb,exp = 0.24” (6.1 mm), local buckling on the 

tie-plates near the gusset-connection in the North segment of the specimen was observed as 

shown in Figure 4.29d.  During the second compressive cycle, local buckling on the plates was 

so severe that bolts on the adjacent deformed upper and lower tie-plates came in contact as 

shown in Figure 4.29e.  During the third compressive cycle, local buckling on the upper angles 

near the gusset-connection in the North segment were also observed as shown in Figure 4.29f. 

 

During the first compressive cycle at 2.5 δb,exp = 0.40” (10.2 mm), a lacing bolt failure and more 

severe local buckling were observed near the gusset-connection of the North segment of the 

specimen as shown in Figures 4.29g and 4.29h, respectively.  Initial facture was also observed on 

the lower angle near the gusset-connection during the first tensile cycle as shown in Figure 4.29i.   

 

During the first tensile cycle at 3.0 δb,exp = 0.48” (12.2 mm), entire fracture was observed near 

the gusset-connection as shown in Figures 4.29j and 2.29k.  Global view of the member 

deformations after the fracture is shown in Figure 4.29l.  

 

4.2.9 Specimen By16-120 

 

Test set-up and hysteretic curve obtained from test result for the By16-120 specimen are 

presented in Figures 4.30 and 4.31, respectively. 

 

Because no evidence of buckling or yielding was observed after 9 cycles at the theoretical 1/3, 

2/3, and 1.0 PH = 60 kips (2647.0 kN), a decision was made to seek the experimental buckling 

displacement by increasing small values of the control force, starting from PH = 70.0 kips (311.5 

kN).  During the first cycle at PH = 70.0 kips (311.5 kN), global buckling suddenly developed 

near the mid-length of the specimen as shown in Figure 4.32a.  This resulted in a significant  
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Figure 4.30 Test set-up for the By16-120 specimen 

 

Figure 4.31 Hysteretic curve for the By16-120 specimen 
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(a) Global buckling at δ=0.17”(4.3mm) 

 
(b) Local buckling at δ=0.17”(4.3mm) 
near the mid-length of the specimen 

  
(c) Local buckling at δ=0.17”(4.3mm) 

near the South gusset-connection 
(d) Local buckling at δ=0.17”(4.3mm) 

near the North gusset-connection 

  
(e) Global buckling at δ=0.34”(8.6mm) 

 
(f) Local buckling at δ=0.34”(8.6mm) 
near the mid-length of the specimen 

 

Figure 4.32 Observations made during testing of the By16-120 specimen  
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(g) Initial fracture at δ=0.68”(17.3mm) 

 
(h) Lacing buckling at δ=0.68”(17.3mm) 

  
(i) Final fracture at δ=0.86”(21.8mm) 

 
(j) Global buckling at δ=0.86”(21.8mm) 

 

  
(k) Local buckling at δ=0.86”(21.8mm) 

 
(l) Global fractured shape 

at δ=0.86”(21.8mm) 
 

Figure 4.32 Observations made during testing ofBy16-120 specimen (continued) 
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overshoot beyond the control displacement that the controllers could not prevent.  Local buckling 

was also observed at the global buckling location and near both the South and North gusset-

connections as shown in Figures 4.32b to 4.32d and the experimental buckling displacement, 

δb,exp = 0.17” (4.3 mm) was identified.   

 

During the first compressive cycle at 2.0 δb,exp = 0.34” (8.6 mm), global and local buckling were 

getting more severe as shown in Figures 4.32e and 4.32f. 

 

During the first compressive cycle at 4.0 δb,exp = 0.68” (17.3 mm), initial fracture on the lower 

angle at the mid-length of the specimen was observed as shown in Figure 4.32g.  During the 

second compressive cycle, local buckling (on the bottom angle) and lacing buckling at the mid-

length of the specimen were observed as shown in Figure 4.32h.   

 

During the first tensile cycle at 6.0 δb,exp = 0.86” (21.8 mm), entire fracture of the lower angle at 

the mid-length of the specimen was observed as shown in Figure 4.32i.  Figures 4.32j and 4.32k 

show the global and local buckling at the last compressive cycle and Figure 4.32l is showing the 

global deformed shape of the specimen after fracture in tension. 

 

4.2.10 Specimen Bx8-60 

 

Test set-up and hysteretic curve obtained from test result for the Bx8-60 specimen are presented 

in Figures 4.33 and 4.34, respectively. 

 

During the first compressive cycle at 1.0 PH = 87.0 kips (387.2 kN), global buckling in the South 

segment of the specimen was observed and the experimental buckling displacements, δb,exp = 

0.18” (4.6 mm) was identified. 

 

Three loading cycles at 1.5 δb,exp of the specimen were applied for  better observations of global 

and local buckling.  During the first compressive cycle at 1.5 δb,exp = 0.27” (6.9 mm), global out-

of-plane buckling was observed in the South segment as shown in Figure 4.35a.  However, 

during the second compressive cycle, the out-of-plane buckling behavior permanently changed  
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Figure 4.33 Test set-up for the Bx8-60 specimen 

 

Figure 4.34 Hysteretic curve for the Bx8-60 specimen 
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(a) Global out-of-plane buckling 

at δ=0.27”(6.9mm)  
(b) Global in-plane buckling 

at δ=0.27”(6.9mm)  

 
(c) Local buckling 

at δ=0.27”(6.9mm), 3rd  
(d) Local buckling at δ=0.36”(9.1mm) 

 
(e) Lacing bolt failure 

at δ=0.36”(9.1mm) 
(f) Lacing buckling at δ=0.36”(9.1mm) 

 

Figure 4.35 Observations made during testing of the Bx8-60 specimen 
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(g) Lacing buckling at δ=0.45”(11.4mm) 

 
(h) Initial fracture at δ=0.45”(11.4mm) 

 

  
(i) Fracture at δ=0.54”(13.7mm) 

 
(j) Fracture at δ=0.54”(13.7mm) 

 

  
(k) Final fracture at δ=1.63”(16.0mm) 

 
(l) Global fractured shape 

at δ=1.63”(16.0mm) 
 

Figure 4.35 Observations made during testing of the Bx8-60 specimen (continued) 
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into an in-plane mode of buckling, as shown in Figure 4.35b.  During the third compressive 

cycle, local buckling on the upper angles of the South segment of the specimen near the gusset-

connection was also observed as shown in Figure 4.35c. 

 

During the first compressive cycle at 2.0 δb,exp = 0.36” (9.1 mm), local buckling on the lower 

angles near the middle connection plate was observed as shown in Figure 4.35d.  Lacing bolt 

failure was also observed near the gusset-connection of the South segment of the specimen as 

shown in Figure 4.35e.  Lacing buckling was observed to start developing near the middle 

connection plate of the North segment in addition to the South segment of the specimen as 

shown in Figure 4.35f during the second compressive cycle. 

 

During the first compressive cycle at 2.5 δb,exp = 0.45” (11.4 mm), lacing buckling was observed 

near the middle connection plate of the South segment as shown in Figure 4.35g.  Initial fracture 

on the lower angle near the gusset-connection of the South segment of the specimen was 

observed during the first tensile cycle as shown in Figure 4.35h.  

 

During the first tensile cycle at 3.0 δb,exp = 0.54” (13.7 mm), fractures on the both upper and 

lower angles near the middle connection plate of the South segment were observed as shown in 

Figures 4.35i and 4.35j, respectively.  

 

During the second tensile cycle at 3.5 δb,exp = 0.63” (16.0 mm), entire fracture near the middle 

connection plate of the South segment of the specimen was observed as shown in Figure 4.35k.  

Figure 4.35l is showing global deformed shape of the specimen after fracture in tension. 

 

4.2.11 Specimen Bx8-120 

 

Test set-up and hysteretic curve obtained from test result for the Bx8-120 specimen are presented 

in Figures 4.36 and 4.37, respectively. 

 

No evidence of buckling or yielding was observed after 9 cycles at the theoretical 1/3 PH, 2/3 PH, 

and 1.0 PH (three cycles each), nor during three cycles at 1 1/3 PH = 26 kips (115.7 kN).  A 
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decision was made to seek the experimental buckling displacement by subjecting the specimen to 

progressively increasing small values of the control displacement, starting from 0.12” (3.0 mm), 

which is corresponding to the 1 1/3 PH = 26 kips (115.7 kN).  Initial global out-of-plane buckling 

was observed at the control displacement, δb = 0.16” (4.1 mm) as shown in Figure 4.38a and the 

experimental buckling displacements, δb,exp = 0.16” (4.1 mm) was identified. 

 

Three cycles at 1.5 δb,exp instead of 2.0 δb,exp of the specimen were applied to allow better 

observations of buckling.  During the three cycles at 1.5 δb,exp = 0.24” (6.1 mm), small frame 

column twisting was observed.  Testing was stopped to fix the reaction frame by the addition of 

guidance shoes (clamped to the base foundation beam and top beam) at both ends of the 

specimen to prevent undesirable twisting of the reaction frame.  Note that guidance shoe showed 

in Figure 4.38b is from the test set-up of specimen Bx16-60, but presented here for convenience.  

After installing guidance shoes, testing resumed and three more cycles at 1.5 δb,exp = 0.24” (6.1 

mm) were applied to observe the effectiveness of these new devices on the test result.  Both out-

of-plane and in-plane buckling were observed during the first compressive cycle as shown in 

Figure 4.38c and lacing bolting failure was also observed near the North gusset-connection of the 

specimen as shown in Figure 4.38d.  Local buckling on the lower angle near the global buckling 

location was observed during the third compressive cycle as shown in Figure 4.38e. 

 

At the maximum displacements of the first compressive cycle at 2.0 δb,exp = 0.32” (8.1 mm), out-

of-plane buckling behavior again permanently converted into in-plane buckling as shown in 

Figure 4.38f.  During the first tensile cycle, a crack on the lower angle (local buckling point at 

1.5 δb,exp) was observed as shown in Figure 4.38g.  During the third compressive cycle, another 

local buckle on the lower angles in the mid-length of the specimen was observed as shown in 

Figure 4.38h.   

 

During the first compressive cycle at 2.5 δb,exp = 0.40” (10.2 mm), initial fracture on the upper 

angle (different from the initial crack observed during previous cycles at 2.0 δb,exp) was observed 

at the mid-length of the specimen as shown in Figure 4.38i.   
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Figure 4.36 Test set-up for the Bx8-120 specimen 

 

Figure 4.37 Hysteretic curve for the Bx8-120 specimen 
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(a) Global out-of-plane buckling 

at δ=0.16”(4.1mm) 
(b) Guidance shoe device 

 

  
(c) Global out-of-plane buckling 

at δ=0.24”(6.1mm)  
(d) Lacing bolt failures 

at δ=0.24”(6.1mm)  

  
(e) Local buckling 
at δ=0.24”(6.1mm) 

(f) Global out-of-plane buckling 
at δ=0.32”(8.1mm)  

 

Figure 4.38 Observations made during testing of the Bx8-120 specimen 
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(g) Crack at δ=0.32”(8.1mm)  (h) Local buckling in the mid-length of the 

specimen at δ=0.24”(6.1mm) 

  
(i) Initial fracture at δ=0.40”(10.2mm) 

 
(j) Fracture at δ=0.64”(16.3mm) 

 

  
(k) Final fracture at δ=0.96”(24.4mm) 

 
(l) Global fractured shape 

at δ=0.96”(24.4mm) 
 

Figure 4.38 Observations made during testing of the Bx8-120 specimen (continued) 
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During the second tensile cycle at 4.0 δb,exp = 0.64” (16.3 mm), fracture on the upper plate at 

mid-length of the specimen was observed, simultaneously with a large drop in tension strength as 

shown in Figure 4.38j. 

 

During the first tensile cycle at 5.0 δb,exp = 0.80” (20.3 mm), half of the gross section of the 

specimen fractured at the mid-length of the specimen. 

 

During the first tensile cycle at 6.0 δb,exp = 0.96” (24.4 mm), entire fracture at mid-length of the 

specimen was observed as shown in Figure 4.38k.  Figure 4.38l is showing global deformed 

shape of the specimen after fracture in tension. 

 

4.2.12 Specimen Bx16-60 

 

Test set-up and hysteretic curve obtained from test result for the Bx16-60 specimen are presented 

in Figures 4.39 and 4.40, respectively. 

 

After the first compressive cycle at 1.0 Pb = 66 kips (293.7 kN), the force–displacement 

hysteretic curve that was monitored during the test showed some evidence of non-linear 

behavior.  Local buckling was not clearly visible on the specimen, but subsequent test cycles 

indeed proved that local buckling developed at the experimental buckling displacements, δb,exp = 

0.20” (5.1 mm) corresponding to this load value. 

 

During the first compressive cycle at 1.5 δb,exp = 0.30” (7.6 mm), visible local buckling on the 

lower angle of the North segment of the specimen near the gusset-connection was observed to 

initiate as early as displacements of 0.20” (5.1 mm) as shown in Figure 4.41a.  At the maximum 

displacement (0.30” = 7.6 mm) at this compressive cycle, larger global out-of-plane buckling 

was observed in the South segment of the specimen as shown in Figure 4.41b.  With this larger 

global out-of-plane buckling, several local buckling were observed: i) on the upper angles near 

the global buckling location (Figure 4.41b), ii) on the lower angles of the South segment near the 

middle connection plate (Figure 4.41c), iii) on the lower angle of the South segment near the  
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Figure 4.39 Test set-up for the Bx16-60 specimen 

 

Figure 4.40 Hysteretic curve for the Bx16-60 specimen 
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(a) Local buckling at δ=0.20”(5.1mm) (b) Global out-of-plane and local buckling 

at δ=0.30”(7.6mm) 

  
(c) Local buckling at δ=0.30”(7.6mm) 

near the middle connection plate 
(d) Local buckling at δ=0.30”(7.6mm) 

near the South gusset-connection 

  
(e) Local buckling at δ=0.30”(7.6mm) 

near the middle connection plate 
(f) Crack at δ=0.40”(10.2mm) 

 
 

Figure 4.41 Observations made during testing of the Bx16-60 specimen 
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(g) Initial fracture at δ=0.50”(12.7mm) 

 
(h) Fracture at δ=0.50”(12.7mm) 

 

  
(i) Final fracture at δ=0.60”(15.2mm) (j) Global fractured shape 

at δ=0.60”(15.2mm) 
 

  

  
 

Figure 4.41 Observations made during testing of the Bx16-60 specimen (continued) 
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gusset-connection (Figure 4.41d), and iv) on the lower angles of the North segment of the 

specimen near the middle connection plate (Figure 4.41e). 

 

During the first compressive cycle at 2.0 δb,exp = 0.40” (10.2 mm), a small crack on the lower 

angle of the South segment of the specimen near the middle connection plate was observed as 

shown in Figure 4.41f. 

 

During the first tensile cycle at 2.5 δb,exp = 0.50” (12.7 mm), fracture on the lower angle of the 

South segment near the middle connection plate was observed as shown in Figure 4.41g and 

propagated significantly during the second and third tensile cycles as shown in Figure 4.41h. 

 

During the third tensile cycle at 3.0 δb,exp = 0.60” (15.2 mm), entire fracture on the lower angle of 

the South segment of the specimen near the middle connection plate was observed as shown in 

Figure 4.41i.  Figure 4.41j is showing global deformed shape of the specimen after fracture in 

tension. 

 

4.2.13 Specimen Bx16-120 

 

Test set-up and hysteretic curve obtained from test result for the Bx16-120 specimen are 

presented in Figures 4.42 and 4.43, respectively. 

 

No evidence of buckling or yielding was observed after 9 cycles at the theoretical 1/3 PH, 2/3 PH, 

and 1.0 PH = 54 kips (240.3 kN).  A decision was made to seek the experimental buckling 

displacement by increasing the control force, starting from 1 1/3 Pb = 72 kips (320.4 kN).  During 

the second compressive cycle at 1 1/3 Pb, local buckling on the lower angle near the South 

gusset-connection was observed as shown in Figure 4.44a.  Again, buckling was somewhat 

sudden, resulting in an overshoot of the target displacement.  Small but visible global out-of-

plane buckling was also observed, although not shown in figure and corresponding experimental 

buckling displacements, δb,exp = 0.28” (7.1 mm) was identified. 

 

Three cycles at 1.5 δb,exp in tension and 2.0 δb,exp in compression of the specimen (i.e., 
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unsymmetrical control displacements) were applied to prevent unexpected fracture during the 

following tensile cycle before significant buckling could be observed in compression. 

 

During the first compressive cycle at 2.0 δb,exp = 0.56 (14.2 mm), local buckling on the upper 

angle near the South gusset-connection was observed at δ b = 0.28” (7.1 mm) as shown in Figure 

4.44b and larger global in-plane buckling was observed at δ b = 0.56” (14.2 mm) as shown in 

Figure 4.44c.  Note that specimen buckled out-of-plane before behavior changed permanently to 

in-plane buckling.  Local buckling on the lower angles and plate were also observed at the global 

buckling location during this cycle as shown in Figures 4.44d and 4.44e.  During the second 

compressive cycle, buckling on lacings near global buckling location were observed as shown in 

Figure 4.44f.  During the third compressive cycle, specimen strength decreased partly due to the 

smaller moment of inertia that developed as a consequence of lacing buckling.   

 

During the first compressive cycle at 3.0 δb,exp = 0.84 (21.3 mm), local buckling was observed on 

the upper angle at the 1/4 of specimen length from the North end as shown in Figure 4.44g.  Due 

to large residual compressive deformation from the previous compressive cycle, during the first 

tensile cycle, local buckling was observed at the global buckling location as shown in Figure 

4.44h.  

 

During the second tensile cycle at 4.0 δb,exp = 1.12 (28.4 mm), initial fracture on the lower angle 

at the global buckling location was observed as shown in Figure 4.44i.    

 

During the first compressive cycle at 5.0 δb,exp = 1.40 (35.6 mm), fracture on the upper angles at 

the global buckling point was observed as shown in Figure 4.44j.  During first tensile cycle, 

entire fracture was observed as shown in Figure 4.44k.  Figure 4.44l is showing global deformed 

shape of the specimen after fracture in tension. 
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Figure 4.42 Test set-up for the Bx16-120 specimen 

 

Figure 4.43 Hysteretic curve for the Bx16-120 specimen 
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(a) Local buckling at δ=0.28”(7.1mm) 

 
(b) Local buckling at δ=0.28”(7.1mm) 

 

  
(c) Global buckling at δ=0.56”(14.2mm) 

 
(d) Local buckling at δ=0.56”(14.2mm) 
near the mid-length of the specimen 

  
(e) Local buckling at δ=0.56”(14.2mm) 
near the mid-length of the specimen 

(f) Lacing buckling at δ=0.56”(14.2mm) 
 

 

Figure 4.44 Observations made during testing of the Bx16-120 specimen 
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(g) Local buckling at δ=0.84”(21.3mm) 

1st compressive cycle 
(h) Local buckling at δ=0.84”(21.3mm) 

1st tensile cycle 

  
(i) Initial fracture at δ=1.12”(28.4mm) 

2nd tensile cycle 
(j) Fracture at δ=1.40”(35.6mm) 

1st compressive cycle 

  
(k) Final fracture at δ=1.40”(35.6mm) 

 
(l) Global fractured shape 

at δ=1.40”(35.6mm) 
 

Figure 4.44 Observations made during testing of the Bx16-120 specimen (continued) 
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SECTION 5 
 

ANALYSIS OF RESULTS – HYSTERETIC BEHAVIOR 
 

In this section, the tensile and compressive strength and hysteretic behaviors of the test results 

obtained from the twelve tested specimens are discussed.  The tensile and compressive strengths 

of the specimens are compared with those predicted by the AISC LRFD Specification (AISC, 

1999).  Hysteretic axial force–displacement curves are reviewed in various normalized manners 

to observe the hysteretic behaviors of specimens obtained during the testing.  Non-linear 

analyses are conducted and correlated with test results.   

 

5.1 Data Analyses of Test Results 

 

5.1.1 Tension Strength  

 

Design strength of tension members is specified by the AISC LRFD Specification (AISC, 1999) 

as the lesser of either yielding of the gross section or fracture of the net section.  

 

For yielding in the gross section, axial strength, nP , is given by:  

gyn AFP =       (5.1 a) 

 

where yF  is the specified yield stress and gA  is the gross section area. 

 

For fracture in the net section, 

eun AFP =       (5.1 b) 

 

where uF  is the specified tensile strength for the type of steel used and eA  is the effective net 

section area specified as: 

 

UAA ne =          (5.2) 
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where nA  is the net area and U  is a reduction coefficient specified as: 

 

9.0)/(1 ≤−= LxU         (5.3) 

 

where x  is the connection eccentricity defined as the distance from the connection plane or face 

of the member to the centroid of the member section resisting the connection force, and L  is the 

length of connection in the direction of loading.  Note that in the case of staggered bolt patterns, 

calculation of net area, nA  is given by: 

 

∑ ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

g
swtA nn 4

2

        (5.4) 

 

where t  is the thickness of the each element, nw  is the effective width of the each element, s  is 

the longitudinal center-to-center spacing (pitch) of any two consecutive holes and g  is the 

transverse center-to-center spacing (gage) between gage lines. 

 

Following AISC LRFD design specification per the above equations, tensile strength of each 

specimen was calculated.  Cross sectional properties of the specimens are summarized in Table 

5.1.  Calculated tensile strengths using coupon yield and ultimate strengths (Table 3.4) for each 

specimen (instead of the specified values) are compared with results obtained from testing in 

Table 5.2 and graphically compared in Figure 5.1.  Tensile strength of specimens with section 

shape “B” is limited by the net section  fracture, (Eq. 5.1b), due to their relatively large number 

of bolt holes, while specimens with section shape “A” were able to develop gross section 

yielding, (Eq. 5.1a).  As shown in Figure 5.1 and Table 5.2, ratios of test result to the predicted 

strength are 0.9 or greater, except for the Ay8-60 and Ay16-120 specimens.  Note that the Ay8-

60 specimen was not tested to its maximum tensile strength; recall that testing was stopped to 

prevent damage on the other diagonal specimen, Ay8-120, as described in SECTION 4. 
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Table 5.2 Tensile strength comparison 

Pn, kips (kN) 
Specimen 

Yield Ratio*1 Fracture Ratio*1 
Test 

Results 

Ay8-60*2 107.04 
(476.3) 0.77 114.67 

(510.3) 0.72 82.41 
(366.7) 

Ay8-120 107.04 
(476.3) 0.94 114.67 

(510.3) 0.87 100.17 
(445.7) 

Ay16-60 98.81 
(439.7) 0.97 103.17 

(459.1) 0.93 95.83 
(426.4) 

Ay16-120 98.81 
(439.7) 0.87 103.17 

(459.1) 0.84 86.26 
(383.9) 

By8-60 104.67 
(465.8) 0.80 92.25 

(410.5) 0.91 83.85 
(373.1) 

By8-120 104.67 
(465.8) 0.87 92.25 

(410.5) 0.99 90.92 
(404.6) 

By16-60 160.25 
(713.1) 0.81 142.22 

(632.9) 0.92 130.43 
(580.4) 

By16-120 160.25 
(713.1) 0.82 142.22 

(632.9) 0.93 132.09 
(587.8) 

Bx8-60 84.19 
(374.7) 0.77 70.47 

(313.6) 0.92 64.61 
(287.5) 

Bx8-120 84.19 
(374.7) 0.82 70.47 

(313.6) 0.98 69.04 
(307.2) 

Bx16-60 147.09 
(654.5) 0.83 132.60 

(590.1) 0.92 121.57 
(541.0) 

Bx16-120 147.09 
(654.5) 0.86 132.60 

(590.1) 0.95 126.27 
(561.9) 

*1 Ratio = Test result / AISC LRFD Specification. 

*2 Specimen Ay8-60 did not reach its maximum tensile strength. 
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5.1.2 Compression Strength 

 

Buckling strengths of specimens were also calculated per the AISC LRFD Specification (AISC, 

1999) considering the various limit states of global flexural buckling, local buckling, and 

buckling of built-up member considering shearing effect due to presence of lacings.  The 

shearing effect of lacings proposed by Galambos (1998) was also estimated.   

 

Two governing flexural buckling equations for compression members are specified by AISC 

LRFD, one for inelastic buckling and the other for elastic or Euler buckling as presented in Eq. 

5.5a and 5.5b, respectively.  Eq. 5.5a is an empirical relationship for the inelastic range, while 

Eq. 5.5b is the familiar Euler formula multiplied by 0.877.  The boundary between inelastic and 

elastic instability is λc = 1.5. 

 

For 5.1≤=
E
F

r
KL y

c π
λ , 

ygcrgn FAFAP c )658.0(
2λ==      (5.5 a) 
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E
F

r
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c π
λ ,  

y
c

gcrgn FAFAP ⎥
⎦

⎤
⎢
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⎡
== 2

877.0
λ

     (5.5 b) 

 

Axially loaded members containing elements subjected to compression having a width-thickness 

ratio, b/t, in excess of the AISC LRFD limitations are designed as follows: 
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where, for unstiffened elements, sQQ = which is defined as follows: 

 

For flanges, angles, and plates projection from built-up columns or other compression members: 

 

)//(/17.1/)//(/64.0 cycy kFEtbkFEwhen << , 

)/()/(65.0415.1 EkFtbQ cys −=     (5.7 a) 

)//(/17.1/ cy kFEtbwhen > , 

[ ]2)/(/90.0 tbFEkQ ycs =      (5.7 b) 

 

where the coefficient ck  is equal to wth //4  for I-shaped section, and 0.763 for other sections. 

 

For built-up compression members, the AISC LRFD Specification requires that individual 

components of a compression member composed of two or more shapes be connected to one 

another at intervals, a , such that the slenderness ratio of these individual components does not 

exceed three-fourths times the governing slenderness ratio of the built-up member.  If the 

buckling mode involves relative deformations that produce shear forces in the connectors 

between individual shapes, the effective slenderness ratio, KL/r, is replaced by (KL/r)m 

determined as follows: 

 

For intermediate connectors that are snug-tight bolted, 
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For intermediate connectors that are welded or fully-tensioned bolted, 
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Note that (KL/r)m can be calculated either by assuming snug tight or fully-tensioned bolts.  In 
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this study, the latter was done using the AISC LRFD Specification 3rd edition.  Interestingly, 

section shape By specimens exhibited very little sensitively to which method was used.  For 

example, for the By8-60 specimen, (KL/r)m was equal to 68.0, 66.5, and 67.7 if calculated by 

snug tight (1st edition to 3rd edition), fully-tensioned (1st edition), and fully-tensioned (3rd edition) 

of AISC LRFD Specifications, respectively.  Similar variations (0.61 % larger than slenderness 

ratios without considering shearing effects with standard deviation of 0.80) were observed for 

specimens By8-120, By16-60, and By16-120 as shown in Table 5.3. 

 

Table 5.3 Modified slenderness ratios for By specimens per different assumptions 

AISC LRFD Specifications 
Snug tight Fully-tensioned 

1st, 2nd, 3rd edition 1st edition 2nd, 3rd edition* 
Specimen 

(KL/r)m (KL/r)m (KL/r)m 

By8-60 67.95 66.50 67.66 

By16-60 71.48 71.23 71.41 

By8-120 110.39 109.50 110.21 

By16-120 105.14 104.97 105.09 
* (KL/r)m values used in this study 

 

Another approach to account for the shearing effect in a laced member consists of increasing the 

effective slenderness ratio as follows (Galambos, 1998): 

 

For 40≥
r

KL ,     ( )2/
3001'

rKL
KK +=      (5.9 a) 

 

For 40<
r

KL ,     KK 1.1'=       (5.9 b) 

 

In the following, results are presented first for the specimens having slenderness ratios of KL/r = 

60, then for the specimens having KL/r = 120, because the way K factor is treated in these two 

groups of specimens is different. 
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The KL/r = 60 specimens were originally designed assuming the theoretical slenderness ratio 

measured from center-line to center-line of connection gussets.  Due to the actual end conditions 

(gusset plates and connectivity), the actual member length to use in the calculations of the 

accurate slenderness ratio for the specimens must be considered in the comparison between 

experimental results and analytical predictions.  As shown in Figure 5.2, analyses using SAP 

2000 show that the specimens are subjected to a bending moment diagram and are not in pure 

compression when the frame sways.  Therefore, using the results from SAP 2000 analyses, 

inflection points can be determined along the braces and the distance, L* is defined as the 

distance between two inflection points.  The actual K factor for the specimens is therefore given 

by the ratio of L*/L, where L is the distance between the first row of bolts at the face of the 

gusset to the same on the other gusset.  Table 5.4 summarizes all of the parameters shown in 

Figure 5.2 for each of the specimen considered.  The results in that table show that the effective 

length factor, K varies between 0.61 to 0.68 with an average value of 0.65. 

 

Table 5.4 Effective length factor, K (specimens with KL/r = 60) 

Specimen M1 M2 M3 M4 L 
in (mm) 

L1* 
in (mm) 

L2* 
in (mm) 

L* 
in (mm) K 

Ay8-60 0.72 1.01 0.93 0.30 81.25 
(2063.8) 

23.72 
(602.5) 

30.72 
(780.3) 

54.43 
(1382.5) 0.67 

Ay16-60 0.82 1.17 0.80 0.25 99.75 
(2533.7) 

29.32 
(744.7) 

38.00 
(965.2) 

67.32 
(1709.9) 0.68 

By8-60 1.19 1.18 0.86 0.34 163.75 
(4159.3) 

40.76 
(1035.3) 

58.68 
(1490.5) 

99.44 
(2525.8) 0.61 

By16-60 1.22 1.52 1.18 0.38 118.00 
(2997.2) 

32.73 
(831.3) 

44.63 
(1133.6) 

77.36 
(1964.9) 0.66 

Bx8-60 1.35 1.51 1.20 0.44 114.00 
(2895.6) 

30.09 
(764.3) 

41.71 
(1059.4) 

71.80 
(1823.7) 0.63 

Bx16-60 1.72 1.78 1.32 0.49 165.00 
(4191.0) 

41.96 
(1065.8) 

60.17 
(1528.3) 

102.12 
(2593.8) 0.62 

 

The compression strength for the specimens named KL/r = 60 calculated per the equations of 

AISC LRFD design specification and using the effective member length factor obtain from these 

SAP 2000 analyses (Table 5.4) are then compared with the test results.  These results are 

compared in Table 5.5 and graphically presented in Figure 5.3.  Note that the predicted strengths 
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of the specimens in Figure 5.3 were calculating using the appropriate equations corresponding to 

their specific buckling modes of each specimen as described in Table 5.6. 

 

Table 5.5 Compressive strength comparison (specimens with KL/r = 60) 

Pn 

Specimen Pn1
*1 

Kips 
(kN) 

Rat. 
Pn2

*1 
Kips 
(kN) 

Rat. 
Pn3

*1 
Kips 
(kN) 

Rat. 
Pn4

*1 
Kips 
(kN) 

Rat. 
Test 

Ay8-60 75.31 
(335.1) 1.13 75.31 

(335.1) 1.13 NA NA NA NA 84.79 
(377.3) 

Ay16-60 67.06 
(298.4) 1.15 60.84 

(270.8) 1.27 NA NA NA NA 77.17 
(343.4) 

By8-60 80.98 
(360.4) 0.63 80.98 

(360.4) 0.63 79.56 
(354.1) 0.64 79.25 

(352.6) 0.64 50.80 
(226.1) 

By16-60 115.03 
(511.9) 1.02 104.37 

(464.5) 1.12 114.78 
(510.8) 1.02 112.57 

(500.9) 1.04 117.27 
(521.8) 

Bx8-60 64.71 
(287.9) 0.93 64.71 

(287.9) 0.93 NA NA NA NA 60.06 
(267.3) 

Bx16-60 108.41 
(482.4) 1.05 98.37 

(437.7) 1.16 NA NA NA NA 113.95 
(507.1) 

*1 Pn1 = Eq. 5.5: LRFD global buckling 

Pn2 = Eq. 5.6: LRFD global buckling 

Pn3 = Eq. 5.8: LRFD global buckling + shearing effect 

Pn4 = Eq. 5.9: global buckling + Galambos shearing effect 

 

Table 5.6 Buckling mode observed at its maximum compressive forces reached  

                (specimens with KL/r = 60) 

Specimen Ay8-60 Ay16-60 By8-60 By16-60 Bx8-60 Bx16-60 

Buckling 
Mode 
Observed 

Global 
Buckling 

Local 
Buckling 

Global 
Buckling 

+ 
Shearing 
Effects 

Local 
Buckling 

Global 
Buckling 

Local 
Buckling 
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As shown in Figure 5.3, the specimen strengths calculated using the AISC LRFD Specification 

equations match the experimentally obtained values within 20 percents except for specimen By8-

60.  This greater error observed for that specimen can be attributed to the fact that an initial 

imperfection existed at the beginning of the test of each testing.  That imperfection was 

introduced during the testing of the specimen By8-60.  Therefore, it is imperative in predicting 

the strength of that specimen to consider this initial imperfection greater than with otherwise has 

been the case if the specimen had been intact from the onset.  Elastic buckling strength of 

compression members having initial imperfection, a , can be obtained as (Gere and Timoshenko, 

1984): 
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For the purpose of calculation, it can be rewritten as a quadratic equation with gAP /  as 

unknown:  
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ac  is the imperfection ratio, a  is the maximum 

initial imperfection, and c  is distance from the centroidal axis to the extreme fiber on the 

concave side of the compressive member. 

 

Note that the initial imperfection for specimen By8-60 was measured graphically from 

photographs taken of the specimen prior to testing instead of measuring it directly from the 

specimen in the lab.  The resulting member length to initial imperfection, a  is approximately 

1/300.  Using this information, the compressive strength of the By8-60 specimen was 

recalculated per Eq. 5.10b.  The resulting compressive strength ratio of test result to calculated 

value is 0.9 as shown in Figure 5.3.      
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Figure 5.1 Tensile strength comparisons 
 
 

Figure 5.2 Effective length factor, K (specimens with KL/r = 60) 
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Figure 5.3 Compressive strength comparisons (KL/r = 60) 
 
 

 
Figure 5.4 Initial imperfection of By8-60 specimen  
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The design compressive strengths of the specimens with KL/r = 120, predicted by the AISC 

LRFD Specification, were also compared with those obtained from the testing.  Theoretically, K 

values for these specimens are 1.0 as schematically shown in Figure 5.5a.  From the bending 

moment diagrams obtained from SAP 2000 analyses, the effective length factors, K of the 

specimens with KL/r of 120 were proved to be slightly larger than 1.0 (Figure 5.5b).  However, 

in the first step the expected design compressive strength of the specimens with KL/r of 120 

were calculated here with K value of 1.0.  Resulting calculated values are compared with those 

obtained from testing in Table 5.7 and Figure 5.6.  Buckling modes observed during testing for 

each specimen are also summarized in Table 5.8.  As shown in Table 5.7 and Figure 5.6, 

compressive strength calculated using the AISC LRFD Specification equations underestimate the 

compressive strength of the test specimens having a slenderness ratio of 120 with a relatively 

large error (ratios vary from 1.12 to 1.45). 

 

Table 5.7 Compressive strength comparison (specimens with KL/r = 120) 

Pn 

Specimen Pn1
*1 

Kips 
(kN) 

Rat. 
Pn2

*1 
Kips 
(kN) 

Rat. 
Pn3

*1 
Kips 
(kN) 

Rat. 
Pn4

*1 
Kips 
(kN) 

Rat. 
Test 

Ay8-120 48.90 
(217.6) 1.14 48.90 

(217.6) 1.14 NA NA NA NA 55.95 
(249.0) 

Ay16-120 42.19 
(187.7) 1.12 38.28 

(170.3) 1.24 NA NA NA NA 47.37 
(210.8) 

By8-120 46.92 
(208.8) 1.42 46.92 

(208.8) 1.42 46.10 
(205.2) 1.44 45.92 

(204.3) 1.45 66.50 
(295.9) 

By16-120 74.94 
(333.5) 1.34 67.99 

(302.6) 1.48 74.77 
(332.7) 1.34 73.33 

(326.3) 1.37 100.49 
(447.2) 

Bx8-120 38.05 
(169.3) 1.26 38.05 

(169.3) 1.26 NA NA NA NA 48.00 
(213.6) 

Bx16-120 63.28 
(281.6) 1.45 57.42 

(255.5) 1.60 NA NA NA NA 92.06 
(409.7) 

*1 Pn1 = Eq. 5.5: LRFD global buckling 

Pn2 = Eq. 5.6: LRFD global buckling 

Pn3 = Eq. 5.8: LRFD global buckling + shearing effect 

Pn4 = Eq. 5.9: global buckling + Galambos shearing effect 
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Table 5.8 Buckling mode observed at its maximum compressive forces reached  

                (specimens with KL/r = 120) 

Specimen Ay8-120 Ay16-120 By8-120 By16-120 Bx8-120 Bx16-120 

Buckling 
Mode 
Observed 

Global 
Buckling 

Global 
Buckling 

Global 
Buckling 

+ 
Shearing 
Effects 

Global 
Buckling 

+ 
Shearing 
Effects 

Global 
Buckling 

Global 
Buckling 

 

Therefore, the effective length factor, K that would make the calculated strength of each 

specimen equal to the experimentally obtained results are calculated and presented in Table 5.9.  

These values of the effective length factor will be used for evaluation of low cycle fatigue 

fracture life of the test specimens in SECTION 6. 

 

Table 5.9 Effective length factor, K (specimens with KL/r = 120) 

Pn, K 

Specimen Pn1 
Kips 
(kN) 

Kreq 
Pn2 

Kips 
(kN) 

Kreq 
Pn3 

Kips 
(kN) 

Kreq 
Pn4 

Kips 
(kN) 

Kreq 
Test 

Ay8-120 48.90 
(217.6) 0.91 48.90 

(217.6) 0.91 NA NA NA NA 55.95 
(249.0) 

Ay16-120 42.19 
(187.7) 0.93 38.28 

(170.3) 0.87 NA NA NA NA 47.37 
(210.8) 

By8-120 46.92 
(208.8) 0.77 46.92 

(208.8) 0.77 46.10 
(205.2) 0.76 45.92 

(204.3) 0.76 66.50 
(295.9) 

By16-120 74.94 
(333.5) 0.79 67.99 

(302.6) 0.71 74.77 
(332.7) 0.79 73.33 

(326.3) 0.78 100.49 
(447.2) 

Bx8-120 38.05 
(169.3) 0.85 38.05 

(169.3) 0.85 NA NA NA NA 48.00 
(213.6) 

Bx16-120 63.28 
(281.6) 0.76 57.42 

(255.5) 0.68 NA NA NA NA 92.06 
(409.7) 
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Figure 5.5 Theoretical K value for test specimens with KL/r = 120 
 

Figure 5.6 Compressive strength comparisons (KL/r = 120) 
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5.1.3 Hysteretic Curves 

 

The deformations and corresponding forces recorded during the tests were examined to observe 

the hysteretic behavior of test specimens.  As stated in SECTION 3, the hysteretic behavior of 

brace members depends on their slenderness ratios, KL/r and width-to-thickness ratios, b/t.  To 

compare the relative hysteretic behavior of test specimens having different slenderness ratios and 

width-to-thickness ratios but same cross-section type (i.e. Ay, By, and Bx), four hysteretic curves 

are presented in each figure for a given section shape.  Furthermore, to allow more general 

comparison of the hysteretic behavior of all the test specimens, the hysteretic curves were 

normalized in a few different ways. 

 

In the following, five hysteretic curves figures are presented for each specimen section shape, 

presenting results in different formats, namely: 

 

(1) Absolute results, i.e., forces and displacements measured from the actuator and gauges 

during the tests, are presented.  All normalized hysteretic curves are desired from these 

results.  Forces from the test results are normalized by theoretical yield forces of test 

specimens calculated as ygy AP σ= . 

(2) Displacements obtained from testing normalized by the experimentally measured buckling 

displacement (δb,exp).  A secant modulus approach was used to obtain δb,exp instead of a 

tangent modulus, as schematically shown in Figure 5.7.  Forces from the test results are 

normalized by theoretical yield forces of test specimens calculated as ygy AP σ= . 

(3) Displacements normalized by the experimental yield displacement (δy,exp) corresponding to 

the experimental buckling displacement, δb,exp, calculated as shown in Figure 5.7.  Forces 

from the test results are normalized by theoretical yield forces of test specimens calculated 

as ygy AP σ= . 

(4) Frame drifts, ∆  (of interest in seismic design) obtained from testing.  From the Temposonic 

located at the loading point, normalized by frame height ( H ) (i.e. presented as percentage 

of height, ( ) 100/ ×∆ H ).  Forces from the test results are normalized by theoretical yield 

forces of test specimens calculated as ygy AP σ= . 
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(5) Frame drifts calculated from the diagonal displacements also presented in a normalized 

manner.  As shown in Figure 5.8, equivalent drifts were obtained from the geometric 

relationships between diagonal displacements and horizontal drifts assuming rigid columns 

and beam on the top of the frame.  Forces from the test results are normalized by theoretical 

yield forces of test specimens calculated as ygy AP σ= . 

 

Hysteretic curves normalized by experimental buckling displacements (item (2) above), are 

presented in Figures 5.9 to 5.14 and others are presented in Appendix C.  In these figures, 

hysteresis of normalized diagonal displacements for specimens with KL/r = 60 are presented 

either in terms of ‘Element’ or ‘System’ ductilities which are respectively calculated using either 

diagonal axial displacement of the buckled segment and the full diagonal axial displacement of 

both segments of the specimen (such a distinction is not necessary for the specimens with KL/r 

=120).  As described in SECTION 3, specimens with KL/r = 60 have essentially two identical 

members simultaneously tested in a frame.  Displacements were measured for both the upper and 

lower specimens as well as for the full diagonal length.  Figure 5.15 shows example hysteretic 

curves obtained from the testing of the By8-60 specimen.  Theoretically, the summation of 

displacements obtained from the both upper and lower elements should be identical to the system 

displacements measured if gages were lined-up perfectly.  Figures 5.16 and 5.17 present the 

theoretical relationships between elements and system displacements and ductilities for a 

specimen.  If one of the elements remains elastic and the other one buckles in a perfectly plastic 

manner (Figure 5.17), the theoretical relationship between element ductility, eleµ , and system 

ductility, sysµ , is 12 −= sysele µµ .  A more complex relationship exist if strength degradation is 

considered.  However no evidence of such a relationship was found experimentally.  Instead, 

inelastic displacements of the system, δinelastic,sys was often found to be close to that of element, δ 

inelastic,ele as shown in Figure 5.15 as an example for the By8-60 specimen.  This could be partly 

due to the fact that during the testing, the two Temposonics installed for measuring 

displacements of the upper and lower specimens were not perfectly lined-up.  Attempts were 

made to get correction factors to compensate for the geometric discordance between element and 

system displacements, using SAP 2000 analyses.  For example, the By16-60 specimen was 

modeled and analyzed in the elastic range with a gauge eccentricity of a  as shown in Figure 
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5.18.  Some relationship between elements and system displacements was observed in elastic 

range from the analyses as shown in Figure 5.19.  However, difficulties lie in finding such 

relationships in the inelastic range, which depends on rotations at the middle connection plate 

that were not measured.  Even though no clear relationships could be established between 

elements and system displacements, the use of correction factors will not have an impact on the 

presentation of results in a normalized form, since the same correction factors would be applied 

to both non-normalized displacements exp,bδ  and δ .  As indicated earlier, for the members with 

KL/r = 60, results are presented in two ways, i.e. either in terms of ‘Element’ or ‘System’ 

ductilities.  In the former case, the axial deformations of the yielding half-brace are divided by 

the length of the half-brace.  In the latter case, the axial deformations for the entire brace 

(including both the damaged and undamaged (or less damaged) half-braces) are divided by the 

full brace length.  This gives somewhat different results since in all cases, damage was 

concentrated on only one half length (or one member), if one thinks of the KL/r = 60 as two 

identical specimens and “series”. 

 

To assess the adequacy of braces hysteretic behavior, capacity must be compared against 

demand.  One way to quantify demand is in terms of displacement demands, themselves related 

to the design level, and the structural response modification, R, defined as the product of the 

ductility factor (Rd) and the over-strength factor (Ω0) of a structural system.  For braced frames, 

the design (or evaluation) assumption also has an impact on demand.  For example, with a 

certain ductility reduction factor, Rd, a tension-only braced frame can be designed to resist the 

base shear V which is obtained from dividing the forces obtained from the elastic response 

spectrum by Rd.  Consequently, in that case, brace force is calculated dividing V by the cosine 

angle of the brace as shown in Figure 5.20.  Alternatively, each brace force in a standard X-

braced frame can be also determined by dividing V/2 by the cosine angle of the brace as shown 

in Figure 5.21.  In such a case, compression strength of the brace governs the design. 

 

In the AISC LRFD Specification (1999), the ductility factor for braced frames is assumed to be 

3.  The over-strength factor specified for CBF is 2 and R factor is 6, corresponding to a ductility 

factor of 3.  This value is shown in Figures 5.9 to 5.14 by thick vertical dotted lines which allow 

to assess whether the ductility capacity of specimens is sufficient to meet the specified demands.  
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As schematically presented in Figure 5.21, ductility capacity of the bracing members in a X-

braced frame can be calculated as: 

 

b
b δ

δµ max=                (5.11 a) 

for a compressive bracing member, and, 

 

y
y δ

δµ max=                (5.11 b) 

for a tensile bracing member. 

 

The relationship between compressive and tensile ductility capacities is a function of the 

slenderness ratio, KL/r of the bracing member.  If a X-braced frame has slender bracing 

members, a smaller tensile ductility demand will be required compared to an X-braced frame 

with stockier bracing members as schematically presented in Figure 5.22.  An example 

calculation of tensile ductility, yµ  corresponding to the compressive ductility, bµ  of 3 for 

compressive members with slenderness ratios of 60 and 120 is schematically presented in Figure 

5.23.  In this figure, design stress for compression members with KL/r of 60 and 120 were taken 

from the AISC LRFD Specification (1999) design stress table for Gr. 50 ksi (344.5 MPa) steel.  

These values were divided by the design stress for a compression member with KL/r = 0, which 

corresponds to the tensile stress of the member, consequently these ratios can be translated into 

the ratio of compressive buckling displacement to tensile yield displacement ( yb δδ / ) of the 

bracing members.  The corresponding relationships yb δδ 77.0=  and yb δδ 35.0=  are obtained 

for bracing members with slenderness ratios of 60 and 120, respectively, from which respective 

tensile ductility of 2.3 and 1.1 (corresponding to bδ  of 3) are calculated.  These values are also 

presented by vertical lines in the normalized hysteretic curves of Figures 5.9 to 5.14. 
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 Figure 5.7 Definition of experimental buckling and yield displacement (δb,exp and δy,exp) 
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Figure 5.8 Definition of equivalent horizontal frame drift (∆) 
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(a) Upper specimen 
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(b) Lower specimen 
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Figure 5.15 Hysteretic curves for By8-60 specimen 
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Figure 5.16 Theoretical displacements of upper and lower specimens 
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Figure 5.17 Relationship between system ductility (µsys) and element (1 buckled brace) ductility 
(µele) neglecting brace strength degradation 
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Figure 5.18 SAP 2000 model for By16-60 specimen 

Figure 5.19 Gage correction factors from SAP 2000 analyses 
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Figure 5.20 Tension only braced frame design 

 

Figure 5.21 X-braced frame design 
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Figure 5.22 Ductility comparisons between slender and stocky braces in a X-braced frame 
 

Figure 5.23 Relationship between compressive and tensile ductility 
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5.2 Non-linear Analyses 

 

In this section, using the brace element model in DRAIN-2DX (Prakash and Powell, 1993), non-

linear analyses of brace specimens are conducted.  Hysteretic curves from analyses results are 

compared with those results obtained from testing.   

  

5.2.1 Modeling 

 

Non-linear static cyclic push-over analyses have been performed using the Ikeda and Mahin 

physical brace model (element No. 5), implemented in DRAIN-2DX (Prakash and Powell, 1993) 

by Taddei (1995).  This model has been developed for solid braces of uniform cross-section (i.e. 

not laced members).  Analyses were controlled by the axial displacements of the specimens.  

Note that only axial force-displacement is considered by the brace element model used (element 

No. 5, Taddei, 1995).  As a result, compression is somewhat imperfect, since the actual test 

specimen was also subjected to some flexure, as indicated in the previous section.  However, this 

effect is indirectly accounted for by doing the comparisons using the effective length factor, K, 

determined experimentally in calculating the displacement histories using element No. 5.  

Specimens having KL/r of 60 (considering the damaged half of the full brace member) were 

analyzed as a single member having K value of 1.0 and specimens having KL/r of 120 were 

analyzed with both the theoretical and the calculated (Section 5.1.2) effective length factors.  As 

shown in Figure 5.24, specimens were modeled with both ends pinned. 

 

5.2.2 Comparisons with Test Results 

 

The hysteresis loops obtained from the analyses of all specimens using DRAIN-2DX and 

element No. 5 are presented in Figures 5.25 to 5.42 overlaid on top of results obtained from 

testing. 

 

As described in Section 5.1.1, tensile strength of specimens with section shape “B” is limited by 

net section fracture while specimens with section shape “A” were able to develop gross section 

yielding.  The brace model used for the DRAIN-2DX analyses considers only gross section  
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Figure 5.24 Analyses model for DRAIN-2DX 
 
 

Figure 5.25 Comparison between analysis and experimental results of Ay8-60 specimen 
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yielding in tension.  Consequently, tensile strengths of section shape “A” specimens were 

reasonably predicted by the DRAIN-2DX analyses, while analysis results over-estimate the 

tensile strengths of section shape “B” specimens.  Because brace element No. 5 used for the 

analyses does not include a fracture criterion, strength degradation of the specimens in tension 

after initial fracture are not captured by the analyses, i.e., tests results show strength degradation 

in tension upon initial fracture, while analysis results show flat yielding plateaus when the 

maximum tensile strength reached. 

 

Hysteretic behaviors in compression of section shape “A” specimens having KL/r of 60, 

reasonably predicted by the analyses results and compressive strengths were also reasonably 

predicted.  Upon reloading in compression after initial buckling, the brace specimen behaved as a 

component with an initial deflection, and its peak buckling capacity decreased significantly in 

each subsequent cycle after the first buckling load, however, this behavior was not replicated by 

the DRAIN-2DX analysis results for the specimens having KL/r of 60 except for a few 

specimens for which a decrease was observed after the first buckling cycle, but for which peak 

buckling strength remained constant for all subsequent cycles.  However, the model replicated 

well the compression strength degradation after the peak buckling load is reached, at increasing 

axial displacements.   

 

The compressive strengths of the section shape “B” specimens having KL/r of 60 were 

overestimated by the analyses results with DRAIN-2DX element No. 5 which only considered 

Euler buckling or compression yielding as possible limit states for the first buckling strength in 

compression, the latter case governing in this case.  Tensile strengths were also over-estimated 

by the DRAIN-2DX element No. 5 analyses.  This is largely due to shortcoming in the modeling 

capabilities of element No. 5.  As described earlier, the tensile strengths of section shape “B” 

specimens were limited by the net section fracture.  For the section shape “B” specimens, net 

section yielding precedes gross section yielding, which itself would precede net section fracture.  

Although net section properties could have been input into the model instead, this could have 

given the wrong member axial stiffness (EA/L).  This could have been corrected by changing the 

modulus of elasticity accordingly, but this was not pursued since these are other significant 

problems anyhow with the predictions obtained with element No. 5, as described later.   
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Assuming that the maximum tension and compression strength of the brace calculated by 

element No. 5 are both limited by the tensile strength of the brace in the cases considered here, 

overestimation of the compressive strengths of the section shape “B” specimens having KL/r of 

60 by the analyses results is therefore proportional to the ratio of net section fracture to gross 

section yielding in tension.  Additional shortcoming in element No. 5 also exist in that the 

maximum strength reached in compression in successive cycles (beyond the first cycle) remains 

constant, contrary to experimental results which show progressive degradation.  Hence, although 

further “tuning” of the element No. 5 input data could have been possible, it was decided not to 

pursue this option since it somewhat goes against the objective of using a physical brace model 

in the first place, and particularly because the strength degradation observed in the test 

specimens was substantially more severe than typically observed for monolithic braces of the 

type that can be modeled using element No. 5. 

 

Compressive strengths of the section shapes “A” and “B” specimens having KL/r of 120 and 

overall shape of their hysteretic curves were reasonably predicted by the analyses results when 

the calculated effective length factors, K (Section 5.1.2) were used for the analyses.  However, as 

described in SECTION 4, section shape “B” specimens having KL/r of 120 suffered significant 

compression strength degradation because buckling was accompanied by local buckling and by 

lacing buckling.  As a result of lacing buckling, the components of the brace moved closer 

together, reducing the moment of inertia of the section at that location, also reducing the plastic 

moment at these hinges, and thus accelerating the loss in compression strength.  However, this 

behavior was not captured by brace element No. 5 because this model does not consider local 

buckling and lacing buckling (i.e., this model has been developed for monolithic bracing 

members which do not having lacings in the member). 

 

5.3 General Observations 

 

Twelve built-up laced bracing members having different slenderness ratios and width-to-

thickness ratios were tested.  Design tensile and compressive strengths of the specimens were 

calculated by the AISC LRFD Specification (but using actual instead of specified yield strength) 

and correlated with results obtained from testing.  Cyclic hysteretic curves obtained from the 
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twelve test specimens were presented in various normalized manners.  From the experimentally 

obtained hysteretic curves, ductility capacities of the specimens were obtained and compared 

with the recommended ductility demands.  Hysteretic loops from the non-linear analyses were 

also presented and compared with those obtained from testing.  

 

From the analysis of test results presented in this section, a number of observations can be made.  

First, the tensile strengths of test specimens were relatively well predicted by AISC LRFD 

Specification within ten percent aberration in most cases. 

 

As generally noticed, compressive strengths of the bracing members largely depend on the 

effective length factor, K.  From the SAP 2000 analyses of the specimens with slenderness ratio 

of 60, the theoretical effective length factor for these specimens was found to be, on average, 

0.65.  Compressive strengths of the specimens with KL/r = 60 compared to within 20 percent 

accuracy with strengths calculated by the AISC LRFD Specification (for their appropriate 

buckling mode) when using this theoretical effective length.  Initial imperfections had a major 

impact when calculating the expected compressive strength of the By8-60 specimen.  The 

compressive strength of this specimen was approximately within 10 percent of the experimental 

value considering initial imperfection of the member, but only within 45 percent otherwise. 

 

SAP 2000 analyses were also performed to establish the effective length factor, K, for specimens 

having a slenderness of 120.  The theoretical K value of 1.0 was expected for the end conditions 

of these test specimens.  SAP 2000 analyses showed K values slightly larger than 1.0.  However, 

comparisons between the results obtained from testing and calculations following the AISC 

LRFD Specification with K value of 1.0 showed calculated values significantly underestimating 

(by approximately 50 percent) the compressive strength of the specimens with KL/r of 120.  The 

reason for this discrepancy is unknown.  Therefore, new effective length factors, K were 

calculated for which the AISC LRFD Specification would match the test results for the 

specimens.  From these calculations, resulting effective length factor, K values for the specimens 

with KL/r of 120 varied from 0.76 to 0.93 (the average being 0.83).  Both these calculated K 

values and theoretical ones (K = 1.0) will be used for the calculations of low cycle fatigue life of 

the specimens in SECTION 6. 
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Ductility capacities obtained from the testing of specimens are presented in Table 5.10 and 

Figures 5.43 to 5.45.  Note that the term *
yµ  is used to quantify the tensile ductility reached 

before the significantly drops in tensile strength occur due to initial fracture.  System capacity 

and demand ductilities are compared for each cross-section type.  

 

Table 5.10 Ductility capacity comparisons 

Specimen µb µy µy
*1 Specimen µb µy µy

*1 

Ay16-60 4.60 4.69 2.67 Ay16-120 14.09 16.99 5.00 

Ay8-60 6.89 1.65*2 1.65*2 Ay8-120 7.85 9.51 3.72 

By16-60 5.48 7.33 3.71 By16-120 5.74 8.83 5.68 

By8-60 8.26 8.60 4.67 By8-120 4.12 5.11 3.09 

Bx16-60 2.29 2.77 2.29 Bx16-120 4.63 4.71 3.23 

Bx8-60 3.71 3.63 2.56 Bx8-120 4.32 3.86 2.89 

*1 Ductility before relatively large strength degradation in tension after initial fracture observed. 

*2 Specimen Ay8-60 did not reach its maximum tensile strength. 

 

For specimens having section shape “A” (Figure 5.10), specimens having KL/r of 120 had 

sufficient ductility to meet the ductility demand of 3.0.  The specimen Ay16-60 barely met the 

target ductility demand of 3.0 and upon initial fracture of the specimen at experimentally 

obtained ductility of 2.67, tensile strength dropped rapidly.  Finally, results for specimen Ay8-60 

are inconclusive because that specimen was not tested in tension for reason explained earlier. 

 

Specimens with section shape “By”, all exhibited satisfactory ductility capacity and met the 

target ductility demand of 3.0.  Specimen By16-120 and By8-60 reached the largest ductility 

capacity in tension although the drop in tension strength was more sudden for the By16-120 

specimen than for the By8-60 specimen.  The other two specimens exhibited development and 

progression of fracture almost immediately after the target ductility was reached.   



 139

 

Specimens with section shape “Bx” exhibited the worst cyclic inelastic performance, where all 

specimens failed to reach the target ductility of 3.0 before starting to fracture with the exception 

of the Bx16-120 specimen which fractured just after reaching the target ductility of 3.0.  

Specimen Bx16-60 had the worst behavior of all specimens in this category as it started to 

develop fracture at ductility less than 2.0.  

 

Overall, specimens with both larger slenderness and width-to-thickness ratio showed best 

ductility performance while the specimens with smaller slenderness and larger width-to-

thickness ratio showed the worst ductility capacity.  For the specimens with slenderness ratio, 

KL/r of 60, specimens designed with larger width-to-thickness ratios, b/t, showed lower ductility 

capacity than those designed with smaller b/t, because local buckling precipitated low cycle 

fatigue.  However, comparing the ductility of the specimens with KL/r of 120, it appears that 

ductility capacity of the slender specimens was not much affected by the b/t ratios.  Note that 

initial global buckling was observed during the testing of the specimens with KL/r of 120, 

irrespectively of their b/t ratios.  

 

Overall, specimens with section shape “A” exhibited the most ductile behavior, and specimens 

with section shape “Bx” the worst. 
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Figure 5.26 Comparison between analysis and experimental results of Ay8-120 specimen 
(Theoretical K = 1.0) 

 

Figure 5.27 Comparison between analysis and experimental results of Ay8-120 specimen 
(Experimental K = 0.91)
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Figure 5.28 Comparison between analysis and experimental results of Ay16-60 specimen 
 

Figure 5.29 Comparison between analysis and experimental results of Ay16-120 specimen 
(Theoretical K = 1.0)
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Figure 5.30 Comparison between analysis and experimental results of Ay16-120 specimen 
(Experimental K = 0.93) 

 

Figure 5.31 Comparison between analysis and experimental results of By8-60 specimen 
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Figure 5.32 Comparison between analysis and experimental results of By8-120 specimen 
(Theoretical K = 1.0) 

 

Figure 5.33 Comparison between analysis and experimental results of By8-120 specimen 
(Experimental K = 0.77)
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Figure 5.34 Comparison between analysis and experimental results of By16-60 specimen 
 

Figure 5.35 Comparison between analysis and experimental results of By16-120 specimen 
(Theoretical K = 1.0) 
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Figure 5.36 Comparison between analysis and experimental results of By16-120 specimen 
(Experimental K = 0.71) 

 

Figure 5.37 Comparison between analysis and experimental results of Bx8-60 specimen 
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Figure 5.38 Comparison between analysis and experimental results of Bx8-120 specimen 
(Theoretical K = 1.0) 

Figure 5.39 Comparison between analysis and experimental results of Bx8-120 specimen 
(Experimental K = 0.85)
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Figure 5.40 Comparison between analysis and experimental results of Bx16-60 specimen 
 

Figure 5.41 Comparison between analysis and experimental results of Bx16-120 specimen 
(Theoretical K = 1.0) 
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Figure 5.42 Comparison between analysis and experimental results of Bx16-120 specimen 
(Experimental K = 0.76) 
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SECTION 6 
 

ANALYSIS OF RESULTS – NORMALIZED COMPRESSION STRENGTH, 

NORMALIZED HYSTERETIC ENERGY, AND LOW CYCLE FATIGUE 

RESULTS 
 

This section quantitatively describes the hysteretic characteristics and low cycle fatigue life of 

the specimens obtained from test results.  Energy dissipation capacity in compression and the 

compressive strength degradation after buckling of the specimens are quantified and compared 

using the same methodology introduced in SECTION 5.  Low cycle fatigue fracture life of the 

specimens is also quantified and compared with those predicted by the equations proposed by 

Tang and Goel (1987) and Archambault et al. (1995). 

 
6.1 Energy Dissipation 

 

To assess the energy dissipation capacity of built-up laced compression members, the energy 

dissipated during testing by each specimen was calculated from the experimentally obtained 

hysteretic force-axial deformation curves of the specimens.  The tension and compression energy 

dissipation was calculated for each cycle as a product of the compression or tension force times 

the axial deformation.  Calculated energy dissipation was then normalized to facilitate 

comparison between results from the specimens.  The normalized energy, EC/ET,cal or ET/ET,cal is 

obtained by dividing the compressive or tensile energy by the corresponding theoretical tensile 

energy, ET,cal, defined as the energy that would have been dissipated by the member in tension if 

the same maximum axial displacement was reached during unloading of the member after its 

elongation as schematically shown in Figure 6.1 (Lee and Bruneau, 2002).  Note that the term, 

ET,cal is identical with ET used by Lee and Bruneau (2002) and the reason for using different 

notation in this section is to differentiate with the calculated energy dissipation in tension 

obtained from testing.  Here, EC and ET respectively represent the calculated energy dissipation 

in compression and tension obtained from testing.  Note that the axial deformation in 

compression, δ, is measured from the point of zero member force (which may not correspond to 
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the original zero displacement position) up to the point of maximum compressive deformation, 

as illustrated in Figure 6.2 (Lee and Bruneau, 2002).  The resulting plots of normalized energy as 

a function of normalized axial deformation, δ/δb,exp, of the specimens are shown in Figures 6.3 to 

6.8.  In these figures, only normalized energy dissipation of the specimens in compression 

(EC/ET,cal) is presented and others such as normalized energy dissipation in tension (ET/ET,cal) and 

normalized energy dissipation of sum of tension and compression ((EC+ET)/ET,cal) are presented 

in Appendix D.  Four resulting figures are presented in each figure for a given brace type, as was 

done for the comparisons of hysteretic curves in SECTION 5.  Normalized energy ratio of each 

cycle of the specimens was then accumulated until the entire fracture of the specimens and 

results are summarized in Table 6.1 and compared in Figures 6.9 and 6.10. 

 

Table 6.1 Cumulative energy dissipation ratios capacity of the specimens 

Σ (EC / ET,cal) Σ (ET / ET,cal) Σ [(EC+ET) / ET,cal] 
Specimen 

Element System Element System Element System 

Ay8-60*1 3.06 2.74 1.53 1.53 4.60 4.27 

Ay8-120 4.02 4.78 8.79 

Ay16-60 7.61 8.43 7.53 9.46 15.14 17.89 

Ay16-120 4.52 3.97 8.49 

By8-60 2.71 2.90 2.94 3.16 5.65 6.06 

By8-120 1.19 1.52 2.71 

By16-60 4.78 4.80 4.39 6.34 9.17 11.22 

By16-120 1.38 2.52 3.91 

Bx8-60 3.97 4.42 3.57 4.27 7.54 8.69 

Bx8-120 4.31 4.78 9.09 

Bx16-60 3.47 4.30 3.05 4.43 6.51 8.72 

Bx16-120 1.86 2.19 4.05 

*1 Specimen Ay8-60 did not reach its maximum tensile strength. 
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Figure 6.1 Definition of dissipated energy ratio, EC / ET (Lee and Bruneau, 2002) 

 
 

 
Figure 6.2 Definition of axial displacement, δ (Lee and Bruneau, 2002) 
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6.2 Strength Degradation 

 

Strength degradation of the compression member after buckling depends on their slenderness 

ratios and width-to-thickness ratios.  To quantify the strength degradation of the built-up laced 

compression specimens upon repeated cycling loads, test results were processed following the 

same procedures as schematically shown in Figures 6.11 and 6.12, which were used by Lee and 

Bruneau (2002).  The strength degradation of the specimens in compression, in terms of 

Cr’’/Cr(first), Cr’’/Cr(last), and Cr’’/Cr(first/last), were obtained at the various levels of 

normalized deformations (using the experimentally obtained buckling displacement, δb,exp) for 

each specimen.  Resulting curves obtained from these procedures are shown in Figures 6.13 to 

6.30.  In these figures, strength degradation of the specimens were also compared in the same 

way described in the previous section.  

 

6.3 Low Cycle Fatigue Fracture Life  

 

Another factor that impacts the behavior of compression members is fracture upon low cycle 

fatigue under repeated cyclic loading.  Upon repeated cyclic loading, the local buckling and 

straightening of the material at that location induce cracks that may propagate and lead to 

fracture.  Two different fracture criteria of tubular bracing members are reviewed in this section. 

  

6.3.1 Tang and Goel Model 

 

Tang and Goel (1987) introduced an empirical fracture criterion for rectangular tubular bracing 

members.  This criterion requires a special calculation of the number of cycles that contribute to 

fatigue life.  To count these cycles, Tang and Goel established the following rules applicable to a 

brace axial deformation time history (referring to Figure 6.31 to help explain some of these 

concepts): 

 

(1) A full cycle is typically defined from one peak in compression to another.  In-between these 

two compressive peaks, the brace member will typically be subjected to tension (although not 

always).  For this discussion, displacements are taken as negative in the direction of greater 
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compression. For example, in Figure 6.31, full cycles are defined from point 1 to 2, 2 to 3, 

etc. 

(2) Only the half cycles from a compression peak to the point of maximum tension (or minimum 

compression) in a cycle are counted to contribute to fatigue life.  In that perspective, in 

Figure 6.31, cycle 1-2 contributes a value of 1 to the fatigue life calculation (i.e. a 

displacement of ∆/∆y=+1 from the point 1 at ∆/∆y=-1 to the peak displacement in tension at 

∆/∆y=0).  

(3) A standard cycle is defined as the one contributing a value of 1.0 to the fatigue life 

calculation.  

(4) The effect of small deformations cycles (defined as deformations of less than the standard 

cycle, or, in other words, of less than ∆y) are deemed to only have a small effect on the 

fatigue life of bracing members, and are ignored.  For example, cycle 0-1 in Figure 6.31 

would be ignored. 

(5) The amplitude of cycles proportionally contribute to fatigue life.  In other words, a cycle with 

an amplitude of 4∆y is equal to 4 cycles of ∆y. For example, in Figure 2.32, cycle 2-3 is 

equivalent to two cycles 1-2. 

 

Figure 6.32 illustrates how a complex displacement time history is decomposed in a series of 

standard cycles following the above rules. 

 

Following this criterion, the following fracture life model for tubular bracing members was 

proposed: 

 

    60/
]/)2[(
)60)(/(
2 ≤

−
= rKLfor

ttB
DBCN sf      (6.1a) 

    60/
]/)2[(

)/)(/(
2 >

−
= rKLfor

ttB
rKLDBCN sf      (6.1b) 

 

where Nf is the fracture life expressed in terms of standard cycles, Cs is a numerical coefficient 

obtained from the test results, B and D are respectively the gross width and depth of the section 

(in inches), and t is thickness of the section (in inches). 
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Lee and Goel (1987) reformulated this model by considering the effect of Fy and eliminating the 

dependency on KL/r.  In this criterion, ∆f is used instead of Nf to quantify the fracture life of a 

tubular bracing member.  This method proceeds per the following steps. 

 

(a) The hysteresis curves (P vs. ∆) is converted to a normalized hysteresis curves (P/Py vs. ∆/∆y). 

(b) The deformation amplitude (tension excursion in a cycle) is divided into two parts, ∆1 and ∆2, 

defined at the axial load Py/3 point, as illustrated in Figure 6.33.  ∆1 is the tension 

deformation from the load reversal point to Py/3, while ∆2 is from that Py/3 point up to the 

unloading point. 

(c) ∆f,exp is obtained by adding 0.1 times ∆1 to ∆2 in each cycle and summary summing up for all 

cycles up to the failure (i.e., by the equation ∆f = Σ(0.1∆1 + ∆2)). 

(d) The theoretical fracture life, ∆f is expressed as follows:  

 

    ⎟
⎠
⎞

⎜
⎝
⎛ +

−
=∆

5
1/4

]/)2[(
)/46(

6.1

2.1 DB
ttB

F
C y

sf         (6.2) 

 

where sC  is an empirically obtained constant calibrated from test results, and yF  is the yield 

strength of the brace (ksi).  The numerical constant sC , originally given as 1335 by Lee and Goel 

(1987), was recalibrated using the test results of Gugerli and Goel (1982) and Lee and Goel 

(1987), and found to be 1560 by Hassan and Goel (1991). Fracture is assumed to occur when 

∆f,exp = ∆f. 

 

6.3.2 Archambault et al. Model 

 

Another criterion was presented by Archambault et al. (1995).  This criterion re-introduced the 

effect of slenderness ratio, KL/r, on the basis that, based on a review of previous test results, the 

Tang and Goel model was noted to underestimate the fracture life of tubular bracing members 

having large slenderness ratios.  Two distinct trends were noted for fracture life of bracing 

members as a function of KL/r, depending on whether slenderness was lower or higher than 70.   
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Figure 6.11 Definition of normalized buckling capacity, Cr” / Cr (1st) (Lee and Bruneau, 2002) 

 
 

 
Figure 6.12 Definition of normalized buckling capacity, Cr” / Cr (Last) (Lee and Bruneau, 2002) 
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Figure 6.31 Typical cycles in a deformation history of Tang and Goel model (1987) 

 

 
 
 

 Figure 6.32 Equivalent conversion between hysteretic cycles and the standard cycles 

of Tang and Goel model (1987) 
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Figure 6.33 Definition of ∆1 and ∆2 (Lee and Goel model) 
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They introduced the term, *
f∆  (to differentiate it from ∆f used by Tang and Goel), and expressed 

fatigue life as follows: 

 

70/)70(
5

1/4
]/)2[(

)/317( 2
8.0

5.0

2.1
* <×⎟

⎠
⎞

⎜
⎝
⎛ +

−
=∆ rKLforDB

ttB
F

C y
sf    (6.3a) 

70/)/(
5

1/4
]/)2[(

)/317( 2
8.0

5.0

2.1
* ≥×⎟

⎠
⎞

⎜
⎝
⎛ +

−
=∆ rKLforrKLDB

ttB
F

C y
sf    (6.3b) 

 

where the Cs value is empirically determined from the experimental results was given as 0.0257, 

Fy is in MPa and all dimensions are in mm units. 

 

6.3.3 Fracture life of Built-up Specimens 

 

To quantitatively access the low cycle fracture life of the built-up specimens, the experimental 

fracture life, ∆f,exp, of test specimens were calculated following the Tang and Goel (1987) 

method (also used by Archambault et al.).  As described in Section 6.3.1, the experimental 

fracture life of bracing member was calculated from the axial force-displacement hysteretic 

curve normalized by tensile yield force, yP  and yield displacement, yδ , respectively.  When 

calculating the experimental fracture life of the specimen, section shape “A” specimens were 

calculated from the hysteretic curves normalized by yP  and yδ , however, as described earlier, 

tensile strengths of the section shape “B” specimens were limited by net section fracture rather 

than gross section yielding.  Consequently, it is more reasonable to calculate the experimental 

fracture life of the section shape “B” specimens from the hysteretic curves normalized by tensile 

force and displacement, *
yP  and *

yδ , corresponding to the net section criterion (Eq. 5.1b).  

Resulting experimental fracture life of specimens are summarized in Table 6.2 and presented in 

Figures 6.34.  
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Table 6.2 Experimentally obtained fracture life the specimens (∆f,exp) 

∆f,exp From δy
* ∆f,exp From δy

* 
Ay16-60 111.00 Ay16-120 42.01 
Ay8-60 30.12*1 Ay8-120 54.80 

∆f,exp From δy
* ∆f,exp From δy

* 
By16-60 37.13 By16-120 17.54 
By8-60 47.74 By8-120 14.25 

∆f,exp From δy
* ∆f,exp From δy

* 
Bx16-60 32.09 Bx16-120 18.99 
Bx8-60 51.93 Bx8-120 30.51 

*1 Specimen Ay8-60 did not reach its maximum tensile strength. 

 

Using proposed equations of the fracture life of bracing members by Tang and Goel (1987, Eq. 

6.2) and Archambault et al. (1995, Eq. 6.3), fracture life of test specimens were calculated and 

resulting values are summarized in Table 6.3, then compared with those obtained from 

experimental results in Figure 6.35.  For application of these equations to the built-up brace 

specimens, the brace shape factor term, [ ]5/)1/4( +DB , was ignored; while it was noted to have 

an impact on the fracture life of monolithic tubular bracing members, it is not applicable for 

built-up bracing members made of angles, plates, and lacings.  When calculating the width-to-

thickness ratio term in these equations, b/t ratios of angles of the specimens (i.e., 8 and 16) were 

used instead of using the term, [ ]ttB /)2( − .  

 

Table 6.3 Predicted fracture life the specimens (∆f and ∆f
*) 

 ∆f ∆f
*  ∆f ∆f

* 
Ay16-60 14.8 24.4 Ay16-120 14.8 51.0 
Ay8-60 37.9 28.7 Ay8-120 37.9 52.7 

 ∆f ∆f
*  ∆f ∆f

* 
By16-60 18.1 28.7 By16-120 18.1 32.5 
By8-60 59.3 40.7 By8-120 59.3 59.0 

 ∆f ∆f
*  ∆f ∆f

* 
Bx16-60 12.8 21.8 Bx16-120 12.8 31.1 
Bx8-60 43.5 31.7 Bx8-120 43.5 54.7 

∆f : Tang and Goel (1987) 

∆f
*: Archambault et al. (1995) 
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Figure 6.35 Comparisons of fracture life of the specimens 
 

As shown in Figure 6.35, Tang and Goel model underestimated the fracture life of the test 

specimens while Archambault et al. model overestimated.  As described earlier, these fracture 

criteria were developed to predict the fracture life of tubular bracing members, and it is therefore 

not surprising that they do not provide accurate estimates of the fracture life of built-up brace 

specimens.  To improve predictions of the fracture life of built-up brace member, it is possible to 

develop a new model applicable for the built-up bracing members, and calibrated using the 

experimental data obtained in this study. 

 

As shown in Figure 6.35, the Archambault et al. model under-estimated the experimental fracture 

life of the built-up specimens for 8 out of 11 specimens (recall that the twelfth specimen is Ay8-

60 for which testing was stopped before fracture), with an average experimental to predicted 

fracture life ratio of 1.12 and a standard deviation of 1.03.  Conservatively, the Tang and Goel 

model over-estimated the experimentally obtained fracture life for 7 out of 11 specimens, with an 

average ratio of 2.24 and a standard deviation of 2.19.  The new model proposed for the built-up 

bracing members needed to be calibrated to be between these two models, i.e., safer than the 
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Archambault model and less conservative than the Tang and Goel mode.  As described above, 

the Archambault model more closely predicted the fracture life of the specimens than the Tang 

and Goel model, and development of the new model was therefore based on the Archambault et 

al. model (Eq. 6.3).  As described earlier, the Archambault et al. model mainly differ with the 

Tang and Goel model in that it considers the impact of slenderness ratio of the bracing member 

on fracture life.  However, for the built-up brace specimens in this study, slenderness ratio was 

not found to have an impact on fracture life, as shown in Table 6.3, and effect of slenderness 

ratio was therefore ignored in the new model.  Additionally the shape factor term, 

[ ]5/)1/4( +DB , was removed as done before for consistency because this term considers the 

width-to-depth ratio of tubular bracing member on the fracture life, which is not applicable for 

built-up braces.  As a result, Eq. 6.3 was simplified to: 

 

( ) 5.0

2.1
**

/
)/46(

tb
F

C y
sf =∆         (6.4) 

 

where, yield stress, yF  in ksi and the width-to-thickness term, [ ]ttB /)2( − , in Eq. 6.3 was 

simplified as )/( tb . 

 

The effect of yield stress (i.e., the term 2.1)/46( yF  in Eq. 6.4) was not changed for lack of better 

data.  Then, best values for the numerical coefficient term, sC , and exponent to the width-to-

thickness term, 5.0)/( tb , were sought to find the equation that best predicted the fracture life of 

built-up brace members.  The resulting equation was found to be: 

 

7.0

2.1
**

]/[
)/46(

tb
F

C y
sf =∆         (6.5) 

 

where the numerical coefficient sC  is 155. 

 

Using Eq. 6.5, fracture life was calculated for the test specimens and results are also presented in 

Figure 6.35 (thicker line).  The fracture life of the built-up bracing member thus obtained are 
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safer than predicted by the Archambault et al. model and less conservative than by the Tang and 

Goel model, with an average ratio of experimental to predicted fracture life of 1.78 and a 

standard deviation of 1.38.  

 

6.4 General Observations  

 

In this section, hysteretic characteristics such as energy dissipation, strength degradation, and 

low cycle fatigue life of the specimens obtained from test results of the specimens were 

quantitatively obtained.  Energy dissipation capacity and strength degradation after buckling of 

the specimens in compression were quantified.  Low cycle fatigue fracture life of the specimens 

was also calculated.  From the analysis of test results presented in this section, a number of 

observations can be made. 

 

First, it was established that the normalized energy dissipation, EC/ET, of built-up brace 

specimens typically decreases with increasing normalized displacements, δ/δb,exp, and dropped 

more rapidly for specimens having larger slenderness ratio.  This is a similar trend to what was 

observed for monolithic braces by Lee and Bruneau (2002). 

 

In addition, experimental results here show that when a bracing member is designed with a 

smaller width-to-thickness ratio, b/t, the normalized cumulative energy ratio decreases more 

significantly (a generally observed trend with the exception of specimens Bx for KL/r of 120 

only).  For the specimens having KL/r of 120, as shown in Figures 6.2 to 6.7, this trend was 

consistent regardless of the section shapes.  The “Ay” and “By” specimens having b/t ratio of 16 

experienced more inelastic cycles and deformation, consequently dissipated more cumulative 

compressive energy than the specimens having b/t ratio of 8.  For the “Ay” and “By” specimens 

having KL/r of 60, comparisons of the cumulative energy ratios between specimens having b/t 

ratios of 8 and 16 is not possible, because testing of the Ay8-60 specimens stopped before the 

fracture of the specimen, and the By8-60 specimen would have been able to dissipate more 

normalized energy ratio during its first few cycles after buckling if not for its initial imperfection.  

Additionally, for the “Bx” specimens having KL/r of 60, the difference of the cumulative energy 

ratios between Bx8-60 (b/t ratio of 8) and Bx16-60 (b/t ratio of 16) was relatively small, 
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approximately within 10 percent, and consequently no general trend is observed in their 

cumulative energy ratios. 

 

Second, the normalized compressive strength degradation, Cr’’/Cr(first) and Cr’’/Cr(last), of the 

specimens having KL/r of 120 was more severe than that of specimens having KL/r of 60, as 

shown in Figures 6.13 to 6.30.  At the normalized displacement, δ/δb,exp, of 5, the normalized 

compressive strength of specimens having KL/r of 120 drops 50 to 60 percent of the maximum 

value for the section shape “A” specimens and 70 to 80 percent for the section shape “B” 

specimens.  For the section shape “A” and “B” specimens having slenderness ratio of 60, the 

corresponding reductions are 30 to 40 percent, and 50 to 70 percent in most cases.  Additionally, 

slopes of the degradation, from the initial buckling to the normalized displacement, δ/δb,exp, of 5, 

were steeper for the specimens having KL/r of 120.  This is a similar trend to what was observed 

for monolithic braces by Lee and Bruneau (2002). 

 

Third, it was found that specimens having smaller KL/r of 60 and b/t ratio of 8 experienced more 

inelastic cycles until the entire fracture of the specimens.  Section shape “B” specimens also 

showed similar trends with Ay specimens, except for the case of specimens By8-120 (KL/r = 

120, b/t = 8) and By16-120 (KL/r = 120, b/t = 16).  In this case, the specimen having larger b/t 

ratio (By16-120) showed approximately 19 percent larger low cycle fatigue fracture capacity 

than that having smaller b/t ratio (By8-60). 
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CHAPTER 7 
 

SUMMARY AND CONCLUSIONS 
 

7.1 Summary 

 

The objective of the research project reported here is to provide better knowledge on the seismic 

behavior of built-up laced members, supported by experimental results, and that can be broadly 

applicable to many structures that share similar structural characteristics and details. 

 

Commonly encountered built-up brace details and configurations have been collected from 

actual bridges having laced members.  Using this information, a limited experimental program 

was designed and conducted to investigate the hysteretic behavior of typical built-up 

compression members.  Strength capacity of the specimens obtained from the testing was 

correlated with the predicted strength with AISC LRFD Specification (1999).  Assessments of 

hysteretic properties such as ductility capacity, energy dissipation capacity, and strength 

degradation after buckling of the specimen were performed.  Non-linear pushover analyses were 

also conducted and correlated with test results.  The low cycle fatigue life of the specimens was 

quantified and compared with that predicted from models by other researchers. 

 

7.2 Conclusions 

 

From the experimental data obtained from the testing of twelve laced built-up bracing members, 

and analyses of these results, the following conclusions can be made. 

 

(a) The experimentally obtained tensile strengths of the built-up bracing members matched 

relatively well those predicted using equations from the AISC LRFD Specification.  When 

calculating the compressive strength of the built-up bracing members using the AISC LRFD 

Specification, the theoretical effective length factor, K, of 0.65 was found to more accurately 

match the experimental results for X-braced configuration.  In single brace configuration, 

although the calculated effective length factors varied from 0.76 to 0.93, the theoretical 
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length factor, K, of 1.0 resulted in slightly under-estimating the compressive strength for the 

members in single braced configuration.  Note that the full clear diagonal length should be 

used for the member length when calculating the compressive strength with above theoretical 

length factors.  

 

(b) Built-up bracing members having both larger slenderness and width-to-thickness ratio 

showed best ductility performance, while the bracing members having smaller slenderness 

and larger width-to-thickness ratio showed the worst ductility capacity.  In built-up bracing 

members having smaller slenderness ratio and large width-to-thickness ratios, lower ductility 

capacity arises because local buckling precipitates low cycle fatigue.  However, note that for 

the built-up bracing members having larger slenderness ratio, ductility capacity was not 

much affected by the b/t ratios. 

  

(c) Built-up bracing members with section shape “A” (forming I shapes) exhibited more ductile 

behavior than those with section shape “B” (forming box shapes).  This is because buckling 

of the lacing that occurred in plastic hinge locations after buckling of the brace in section 

shape “B” built-up bracing members worsened the strength degradation in compression, 

while built-up bracing member with section shape “A” without lacing buckling behaved 

more closely to the monolithic bracing members.   

 

(d) The normalized energy dissipation ratio, EC/ET and the normalized compressive strength 

degradation, Cr’’/Cr(first) and Cr’’/Cr(last) of built-up brace members typically decrease with 

increasing normalized displacements δ/δb,exp, and the ratios for specimens having larger 

slenderness ratio dropped more rapidly than those for specimens having smaller slenderness 

ratio.  Lacing buckling in built-up bracing members greatly affect strength degradation 

because as a result of lacing buckling, the components of the brace moved closer together, 

reducing the moment of inertia of the section at that location, also reducing the plastic 

moment at these hinges, and thus accelerating according by the loss in compression strength. 
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(e) When a built-up bracing member is designed with smaller width-to-thickness ratio, b/t, and 

larger slenderness ratio, KL/r, then the normalized cumulative energy ratio decreases; this is 

a similar trend to what was observed for monolithic braces by Lee and Bruneau (2002).  

 

(f) Tensile and compressive strengths of section shape “A” built-up bracing members having 

small slenderness ratio were reasonably predicted by the analyses using DRAIN-2DX brace 

element No. 5, while analysis results over-estimated both tensile and compressive strengths 

of section shape “B” built-up bracing member having small slenderness ratio.  This is 

because DRAIN-2DX element No. 5 only considers Euler buckling or compression yielding 

as possible limit states for the first buckling strength in compression, the latter case 

governing in this study for section shape “B”.  Hysteretic behaviors in compression of built-

up bracing members having KL/r of 60, were reasonably predicted by the analysis results, 

however, peak buckling capacity decrease after first buckling load was not replicated by the 

DRAIN-2DX analyses.  Compressive strengths of built-up bracing members having large 

slenderness ratio, and overall shape of their hysteretic curves, were reasonably predicted by 

the analyses results when the calculated effective length factors, K, were used for the 

analyses.  However, section shape “B” built-up bracing members having KL/r of 120 

suffered significant compression strength degradation as described in (d) above.  Again, this 

behavior was not captured by brace element No. 5 because this model does not consider local 

buckling and lacing buckling (nor does it include a fracture criterion). 

 

(g) Built-up bracing members having smaller slenderness ratio, KL/r, and width-to-thickness 

ratio, b/t, experienced larger number of inelastic cycles than those having larger slenderness 

ratio and width-to-thickness ratio.  Proposed low cycle fracture life criteria by other 

researchers, Tang and Goel (1987) and Archambault et al. (1995), respectively over- and 

under-estimated the fracture life of built-up bracing members.  A new criterion was proposed 

in this study applicable for estimating the low cycle fracture life of the built-up bracing 

members, which is safer than the Archambault et al. model and less conservative than the 

Tang and Goel model.  
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(h) Although the laced built-up bracing members having smaller slenderness ratio dissipated 

substantial energy dissipation and experienced lots of inelastic cycles, these members failed 

to reach the target ductility of 3.0 before starting to fracture, while built-up bracing members 

having larger slenderness ratio had sufficient ductility to meet the ductility demand of 3.0 in 

most cases, although their normalized cumulative energy dissipation and fracture life 

capacities were much less than those having smaller slenderness ratio. 

 

(i) Built-up laced bracing members having larger slenderness ratio were shown to have less 

ductility capacity than monolithic bracing members (Lee and Bruneau, 2002), while those 

having smaller slenderness ratio showed ductility capacity comparable to monolithic bracing 

members.  On average, the tested built-up bracing members with section shape “B” 

dissipated less normalized cumulative energy than monolithic bracing members, however 

those with section shape “A” dissipated slightly more normalized cumulative energy.  

 

 

7.3 Recommendations for Future Research 

 

The results obtained from this study are valid within the context for which the tests were 

conducted.  While useful results are obtained, there remains a significant need for future 

research.  More specifically, the results show that improvements are needed in the DRAIN-2DX 

analysis model to enhance prediction of the hysteretic behavior of built-up bracing members.  

Likewise, more analytical and experimental study on the behavior of built-up bracing members is 

desirable, in particular to account for effects of random cyclic loading, boundary conditions 

effects, and damage accumulation.  More specifically: 

 

(a) The brace element model (element No. 5) in DRAIN-2DX can be improved to better predict 

the tensile and compressive strengths of compressive members, particularly for bolted 

members for which net section behavior can be significant.  The hysteretic behavior of built-

up bracing members could be better modeled by introducing specific failure modes for net-

section fracture of the member, and simple models for the progressive strength degradation in 

compression.  Furthermore, since local buckling effect and fracture life have a dominant 
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impact on the hysteretic behavior of bracing members, some methods to model these 

behaviors into the physical brace elements should be implemented in brace element No.5. 

 

(b) Although loading protocol used in this study followed the procedure prescribed by the ATC 

24 loading protocol, and is valid, the hysteretic behavior of built-up bracing members would 

likely be different if subjected to random cyclic loading.  The effect of random cycle loading 

should therefore be studied, although this would be the case in a general sense, not just in the 

perspective of the cyclic hysteretic behavior of built-up compression members.   

 

(c) The effect of different boundary conditions should be investigated.  It might even be partly 

accountable for the fact that the buckling axis changed direction during the testing of section 

shape Bx specimens, an observed behavior which was unsolved in this study, and that was 

also observed from the other similar research.   

 

(d) In this study, two different section shapes of built-up laced bracing members were selected 

and tested.  These were selected further to a review of existing truss bridges having built-up 

bracing members in their sub-structures.  From the limited comparisons of hysteretic 

behavior between these two section shapes, it was found that the configuration of a built-up 

bracing member may also have an effect on hysteretic behavior.  Therefore, it would be 

worthwhile to investigate the hysteretic behaviors of built-up compressive members having 

other section configurations.  Additionally, the behavior of X-braced frames having built-up 

bracing members, rather than the study of the built-up bracing members themselves, might 

also be of interest for engineers involved in the seismic retrofit of steel truss bridges. 

 

(e) For the seismic retrofit of steel built-up bracing members, designers sometimes consider the 

rigidity of gusset connections, which introduce flexure at the end of the members, and treat 

the laced built-up members as beam-columns.  Although this effect was indirectly accounted 

for by doing the comparisons using the effective length factor, K, development or 

modification of the axial force-moment interaction relationship applicable for the built-up 

compression members should be investigated, using previous test results and results of this 

study (see Uang and Kleiser, 1997, for some work on this topic). 
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(f) Damage accumulation process is an important issue in low cycle fracture life of the steel 

built-up members.  As observed in this study, qualitative change of buckling mode (from out-

of-plane to in-plane) can happen during the inelastic loading process.  This area should be 

further investigated.  

 

(g) Further research in general on the seismic behavior of concentrically braced frame is sorely 

needed, as revealed by the literature review and finding of this study.  Important topics 

include the need to reassess the relevance of KL/r as a design criterion to ensure satisfactory 

seismic response, and the development of better models to predict fracture life and other key 

limit states for braces. 
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APPENDIX A 
 

Drawings for Specimens and Boundary Frames
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Table B.1 Observations made during testing of the Ay8-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA ∆/∆b,exp OBSERVATIONS 

1 – 2 ∆ = 0.2” 
(5.08 mm) 0.2 Control data, ∆ = Equivalent horizontal buckling frame drift 

Elastic Cycles 

3 – 4 ∆ = 0.3” 
(7.62 mm) 0.3 Elastic Cycles 

5 – 6 ∆ = 0.4” 
(10.16 mm) 0.4 Elastic Cycles 

7 – 8 ∆ = 0.5” 
(12.70 mm) 0.5 Elastic Cycles 

9 – 10 ∆ = 0.65” 
(16.51 mm) 0.65 Elastic Cycles 

11 – 12 ∆ = 0.8” 
(20.32 mm) 0.8 Elastic Cycles 

13 – 15 ∆ = 1.0” 
(25.40 mm) 1.0 @-13: Global buckling 

16 – 18 ∆ = 1.2” 
(30.48 mm) 1.2 

@-16: Local buckling 
Testing was stopped without fracture to prevent severe damage on 
the other diagonal specimen (Ay8-120)  
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Table B.2 Observations made during testing of the Ay8-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 2 δ = 0.015” 
(0.38 mm) 0.1 Control data, δ = Diagonal axial displacement 

Elastic cycles 

3 – 5 δ = 0.037” 
(0.94 mm) 0.23 Elastic cycles 

6 – 8 δ = 0.064” 
(1.63 mm) 0.4 Elastic cycles 

9 – 11 δ = 0.121” 
(3.07 mm) 0.75 Elastic cycles 

12 – 14 δ = 0.16” 
(4.06 mm) 1.0 @-12: Global buckling at the mid-length of the specimen 

15 – 17 δ = 0.32” 
(8.13 mm) 2.0 @-15: Larger buckling at the mid-length of the specimen with local 

buckling  

18 – 20 δ = 0.48” 
(12.19 mm) 3.0 Buckling matured 

21 – 22 δ = 0.64” 
(16.26 mm) 4.0 @+21: Initial fracture on the angle 

23 – 27 δ = 0.72” 
(18.29 mm) 4.5 Fracture getting worse 

28 – 30 δ = 0.80” 
(20.32 mm) 5.0 Fracture getting worse 

31 – 34 δ = 0.96” 
(24.38 mm) 6.0 @+38: Entire fracture 
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Table B.3 Observations made during testing of the Ay16-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 3 δ = 0.074” 
(1.87 mm) 1/3 Control data, δ = Diagonal displacement 

Elastic cycles 

4 – 6 δ = 0.147” 
(3.73 mm) 2/3 @-4: Local buckling on the angle near the gusset-connection of the 

North segment of the specimen (West – lower) 

7 – 10 δ = 0.22” 
(5.61 mm) 1.0 @-7: Local buckling on the angle near the middle connection plate 

of the North segment of the specimen (West – upper) 

11 – 13 δ = 0.275” 
(7.00 mm) 1.25 

1.5 δb,exp N + 1.0 δb,exp S 
@-11: Local buckling on the angle near the gusset-connection of the 

North segment of the specimen (East – lower) 
@-11: Local buckling on the angle near the middle connection plate 

of the North segment of the specimen (West – lower) 

14 – 16 δ = 0.330” 
(8.38 mm) 1.5 2.0 δb,exp N + 1.0 δb,exp S 

Local buckling was getting worse 

17 – 20 δ = 0.385” 
(9.78 mm) 1.75 

2.5 δb,exp N + 1.0 δb,exp S 
@+20: Fracture on the angle near the middle connection plate of the 

North segment of the specimen (West – lower) 

21 – 23 δ = 0.440” 
(11.18 mm) 2.0 

3.0 δb,exp N + 1.0 δb,exp S 
@+20: Fracture was getting worse 
@+22: Fracture on the angle near the middle connection plate of the 

North segment of the specimen (East – upper) 

24 δ = 0.495” 
(12.57 mm) 2.0 3.5 δb,exp N + 1.0 δb,exp S 

25 – 26 δ = 0.550” 
(13.97 mm) 2.5 4.0 δb,exp N + 1.0 δb,exp S 

Fractures were getting worse  

27 δ = 0.660” 
(16.76 mm) 3.0 

5.0 δb,exp N + 1.0 δb,exp S 
@+27: Entire Fracture on the lower angle near the middle connection 

plate of the North segment of the specimen 
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Table B.4 Observations made during testing of the Ay16-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 6 1/3 δb 
2/3 δb 

1/3 
2/3 

Control data, δ = Entire diagonal displacement 
Elastic cycles 
1/3 δb = 0.029” (= 0.74mm), 2/3 δb = 0.058” (= 1.47mm) 

7 – 9 1.0 δb 1.0 @-7: Global buckling was observed and δb,exp = 0.088” (2.24 mm) 
was identified 

10 - 12 δ = 0.131” 
(3.33 mm) 1.5 

@-10: Local buckling on angle near the South gusset-connection  
@-10: Global and Local buckling near the mid-length of the 

specimen 

13 - 15 δ = 0.175” 
(4.45 mm) 2.0  

16 - 18 δ = 0.263” 
(6.68 mm) 3.0 @-16: Local buckling on the lower angle at the 1/3 member length 

from South end of the specimen 

19 - 21 δ = 0.263” 
(6.68 mm) 3.0 

During controller set-up, unexpected force was applied in 
compression with larger buckling without data acquisition 
@-19: Local buckling near the mid-length of the specimen 

22 - 24 δ = 0.350” 
(8.89 mm) 4.0  

25 - 27 δ = 0.350” 
(8.89 mm) 4.0 Three comparison cycles without axial load 

28 - 30 δ = 0.438” 
(11.05 mm) 5.0 @+28: Initial fracture near the mid-length of the specimen 

 (West – lower) 

31 – 40 δ 
6.0 
to 

10.0 
Fractures were getting worse 

41 – 42 δ = 0.963” 
(24.46 mm) 11.0 @+41: Fracture on the upper angles near the South gusset-

connection 

43 – 44 δ = 1.050” 
(26.67 mm) 12.0 @+43: Fracture on lower angle at the 1/3 of the member length from 

the South end of the specimen 

45 – 46 δ = 1.138” 
(28.91 mm) 13.0  

47 – 48 δ = 1.226” 
(31.14 mm) 14.0 14.0 δb,exp in tension and 13.0 δb,exp in compression 

(actuator stroke problem) 

49 – 50 δ = 1.313” 
(33.35 mm) 15.0 15.0 δb,exp in tension and 13.0 δb,exp in compression 

51 – 52 δ = 1.401” 
(35.59 mm) 16.0 16.0 δb,exp in tension and 13.0 δb,exp in compression 

@+51: Failure in a bolt near the initial fracture location 

53 δ = 1.488” 
(37.80 mm) 17.0 17.0 δb,exp in tension and 13.0 δb,exp in compression 

@+53: Entire fracture  
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Table B.5 Observations made during testing of the By8-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 - 3 PH =18 kips 
(80.1 kN) 0.5 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb=18 kips (80.1kN), 

4 - 6 δ = 0.14” 
(3.56 mm) 1.0 @-4: Global buckling 

7 - 9 δ = 0.21” 
(5.33 mm) 1.5 @-7: Larger global buckling in the North segment of the Specimen 

@+7: Yielding cracks in the North segment of the Specimen 

10 - 12 δ = 0.28” 
(7.11 mm) 2.0 

@-10: Lacing buckling 
-North specimen: West 6th lacing from top (@0.21”=5.33mm) 
                                      2nd 4th 6th 8th (@0.28”=7.11mm) 
-North specimen: East  2nd lacing from top (@0.21”=5.33mm) 
                                      3rd 5th 7th (@0.28”=7.11mm) 
@-11: Force drop due to lacing buckling 
@-12: Local buckling on upper angle in the North segment of the 

Specimen 

13 - 15 δ = 0.35” 
(8.89 mm) 2.5 @-14: Lacing bolting failure on the East 2nd lacing 

16 - 18 δ = 0.42” 
(10.67 mm) 3.0 

@-17: Lacing buckling East 3rd lacing (North segment) 
@-17: Local buckling on the angle near 5th lacing bolt location 
@-18: Fracture on the lower angle near 5th lacing  
@+18: Lacing bolt failure East 3rd lacing (North segment) 
                                         West 5th lacing (North segment) 

19 - 20 δ = 0.56” 
(14.22 mm) 4.0  

21 - 22 δ = 0.70” 
(17.78 mm) 5.0 @+21: 2 angles completely fractured near the 4th and 5th lacing 

23 - 24 δ = 0.84” 
(21.34 mm) 6.0 @+23: 4 angles completely fractured near the 4th and 5th lacing 

25 δ = 1.12” 
(28.45 mm) 8.0 @+25: Entire fracture 
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Table B.6 Observations made during testing of the By8-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 9 Horizontal 
PH 

0.18 
0.36 
0.61 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb=10 kips (44.5kN), PH @2/3 δb=20 kips (89.0kN) 
PH @1.0 δb=33 kips (146.85kN)  

10 – 12 δ = 0.28” 
(7.11 mm) 1.0 

@10: PH = 42.0 kips (186.90 kN) 
@11: PH = 43.5 kips (193.58 kN) 
@12: PH = 45.0 kips (200.25 kN) 
@-12: Large buckling 
@-12: Lacing bolt failures West: 4th and 5th from the South 

                                                                   East: 3rd, 5th, and 6th from the South 
@-12: Lacing buckling West 2nd and 12th from the South 

                                                           East 5th and 9th from the South 
@-12: Local buckling on the lower angles near the global buckling 

location 

13 - 15 δ = 0.56” 
(14.22 mm) 2.0 2.0 δb,exp in compression, 1.5 δb,exp in tension  

16 - 18 δ = 0.84” 
(21.34 mm) 3.0 

3.0 δb,exp in compression, 2.5 δb,exp in tension  
@+16: Fracture on the lower angle near the 7th lacing from the South 

of the specimen 
@-17: Fracture on the angle near the global buckling location 

19 δ = 1.12” 
(28.45 mm) 4.0 

4.0 δb,exp both tension and compression 
@-19: Fracture on the lower angles near the gusset-connection 
@+19: Entire fracture near the global buckling location 
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Table B.7 Observations made during testing of the By16-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 3 PH =39 kips 
(173.55kN) 0.44 

Control data : Horizontal Force 
PH @1/3 δb= 39 kips (173.55kN) 
Elastic cycles 

4 – 6 δ = 0.16” 
(4.06 mm) 1.0 

Control data : Horizontal Force PH @2/3 δb= 77 kips (342.65kN) 
@-4: Local buckling on the upper angle near the middle connection 

plate 
@-4: Local buckling on the lower angles near the gusset-

connection  
@+4: Strength degradation 

7 – 9 δ = 0.24” 
(6.10 mm) 1.5 

@-7: Local buckling on the plate near the gusset-connection 
@-9: Local buckling on the upper angle near the gusset-

connection 

10 – 12 δ = 0.32” 
(8.13 mm) 2.0  

13 – 14 δ = 0.40” 
(10.20 mm) 2.5 @-13: Lacing bolt failure West: 1st  from the North 

@+13: Initial fracture on the lower angle near the gusset-connection 

15 δ = 0.48” 
(10.67 mm) 3.0 @+13: Entire fracture @ 0.6" (15.2 mm) 
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Table B.8 Observations made during testing of the By16-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 9 Horizontal 
PH 

0.21 
0.42 
0.82 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb=20 kips (89.0kN), PH @2/3 δb=40 kips (178.0kN) 
PH @1.0 δb=60 kips (267.0kN) 

10 – 12 
0.17” 

(4.32 mm) 
 

1.0 

@-10: Large global buckling near the mid-length of the specimen at 
70 kips (311.5 kN) 

@-10: Local buckling on upper angles near the global buckling 
@-10: Local buckling on lower angles near both the South and 

North gusset-connections 
@+10: Yielding cracks 

13 – 15 0.34” 
(8.64 mm) 2.0 

@-13: Local buckling was getting more severe 
@-14: Local buckling on the upper angles near the North gusset-

connection 

16 – 18 0.51” 
(12.95 mm) 3.0  

19 – 20 0.68” 
(17.27 mm) 4.0 

@-19: Fracture on the lower angle near the global buckling 
@-20: Lacing buckling 1st lacing from the top 
                                     24th lacing from the top 
@+20: Fracture on the upper angle near the global buckling 

21 0.85” 
(21.59 mm) 5.0 @+21: Entire fracture near the global buckling 
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Table B.9 Observations made during testing of the Bx8-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 6 Horizontal 
PH 

0.39 
0.78 

Control data : Horizontal Force  
Elastic cycles 
PH @1/3 δb=29 kips (129.1kN), PH @2/3 δb=58 kips (258.1kN) 

7 – 9 0.18” 
(4.57 mm) 1.0 @-7: Global out-of-plane buckling 

10 – 12 0.27 
(6.86 mm) 1.5 

@-10: Out-of-plane buckling in the South segment  
@-11: In-plane buckling in the South segment 
@-12: Local buckling on the upper angles near the South gusset-

connection 

13 – 15 0.36” 
(9.14 mm) 2.0 

@-13: Local buckling on lower angle near the middle connection 
plate in the South segment 

@-13: Lacing buckling the middle connection plate in the North 
segment 

@-13: Lacing bolt failure near the South gusset-connection 

16 – 18 0.45” 
(11.43 mm) 2.5 

@-16: Lacing buckling near the middle connection plate in the South 
segment 

@+16: Fracture on the lower angle near the South gusset-
connection 

19 – 21 0.54” 
(13.72 mm) 3.0 @+19: Fracture on both lower and upper angles near the middle 

connection plate in the South segment 

22 – 23 0.63” 
(16.00 mm) 3.5 

@+22: Fracture on entire three angles near the middle connection 
plate in the South segment 

@+23: Entire fracture 
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Table B.10 Observations made during testing of the Bx8-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 12 Horizontal 
PH 

0.188 
0.375 
0.563 
0.75 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb=6.5kips (28.9kN), PH @2/3 δb=13.0kips (57.9kN) 
PH @1.0 δb=19.5kips (86.8kN), PH @1 1/3 δb=26kips (115.7kN) 

13 – 15 0.16” 
(4.06 mm) 1.0 @-13: Global out-of-plane buckling  

16 – 18 0.24” 
(6.10 mm) 1.5 Frame column twisting 

19 – 21 0.24” 
(6.10 mm) 1.5 

@-19: Both out-of-plane and in-plane buckling 
@-19: Lacing bolt failure near the North gusset-connection 
@-21: Local buckling on the lower angle near the global buckling 

location 

22 – 24 0.32” 
(8.13 mm) 2.0 

@+22: Crack observed near the local global buckling location 
@-24: Local buckling on  the upper angle near the global buckling 

location 

25 – 26 0.40” 
(10.16 mm) 2.5 @-25: Initial fracture on the upper angle near the global buckling 

location 

27 – 28 0.48” 
(12.19 mm) 3.0  

29 – 30 0.64” 
(16.26 mm) 4.0 @-29: Fracture on the upper plate near the global buckling location 

31 – 32 0.80” 
(20.32 mm) 5.0 @-31: Half section fracture near the global buckling location 

33 0.96” 
(24.38 mm) 6.0 @-33: Entire fracture  
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Table B.11 Observations made during testing of the Bx16-60 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 6 Horizontal 
PH 

0.335 
0.665 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb=22 kips (97.9kN) 
PH @2/3 δb=44.0 kips (195.8kN) 

7 – 9 0.2” 
(5.08 mm) 1.0 @-7: Local buckling was observed at P@1.0 δb=66.0 kips 

(293.7kN) 

10 – 12 0.3” 
(7.62 mm) 1.5 

@-10: Local buckling on the lower angle near the North gusset-
connection at δ = 0.20" (5.08 mm) 

@-10: Global out-of-plane buckling near the middle connection of 
the North segment of the specimen at δ = 0.30" (7.62 mm) 

@-10: Local buckling on the upper angle near the global buckling 
location 

@-10: Local buckling on the lower angles near the middle 
connection of the South segment of the specimen 

@-10: Local buckling on the lower angles near the South gusset-
connection 

13 – 15 0.4” 
(10.16 mm) 2.0 @-13: Crack on the lower angle near the middle connection of the 

South segment of the specimen 

16 – 18 0.5” 
(12.70 mm) 2.5 @+16: Initial fracture on the lower angle near the middle connection 

of the South segment of the specimen 

19 – 21 0.6” 
(15.24 mm) 3.0 @+21: Entire fracture 
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Table B.12 Observations made during testing of the Bx16-120 specimen 
CYCLE 

NO. 
CONTROL 

DATA δ/δb,exp OBSERVATIONS 

1 – 9 Horizontal 
PH 

0.25 
0.50 
0.75 

Control data : Horizontal Force 
Elastic cycles 
PH @1/3 δb = 18.0 kips (80.1kN) 
PH @2/3 δb = 36.0 kips (160.2kN) 
PH @1.0 δb = 54.0 kips (240.3kN) 

10 – 12 0.28” 
(7.11 mm) 1.0 

@-11: Global out-of-plane buckling 
@-11: Local buckling on the lower angle near the South gusset-

connection 

13 – 15 0.56” 
(14.22 mm) 2.0 

@-13: Local buckling on both lower and upper angles near the 
South gusset-connection at δ=0.28” (7.11mm) 

@-13: Larger global buckling at δ=0.56” (7.11mm), starting out-of-
plane buckling and changed into in-plane buckling 

@-13: Local buckling on the angle and plate near the global 
buckling location 

@-14: Lacing buckling 

16 – 18 0.84” 
(21.34 mm) 3.0 

@-16: Local buckling on the upper angle near the 1/4 of the 
specimen length from the North 

@-16: Local buckling on the upper angle near the global buckling 
location 

@-18: Local buckling on the lower angle near the 1/4 of the 
specimen length from the North 

19 – 20 1.12” 
(28.15 mm) 4.0 @+20: Initial fracture on the lower angle near the global buckling 

location 

21 1.4” 
(35.56 mm) 5.0 @+21: Entire fracture near global buckling 
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Hysteretic Curves from Test Results 
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A03, MF-A01). This report is available only through NTIS (see address given above). 
 
NCEER-87-0017 "Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87, 
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