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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 engineering, 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 derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by developing
seismic evaluation and rehabilitation strategies for the post-disaster facilities and systems (hospitals,
electrical and water lifelines, and bridges and highways) that society expects to be operational
following an earthquake; and to further enhance resilience by developing improved emergency
management capabilities to ensure an effective response and recovery following the earthquake (see
the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and analytical
network to facilitate the exchange of  information between researchers located in various institutions
across the country. These are complemented by, and integrated with, other MCEER activities in
education, outreach, technology transfer, and industry partnerships.

This report describes an experimental investigation into the seismic behavior and efficiency of using
braced steel infills for steel framed buildings. Cold formed steel studs (CFSS), typically used in
nonstructural partition walls, were studied to determine if they could be used to laterally restrain
braces against buckling and thus enhance their seismic performance. Four specimens were designed
and cyclically tested: single square tube braces with and without vertical CFSS and rectangular solid
bar X braces with and without CFSS members. The effects of KL/r ratio, bracing configuration and
cross-sectional type of braces were studied, as well as behavior characteristics of the specimens with
an emphasis on hysteretic energy dissipation. As a result, the CFSS members showed promise for
use in new buildings or as a retrofitting technique in buildings that lack strength, lateral stiffness and
ductility.
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ABSTRACT 
 

 

Braces of steel frames are subjected to large axial displacements in tension and compression 

under severe earthquake excitations. Hysteretic behavior of brace members is complex, 

especially in the inelastic range. Previous studies have revealed that substantial amounts of 

cumulative energy can be dissipated in steel braces in the post buckling range when those 

members are subjected to reversed cyclic displacements. Many studies and codes suggest that 

stocky braces be used in seismically active regions.  In fact, following that thinking, buckling 

restrained brace technologies have been developed and implemented in the seismic design and 

retrofit of buildings.  

 

This report investigates the effects of KL/r ratio, bracing configuration, and cross sectional type 

of braces on the hysteretic characteristics of concentrically braced frames with and without cold 

formed steel studs (CFSS) infills designed to laterally restrain braces and delay their buckling. 

Four specimens were designed and cyclically tested. Specimens have either single diagonal tube 

or solid bar braces with and without CFSS and U brackets, providing out-of-plane and in-plane 

buckling restraint. Behavioral characteristics of the specimens are quantified with an emphasis 

on hysteretic energy dissipation.   

 

Experimental results show that, at the same ductility levels, the cumulative energy dissipation of 

braced frames can be significantly increased when CFSS members are used to laterally restrain 

the braces against buckling. However, when tubular cross sections are used for braces, local 

buckling led to a reduced fracture life compared to the case without CFSS members. On the 

other hand, CFSS members appear to be relatively more effective when solid bar braces having 

large slenderness (tension-only braces) are used, since the difference between dissipated energies 

with and without studs is substantial. 
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SECTION 1 
INTRODUCTION 

 

1.1 Motivation  

Concentrically braced steel frames are commonly used to resist earthquakes by providing 

lateral stiffness, strength, and ductility. However, upon cyclic loading, progressive loss of 

compression strength and energy dissipation in compression results in less than ideal 

hysteretic loops. To improve the hysteretic characteristics of braces, cold formed steel studs 

(CFSS) of the type often used in non-structural partition walls could be used to laterally 

restrain braces against buckling and enhance their seismic performance. This would require 

special design of CFSS members, to resist elastically the out-of-plane forces developing at 

the onset of brace buckling.  

 

To investigate the validity of such a solution (i.e. whether CFSS wall units could be used to 

achieve the above objective, how effective they are, and if they improve the hysteretic 

behavior as anticipated or not), four specimens have been designed and cyclically tested in 

the Structural Engineering and Earthquake Simulation Laboratory (SEESL) at SUNY at 

Buffalo. Single square tube braces with and without vertical CFSS, and solid rectangular 

solid bar X braces with and without CFSS members, were tested under quasi-static 

displacement histories.  

 

This research report presents development of this test program, the data obtained during 

reversed cyclic testing of the four tested frames and analysis of these data. To the knowledge 

of the authors, CFSS members have not been used for this purpose before. Displacement-

controlled cyclic testing of these specimens enabled to compare their strength, stiffness, 

maximum displacement ductility, and cumulative hysteretic energy dissipation capacities. For 

tubular sections, experimental and theoretical fracture lives are also compared. 

 

1.2 Scope 

This research investigates the seismic behavior and efficiency of a proposed braced steel 

infill for steel framed buildings. The infill types considered in this study could be 

implemented in new buildings or as a retrofitting technique in seismically vulnerable 
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buildings lacking of strength, lateral stiffness, and ductility. Based on this, the scope of this 

research is to provide: 

 

• A brief review of hysteretic models for seismic analysis of braced frames 

• Documentation of the experimental system, material types used and loading protocol 

imposed on the specimens 

• Preliminary analysis results for the specimens using 2D nonlinear static pushover analysis 

to predict their monotonic behavior 

• Presentation of the data obtained from cyclic testing 

• Comparison of hysteretic energy dissipation capacities of each specimen 

• Interpretation of the obtained data and discussion of several factors on the observed 

structural behavior 

 

1.3 Outline 

In Section 2, a brief review of available theoretical and experimental research on the 

hysteretic behavior of steel brace elements and braced steel frames is given. 

 

In Section 3, the experimental program, testing set-up, data acquisition systems, 

instrumentation, and material properties are described.  

 

In Section 4, the experiments are presented. Observations are made on the overall behavior of 

the specimens, the extent of damage at some specific story drifts, and collapse mechanisms.   

 

In Section 5, test results are analyzed. Hysteretic loops representing the cyclic behavior are 

given. The strength, stiffness, and cyclic energy dissipation of the specimens are quantified. 

System and member strengths, brace energy dissipation, and strains in braces at specific story 

drift values are interpreted using available test data.  

 

In Section 6, general conclusions from this research and recommendations for future work on 

this subject are given.   
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SECTION 2 
LITERATURE REVIEW 

 

2.1 General  

Many steel buildings rely on different kinds of bracing systems to ensure ductile response and 

control story drifts under severe earthquakes. A fundamental understanding of the hysteretic 

behavior of brace members is important and relevant to the work presented in this report. 

Many theoretical and experimental studies have investigated the complex, inelastic cyclic 

behavior of steel braces. This work is summarized in Section 2.3 including some recent 

studies on unbonded braces presented in Section 2.4. Examples of how some key parts of this 

knowledge have been codified are illustrated in Section 2.5. Since the hysteretic behavior of 

concentrically braced steel frames (CBSF), as a system, highly depends on the inelastic cyclic 

behavior of individual steel braces, much of the previous studies focused on the behavior of a 

single brace element rather than on overall system behavior.  

 

2.2 Basic Behavior of Steel Braces 

During severe earthquakes, steel braces in framed buildings are subjected to cyclic axial 

forces which may cause braces to alternatively buckle and stretch in the inelastic range. 

Theoretical and experimental studies have demonstrated that steel braces can dissipate 

seismic energy during an earthquake if some special ductile detailing is provided.   

 

Hysteretic loops for brace elements are more complex than for steel flexural members. 

Hysteretic loops of an axially loaded brace are usually unsymmetrical with observed 

deterioration in the buckling strength at each subsequent cycle. The introduction of increasing 

residual out-of-straightness upon repeated cycling, and hysteretic degradation of the tangent 

modulus (the Baushinger effect) is partly responsible for this deterioration of buckling 

strength with cycling. The impact of this post buckling brace behavior must be accounted for 

in the design of boundary frames and for brace end connections.  

 

Generic idealized hysteretic behavior of steel braces having different slenderness categories 

is schematically illustrated in Figure 2-1. Here, P and δ denote axial force and corresponding 

axial displacement respectively. In a short brace that does not exhibit buckling (assuming 

local buckling is prevented), tension and compression response can theoretically be equal to 
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each other, providing a more stable behavior when compared to longer braces (Figure 2-1a). 

Unbonded braces are a type of buckling-restrained braces that can exhibit a behavior similar 

to that of short braces, as described in Section 2.4. 

P

δ

P

δ δ

P

(b) Intermediate Brace (c) Long Brace(a) Short Brace

 
FIGURE 2-1 Simplified Representation of Brace Hysteretic Behavior for Short, 

Intermediate and Long Slenderness (Adapted from Nakashima and Wakabayashi,1992) 
 

At the other extreme, long slender braces can yield in tension, but have no compression 

strength (Figure 2-1c). Behavior of intermediate braces is somewhat between that of short 

and long braces (Figure 2-1b). This behavior is more complex and was the subject of most 

researches summarized in Section 2.3.  

 

While many parameters can affect brace behavior (e.g. modulus of elasticity, strength ratio 

between brace and gusset plate, connection flexural stiffness, etc.), the inelastic hysteretic 

behavior of restrained axial member is most influenced by the member “effective slenderness 

ratio” and width-to-thickness ratio of parts of the brace cross-section.  

 

2.3 Previous Research on Hysteretic Behavior of Braces 

This subsection first reviews past experimental and theoretical studies on the hysteretic 

response of concentrically braced steel frames.  

 

Zayas et al. (1980a) subjected six circular tube brace members to severe cyclic inelastic 

loading. The specimens were 1/6 scale models of braces of the type used for offshore 

platforms. Different end fixity conditions such as pinned and fixed were examined. Impact of 

sectional properties on cyclic behavior was also investigated using different diameter-to-wall 

thickness (D/t) ratios (33 vs. 48). Axial load-displacement hysteretic loops, axial load versus 

midspan lateral deflection hysteretic loops, brace deflected shapes, brace energy dissipation 
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and inelastic axial strains, curvatures and rotation in plastic regions were plotted. Emphasis 

was on deterioration of buckling load with inelastic cycling and comparison with code-based 

buckling formulas in effect at that time. It was concluded that cyclic inelastic loading caused 

a reduction of the buckling load. The effect of annealed and unannealed material properties of 

structural tubes on the behavior was discussed. Since local buckling was a major contributor 

to early collapse in thin walled specimens, use of lower D/t ratios was suggested to delay 

local buckling failures under repeated cyclic loads. The responses of fixed-ended brace 

exhibited less pinched hysteretic loops, slower deterioration of capacity, delayed onset of 

local buckling and more energy dissipation compared to those of the pinned-end braces. This 

difference essentially came from the reduced buckling length of the members.  

 

Zayas et al. (1980b) experimentally investigated the behavior of two 1/6 scale steel offshore 

towers subjected to large cyclic inelastic loadings applied in a quasi-static manner, simulating 

damaging earthquake excitations. In this study, braces with lower KL/r and D/t ratios 

performed better, exhibited fuller hysteretic loops, deteriorated less and were more resistant 

to local buckling. Buckling braces contributed notably to the energy dissipation of the tested 

frames. The efficiency of energy dissipation decreased rapidly after local buckling. It was 

also shown that a properly designed, detailed and constructed tubular braced frame could 

demonstrate full hysteretic loops and substantial energy dissipation capacity under reversed 

cyclic inelastic displacements. An energy dissipation efficiency criterion was formulated for 

comparison with equivalent elastic-perfectly plastic systems. The tested frames retained 

energy dissipation efficiencies above 50%.  

 

Black et al. (1980) studied the inelastic hysteretic behavior of axially loaded wide flanges, 

structural tees, double angles, double channels as well as thick and thin-walled square and 

round tubes. Two types of boundary condition, fixed and hinged, were considered. They 

experimentally observed that the points of inflection on deflected curves remain relatively 

fixed as plastic hinges developed during inelastic buckling, and consequently that effective 

slenderness ratios remained valid in the inelastic range.  This slenderness ratio was deemed to 

have a most important impact on hysteretic behavior. Hysteretic envelopes were also 

presented to compare the specimens with different loading histories. All hysteretic curves 

were normalized to the axial yield force and corresponding axial displacement. In agreement 
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with previous work, significant reduction in buckling strength was observed to occur during 

inelastic cyclic loading.  

 

Jain et al. (1980) generated experimental and analytical data on the inelastic cyclic behavior 

of tube and angle braces. Deterioration of the buckling strength upon cyclic loading was 

pointed out. The impact of connection details on low-cycle fatigue life was underlined. 

Annealing was found to increase the fatigue life of the member prior to collapse.   

 

Ikeda et al. (1984) developed a refined phenomenological hysteretic model for simulating 

inelastic cyclic buckling behavior of steel braces. This consisted of straight line segments 

defined by simple rules to capture buckling strength deterioration, plastic growth (which can 

be defined as plastic lengthening after each inelastic cycle), and a few other brace behaviors. 

Since phenomenological brace hysteretic models are defined in terms of control input 

parameters, the study proposed a systematic method for selecting input parameters based on 

available experimental results. Furthermore, a series of simple quasi-static analyses were 

conducted to evaluate the new model and its limits. Note that phenomenological models are 

generally based on simplified hysteretic rules that only mimic the observed axial load- 

displacement behavior of braces, and are empirical in nature.  

 

Ikeda and Mahin (1984) presented a physical hysteretic model for cyclic inelastic behavior of 

steel braces. They broke-down the physical hysteretic behavior of braces into a number of 

“zones”, as illustrated in Figure 2-2.  
 

P

δ

8. Elastic Zone in 
Tension

7. Yielding Zone 

6. Plastic Zone in             
Tension

5. Elastic 
Post-Buckling Zone 
in Tension 

4. Elastic 
Post-Buckling Zone 
in Compression

3. Plastic Zone in 
Compression 

2. Buckling Zone 

1. Elastic Zone in 
Compression

 
FIGURE 2-2 Physical Meaning of a Brace Hysteretic Loop  

            (Adapted from Ikeda and Mahin, 1984) 
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Each zone was used to explain a specific axial force- displacement behavior, with 

corresponding axial force-plastic hinge moment curves, and axial force-plastic hinge rotation 

curves. The refined model simulates the cyclic inelastic buckling behavior of braces more 

precisely than corresponding phenomenological models, but still neglects local buckling 

effects, the gradual spread of plastification along the length of the brace, and only partially 

account for the Baushinger effect by modeling the progressive degradation of the tangent 

modulus during cycles. Sensitivity analyses on the behavior of braced frames using the 

proposed model were included in the study, on the basis of which the use of stocky braces 

was recommended over slender braces.  

 

Khatib et al. (1988) investigated the inelastic cyclic behavior of chevron-braced frames, and 

as a result of parametric studies, formulated design recommendations. They also 

demonstrated the sensitivity of the inelastic response of chevron-braced frames to the 

characteristics of ground excitations, and their tendency to form soft stories which may 

translate into excessive local ductility demands. Depending on brace slenderness and beam 

stiffness, numerical analyses results showed that considerable force redistributions might 

occur in chevron-braced frames and affect their overall seismic performance. Furthermore, it 

was shown that chevron-braced frames have distinctive hysteretic loops compared to other 

types of braced frames.  

 

Jain et al. (1993) analytically examined the impact of a dual system consisting of a moment 

resisting frame acting in parallel with a concentrically braced steel frame subjected to both 

monotonically increasing loads and seismic loading. The relative strengths and stiffnesses of 

the frames comprising the dual systems were varied. Ductility demands on members, overall 

building deflections and story drifts were examined under the action of ten earthquake 

records. It was concluded that improved performance, such as reduced ductility demands and 

more uniform distribution of yield throughout the structure, could be achieved.  

 

Tremblay et al. (1996) re-evaluated seismic aspects of structural steel design in light of the 

lessons learned from the 1995 Hyogo-ken Nanbu earthquake. Past and current seismic design 

provisions for steel structures in Japan were presented and compared with the Canadian 

requirements at that time. Fracture of bracing members or their connections was observed in 

many concentrically braced frames.  
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Tremblay and Filiatrault (1996) experimentally investigated the issue of impact loading in 

inelastic tension-only concentrically braced steel frames subjected to earthquakes by 

conducting shake table tests of half scale two-story models. The hysteretic loops obtained 

from the shake table test results revealed a small increase in tensile forces developed in the 

braces attributable to an increase of the yield strength under high strain rates. A dynamic 

amplification factor of 1.15 for the yield strength of tension-only braces was proposed for 

code applications. 

 

Remennikov and Walpole (1997) investigated the seismic behavior of low-rise steel braced 

buildings using an empirical analytical hysteretic brace model developed and calibrated using 

experimental data. Inelastic dynamic analyses were carried out on several bracing 

configurations to understand the effect of brace slenderness and redistribution of forces in the 

post buckling range. Based on analytical results, they proposed that the structural ductility 

factor (µ) for concentrically braced frames not be greater than 3. They emphasized the need 

for capacity design in order not to underestimate the internal forces in building elements 

under severe earthquakes.  

 

Tremblay (2000) performed an analytical study to evaluate the influence of the brace 

slenderness ratio on the seismic performance of concentrically braced steel frames. Nonlinear 

time history dynamic analyses were carried out on typical building structures. The brace 

slenderness (λ) was varied from 0.35 to 2.65 for tension-compression brace design and from 

0.85 to infinity for tension-only brace design, where the brace slenderness λ is defined as: 

 

   
E

F

r
KL

2
y

π
=λ                            (2-1)  

   where 

   r = Minimum radius of gyration 

   Fy = The yield stress  

   E = Modulus of elasticity of the material 

   K = Effective length factor 

   L = Brace length  
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Results indicated that the inelastic demand in the tension-compression bracing systems 

decreased with increasing brace slenderness, whereas, for tension-only bracing systems, the 

inelastic demand generally increased with increasing the brace slenderness. For both bracing 

systems, it was also found that higher inelastic demand was generally associated with a 

concentration of inelastic damage over the height of the structures. An upper slenderness 

limit of λ=2.65 (which corresponds to KL/r of 200 for a 345 MPa (50 ksi) grade steel) was 

proposed for tension-compression bracing systems. The use of tension-only design of braces 

was deemed acceptable provided that the slenderness ratio is kept below the same limit. For 

both systems, limitations on building heights were suggested to prevent the formation of soft-

story mechanisms.   

 

Tremblay (2002) surveyed past experimental studies on the inelastic response of diagonal 

steel bracing members subjected to cyclic inelastic loading. Parameters affecting the overall 

response of concentrically braced steel frames such as maximum brace compressive strength 

at first buckling, force in the compression braces upon yielding of the tension braces, 

maximum brace tensile strength, minimum post-buckling strength of braces at compression 

ductility levels of 2.0, 3.0, 5.0, lateral brace deformations and fracture of rectangular hollow 

sections were quantified. The impact of steel yield strength and different loading histories on 

the shape of brace hysteresis curves was also discussed. Lee and Bruneau (2002) also 

surveyed past experimental results to quantify the progressive compressive strength 

degradation of braces, and their contribution to hysteretic energy dissipation. These two 

studies point to (and quantify) the rapid degradation of these quantities upon inelastic cyclic 

loading.  

 

2.4 Studies on Buckling-Restrained Braces (BRB) 

Since the design philosophy of the specimens in this study, to some extent, could reflect 

similar design concepts followed in other buckling-restrained brace technologies (mostly 

developed and used in Japan and in the USA), some recent studies on unbonded braces are 

reviewed here. 
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Clark et al. (2000) analytically and experimentally investigated the behavior of steel 

unbonded braces for energy dissipation. The results of nonlinear time history dynamic 

analyses showed that frames with unbonded braces could be designed to have lower 

interstory drift and base shear than the special moment resisting frames (SMRF). Large-scale 

tests of unbonded braces were carried out to demonstrate their stable hysteretic behavior. For 

this purpose, three braces were subjected to a wide range of tests. These braces exhibited 

substantial and stable energy dissipation capacity up to large displacements producing 2% 

strain in the braces. The core steel in these braces provided stable energy dissipation by 

yielding under reversed axial loading, while the surrounding concrete-filled tube prevented 

buckling.  

 

Iwata et al. (2000) experimentally investigated four different types of commercially available 

buckling-restrained braces. Hysteretic and fracture characteristics as well as cumulative 

energy dissipation of these braces were discussed. All specimens were found to have 

sufficiently stable hysteretic curves without significant strength and stiffness deteriorations 

up to 1% strain in the braces. However, under higher strains, the four specimens exhibited 

different performances due to their buckling-restrained methods. Generally speaking, the 

steel braces wrapped in an unbonding material and placed in a tube filled with mortar 

dissipated more cumulative energy than the others.  

 

Huang et al. (2000) conducted static and dynamic cyclic tests for moment resisting frames 

with and without unbonded braces as supplemental hysteretic dampers. Hysteretic curves, 

cumulative energy dissipations, and interstory drift ratios were presented. These unbonded 

braces were observed to absorb the majority of the input energy from the simulated 

earthquake loadings. Contribution of the unbonded braces to the lateral stiffness of frames 

was high. The boundary frame members remained elastic even at large interstory drifts. 

   

Chen et al. (2001) presented the hysteretic behavior of buckling-inhibited braces (BIB) made 

of low yield strength steel. Four large-scale specimens were tested to collapse. The use of 

BIB prevented early buckling and fracture that usually occur in conventional braces, and 

developed full strength, significant ductility, and energy dissipation. These braces were used 

in a 0.4-scale three-story frame, and this frame was tested on a shake table using the El 

Centro ground acceleration records. In terms of the maximum interstory drifts, the specimens 
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achieved without failure performance levels of full operational (0.2% drift) up to 0.2g, 

operational (0.5% drift) up to 0.36g, and life safe (1.5% drift) up to 0.93g. These performance 

levels are based on the Vision 2000 Committee of Structural Engineers Association of 

California (1995).  

 

Ko et al. (2002) described an application where buckling-restrained yielding braces were 

used in the construction of a medical facility. Nonlinear pushover analyses were carried out 

to demonstrate the performance advantages of these braces over an alternative EBF system. 

Tests on two identical large-scale specimens were also performed. Both braces exhibited 

predictable stable hysteretic behavior.  

 

Black et al. (2002) conducted tests on five buckling-restrained unbonded braces. Results from 

this test program indicated that unbonded braces could deliver ductile, stable and repeatable 

hysteretic behavior. The plastic deformation capacity of the braces exceeded the specified 

requirements both in terms of ultimate deformation and in terms of cumulative plastic strain. 

A hysteretic model was proposed to approximate the dynamic response of structures with 

unbonded braces. Additional parametric studies also indicated that simple bilinear models 

could satisfactorily represent the brace nonlinear behavior.  

 

2.5 Review of Current Codes 

Significant research on the behavior of steel braces was conducted in the 1970s and 1980s. 

Many code provisions, details and limitations until the early 1990s were based on these 

studies. Since the hysteretic loops for concentrically braced frames (CBF) were less ideal 

with observed pinching due to a progressive strength degradation upon repeated buckling of 

the compression brace (especially in tension-only braced frames), CBF were assigned 

response modification factors (R) on the order of 75% of what were assumed for moment 

frames in the USA. This contributed to the wide-spread use of moment frames in areas of 

high seismicity. However, from 1992 to date, the design requirements for CBF in the AISC 

Seismic Provisions have evolved.  In the 1997 edition, a new category CBF was introduced 

as special concentrically braced frames (SCBF) on the basis that CBF could exhibit ductile 

and stable hysteretic behavior with adequate energy dissipation during cyclic inelastic 

buckling if ductile detailing was provided. Higher R values were assigned for SCBF (20% 
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higher than for ordinary CBF).  Some relaxation on the maximum brace slenderness ratio 

permitted for SCBFs were also introduced.  However, emphasis on promoting stocky braces 

over slender braces still remains despite the fact that the fracture life of stocky braces is 

known to be generally less than for slender braces.   

 

Existing building codes impose several limitations in the design and detailing of steel braces 

to ensure a satisfactory ductile behavior. The earthquake resistant design requirements for 

concentrically braced steel frames relevant to this study are reviewed below for three codes, 

namely, AISC Seismic Provisions for Structural Steel Buildings (AISC, 2002), CAN/CSA-

S16-2001 (2001) Limit States Design of Steel Structures, and FEMA 356 (2000) Prestandard 

and Commentary for the Seismic Rehabilitation of Buildings. Emphasis is given on frames 

with tension-compression tube braces, and on frames with tension-only braces, which are of 

interest in this research.  

 

2.5.1 AISC Seismic Provisions (2002) 

The AISC Seismic Provisions (AISC, 2002) categorizes the braced frames into two groups: 

Special concentrically braced frames (SCBF) and ordinary concentrically braced frames 

(OCBF). In SCBF, the slenderness of bracing members, KL/r, is limited to 5.87√Es/Fy (which 

corresponds to KL/r of 141 for a 345 MPa (50 ksi) grade steel). Rectangular hollow structural 

sections must have a flat width-to-wall thickness ratio b/t or h/t no greater than 0.64√Es/Fy 

(which corresponds to h/t of 15.4 for a 345 MPa (50 ksi) grade steel), where b=bf – 3t and 

h=hw – 3t, and where bf, hw, and t, are the outside width, outside height, and thickness of the 

tube cross section. This formula is valid unless the walls are stiffened.  

 

2.5.2 CAN/CSA-S16-2001 (2001)  

The Canadian Standard on Limit States Design of Steel Structures CAN/CSA-S16-01 (2001) 

provides requirements for the seismic design of bracing members in concentrically braced 

steel frames and their connections. Concentrically braced steel frames are categorized in two 

groups: Moderately Ductile Concentrically Braced Frames (Type MD) and Limited Ductility 

Concentrically Braced Frames (Type LD).  
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Moderately Ductile Concentrically Braced Frames includes tension-compression bracing 

systems, chevron braced systems, tension-only bracing systems, and other bracing systems 

for which stable inelastic response could be demonstrated. Tension-compression concentric 

bracing systems are limited to eight stories. Tension-only bracing systems cannot exceed four 

stories, and are only permitted if all columns are fully continuous over the entire building 

height and have constant cross-section. For diagonal bracing members of any kind, upper 

limit for the slenderness ratio, KL/r, is 200.  

 

In velocity-or acceleration related- seismic zones 2 or higher, width to thickness ratios are 

limited to 330/√Fy (which corresponds to h/t of 17.8 for a 345 MPa (50 ksi) grade steel) for 

rectangular and square HSS when KL/r ≤ 100, and to 10000/Fy (which corresponds to d/t of 

29 for a 345 MPa (50 ksi) grade steel) for circular HSS. When KL/r = 200, the b/t ratios for 

HSS members are limited to 420/√Fy (which corresponds to b/t of 22.6 for a 345 MPa (50 ksi) 

grade steel). When 100 ≤ KL/r ≤200, linear interpolation can be used. In other zones, the b/t 

ratios of HSS members cannot exceed 420/√Fy. In the above formulas, the specified 

minimum yield strength, Fy, should be in MPa. 

 

Limited Ductility Concentrically Braced Frames can dissipate limited amounts of energy 

through yielding of bracing members. Tension-compression concentric braced frames are 

limited to twelve stories. Tension-only systems cannot exceed eight stories, and must have all 

columns continuous and constant cross-section over a minimum of two stories. In single and 

two-story structures, the slenderness ratio of diagonal bracing members cannot exceed 200 

for compression members and 300 for tension members. There are no width-thickness limits 

for tension-only braces. In velocity- and acceleration-related seismic zones of 2 and lower, 

the b/t ratios for braces are limited to 525/√Fy (which corresponds to b/t of 28.3 for a 345 

MPa (50 ksi) grade steel). The requirements regarding ductile rotational behavior of brace 

members or connections given for the Type MD Concentrically Braced Frames, are waived in 

velocity-and acceleration-related seismic zones of 3 and lower if the brace slenderness ratio is 

greater than 100.  
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2.5.3 FEMA 356 (2000)  

FEMA 356 (2000) Prestandard and Commentary for the Seismic Rehabilitation of Buildings, 

defines steel braced frames as those frames that develop seismic resistance primarily through 

axial forces in their components. For the purpose of assessing acceptable seismic 

performance, nonlinear push-over analysis of braced frames are recommended, considering 

the nonlinear yielding and buckling load-deformation behavior of braces. In lieu of 

relationships derived from experiment or analysis, the nonlinear load-deformation behavior 

of braces is modeled as depicted in Figure 2-3. The shape of the nonlinear force-displacement 

curve is representative of ductile behavior, and defined by the five points A to E shown in 

Figure 2-3.  The parameters a, b, and c are used to characterize the model.     
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FIGURE 2-3 Axial Force-Axial Deformation Relation and Acceptance Criteria  

             for Braces in Nonlinear Static Procedure, FEMA 356 (2000) 
 

Stable inelastic behavior is developed from B to C, a plateau of length “a”. The total plastic 

deformation length “b” includes a strain hardening range and a strength-degraded range. 

Significant strength degradation occurs from C to D, with a sustainable strength from D to E, 

accounting for the ability to support gravity loads. The residual sustainable strength from D 

to E, is “c”, expressed in terms of a percentage of the brace axial yield strength which 

depends on cross sectional shape, direction of loading, and width-to-thickness ratios in 

hollow sections. Along segment B to C various seismic performance levels are defined as a 

function of member deformations (and indirectly, damage). Target performance levels IO, 

LS, and CP indicate typically immediate occupancy, life safety, and collapse prevention. 

 

For rectangular cold-formed tubular braces in compression, when d/t ≤ 90/√Fy (which 

corresponds to d/t of 12.7 for a 345 MPa (50 ksi) grade steel), a,b, and c are specified as 

0.5∆c, 7∆c, and 0.4 of the buckling strength respectively. Performance levels IO, LS, and CP 
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are met if member deformations are limited to 0.25∆c, 4∆c, and 6∆c respectively, where ∆c is 

the axial deformation at expected buckling load. When d/t ≥ 190/√Fy (which corresponds to 

d/t of 26.9 for a 345 MPa (50 ksi) grade steel), a,b, and c are specified as 0.5∆c, 3∆c, and 0.2 

of the buckling strength respectively. Performance level limits for IO, LS, and CP are set at 

0.25∆c, 1∆c, and 2∆c respectively. Linear interpolation can be used between those d/t limit 

values. In the above formulas, the specified minimum yield strength, Fy, should be in ksi.  

 

For braces in tension, a,b, and c are specified as 11∆T, 14∆T, and 0.8 of the yield strength 

respectively, where ∆T is the axial deformation at expected tensile yielding load. Performance 

level limits for IO, LS, and CP are set at 0.25∆T, 7∆T, and 9∆T respectively.  

 

The static nonlinear procedure for steel braced frames proposed by FEMA 356 has been 

incorporated into SAP2000 (CSI, 1998), and will be used in the estimation of load-

displacement diagrams to collapse for the specimens considered in this study.  
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SECTION 3 
EXPERIMENTAL SETUP 

 

3.1 General 

This section provides specific details on the experimental setup, design considerations for the 

specimens, and instrumentation. Two boundary frames previously designed and constructed 

by Berman (2002) were used, but modified to accommodate different beam-to-column 

connections as well as steel stud and gusset connections, as described later. Additional design 

checks were carried out to make sure the boundary frame and its connections were safe for 

the contemplated applications. For one of the two boundary frames, to avoid premature low-

cycle fatigue failures in the beam-to-column connections, these connections were replaced 

prior to testing. All the dimensions in beams and columns as well as connection angles were 

also kept constant from specimen to specimen to allow a more uniform comparison of the 

strength, stiffness and seismic energy dissipation capacity of several proposed retrofit 

designs. 

 

Four specimens were designed and constructed using concentric braces. Both square tubular 

and solid rectangular sections were used as brace members. Two of the specimens had 

closely spaced vertical cold-formed steel studs introduced to reduce the buckling length of 

the braces, approaching to some degree (but not perfectly) the philosophy of buckling-

restrained braced frames. Information on the infill types used in this research is given in 

Section 3.2. All specimens were designed in accordance with the AISC Seismic Provisions 

(AISC, 2002), AISC LRFD Specifications (AISC, 1999), and AISI (1996) codes as 

appropriate.   

 

A tall reaction frame located in the University at Buffalo’s Structural Engineering and 

Earthquake Simulation Laboratory (SEESL) was used to provide support for the lateral load 

applied to the specimens (Figures 3-1, 3-2, 3-3, 3-4). This frame is rated to resist lateral loads 

of up to 1112 kN (250 kips) at a height of 2.4 m (8 ft.) or lower.  

 

3.2 Specimen Design 

The boundary frame dimensions were selected to be representative of bay dimensions for 

frames located into a test-bed structure called the “MCEER Demonstration Hospital” (Yang 
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and Whittaker, 2002). The boundary frame with an aspect ratio (L/h) of 2.0 is taken from that 

hospital’s structural system where L and h are the bay width and the height of the specimen 

respectively, but actual scale of the boundary frame is 1/2 of the prototype due to limitations 

of the testing apparatus.  

 

Four specimens were considered in this study, namely: 

 

• Specimen F1: Concentrically braced frame with single tube brace and vertical cold-

formed steel studs (CFSS) spaced at 457.2 mm (18 in.) center-to-center  

• Specimen F2: Concentrically braced frame with single tube brace and without vertical 

cold-formed steel studs 

• Specimen F3: Concentrically braced frame with solid rectangular X braces and vertical 

cold-formed steel studs (CFSS) spaced at 457.2 mm (18 in.) center-to-center 

• Specimen F4: Concentrically braced frame with solid rectangular X braces and without 

vertical cold-formed steel studs 

 

Test set-up and specimens are shown in Figures 3-1 to 3-4 respectively. The above choice of 

specimens made it possible to compare the seismic energy dissipation behavior of frames 

with either slender or stocky brace members, the latter achieved by presence of the studs 

providing intermediate lateral supports and thus reducing the effective slenderness of the 

braces. The vertical CFSS were installed on both sides of the braces and connected to them. 

The connectors were detailed such as to reduce the length of the brace to prevent 

displacements both in the in-plane and out-of-plane directions. The intended result was a 

more stable, less pinched hysteretic loops with less stiffness and strength degradation under 

reversed cyclic loading. In essence, the objective was to use common nonstructural elements 

(such as steel stud walls), slightly modified, to help enhance the seismic behavior of a 

common concentric braced frame to near that of an idealized buckling prevented (or axially 

yielding) brace with hysteretic behavior schematically illustrated in Figure 3-5.   

 

Note that in some cases, the above selected infill systems with CFSS on both sides of bracing 

members may result in an overall infill thickness (CFSS + brace) in excess of the flange 

width  of the  columns  (depending  on  the  story height and the brace type used).  From   the  
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FIGURE 3-2 Test Set-Up for Specimen F2 
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FIGURE 3-5 Specimen Design Concept: Hysteretic Behavior of Buckling and  

                                Axially Yielding Braces  
 

architectural point of view, although this choice would lead to a small percent loss in the 

floor area, with appropriate architectural detailing, one could take the advantage of these 

walls to provide effective sound (in an interior wall) or thermal insulation (in an exterior 

wall) using double layer insulation material which could be inserted into each CFSS layers.  

Additionally, fire resistance for the infill and the boundary frame could also be provided 

when high density gypsum boards are selected as wall panels. 

 

It was decided not to connect the X-braces at their mid-spans in Specimens F3 and F4, to 

ensure that all the brace segments (in Specimen F3) between studs would have sensibly the 

same buckling strength.  Also, since the reference specimen for comparison was Specimen 

F3, the same detail was used in Specimen F4.   

 

Finally, tubes and solid bars were used to investigate the impact of local buckling on 

hysteretic behavior. Since the fracture life of tube braces may be reduced significantly due to 

local buckling effects, one could question the usefulness of preventing global buckling of 

tubular braces. Specimens F1 and F2 allow to compare the fracture life of tube brace systems 

having low and high effective slenderness ratios. 

 

3.3 Materials 

ASTM A572 Gr.50 steel was used for the boundary frame and its beam-to-column and 

column-to-base plate connections. Coupon tests were not done for the boundary frame 
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members as the beams and columns were designed to remain elastic. However, cyclic tests 

were performed on the bare frames to characterize their hysteretic behavior as described later.  

 

Dietrich CFSS products were used in this project. These studs are manufactured from 

corrosion resistant galvanized steel having a yield point of 50 ksi for 16 to 10 gages, and 33 

ksi for all other gages. A 12 gage stud with 33 ksi yield point was used in this research. The 

minimum permitted tolerance on steel thickness per AISI (1996) is 95% of the specified 

thickness, and shapes are usually manufactured to match this lower permitted value. 

Properties for the light gage studs used here were taken from the Dietrich Product Data 

(2001).  

 

Gas metal arc welding was selected for all welded connections. Miller S-22P12 24 V constant 

speed wire feeder and AWS A5.18: ER70S-6, ASME SFA 5.18 MIG (metal inert gas) 

continuous welding wires with 1.14mm diameter were used during the welding of the braces 

to the gusset plates. All welds were visually inspected, and no defects were found.  

 

The solid bar braces, gussets and angle connectors for the studs were also ASTM A572 

Gr.50. U brackets used as in-plane buckling restrainers, were ASTM A36 grade steel. The 

tube material was ASTM A500 Gr.B with minimum yield stress of 317 MPa (46 ksi). Bolts 

used for connections of the specimens are listed in Table 3.1, where actual clamping 

thickness refers to the thickness of the parts being connected by the bolts.  

 

TABLE 3-1 Bolts Used  

Steel 
Grade 

Diameter 
(mm) 

Actual Clamping 
Thickness (mm) 

Quantity Used to Connect 

A490 25.4 39.1 96 Gussets-to-Boundary Frame 
A307 12.7 12.1 96 Studs-to-Angle Connectors 
A307 12.7 29.1 96 Angle Connectors-to-Beam 
A307 12.7 81.4 24 U Brackets-to-Stud (F1) 
A307 12.7 56.0 48 U Brackets-to-Stud (F3) 

 

3.4 Details of Specimens 

Boundary frame design details can be found in Berman (2002). Higher safety factors were 

used during the design of the boundary frames as it was designed to remain elastic under the 

maximum actuator force in a steel plate shear wall application in which demands on the 
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beams and columns were much larger. Member and connection design and detailing were 

carried out in accordance with the provisions of AISC (2002).  

 

Double web-angle beam-to-column connections were welded to the beam web using typical 

8mm fillet welds all around the angle legs. The upper and lower welds on the beams were 

terminated at 25mm from the face of the other leg to provide improved resistance to low-

cycle fatigue. Connection to the column flanges used six 31.75mm (1¼") diameter A490 

bolts designed to resist the maximum actuator load. Boundary frame details, such as beam-to-

column, column-to-base plate, and column base plate-to-clevis, are shown in Figures 3-6 to 

3-8. Typical all around 5mm fillet welds were used in the column-to-base plate connection. 

Six 38.1mm (1½") diameter A490 bolts were used to connect the 25.4mm (1in.) thick column 

base plates to the clevises. All the bolts used in beam-to-column and column base plate-to-

clevis were designed as slip-critical bolts. 

 

Braces were designed to be the largest possible that could be tested without exceeding the 

maximum force capacity of 1112kN (250Kips) of the largest actuator available in the 

laboratory, with a safety factor of 1.50, and taking strain hardening effects into account. As a 

result, single tube brace of 76.2mm by 76.2mm (3in.x3in.) with t=7.94mm (5/16in.) wall 

thickness, and solid X braces having a cross section of 25.4mm by 50.8mm (1in.x2in.), were 

selected.  Square tube and solid rectangular bar brace details are given in Figure 3-9. Tube 

braces had 431.8mm long and 12.7mm wide slots at each end for welded connection to 

gussets. 

 

Detailed geometric dimensions of Specimens F1 to F4 are illustrated in Figures 3-10 to 3-13 

respectively. Note that all boundary frames and their member connections are identical for 

each specimen. Furthermore, tube brace-to-gusset and gusset-to-beam connections for 

Specimens F1 and F2, and solid bar brace-to-gusset and gusset-to-beam connection details 

for Specimens F3 and F4 are given in Figures 3-14 and 3-15 respectively.   

 

All cold-formed steel studs used in Specimen F1 and Specimen F3 were 5½" CSJ 12 gage by 

Dietrich (2001). Their sectional dimensions were determined to resist the forces generated by 

the braces at the onset of buckling in the out-of-plane direction. These lateral forces were 

estimated to equal 5% percent of the compressive strength of the brace, by analogy to the 
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stiffness and strength lateral bracing design requirements suggested in Salmon and Johnson 

(1996) for discrete braces.  

 

Connections for thin-walled members were done using A307 Grade, 12.7mm diameter bolts 

supplied by Johnson Fastener Corp., a local supplier. Cold-formed stud-to-beam connection 

details for Specimens F1 and F3 are shown in Figures 3-16 and 3-17 respectively.  

 

Details regarding custom made U brackets used as in-plane buckling restrainers, are given in 

Figures 3-18 and 3-19. These U brackets restrainers were used to prevent introducing holes in 

the small braces, which could have triggered net section failures during severe axial 

displacements.  Essentially two types of U brackets were designed for each specimen with 

CFSS. The distinctive feature of the connection detail around the brace and CFSS intersection 

region is that there is no mechanical connection to the braces. CFSS members are connected 

to each other via their inner flanges using a long, 12.7mm diameter bolt passing through the 

holes on the brackets. U brackets and CFSS members were to be in perfect contact with the 

brace surfaces to provide a direct load transfer. Small spacers having the same section of the 

bar brace were used in Specimen F3 to fill the gap in the connection. 
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FIGURE 3-10 Schematic of Specimen F1   
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FIGURE 3-11 Schematic of Specimen F2   
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FIGURE 3-12 Schematic of Specimen F3   
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FIGURE 3-13 Schematic of Specimen F4   
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FIGURE 3-14     Tube Brace-to-Gusset and Gusset-to-Beam Connection Details 
for Specimens F1 and F2 
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FIGURE 3-15 Bar Brace-to-Gusset and Gusset-to-Beam Connection Details 
                                   for Specimens F3 and F4 
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FIGURE 3-16 Cold-Formed Steel Stud-to-Beam Connection Details for Specimen F1  
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FIGURE 3-17 Cold-Formed Steel Stud-to-Beam Connection Details for Specimens F3  
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FIGURE 3-18 U-Brackets-to-Cold Formed Steel Stud Bolted Connection  

                                      Details for Specimens F1 and F3 
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FIGURE 3-19 U-Brackets for Brace-to-Cold Formed Steel Stud Connection 

  
 
 

 

 



 33 

3.5 Coupon Tests 

ASTM Standard coupon tests (ASTM, 2002) were carried out to determine the brace material 

yield stress and strains. Four coupons from the tubes and two from the solid bar braces 

(Figure 3-20a) were prepared and tested in the Axial-Torsion MTS Machine (Figure 3-20b) 

in the University at Buffalo’s Structural Engineering and Earthquake Simulation Laboratory 

(SEESL). Strain gauges were used to obtain strains in the coupons.   

 

    
                                    (a)                                                                       (b) 

FIGURE 3-20 Coupon Tests: (a) Coupons from the Brace Members (b) MTS Axial-
Torsion Testing Machine  
 

Results are presented in Table 3.2. The yield strength of the tube brace coupons is calculated 

using a 0.2% strain offset, since this steel exhibited no definite yield plateau. The solid bar 

coupons had an elastic-plastic behavior. 

 

 TABLE 3-2 Coupon Test Results  

Coupon Thickness 
(mm) 

Width 
 (mm) 

Area 
(mm2) 

Fy 
(MPa) 

εy 

(mm/mm) 
Total 

Elongation 
(%) 

Bar-1 9.5 12.7 120.7 384 0.00191 10.2 
Bar-2 9.6 12.7 121.9 370 0.00193 8.6 
Tube-1 7.4 12.7 94.0 380 0.00386 NA 
Tube-2 7.4 12.7 94.0 395 0.00463 8.6 
Tube-3 
Tube-4 

7.2 
7.3 

12.7 
12.7 

91.4 
92.7 

381 
383 

0.00404 
0.00408 

7.8 
9.4 

 

Stress-strain diagrams of the coupons are depicted in Figure 3-21. Note that Coupon Tube 1 

did not fracture due to grip slippage, threfore no reliable data were available for elongation.   
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FIGURE 3-21 Stress-Strain Diagrams for Brace Coupons-Data Truncated  

at 0.005 (mm/mm) Strain Level 
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This material data were used in static pushover analyses of the specimens conducted using 

SAP2000 (CSI, 1998) to predict the load-displacement curves of the specimens.  No coupon 

tests were performed on the cold-formed steel studs, boundary frame elements, and 

connections, since no failure was expected in those elements. 

 

3.6 Specimen Construction 

3.6.1 General 

Construction sequence is reported in this section. In general, bolts in the beam-to-column 

connections, column base plate-to-clevis, clevis-to-foundation beam, and gusset-to-beam 

connections, were tightened using a HYTORC Blitz 4-A hydraulic torque wrench to their 

specified tension following the “turn-of-the-nut” method described in the AISC LRFD 

manual (AISC, 2001). Nuts of the bolts used in stud-to-angle, angle-to-beam, and stud-to-

stud connections were in snug-tight condition. To achieve full contact on every surface 

between the braces and the vertical studs as well as between the U brackets and the braces, 

holes for the bolts on the stud flanges were marked in-place prior to drilling.  

 

3.6.2 Specimen F1 

First, holes for gussets and angle connectors were drilled on the beam flanges. The boundary 

frame was then assembled by torquing the bolts in the beam-to-column connections. Gussets 

and angle connectors were installed, and their bolts were tightened. Tube brace was placed, 

adjusted to its specified angle, and welded to the gussets. Cold-formed steel studs were 

temporarily placed, and the holes for bolts were marked in-place. This procedure was 

followed for every stud. The studs were then removed after marking. The holes were drilled, 

and the studs were re-installed in the frame. All bolts were mounted in loose condition first, 

and after final adjustments using a digital level, all bolts were tightened to be snug-tight.  

 

Prior to testing, final check of in-plane and out-of-plane plumbness of the studs was done. 

Specimen F1 was then mounted on the clevises located on the steel foundation beam. Six 

38.1mm diameter A490 bolts were used to connect each column base plate to the 

corresponding clevis, and then to attach the clevis to the foundation beam. The Miller servo-

controlled static rated actuator with a load capacity of 1112 kN (250 kip) and an available 

stroke of 203.2mm (8") was mounted to the reaction frame using six 25.4mm diameter high 
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strength threaded rods. Four similar rods were used to connect the actuator to the test 

specimen. The actuator was equipped with swivels at each end and end plates with threaded 

holes to accept the rods. Figure 3-22a to 3-22c show general and close-up views from 

Specimen F1 prior to testing. Inside view of the infill system between CFSS, angle 

connectors for studs, stud-to-tube brace connection (U bracket as in-plane buckling 

restrainer), stud-to-upper beam connection, stud-to-lower beam connection, brace-to-stud 

connection (in-plane and out-of-plane buckling restrainers), general infill view, tube brace-to-

lower beam connection, tube brace-to-upper beam connection, all around fillet welding for 

brace-to-gusset slotted connection, gusset-to-lower beam bolted connection, connection detail 

around gusset, and boundary frame-to-foundation beam bolted connection details are 

indicated Figures 3-22d to 3-22 p respectively.  

 

3.6.3 Specimen F2 

Preparation of Specimen F2 was relatively easier than the first specimen. After testing of 

Specimen F1, cold-formed steel studs and the tube brace were removed. A new, identical 

tube was then installed in the frame, adjusted to its specified angle, and welded to the gussets. 

This time the other two gussets were used to weld the tube.  In other words, the orientation of 

the tube brace of Specimen F2 was in the opposite direction of the tube used in Specimen F1. 

Figures 3-23a and 3-23b show welding process, and a general view after completion of the 

specimen assembly. 

 

3.6.4 Specimen F3 

A new boundary frame having new beam-to-column connections was used for the testing of 

Specimens F3 and F4. Similarly, holes for gussets and angle connectors were drilled on the 

beam flanges. The boundary frame was then assembled by torquing the bolts in the beam-to-

column connections. New gussets and angle connectors were installed, and their bolts were 

tightened. Solid bar X brace was placed, adjusted to its specified angle, and welded to the 

gussets. Cold-formed steel studs were temporarily placed, and the holes for bolts were 

marked in-place. The studs were then removed after marking. The holes were drilled, and the 

studs were re-installed in the frame. All bolts were mounted in loose condition first, and after 

final adjustments, all bolts were tightened to be snug-tight.  
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Prior to testing, final check of in-plane and out-of-plane plumbness of the studs was done. 

Specimen F3 was then mounted on the clevises located on the steel foundation beam in the 

same way as was done for Specimen F1. Installation of solid bar braces, assembly of vertical 

studs, general view of Specimen F3, new double angle beam-to-column connections, brace-

to-stud connection (in-plane and out-of-plane buckling restrainers), closer view to buckling 

restrainers and spacers, cross over detail for solid bar braces, inside view of infill between 

studs, closer view to middle region, brace-to-gusset welded and gusset-to-lower beam bolted 

connections, and angle connectors for vertical studs are illustrated in Figures  3-24a to 3-24q 

respectively. 

 

3.6.5 Specimen F4 

After testing of Specimen F3, cold-formed steel studs and the solid bar braces were removed. 

New gussets were installed in the frame. Identical solid bar braces were then placed in the 

frame, adjusted to its specified angle, and welded to the gussets. Placing new gussets, 

welding of the braces to the gussets, cross over detail of braces, brace-to-gusset welded and 

gusset-to-upper beam bolted connections, same connection viewed from the other side, and 

Specimen F4 after construction and in-place in test frame are given in Figures 3-25a to 3-23f. 
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                                   (a)                                                                    (b)  

 

     
                                               (c)                                             (d)  

 

     
                                    (e)                                                                     (f) 

 

FIGURE 3-22 Construction Details for Specimen F1: (a) General View;                        
(b) Experimental Set-Up; (c) Closer View of Boundary Frame; (d) Inside View of Infill 
Between Studs; (e) Angle Connectors for Studs; (f) Stud-to-Tube Brace Connection     
(U Bracket In-plane Buckling Restrainer) 
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                                     (g)                                                                  (h)  

 

     
                                     (i)                                                                  (j)  

 

    
                                     (k)                                                                  (l)  

 

FIGURE 3-22 Construction Details for Specimen F1 (continued): (g) Stud-to-Upper 
Beam Connection; (h) Stud-to-Lower Beam Connection; (i) Brace-to-Stud Connection  
(In-plane and Out-of-Plane Buckling Restrainers); (j) General Infill View; (k) Tube 
Brace-to-Lower Beam Connection; (l) Tube Brace-to-Upper Beam Connection 
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                                    (m)                                                                   (n)  
              

      
                                    (o)                                                                   (p)  
 
FIGURE 3-22 Construction Details for Specimen F1 (continued): (m) All Around Fillet 
Welds for Brace-to-Gusset Slotted Connection; (n) Gusset-to-Lower Beam Bolted 
Connection; (o) Connection Detail Around Gusset; (p) Boundary Frame-to-Foundation 
Beam Bolted Connection 
                 

    
                                                        (a)                                                 (b)  

 
FIGURE 3-23 Construction Details for Specimen F2: 

 (a) Tube Welding; (b) General View 
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                       (a)                                              (b)                                           (c) 
 

 

    
                                    (d)                                                                   (e) 

 

     
                                    (f)                                                                   (g)   

 
FIGURE 3-24 Construction Details for Specimen F3: (a) Welded Solid Bars;  
(b,c,d,e,f) Assembly of Vertical Studs; (g) Specimen F3 After Construction 
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                         (h)                                           (i)                                           (j) 

 

 

       
                        (k)                                            (l)                                             (m) 

 
FIGURE 3-24 Construction Details for Specimen F3 (continued): (h) Specimen F3 After 
Construction; (i,j) Beam-to-Column Double Angle Bolted Connection; (k) Brace-to-
Stud Connection (In-plane and Out-of-Plane Buckling Restrainers); (l) Closer View to 
Buckling Restrainers and Spacer; (m) Cross Over Detail for Solid Bar Braces (No 
Connection at the Intersection)  
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                                     (n)                                               (o) 

 

    
  (p)                                                                     (q) 

 

FIGURE 3-24 Construction Details for Specimen F3 (continued): (n) Inside View of 
Infill Between Studs; (o) Closer View to Middle Region (p) Brace-to-Gusset Welded and 
Gusset-to-Lower Beam Bolted Connections; (q) Angle Connectors for Vertical Studs 
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                                    (a)                                                                    (b) 

 

    
                                    (c)                                                                   (d) 

   

    
                                    (e)                                                                   (f) 
 
FIGURE 3-25 Construction Details for Specimen F4: (a) New Gussets; (b) Solid Brace 
Welding; (c) Cross Over Detail for Solid Bar Braces (No Connection at the 
Intersection); (d) Brace-to-Gusset Welded and Gusset-to-Upper Beam Bolted 
Connections; (e) Same, Viewed from Other Side;    (f) Specimen F4 After Construction 
and In-place in Test Frame 
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3.7 Instrumentation 

3.7.1 Strain Gauges 

Instrumentation layout for Specimens F1 to F4 is shown in Figures 3-26 to 3-29 respectively. 

Vishay Measurements Group, CEA-06-125UW-120 type (120 ohm resistance) strain gauges 

were used to instrument all four specimens, and installed per manufacturer’s 

recommendations. In total, 40, 28, 52 and 40 strain gauges were installed on Specimens F1, 

F2, F3, and F4 respectively. A few gauges were used at the mid-point of each column and 

beam of the boundary frames to monitor the internal forces and verify that they remained 

elastic, as designed.  These gauges were re-used for each subsequent test.  

 

Each tube and solid bar brace was instrumented by twelve strain gauges. Three points were 

selected along each brace and four strain gauges were used at each selected point, i.e. one on 

each face of the member at the midpoint of each side. No strain gauges were attached on the 

web angles of the beam-to-column connections, column base plates, or gussets and stud end 

connections, since these were designed to remain elastic at the maximum applied load. In 

Specimens F2 and F4, strain gauges were mounted on the braces at LD/4, 5LD/8 and 7LD/8 

measured from the lower gusset-brace intersection point, where LD is the clear diagonal 

length of a brace measured as the distance between the lower and upper brace-to-gusset 

connection points. In the specimens with concentric braces and cold formed steel studs (F1, 

F3), a slightly different layout for the strain gauges was selected to clear the obstruction 

created by the vertical studs. Strain gauges were installed between the second and third, third 

and forth, forth and fifth studs (counting from the north). These gauges were placed at a 

horizontal distance of 114.3mm (1/4 of the intermediate stud spacing) from the stud vertical 

centerline.  The strain gauges were configured as quarter bridges. 

 

Cold formed steel studs were instrumented only on one section flange at the midheight of the 

stud length. The east and west sides of the studs (outward sides) were selected for the strain 

gauge application by assuming a symmetric stress and strain distribution over the stud cross 

section. Since the studs were all galvanized steel, it was necessary first to remove the 

galvanized layer over a small area of the stud flange to provide an appropriate surface for 

strain gauge application. 
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3.7.2 Temposonics 

The magnetostrictive transducers (Temposonics) layout was identical for all specimens. T1W 

was used for displacement control during testing, and T1E served as a backup. TP1 and TP2 

were used to measure brace longitudinal displacements, and TP3 was installed at 45° from 

the horizontal to indirectly measure frame sway, again as backup data. To further quantify 

sway of the frame as a function of height, T2 and T3 were mounted to measure drift of the 

north column outer flange at the levels of midheight of the column, and at the level of the 

bottom beam centerline. T4 was used to monitor movement of the north clevis (if any) with 

respect to the foundation beam. 

 

3.7.3 Potentiometers 

Six diplacement potentiometers (DP) were used to measure the vertical and horizontal 

displacement of the foundation beam under the south clevis, and for measuring the opening 

and closing of the web-angle connections. The latter was achieved by placing a DP 

horizontally on top of the beam flange at each beam-to-column connection. The DP layout 

was the same for all four specimens.  
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FIGURE 3-26 Instrumentation for Specimen F1: (a) In-Plane Displacement 
Measurement (Temposonics) and Strain Gauges; (b) Out-of-Plane Displacement 
Measurement (Potentiometers) 
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FIGURE 3-27 Instrumentation for Specimen F2: (a) In-Plane Displacement 
Measurement (Temposonics) and Strain Gauges; (b) Out-of-Plane Displacement 
Measurement (Potentiometers) 
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FIGURE 3-28 Instrumentation for Specimen F3: (a) In-Plane Displacement 
Measurement (Temposonics) and Strain Gauges; (b) Out-of-Plane Displacement 
Measurement (Potentiometers) 
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FIGURE 3-29 Instrumentation for Specimen F4: (a) In-Plane Displacement 
Measurement (Temposonics) and Strain Gauges; (b) Out-of-Plane Displacement 
Measurement (Potentiometers) 
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3.8 Data Acquisition System 

Measurement Group 2310 strain gauge conditioning amplifiers were used for conditioning, 

amplification and filtering of strain gauges. The conditioners were also used for filters on 

displacement and force channels. Filtering was set at 10 Hz and in a 4-pole Butterworth 

configuration. An Optim Electronics MEGADAC 5414AC was used for data acquisition. The 

MEGADAC 5415AC has 16-bit resolution and a maximum sampling rate of 250 KHz (for 

these experiments, a sampling rate of 3 Hz was used). The input cards used were all 

AD885SH-1; they are simultaneous sample and hold with differential inputs. The cards were 

set up with a gain of 1 (all gain was done with the 2310’s) and the filtering was bypassed. A 

general view from the data acquisition system is given below in Figure 3-30. 

 

 
FIGURE 3-30 Data Acquisition System 

 

3.9 Lateral Bracing 

Lateral bracing was provided at the top beam of the specimens. This was provided by roller 

supports cantilevering from two tower frames erected on the east and west side of the 

specimen (Figure 3-31). The rollers were aligned to act (if necessary) at the upper third level 

of the web of top beam. A gap of approximately 3mm was left between the beam web and 

each roller so that the roller would only be engaged if out-of- plane deflections closed that 

gap. The frames supporting the rollers on each side of the specimen were secured to the 
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strong floor using high strength threaded rods. A laser level was used to monitor the out-of-

plane movement of the specimens during testing. The east and west towers were also 

connected to each other at their tops using a couple of 12.7mm diameter steel tension rods.  

Strong Floor

Rollers

East Lateral Bracing Towers

West

 
FIGURE 3-31 Lateral Bracing for the Specimens  
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SECTION 4 
EXPERIMENTAL RESULTS 

 

4.1 General 

This section presents the loading protocol used in testing, the principles followed in the 

numerical estimation of specimen yield loads and corresponding displacements, and the 

experimental observations including cyclic inelastic displacement histories of the four tested 

specimens. Test results are plotted in the form of hysteretic loops to provide information on 

cyclic energy dissipation capacities, deterioration of brace buckling loads under cyclic 

displacements, and the extent of plastification in the braces along brace length.  

 

4.2 Loading Protocol 

Each specimen was subjected to quasi-static testing in accordance with the ATC-24 (1992) 

Guidelines for Cyclic Seismic Testing of Components of Steel Structures testing protocol. The 

displacement history recommended in ATC-24 testing program consists of stepwise 

increasing displacement cycles (multiple step test) as illustrated in Figure 4-1.  

 

 
FIGURE 4-1 ATC-24 Displacement History for Cyclic Testing 
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In this loading protocol, the cycles are symmetric in peak displacements. On that figure, δj is 

the peak displacement at loading step j. Similarly, nj and ∆ are the number of cycles to be 

performed in load step j, and the increment in peak displacement between two consecutive 

steps respectively. The number of cycles no with a peak displacement less than δy, the yield 

displacement, is typically 6. The number of cycles with peak displacement equal to δy, as 

well as the number of cycles n2 and n3 with peak displacements δ2=δy+∆ and δ3=δy+2∆, is set 

equal to 3, while the number of cycles n4 to nm with peak displacements δ4=δy+3∆ to δm=δy + 

(m-1)∆ is recommended to be taken as 2.  

 

Since the top horizontal displacement of the specimens is directly related to the brace axial 

displacement, this horizontal value was taken as the displacement control parameter for all 

tests. As the study of cyclic inelastic buckling behavior of the brace elements was the 

objective of this study, special care was taken during the tests to identify the point of 

buckling initiation for the braces. In Specimen F1 in which the tension yield and buckling 

strengths of the brace were close to each other, the load was first applied to have tension in 

the brace, and in the above procedure, the experimentally obtained δy (specimen top 

horizontal displacement at brace tension yielding) was taken as the test control parameter. To 

facilitate comparison between the results obtained for Specimens F1 and F2 in subsequent 

sections, the same cyclic displacement history that was applied to Specimen F1 (i.e. absolute 

displacement values) was applied to Specimen F2. On the contrary, in Specimen F3 in which 

tension yield and buckling strengths of restrained X braces were different from each other, 

with buckling occurring first, in the above procedure, the experimentally obtained δb 

(specimen top horizontal displacement at the onset of brace buckling) was taken as the test 

control parameter. Again, to facilitate comparisons between Specimens F3 and F4, the same 

cyclic displacement history that was applied to Specimen F3 was applied to Specimen F4.  

 

The yield displacement for each specimen was theoretically estimated via pushover analysis 

in SAP2000. Elastic cycles (i.e. 1/3 and 2/3 of yield) were essentially based on these 

estimates; however, for the inelastic cycles that were applied as per the above protocol, 

experimentally obtained yield displacement was used throughout the testing. However, in 

some cases, as described later, some adjustments were necessary for the displacement cycles 

in the elastic range, and values recorded did not exactly match those 1/3 and 2/3 values. 
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Nonetheless, at least three-cycles were applied prior to the specimen yield displacement in all 

cases.  

 

Theoretical yield and buckling values of specimen’s forces and displacements were used to 

initially control the tests. The experimentally obtained values were determined at the onset of 

visible nonlinearity in the force-displacement curve, or by the point from which the actuator 

force tended to drop abruptly (during buckling). Elastic cycles were performed in a force-

controlled mode. Once the yield (or buckling) displacement had been identified 

experimentally, the subsequent cycles in the inelastic range were carried out using 

displacement control. The rate of loading was controlled manually and as continuously as 

possible. However, in the inelastic loading steps, testing was stopped periodically as 

appropriate to inspect the specimen and take photographs. 

   

4.3 Estimation of Specimen Pushover Curves 

To estimate the lateral loads and the corresponding lateral displacements of the specimens at 

brace tension yielding and brace buckling, and also to follow the overall specimen behavior 

beyond these points, static pushover analyses were carried out prior to testing. Specimen 

pushover curves for braces alone were superimposed with those for the bare frame to 

construct the full system behavior. More details are given in Appendix A. 

 

4.4 Experimental Observations 

This section summarizes the experimental observations made during each cyclic test. All 

specimen tests were recorded using a digital camcorder and a computer camera. The small 

camera was attached on top of one of the lower gussets providing a view along the brace. The 

behavior of each specimen, both in the elastic and inelastic ranges, is reported below.  Note 

that, as a convention for the following discussion, in case of tube brace, positive (+) forces 

denote the loading case that generates tension in brace, while the negative (-) ones denote the 

loading case that generates compression in brace. In case of X braces, positive (+) forces 

denote loading towards the south, generating tension in the bar welded to the west faces of 

the gussets and compression in the other, while the negative (-) ones denote loading towards 

the north, generating tension in the actuator side upper brace (the bar welded to the east faces 

of the gussets) and compression in the other. 
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4.4.1 Specimen F1 

Specimen F1 was first subjected to a lateral load producing tension in the brace  (note that the 

same convention was adopted for Specimen F2). Horizontal force-displacement hysteretic 

behavior obtained for Specimen F1 is given in Figure 4-2. The magnitude of the cyclic 

displacement history for Specimen 1 is summarized in Table 4-1.  

 

Specimen F1 exhibited practically linear elastic behavior under the first three cycles at 

3.8mm, 0.16% drift, as well as during the three elastic cycles at 2/3 of the yield displacement 

(7.6mm, 0.32% drift). The experimental initial stiffness was slightly lower than the computed 

one at these steps (i.e. the specimen was more flexible than predicted). Some initial noises 

were heard, possibly generated by the end and intermediate stud connections, but there was 

no evidence of damage. The lateral force values were almost the same in either loading 

direction indicating a symmetric elastic response.  

 

Specimen F1 reached its experimental yield displacement in tension at 11.4mm (+1δy), 

0.48% drift, and 636.1 kN base shear force. These specific values were determined on the 

basis of occurrence of a significant nonlinearity on the hysteretic curves, and at the same time 

by checking the strain gauge recordings at critical sections in the tube brace. At the end of 

Cycle 9, the specimen had exhibited some minor stable hysteretic loops, but no damage was 

observed in the secondary elements. During Cycles 9 through 12, whitewash flaking occurred 

in the regions where yielding has developed. 

 

Some strength degradation was observed in the hysteretic curves during the second excursion 

at ±2δy (22.8mm, 0.96% drift). The specimen was inspected after this, but no evidence of 

visible damage was found. Tension yielding in the tube propagated along the brace length as 

recorded by strain gauges. Maximum base shear reached during this step was 827.4 kN (brace 

in tension).  
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FIGURE 4-2 Hysteresis for Specimen F1 

 

 

TABLE 4-1 Cyclic Displacement History of Specimen F1 

 

 

 

 

 

 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
No. of  Cycles 

Displacement 
(∆/δy) 

Displacement 
(mm) 

Drift 
(%) 

1 3 3 0.33 3.8 0.16 

2 3 6 0.67 7.6 0.32 

3 3 9 1 11.4 0.48 

4 3 12 2 22.8 0.96 

5 3 15 3 34.2 1.44 

6 2.5 17.5 4 45.6 1.92 
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As a next step, the specimen was then subjected to ±3δy (34.2mm, 1.44% drift). During the 

second half cycle loading (with the brace in compression), the middle segment of the brace 

(between the third and the fourth studs counting from the north) buckled in the out-of-plane 

direction from the west to the east. The lateral force reached at this point was 734.0 kN.  The 

boundary frame and its connections were inspected, and no traces of inelastic behavior were 

found. At a time very close to the end of the second excursion at ±3δy, during Cycle 14, an 

unexpected failure in the actuator’s connection system occurred in the laboratory, and testing 

was stopped. It was resumed fifteen days later, starting from the last excursion at +3δy (first 

half of Cycle 14). The previously buckled middle brace segment experienced further severe 

lateral displacement during this cycle. The direction of buckling for the tube brace remained 

unchanged. As the number of inelastic cycles increased, local inelastic deformations in the 

CFSS elements in the brace-to-stud connection areas (flange and a part of web next to the 

brace) progressed. This suggested possible loss of local bearing capacity of the thin-walled 

studs. A visible separation between the brace and the middle-row studs developed. This 

resulted in a deterioration of the buckling capacity of the brace in subsequent cycles. Local 

buckling in the tube brace also initiated at this displacement level. Residual deformations 

both in the brace and in the studs were more pronounced at the end of Cycle 15. A general 

view from the west side of the specimen, out-of-plane buckling mode of brace segments, 

local buckling in the middle brace segment, yielding areas with whitewash flaking, and 

separation between the brace and the studs are shown in Figures 4-3a to 4-3f respectively.   

 

During the two cycles at ±4δy (45.6mm, 1.92% drift), damage further increased compared to 

the ±3δy cycles. During Cycle 16, deterioration of the buckling load capacity was significant. 

The third, fourth, and fifth vertical studs (counting from the north) exhibited severe lateral 

torsional buckling behavior. Residual kinks developed at mid-height of these studs. The 

extent of local buckling in the middle tube brace segment progressed rapidly, and the out-of-

plane displacements along other brace segments (i.e. between other studs) became more 

visible. A general view from the west side of the specimen, out-of-plane buckling mode of 

brace segments, development of local buckling in the middle brace segment, yielding along 

the brace length, separation between the brace and the studs, and general views from the east 

side are illustrated in Figures 4-4a to 4-4h respectively.   
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During the second application of ±4δy (45.6mm, 1.92% drift) at Cycle 17, all previously 

observed types of damages became more severe. During the third cycle at +4δy (Cycle 18), 

with the brace in tension, fracture initiated at the tube mid-length, starting from the corners of 

the cross-section into the webs. West side of the tube fractured first, then it propagated 

towards the east. Figures 4-5a to 4-5d show the propagation of fracture in the local buckling 

area, respectively. Fracture propagated over the entire brace cross-section as displacement 

increased, and a maximum lateral force of only 511.5 kN was reached before total fracture. 

During this last half cycle, the progress of fracture in the tube brace is depicted in Figures 4-

6a to 4-6f. 

 

While damage at that point was significant in the middle studs, they were nonetheless 

effective in restraining the tube brace from buckling during the elastic cycles, and some of the 

early inelastic cycles, in minimizing the deterioration of the buckling strength during the 

inelastic cycles, and in reducing the out-of-plane displacements of the tube brace. Pictures 

taken from the specimen just after the test, at zero force and displacement, and at various 

stages after some or all of the studs had been removed are also included in Figures 4-7a to 4-

7m.   

 

U brackets connections survived the whole range of loading without any loss of strength. No 

bolt or weld failure in any zone of the specimen was observed during the testing. 
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                                    (a)                                                                   (b) 

 

       
                                    (c)                                                                   (d) 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-3 Damage Level in Specimen F1 (Cycle 15, - 3δy): (a) General View;        
(b,c) Out-of-Plane Buckling Mode of Brace Segments; (d) Development of Local 
Buckling in Middle Brace Segment; (e) Spread of Plastification Along Whole Brace 
Segments; (f) Separation between Brace and Studs and Bearing Failure of Studs 
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                                    (a)                                                                   (b) 

 

     
                                    (c)                                                                   (d) 

 

       
                                    (e)                                                                   (f) 

FIGURE 4-4 Damage Level in Specimen F1 (Cycle 16, - 4δy): (a) General View;        
(b,c) Out-of-Plane Buckling Mode of Brace Segments; (d) Development of Local 
Buckling in Middle Brace Segment; (e) Spread of Plastification Along Whole Brace 
Segments; (f) Separation between Brace and Studs and Bearing Failure of Studs 
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                                    (g)                                                                   (h) 

FIGURE 4-4 Damage Level in Specimen F1 (Cycle 16, - 4δy) (continued):  
(g,h) Specimen East Views 

 

    
                                    (a)                                                                   (b) 

 

    
                                    (c)                                                                   (d) 

FIGURE 4-5 Damage Level in Specimen F1 (Cycle 18, + 4δy): (a,b,c) Fracture of Tube 
Brace Middle Section (West); (d) Separation between Brace and Studs and Bearing 
Failure of Studs 
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                                    (a)                                                                   (b) 

 

    
                                    (c)                                                                   (d) 

 

       
                                    (e)                                                                   (f) 

FIGURE 4-6 Damage Level in Specimen F1 (Cycle 18, + 4δy): (a,b,c,d) Propagation of 
Fracture Along Tube Brace Cross-Section; (e,f) Total Fracture Failure of Tube Brace 
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                                    (a)                                                                   (b) 

 

    
                                    (c)                                                                   (d) 

 

 

   

 

 
                                    (e)                                                                   (f) 

 
FIGURE 4-7 Post-Testing Images at Zero Displacement: (a) General View from the 
West (circles show yielded or buckled regions); (b) Fractured Section; (c) Brace-to-Stud 
Connection; (d) Yielding in Side Brace Segment; (e,f) Yielding in Brace at Brace-to-
Gusset Connection 
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                                    (g)                                                                   (h) 

 

 

   

 

 
                                    (i)                                                                   (j) 

 

       
                                    (k)                                (l)                                       (m) 

FIGURE 4-7 Post-Testing Images at Zero Displacement (continued): (g) Inside View 
Along Brace; (h) Top View; (i) Closer View to Brace-to-Stud Connection; (j) Beam-to-
Column Lower Connection (South); (k) Specimen after Cutting Studs; (l) Brace View 
from South; (m) Middle Stud Bearing Failure Detail (After Removing Brace) 
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4.4.2 Specimen F2 

Specimen F2 was subjected to the same displacement history than Specimen F1 to facilitate 

comparison of the relative hysteretic energy dissipation capacity of the two specimens. 

However, as stated later, additional cycles were performed for Specimen F2 beyond the 

maximum displacements reached for Specimen F1, until failure, to allow determination of the 

fracture life of the tube brace. Experimentally obtained horizontal force-displacement 

hysteresis for Specimen F2 is given in Figure 4-8. The magnitude of the cyclic displacement 

history for Specimen F2 is summarized in Table  4-2. 

 

Specimen F2 exhibited a linear behavior during the first three elastic cycles at 1/3 of the yield 

displacement (3.8mm, 0.16% drift). These cycles produced sufficiently close tension and 

compression axial forces in the brace. During the cycles at 2/3 of the yield displacement 

(7.6mm, 0.32% drift), it was found that a significant amount of out-of-plane movement in the 

test set-up had developed under higher actuator forces. Testing was stopped, the test setup 

was scrutinized closely prior to the application of ±1δy, and additional measures for 

preventing this movement were taken by improving the lateral bracing system to the tested 

frame. General view of the specimen and some instrumentation are illustrated in Figures 4-9a 

to 4-9d. 

 

Testing was continued starting from +1δy (11.4mm, 0.48% drift), with the tube in tension. 

When the base shear force reached 511.5 kN, and the story displacement was –0.89δy 

(10.2mm, 0.43% drift), the brace buckled in the out-of-plane direction. Buckling initiated 

with a slight, yet visible, out-of-plane movement of the tube brace towards the west. 

Whitewash flaking occurred in the regions where yielding developed. The residual buckled 

shape of the brace was very visible at the end of the last cycle at ±1δy (Cycle 9). Some degree 

of nonlinearity in the hysteretic curves was observed both in tension and compression. Strain 

gauge recordings also exhibited higher strains beyond the specified yield strain. 

 

No damage in the vicinity of the boundary frame and brace connections was detected, but on 

the south lower gusset, whitewash flaked following a yield line on the gusset web. This 

gusset was bent in the out-of-plane direction towards the east about the axis of the yield line. 
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FIGURE 4-8 Hysteresis for Specimen F2 

 

 
TABLE 4-2 Cyclic Displacement History of Specimen F2 

 

 

 

 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
No. of  Cycles 

Displacement 
(∆/δy) 

Displacement 
(mm) 

Drift 
(%) 

1 3 3 0.33 3.8 0.16 

2 3 6 0.67 7.6 0.32 

3 3 9 1 11.4 0.48 

4 3 12 2 22.8 0.96 

5 3 15 3 34.2 1.44 

6 2 17 4 45.6 1.92 

7 4 21 5 57.0 2.40 

8 0.5 21.5 6 68.4 2.88 
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The west and the east views of out-of-plane buckling of the brace, yielding of the brace 

around the north upper gusset, progress of out-of-plane displacement by cycling, and 

buckling mode at Cycle 9 are given in Figures 4-10a to 4-10f respectively. 

 

During the first three cycles at ±2δy (22.8mm, 0.96% drift), the out-of-plane displacement 

was beyond the capacity of the potentiometers used in the middle region of the brace, and 

they were therefore removed. A maximum base shear force of 822.9 kN was reached. 

Yielding at the north top brace-to-gusset connection progressed with whitewash flaking. At 

this step, an increase in the yielding at the south lower gusset was observed. Again, out-of-

plane residual displacement of the tube brace relatively increased at the end of the 12th Cycle. 

Due to cyclic buckling of the brace, pinching in the hysteretic curves occurred. Some 

photographs showing the general views from both frame sides, yielding at upper brace-to-

gusset connection (west and east views), yielding at south lower gusset, and a top view at 

Cycle 12, are presented in Figures 4-11a to 4-11f.  

 

Yielding at around mid-length of the brace due to alternating buckling and tension yielding 

along the brace length progressed at the three cycles of ±3δy (34.2mm, 1.44% drift). Strength 

degradation (brace in tension) was recorded at the end of this step. No trace of local buckling 

was observed. Note that back and forth bending behavior of the lower south gusset became 

more severe with increasing cycles at this loading step. Specimen views from both sides, 

yielding at upper brace-to-gusset connection, plastification of brace middle region at 

buckling, and yielding at south lower gusset are shown in Figures 4-12a to 4-12f.  

 

The specimen was then subjected to two cycles of ±4δy (45.6mm, 1.92% drift). The degree of 

yielding both in the north upper and the lower south gusset regions increased. The maximum 

base shear was 903.0 kN. Some noises, probably from bolt slippage, were heard. Out-of-

plane displacement reached a magnitude equal to a couple of brace cross sectional 

dimensions. At the end of 17th Cycle, there was no sign of fracture or any other local failure 

in the specimen. Note that the tube brace in Specimen F1 had fractured at this displacement 

level. Similarly, specimen views from both sides, yielding at upper brace-to-gusset 

connection, plastification of brace middle region at buckling, and yielding at south lower 

gusset are shown in Figures 4-13a to 4-13f.  
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Since the replication of the cyclic displacement history of Specimen F1 was complete, more 

cycles at larger displacements were required to determine the fracture life of the brace. As 

such, two additional cycles of ±5δy (57.0mm, 2.40% drift) were performed. During the 

compression cycle of the first excursion, snapping noises seemed to come from the specimen. 

Testing was stopped after a big bang was heard. The specimen was then inspected. It was 

found that at the end of Cycle 19, local buckling of the tube middle section had initiated, and 

severe yielding and fracture along the yield lines at the south upper beam-to-column angle 

connections had occurred. Development of damage level at similar locations in the specimen 

is presented in Figures 4-14a to 4-14f. After this loading step, it was decided to continue 

testing at the same displacement level, since there had not been any significant drop in the 

load level. Two additional cycles at ±5δy were thus applied. Local buckling became more 

visible and some traces of fracture lines were observed at the tube mid-length cross-section. 

The north upper brace-to-gusset connection exhibited some signs of fracture along the tube 

section. At the end of this cycle, the specimen was still capable of sustaining displacement 

cycles with no significant strength deterioration. A general view of the specimen and a closer 

view from the brace are depicted in Figures 4-15a and 4-15b for this additional loading step.  

 

Then, it was decided to increase the displacement level to ±6δy (68.4mm, 2.88% drift). 

During the first half cycle of the first cycle (Cycle 22), a visible separation between the tube 

section and the fillet weld occurred. This resulted in a total fracture at the tube cross-section 

starting from the bottom tube wall and gradually developing to the side and finally ending on 

the upper walls. Testing was terminated at this level. Photographs indicating the propagation 

of fracture at the brace-to-gusset connection point are illustrated in Figures 4-16a to 4-16d.  

 

The occurrence of net section failure without development of the full connection capacity 

was not anticipated for this specimen. However, the overall behavior of specimen F2 was still 

stable and the fracture life of the tube was longer than that of the tube brace used in Specimen 

F1.  

 

Pictures taken from the specimen just after the test, at zero load and displacement, are also 

included in Figure 4-18a to 4-18f.  
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                                    (a)                                                                   (b) 

 

       
                                    (c)                                                                   (d) 

 

 
FIGURE 4-9 Specimen F2 Prior to Testing: (a,b) General Views; (c) Measurement of 
Out-of-Plane Displacements; (d) Computer Camera Installment 
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                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-10 Behavior of Specimen F2: (a) Out-of-Plane Brace Buckling (Cycle 7,           
-0.89δy); (b) Out-of-Plane Brace Buckling (Cycle 8, -1δy); (c) Brace Yielding around the 
North Upper Gusset at (Cycle 9, -1δy); (d) Progress of Out-of-Plane Displacement; (e,f) 
Buckling Mode at (Cycle 9, -1δy) 
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                                    (a)                                                                   (b) 

 

       
                                    (c)                                                                   (d) 

 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-11 Damage Level in Specimen F2 at ±2δy: (a,b) General Views (Cycle 10, -
2δy); (c) Yielding at North Upper Brace-to-Gusset Connection (West View) (Cycle 11, -
2δy); (d) North Upper Brace-to-Gusset Connection (East View); (e) Yielding at South 
Lower Gusset (Cycle 11, -2δy); (f) Buckling Mode (Top View) (Cycle 12, -2δy)  
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                                    (a)                                                                   (b)  

 

 

        
                                    (c)                                                                   (d)  

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-12 Damage Level in Specimen F2 at ±3δy: (a,b) General Views (Cycle 13, -
3δy); (c) Yielding at North Upper Brace-to-Gusset Connection (West View) (Cycle 13, -
3δy); (d) Development of Out-of-Plane Displacement; (e,f) Yielding at South Lower 
Gusset (Cycle 13, -3δy) 
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                                    (a)                                                                   (b) 

 

   

 

    
                                    (c)                                                                   (d) 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-13 Damage Level in Specimen F2 at ±4δy: (a,b) General Views (Cycle 16, -
4δy); (c) Yielding at North Upper Brace-to-Gusset Connection (West View) (Cycle 16, -
4δy); (d) Development of Out-of-Plane Displacement; (e,f) Severe Out-of-Plane Bending 
of South Lower Gusset (Cycle 16, -4δy) 
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                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-14 Damage Level in Specimen F2 at ±5δy: (a,b,c) General Views (Cycle 18, -
5δy); (d) Yielding at North Upper Brace-to-Gusset Connection (West View) (Cycle 18, -
5δy); (e) Development of Out-of-Plane Displacement (Cycle 19, -5δy); (f) Local Buckling 
at Mid-Length (Cycle 19, -5δy) 
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                                    (a)                                                                   (b) 

FIGURE 4-15 Damage Level in Specimen F2 at ±5δy: (a) General View (Cycle 21, -5δy); 
(b) Closer Look at Brace Middle Region (Cycle 21, -5δy) 
 

 

       
                                    (a)                                                                   (b) 

 

       
                                    (c)                                                                   (d) 

 
FIGURE 4-16 Damage Level in Specimen F2 at ±6δy: (a,b) Initiation of Fracture (Cycle 
22, +6δy); (c,d) Total Fracture of the Tube (Cycle 22, +6δy) 
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                                    (a)                                                                   (b)  

 

   

 

           
                                    (c)                                                                   (d)  

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-17 Specimen F2 at Zero Load and Zero Displacement: (a,b,c) Closer Views 
from Fractured Section; (d,e) Residual Brace Displacement; (f) General View from the 
West After Testing 
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4.4.3 Specimen F3 

Specimen F3 was first loaded towards the south, producing tension in the west-side brace and 

compression in the east-side brace (as stated before, the same convention was adopted for 

Specimen F4). Experimentally obtained horizontal force versus top displacement hysteresis 

for Specimen F3 is given in Figure 4-18. The magnitude of the cyclic displacement history 

for Specimen 3 is also summarized in Table 4-3. Prior to testing, some pictures from 

Specimen F3, are illustrated in Figures 4-19a to 4-19f.  

 

During the three cycles at 2.4mm, 0.11% drift and the three cycles at the second displacement 

level (5.1mm, 0.23% drift), the specimen’s behavior was elastic and cyclic symmetric. 

Following the three elastic cycles at 9.1mm, 0.41% drift, the upper brace segment between 

the forth and the fifth studs (counting from the north), suddenly buckled towards the east with 

an audible noise at 11.9mm, 0.54% drift. Buckling caused an abrupt decrease in the actuator 

load, and an increase in the displacement. This experimental displacement level was then 

identified to be the experimental buckling point (1δb) for Specimen F3. The actuator force 

was 898.5kN. Typically, whitewash flaking occurred in the buckled segment and in the lower 

north gusset connection region.  

 

During the subsequent cycles at ±1δb, parts of the braces among the studs exhibited a wavy 

buckled shape. Both bars yielded in compression and tension, and a residual middle 

displacement was visible in the buckled segment. At the end of Cycle 12, the fifth stud on the 

west side exhibited bearing failure due to cyclic brace buckling at the contact point. 

Specimen general view from the west side at brace buckling, a closer view from the buckled 

segment, separation of braces at cross over region, yielded regions on the braces, and bearing 

failure of studs are illustrated in Figures 4-20a to 4-20f. 

 

During the three cycles at ±2δb (23.8mm, 1.08% drift), the magnitude of the buckled waves 

grew. There were visible residual out-of-plane displacements at zero force at the end of 

excursions. Both tension and compression yielding progressed over the braces. Some signs of 

disconnection in the CFSS and brace regions were observed.  
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FIGURE 4-18 Hysteresis of Specimen F3 

 

 
TABLE 4-3 Cyclic Displacement History of Specimen F3 

 

 

 

 

 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
No. of  Cycles 

Displacement 
(∆/δy) 

Displacement 
(mm) 

Drift 
(%) 

1 3 3 0.20 2.4 0.11 

2 3 6 0.43 5.1 0.23 

3 3 9 0.76 9.1 0.41 

4 3 12 1 11.9 0.54 

5 3 15 2 23.8 1.08 

6 3 18 3 35.7 1.62 

7 2 20 4 47.6 2.16 
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After further inspection, the fourth stud on the west side was found to have reached it’s 

bearing capacity with a local failure. During Cycle 15, audible sounds arose, and the 

specimen was closely investigated, however, no defect was found. Maximum base shear was 

716.2 kN.  Closer views as the buckled shapes and yielded parts in the infill middle region, 

separation of the braces in the cross over region, yielding of the brace around stud-to-brace 

connection, disconnection in stud-to-brace connection, and the development of bearing 

failure in stud flanges are given in Figures 4-21a to 4-21f respectively.   

 

The specimen was then subjected to three cycles at ±3δb (35.7mm, 1.62% drift).  Since the 

out-of-plane displacements exceeded the capacity of the potentiometers used in the middle of 

the brace, they were removed. Classical buckling shapes of the braces became more visible. 

Every brace segment had out-of-plane residual displacements under subsequent excursions. 

Disconnection between the middle studs and the braces was more visible. Stretching in the 

tension braces produced some sounds, indicating that the infill system was undergoing 

significant inelastic distortions. In the middle region of the specimen where the braces meet, 

since they had buckled in the same direction (towards the west), they remained in contact 

Maximum base shear was 760.6 kN. A specimen general view from the west side, an 

example of yielded brace segment, separation of braces in the middle region, compression 

yielding of upper brace and tension yielding of lower brace, brace yielding near lower gusset, 

and the bearing failure of stud are shown in Figures 4-22a to 4-22f respectively.   

 

Two cycles of ±4δb (47.6mm, 2.16% drift) were performed as final excursions. The 

magnitude of the buckling waves increased, disconnection in the brace-to-CFSS connection 

regions grew, and the sounds due to distortion of the infill were more audible. However, no 

sign of fracture in any specific location in the specimen was observed. All gussets behaved 

elastically in this case, and did not deflect in the out-of-plane direction. No defects were 

observed in the brace-to-gusset welded connections. The maximum base shear at this step 

was 787.3 kN. Some images taken from the previously damaged locations are presented in 

Figures 4-23a to 4-23f.  

 

The specimen was inspected after the testing especially in the yielding and buckling areas.  

The behavior of boundary frame and its connections was satisfactory. The overall hysteretic 
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behavior of specimen F3 was stable. Note that fracture had initiated in Specimen F1 

approximately at this displacement level because of substantial cyclic local buckling. In 

Specimen F2, local buckling had developed without fracture.  

 

Some pictures taken from the specimen just after the test, at zero load and displacement level, 

are given in Figure 4-24a to 4-24f. Residual buckles and yielded regions show the substantial 

inelastic behavior of this infill system. Also, post testing images from the brace member, stud 

bolted connections, U brackets, and stud bearing failure region are illustrated in Figures 4-

25a to 4-25f.  

 

The reason for stopping the test at ±4δb for Specimen F3 was to not damage the boundary 

frame beam-to-column connections, since the same boundary frame had to be used for testing 

Specimen F4. 
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                                    (a)                                                                   (b) 

 

       
                                    (c)                                                                   (d) 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-19 Specimen F3 Prior to Testing: (a,b) General Views; (c) Measurement of 
Out-of-Plane Displacements (Potentiometers); (d) Computer Camera on the Lower 
South Gusset; (e) Stud-to-Brace Connection Region (In-Plane and Out-of-Plane 
Buckling Restrainers); (f) Beam-to-Column Bolted, Brace-to-Gusset Welded, and 
Gusset-to-Lower Beam Bolted Connections 
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                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

 

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-20 Behavior of Specimen F3: (a) General View at Brace Buckling (Cycle 10, 
1δy); (b,c) Same, Closer Views; (d) Separation of Braces at Cross Over Region;            
(e) Yielded Regions Along Braces; (f) Initiation of Bearing Failure in Studs (Cycle 12, 
1δy) 
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                                    (a)                                                                   (b) 

 

      
                                    (c)                                                                   (d) 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-21 Behavior of Specimen F3: (a,b) Buckled Shapes and Yielded Regions 
(Cycle 13, -2δy); (c) Separation of Braces in Cross Over Region; (d) Yielding of Brace 
Around Stud-to-Brace Connection; (e) Disconnection in Stud-to-Brace Connection;     
(f) Bearing Failure in Studs (Cycle 15, -2δy) 
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                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

 

 

      
                                    (e)                                                                   (f) 

 
FIGURE 4-22 Behavior of Specimen F3: (a) General View (Cycle 16, -3δy); (b) Brace 
Yielding, Same (Cycle 16, 3δy); (c) Separation of Braces at Cross Over Region (Cycle 16, 
-3δy); (d) Yielding in Tension and Compression Braces (Cycle 17, 3δy); (f) Yielding of 
Brace Near Gusset (Cycle 18, 3δy); (f) Bearing Failure in Studs (Cycle 18, -3δy) 
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                                    (a)                                                                   (b) 

 

    
                                    (c)                                                                   (d) 

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-23 Behavior of Specimen F3: (a,b,c) Classical Buckling Shapes and Yielding 
Regions (Cycle 19, ±4δy); (d) Separation of Braces in Cross Over Region; (e,f) Yielding 
of Braces and  Bearing Failure in Studs (Cycle 20, -4δy) 



 87 

    
                                                       (a)                                                     (b)  

 

        
                                                       (c)                                                     (d)  

 

        
                                                       (e)                                                     (f)  

 
FIGURE 4-24 Post Testing Views from Specimen F3 at Zero Load and Displacement: 
(a,b) General Views After Cutting Out West Side Studs; (c) General View from Top; 
(d,e) General Views After Cutting Out East Side Studs; (f) Residual Out-of-Plane 
Displacements of Braces 
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                                                       (a)                                                     (b)  

 

        
                                                       (c)                                                     (d)  

 

        
                                                       (e)                                                     (f)  

 
FIGURE 4-25 Post Testing Images from Specimen F3 Members: (a) Residual 
Deformation of Brace; (b) Undamaged Edge Stud; (c) Undamaged U Brackets;            
(d) Close View from Damaged Stud Region; (e) Undamaged Stud End Connection;      
(f) Stud Middle Region Bearing Damage-Undeformed Bolt Holes 
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4.4.4 Specimen F4 

Specimen F4 was subjected to the same displacement history than Specimen F3 to allow to 

compare the respective hysteretic energy dissipation. Experimentally obtained horizontal 

force versus displacement hysteresis for Specimen F4 is shown in Figure 4-26. The 

magnitude of the cyclic displacement history for Specimen F4 is summarized in Table 4-4. 

Pre-testing pictures taken from this specimen are illustrated in Figures 4-27a and 4-27b.  

 

Specimen F4 exhibited a linear behavior during the first three elastic cycles (2.4mm, 0.11% 

drift). The base shear was 182.4 kN. During the next cycle at (5.1mm, 0.23% drift), the east 

side brace buckled at (3.0mm, 0.14% drift) in the out-of-plane direction (towards the west). 

The base shear was 213.5 kN. In the subsequent cycles at the same displacement, there was 

no residual displacement, because the buckling was in the elastic range. The last three elastic 

cycles for Specimen F3 were then performed at 9.1mm, 0.41% drift. Strain gauge recordings 

indicated yielding in the braces at this step. The maximum base shear was 502.6 kN. Residual 

buckled shapes at zero force due to brace buckling in both braces occurred. Separation 

between the braces at the cross-over point reached 12.7mm. Behavior of the specimen during 

these elastic cycles is illustrated in Figures 4-28a to 4-28d. 

 

Specimen F4 was then subjected to ±1δb (11.9mm, 0.54% drift). Whitewash flaked in the 

tension braces’ end connections. Maximum base shear was 516.0 kN. Large out-of-plane 

displacements were substantial, exceeding half of the column flange width in magnitude. 

Yielding progressed along both braces, mostly concentrating at the brace end and in the brace 

middle length regions. At the end of Cycle 15, residual out-of-plane buckled deformations at 

mid-length of brace reached 90mm at zero force. Specimen general views when the west 

brace in tension and compression, separation of braces in the middle region, yielding of west 

side brace upper north end, yielding of west side brace lower south end, and the yielding of 

brace middle part and residual displacement at the end of Cycle 12 are given in Figures 4-29a 

to 4-29f respectively. 

 

During the cycles at ±2δb (23.8mm, 1.08% drift), strain gauge recordings indicated that 

attained strains were beyond the yield limit over the entire braces. Infill distortions produced 

some sounds, however, no sign of damage to any part in the specimen was observed. 
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FIGURE 4-26 Hysteresis of Specimen F4 

 

 

TABLE 4-4 Cyclic Displacement History of Specimen F4 

 

 

 

 

 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
No. of  Cycles 

Displacement 
(∆/δy) 

Displacement 
(mm) 

Drift 
(%) 

1 3 3 0.20 2.4 0.11 

2 3 6 0.43 5.1 0.23 

3 3 9 0.76 9.1 0.41 

4 3 12 1 11.9 0.54 

5 3 15 2 23.8 1.08 

6 3 18 3 35.7 1.62 

7 2 20 4 47.6 2.16 
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At the end of the second excursion at zero force, out-of-plane brace residual displacement 

was 203mm. Boundary frame connections were also inspected, and no defect was found. A 

maximum base shear of 547.1 kN was attained during Cycle 13. Base shear forces dropped 

slightly at the subsequent cycles at this displacement level. Specimen general views when the 

west brace in tension and compression, out-of-plane displacement of the west brace, brace 

yielding around the middle region, progresses of yielding of west side brace lower south end 

and west side brace upper north end are presented in Figures 4-30a to 4-30f respectively. 

 

The specimen was then subjected to three cycles at ±3δb (35.7mm, 1.62% drift). Residual out-

of-plane displacements of the brace increased substantially, and reached 267mm at the end of 

Cycle 16. Noise appeared to come from around the gusset regions. Spread of yielding in the 

braces in tension and compression resulted in pinching on the hysteretic curves. Maximum 

base shear was 622.8 kN during Cycle 16. Some images from previously damaged areas are 

given in Figures 4-31a to 4-31f. 

 

Two final cycles at ±4δb (47.6mm, 2.16% drift) were performed. No sign of fracture in any 

part of the braces and in their connections was observed. Some noises were heard possibly 

due to bolt slippage. Also, at this displacement level, inelastic behavior of the bottom beam-

to-column double angle connections became visible. Maximum base shear was 662.8 kN. 

Testing was terminated at the end of Cycle 20, since the beam-to-column connections of the 

boundary frame exhibited inelastic behavior by yielding of web angles and had to be 

“protected” from failure because the bare frame had to be tested thereafter. Then, the 

specimen was recentered to zero displacement and zero force. At this position, residual out-

of-plane separation between the braces was 346mm. General views when the west brace in 

tension and compression, maximum out-of-plane displacements of the east and the west 

braces, yielding of west side brace upper north end, and yielding of west side brace lower 

south end are given in Figures 4-32a to 4-32f respectively.  

 
As before, the specimen was inspected after testing, especially in the damaged areas.  The 

behavior of boundary frame was satisfactory up to ±3δb. However, after this point, as stated 

above, beam-to-column connections behaved inelastically. Specimen F4 exhibited no fracture 

in any member. Post testing images taken from the specimen at zero load and displacement 

level are given in Figure 4-33a to 4-33f.  
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                                    (a)                                                                   (b) 

FIGURE 4-27 Specimen F4 Prior to Testing: (a,b) General Views  
 

 

    
                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

FIGURE 4-28 Behavior of Specimen F4: (a,b) General Views from the West and the 
East at Brace Buckling (Cycle 4, 0.25δy); (c,d) Separation of Braces in Cross Over 
Region (Cycle 9, 0.76δy)         
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                                    (a)                                                                   (b)  

 

        
                                    (c)                                                                   (d)  

 

 

       
                                    (e)                                                                   (f) 

 
FIGURE 4-29 Behavior of Specimen F3: (a) General View at (Cycle 10, 1δy); (b) 
General View at (Cycle 11, -1δy); (c) Separation of Braces in Cross Over Region; (d) 
Yielding of West Side Brace Upper North End; (e) Yielding of West Side Brace Lower 
South End; (f) Yielding of Brace Middle Part and Residual Displacement (End of Cycle 
12) 
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                                    (a)                                                                   (b) 

 

 

        
                                    (c)                                                                   (d) 

 

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-30 Damage Level in Specimen F4 at ±2δy: (a) General View (Cycle 13, 2δy); 
(b) General View (Cycle 13, -2δy); (c) Out-of-Plane Displacement of West Brace (Cycle 
14, -2δy); (d) Same, Closer View; (e) Yielding of West Brace South Lower End;             
(f) Yielding of West Brace North Upper End (Cycle 15, 2δy) 



 95 

    
                                    (a)                                                                   (b)  

 

   

 

     
                                    (c)                                                                   (d)  

 

 

   

 

    
                                    (e)                                                                   (f) 

 
FIGURE 4-31 Damage Level in Specimen F4 at ±3δy: (a) General View (Cycle 18, 3δy); 
(b) General View (Cycle 18, -3δy); (c) Yielding of West Brace North Upper End;          
(d) Yielding of West Brace South Lower End; (e) Yielding of East Brace South Upper 
End; (f) Same, West View 
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                                    (a)                                                                   (b) 

 

   

 

     
                                    (c)                                                                   (d) 

 

 

   

 

 
                                    (e)                                                                   (f) 

 
FIGURE 4-32 Damage Level in Specimen F4 at ±4δy: (a) General View (Cycle 19, 4δy); 
(b) General View (Cycle 19, -4δy); (c) Out-of-Plane Displacement of East Brace (Cycle 
20, 4δy); (d) Out-of-Plane Displacement of West Brace (Cycle 20, -4δy); (e) Yielding of 
West Brace North Upper End; (f) Yielding of West Brace South Lower End 



 97 

    
                                                       (a)                                                     (b)  

 

         
                                                       (c)                                                     (d)  

 

   

 

      
                                                       (e)                                                     (f)  

 
FIGURE 4-33 Post Testing Images from Specimen F4 at Zero Force and Displacement: 
(a) General View of Specimen F4; (b) General View of East Side from the South;         
(c) Middle Region View from Bottom to Top; (d) Closer View Along Brace Axis;          
(e) Top View; (f) Residual Out-of-Plane Displacement of West Side Brace 
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4.4.5 Cyclic Testing of Bare Frames  

To quantify the potential effect of the semi-rigid frame connections on the overall braced 

frame behavior, the boundary frames without infill were subjected to a series of displacement 

cycles.  Since the first bare frame had been tested prior to this study, experimental data for 

Bare Frame 1 were already available. Testing for the second bare frame was performed after 

the last specimen test (Specimen F4), and therefore this bare frame was subjected to cycles of 

progressively increasing displacements until fractures developed in their beam-to-column 

double angle connections.  Shown in Table 4-5 is the cyclic displacement history imposed on 

Bare Frame 2. Three-cycles were only applied at 12.7mm, 0.69% drift, which is close to the 

yield drifts of the specimens tested. Two-cycles at other drift levels were found sufficient for 

this bare frame testing. Data captured from bare frame tests are illustrated in Figures 4-34a 

and 4-34c. Both bare frames’ hysteretic behaviors were also modeled using the bounding 

surface model presented in Appendix B and the results are shown in Figures 4-34b and 4-

34d.   Further information on the parameters used in this model is discussed in Appendix B.  

 
TABLE 4-5 Cyclic Displacement History of Bare Frame 2 

 

 

 

 

 

Displacement 
Step 

Number of 
Cycles 

Cumulative 
No. of  Cycles 

Displacement 
(mm) 

Drift 
(%) 

1 2 2 3.2 0.17 

2 2 4 6.4 0.34 

3 3 7 12.7 0.69 

4 2 9 19.1 1.04 

5 2 11 25.4 1.39 

6 2 13 31.8 1.74 

7 2 15 38.1 2.08 

8 2 17 44.5 2.43 

9 2 19 50.8 2.78 

10 2 21 57.2 3.13 

11 2 23 63.5 3.47 
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Bare Frame 1-Experimental
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(a) 

 

Bare Frame 1-Modeled
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(b) 

FIGURE 4-34 Hysteresis Curves for Bare Frames:  
(a) Bare Frame 1 (Experimental); (b) Bare Frame 1 (Modeled) 
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Bare Frame 2- Experimental
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(c) 

 

Bare Frame 2- Modeled
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FIGURE 4-34 Hysteresis Curves for Bare Frames (continued): 
(c) Bare Frame 2 (Experimental); (d) Bare Frame 2 (Modeled) 
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SECTION 5 
DISCUSSION OF RESULTS 

 

5.1 General 

This section discusses reversed cyclic test results of steel frames infilled with four different 

concentric bracing systems, which were presented in the previous sections. Overall behavior 

of each specimen at various drift levels is evaluated in terms of base shear versus drift 

hysteretic curves. Percent drift is computed as the difference between the horizontal 

displacements at the middle of the top and bottom beams of the specimen divided by the 

distance between these points (1828.8 mm) and multiplied by 100. To quantify the effect of 

the boundary frames on behavior, similar hysteretic curves were generated for infill-only 

cases using the numerical results of the Bounding Surface Method given in Appendix B. For 

each case, cumulative energy dissipations for the total frame, infill, and the boundary frame 

(modeled) are computed and plotted against cumulative number of cycles. Fracture lives of 

tube braces in Specimens F1 and F2 are calculated using the Lee and Goel (1987) and 

Tremblay et al. (2003) models. Variation of brace out-of-plane displacement with base shear 

is illustrated. Cold formed steel studs (CFSS) strains at various frame drift levels are plotted 

to better understand their performances. Additionally, behavioral properties of the specimens, 

such as initial stiffness, strength at first brace yielding or buckling, total and infill cumulative 

energy dissipations, maximum displacement ductility reached, and the ratio of experimental 

to predicted effective length factors for the braces are tabulated. These experimental values 

are then used to discuss the effectiveness of each infill system. Strain gauge data captured 

during the testing are plotted and given in Appendices C, D, E, and F. 

 

5.2 Specimen F1 

5.2.1 Base Shear-Drift Hystereses 

Experimental base shear force versus drift hysteresis curves for Specimen F1 and Bare Frame 

1 (modeled as per the procedure described in Appendix B) are shown in Figure 5-1. Results 

for the case of infill only (i.e. after subtracting the contribution of the bare frame) are 

illustrated in Figure 5.2. Up to 0.96% drift (2δy), the specimen did not show significant 

deterioration in strength and stiffness, in other words, the behavior was almost cyclic 

symmetric with comparable axial yielding in tension and compression.  
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FIGURE 5-1 Specimen F1 and Modeled Bare Frame 1 Hystereses 
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FIGURE 5-2 Specimen F1 Hysteresis (Infill Only) 
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Beyond this drift level, the shape of the hysteresis curves for Specimen F1 gradually becomes 

one-sided upon repeated inelastic buckling of the tubular brace member. However, the 

difference between the buckling and tension strengths in each cycle is still significantly less 

than would be expected in absence of lateral bracing by the studs.  

 

At 1.44% drift (3δy), a decrease in buckling strength is observed due to the development of 

local buckling in the tube. On the tension side, as expected from the coupon tests, strength 

increases at each displacement cycle until fracture starts to develop. The ratio of the 

maximum achieved strength (brace in tension) to the yield base shear is 1.32. Deterioration of 

the brace post buckling resistance at various drift levels is relatively slow. During the first 

excursions of compression cycles at 0.96%, 1.44%, and 1.92% drifts, the ratio of the 

compression strength at that cycle to the peak compression strength reached during the test 

dropped to 1.00, 0.93, and 0.74. Ratios at the same drift levels for the infill only case are 

1.00, 0.87, and 0.60. Strain gauge data (in Appendix C) show that 2% strain was reached in 

the brace at 1.92% drift. A displacement ductility ratio (µ) of 4 was achieved when the 

tension and compression strengths of the specimen were, respectively, 100% and 67% of the 

maximum values obtained experimentally. As seen from Table 5.1, the contribution of the 

infill to the initial stiffness is 88%.  

 

TABLE 5-1 Behavioral Characteristics of Tested Specimens  
 

Specimen 

Total Initial 
Stiffness 

 
 

(kN/mm) 

Initial 
Stiffness-

Infill 
(kN/mm) 

Yield or 
Buckling 

Base 
Shear 

(kN) 

Yield or 
Buckling 

Disp. 
 

(kN) 

 
Max. 
Drift 

    

   (%) 

µ 
Kexp 

Ktheoretical 

Total  
Energy 

 

(kN.m) 

Infill 
Energy 

 

(kN.m) 

F1   88.8   78.2 636.1 11.4 1.92 4   1.08 274 227 
F2   61.4   51.0 511.5 10.2 2.88  6*   1.81*** 310 192 
F3 136.0 125.7 898.5 11.9 2.16 4    0.97 205 169 
F4 106.6   96.3 182.4  3.0 2.16    4**    1.25   95   37 

 

 
*     Reached displacement ductility based on the yield displacement of Specimen F1. 
**   Reached displacement ductility based on the buckling displacement of Specimen F3. 
*** This large difference comes from the increase in the brace clear length due to inelastic gusset behavior as 

discussed in Section 5.3.1 
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Furthermore, the elastic experimental effective length factor (K) was calculated to be 1.08, 

compared to a theoretical value of 1.00 (taking L as the diagonal distance between stud 

centers). This value has been obtained using the measured tube strain gauge data for 

Specimen F1 given in Appendix C, in Figure C-3. This was done by using axial strains below 

the yield level to calculate the bending moment diagram on the brace; the maximum of the 

distances between two successive inflection points on the deflected shape (points of zero 

moment on the bending moment diagram) was taken as the effective length of the brace.  

 

Figure 5-3 shows the theoretical pushover curves envelope proposed by FEMA 368 (2001) 

(including the bare frame contribution) superposed on top of the hysteretic curves. 

Calculation details to obtain the pushover curves are given in Appendix A. The initial 

stiffness and the base shear at brace buckling are respectively approximately 35% and 5% 

over-predicted by FEMA 368. On the tension side, the maximum achieved base shear is 

about 16% over-predicted. These differences may be attributed to FEMA 368 modeling 

assumptions. Fuller hysteretic loops indicate that the contribution of the brace in compression 

to the total energy dissipation is substantial, and greater than predicted by FEMA 368. 
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FIGURE 5-3 Experimental Hysteresis and Predicted Pushover Curves for Specimen F1 
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5.2.2 Fracture Life of Tube Brace 

Experimental fracture life (∆f,exp) of the tube brace is obtained from the hysteretic curves 

following the procedure proposed by Lee and Goel (1987). The steps of this procedure are: 

 

• Hysteresis curves normalized by yield strength and the corresponding yield 

displacement are first constructed. 

• The tension branch of the hysteresis is divided into two regions, ∆1 and ∆2, defined at 

1/3 of the yield strength.  ∆1 is the tension deformation from the load reversal point to 

1/3 of the yield strength point displacement, while ∆2 is from 1/3 yield strength point to 

the unloading point. 

•  Experimental fracture life is then calculated using  

 

( )∑ ∆+∆=∆ 21exp,f 1.0                   (5-1) 

 

An experimental value of ∆f,exp=32.9 was found for this specimen. Theoretical fracture lives 

(∆f) introduced in Lee and Goel (1987) and Tremblay et al. (2003) methods were also 

calculated using the following formulas:  

 

Lee and Goel Model  

 

[ ] 





 +

−
=∆

5
1d/b4

t/)t2b(

)F/46(
C 6.1

2.1
y

sf                 (5-2) 

 

where 

Cs= 1560 (a numerical constant) 

Fy= yield stress (ksi) 

b= gross width of section 

d= gross depth of section 

t= thickness of section 

 

 

 



 106 

Tremblay et al. Method 

 

 
[ ]

2
8.0

5.0

2.1
y

sf )70(
5

1d/b4
t/)t2b(

)F/317(
C ×






 +

−
=∆   for KL/r < 70         (5-3a) 

 

 
[ ]

2
8.0

5.0

2.1
y

sf )r/KL(
5

1d/b4
t/)t2b(

)F/317(
C ×






 +

−
=∆  for KL/r ≥ 70         (5-3b) 

  

where Cs determined experimentally by Tremblay et al. is 0.0257 (a numerical constant). 

Note that in Eq. (5-3a) and (5-3b), Fy should be in MPa.  

 

Numerical values of ∆f=48.2 and 36.1 were obtained for the Lee and Goel and the Tremblay 

et al. methods respectively. The ratios of the experimental to theoretical values for these two 

models are 0.68 and 0.91. For this specimen, the Tremblay et al. method agrees reasonably 

well with the experimental one, since the recommended empirical formula covers width-to-

thickness ratio, KL/r, and the yield strength. The Lee and Goel model does not consider brace 

slenderness in its fracture life formulation. 

 

5.2.3 Hysteretic Energy Dissipation 

For any cycle, the area under the experimentally obtained hysteretic curve gives the 

dissipated energy through inelastic behavior. Since the cumulative energy dissipation is a 

useful measure of seismic efficiency of a structural system, these values were calculated, and 

the variation of cumulative energy dissipation with cumulative number of cycles are plotted 

in Figure 5-4 for the total frame, infill-only, and the boundary frame contributions. As 

expected, no significant energy was dissipated during the elastic cycles, and as the brace 

yields in tension and buckles in compression, the cumulative energy increases rapidly. Figure 

5-4 and Table 5.1 show that 83% of the total energy was dissipated by the infill versus 17% 

for the boundary frame. Strain gauges located on the boundary frame beams and columns 

remained within the elastic limits throughout the test, as per the design intent. However, 

inelastic behavior of the beam-to-column double angle connections was observed at large 

drift ratios, which explain the appreciable contribution of the bare frame to the cumulative 

energy dissipation at larger drifts seen in Figure 5-4. 
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FIGURE 5-4 Cumulative Energy Dissipation by Component for Specimen F1 

 

5.2.4 Base Shear versus Out-of-Plane Displacement Hystereses  

In order to evaluate the effectiveness of CFSS members in reducing brace slenderness, base 

shear versus out-of-plane displacement hystereses are given in Figure 5-5. The location and 

the labels of the displacement potentiometers are given in Section 3, in Figure 3-26b. Note 

that data were truncated as the potentiometer 10mm maximum range was exceeded. Figure 

5.5 shows that residual out-of-plane deformations usually develop during the inelastic cycles. 

The increase in the residual out-of-plane deformations at a cycle as compared to a previous 

cycle is lesser for Specimen F1 than the braces in Specimens F2, F3, and F4, as will be 

shown later. Reduction of the brace buckling strength is partly due to increases in these 

cumulative residual out-of-plane deformations.  

 

Out-of-plane displacement demand is constrained by the presence of CFSS, and this is 

discussed later by comparison to Specimen F2 in Section 5.3.4. However, this produced high 

out-of-plane forces transmitted to CFSS members, and the intermediate CFSS members 

suffered damage during the testing. A comparison of the impact of stud and brace 

configurations in Specimen F3 is also made in Section 5.4.5.  
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Specimen F1-Pot 2
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(b) 

FIGURE 5-5 Base Shear-Out of Plane Displacement Hystereses for Specimen F1:        
(a) Pot 1W (West Side Brace Middle Pot-Cycles 1-13); (b) Pot 2W (West Side Brace 
Intermediate Pot-Cycles 1-16) 
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5.2.5 Performance of CFSS Members 

Specimen F1 exhibited ductile, stable, and unpinched hysteretic behavior mainly provided by 

the existence of the CFSS members. These members and U brackets prevented out-of-plane 

and in-plane brace buckling at the early stages of cyclic loading. After several cycles at 

displacement levels greater than the yield displacement, bearing failure of the intermediate 

studs led to loss of contact between the buckling restrainers and the brace, which resulted in 

reduced base shear strength and system stiffness. Figures 5-6 and 5-7 show the west and east 

sides stud maximum axial strains at various drift levels. Although, up to approximately 1.5% 

drift, the studs performed well with no significant inelastic behavior, after this drift level, 

some of the intermediate studs behaved beyond the elastic limits.  
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FIGURE 5-6 West Side Stud Strains at Various Drift Levels 
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FIGURE 5-7 East Side Stud Strains at Various Drift Levels 
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5.3 Specimen F2 

5.3.1 Base Shear-Drift Hystereses 

The base shear force versus drift hysteresis for Specimen F2 is shown in Figure 5-8 

superimposed with the hysteresis of Bare Frame 1 (modeled as per the procedure described in 

Appendix B). Results for the case of infill only (i.e. after subtracting the contribution of the 

bare frame) are illustrated in Figure 5.9. Specimen F2 exhibited ductile and stable cyclic 

behavior up to 2.40% drift, although some pinching is obvious in the hystereses. Up to 0.48% 

drift, the hystreresis curves are cyclic symmetric, however, in the aftermath of brace 

buckling, they become one-sided due to the deterioration in buckling strength. On the tension 

side, strength increases until fracture develops. The ratio of the maximum tension strength to 

the yield strength is 1.26.  

 

During the first excursions of compression cycles at 0.48%, 0.96%, 1.44%, 1.92%, and 

2.40% drifts, the ratio of the compression strength at that cycle to the peak compression 

strength reached during the test dropped to 1.00, 0.76, 0.58, 0.46, and 0.44. For infill-only 

case, ratios at the same drifts are 1.00, 0.82, 0.53, 0.47, and 0.46. Note that the largest relative 

deterioration in buckling strength occurs at the two preceding cycles just after the buckling 

cycle. During the following cycles, there is no significant change in this ratio since it begins 

to stabilize. Residual buckling strengths of 0.59 (total frame) and 0.16 (infill) were obtained 

at the last compression cycles prior to fracture versus a proposed constant value of 0.40 given 

in FEMA 368 (2001). Strain gauge data (in Appendix D) show that 1.5% strain was reached 

in the tubular brace at 2.50% drift. Specimen F2 exhibited a displacement ductility ratio (µ) 

of 6, when the tension and compression strengths were 65% and 46% of the maximum 

achieved peak strengths.  

 

Table 5.1 shows that the contribution of the brace to the initial stiffness is 83%. The 

experimental elastic K factor was found to be 0.90 compared to a theoretical value of 0.5 

(taking L as the clear brace length between gussets). This value has been obtained using the 

measured tube strain gauge data for Specimen F2 given in Appendix D, in Figure D1, and 

following the same procedure to obtain the moment diagram as was done for Specimen F1 

before.  
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FIGURE 5-8 Specimen F2 and Modeled Bare Frame 1 Hystereses 
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FIGURE 5-9 Specimen F2 Hysteresis (Infill Only) 
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This difference in the experimental and predicted K factors is due to the inelastic behavior of 

the lower south gusset plate (as illustrated in Section 4), which in turn resulted in a longer 

effective length. This gusset was bent back and forth in the out-of-plane direction during the 

early stages of testing, resulting in a longer brace length and ultimately a lower buckling 

strength. However, using this experimental clear brace length (clear length of the brace plus 

the diagonal distance up to the yield line in the gusset) gives an experimental elastic K factor 

to be 0.78. 

 

Shown in Figure 5-10 are the theoretical pushover curves envelope (including the bare frame 

contribution) superposed on top of the hysteretic curves. Calculation details in obtaining the 

pushover curves are given in Appendix A. The initial stiffness and the negative base shear at 

brace buckling are approximately 93% and 41% over-predicted respectively. The reason for 

this was explained above. Moreover, since the bare frame was subjected to many cycles of 

displacements in Specimen F1 testing, the contribution of the bare frame to the initial 

stiffness was small due to the inelastic behavior of its beam-to-column connections. On the 

tension side, the maximum achieved base shear is about 11% over-predicted.  
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FIGURE 5-10 Experimental Hysteresis and Predicted Pushover Curves 

for Specimen F2 
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5.3.2 Fracture Life of Tube Brace 

Experimental and theoretical fracture lives of the tube brace are obtained using the obtained 

hysteretic curves and the methods described in Section 5.2.2. An experimental value of 

∆f,exp=64.7 was calculated for this specimen. Note that the cycles at 3δy (1.44% drift) and 

above contributed to the fracture life most (83% of the total). Theoretical fracture lives 

∆f=48.2 and 43.9 are obtained using the Lee and Goel and the Tremblay et al. methods 

respectively (using the experimental KL/r value of 77.3). The ratios of the experimental to 

theoretical values for these two models are 1.34 and 1.47. Both methods underestimates the 

fracture life of the tube brace, and the Lee and Goel model gives closer results in this case.  

 

5.3.3 Hysteretic Energy Dissipation 

The variation of cumulative energy dissipation against cumulative number of cycles is plotted 

in Figure 5-11 for the total frame, infill-only, and the boundary frame contributions. 

Appreciable energy was dissipated after the elastic cycles, and increased in the following 

cycles. Also of interest in Table 5.1 is the total energy dissipation is substantial. 62% of the 

total energy was dissipated by the infill versus 38% for the boundary frame. Strain gauges 

mounted on the boundary frame beams and columns remained within the elastic limits, as 

expected.  However, Figure 5-11 shows that contribution of the bare frame to cumulative 

energy dissipation at larger drifts is appreciable due to inelastic behavior of the beam-to-

column connections (also some web angles fractured).  
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FIGURE 5-11 Cumulative Energy Dissipation by Component for Specimen F2 

 

5.3.4 Base Shear versus Out-of-Plane Displacement Hystereses  

Base shear versus out-of-plane displacement hystereses are given in Figure 5-12. The 

location and the labels of the displacement potentiometers are given in Section 3, in Figure 3-

27b. Note that data were truncated as the potentiometer capacities were exceeded. It is 

evident from Figure 5-12 that residual out-of-plane deformations develop upon cyclic 

buckling and increase substantially with cycling. These cumulative out-of-plane deformations 

reduced the buckling strength at inelastic compression cycles. Out-of-plane displacement 

demand is large in this case due to the inexistence of CFSS, and the brace underwent large 

displacements prior to fracture as illustrated in Section 4. At the same displacement level, 

while out-of-plane deformations were negligible and remained in the elastic ranges for 

Specimen F1, these deformations became more pronounced, with large residual 

displacements during cycling in Specimen F2.   
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Specimen F2-Pot 2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-50 -40 -30 -20 -10 0 10 20

Brace Out-of-Plane Displacement (mm)

B
as

e 
S

h
ea

r 
(k

N
)

 
(b) 

FIGURE 5-12 Base Shear-Out of Plane Displacement Hystereses for Specimen F2:        
(a) Pot 1W (West Side Brace Middle Pot-Cycles 1-10); (b) Pot 2W (West Side Brace 
Intermediate Pot-Cycles 1-9) 
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5.4 Specimen F3 

5.4.1 Base Shear-Drift Hystereses 

Experimental base shear force versus drift hysteresis curves for Specimen F3 and Bare Frame 

2 (modeled as per the method introduced in Appendix B) are shown in Figure 5-13. The 

loops after subtracting the contribution of the bare frame are illustrated in Figure 5.14. Up to 

approximately 0.50% drift, the specimen did not show deterioration in strength and stiffness. 

At the onset of buckling of the east side brace segment between the fourth and the fifth studs 

(counting from the north), the base shear dropped abruptly. The peak base shear force during 

test was reached prior to this buckling. After buckling, the hysteresis for Specimen F3 

stabilizes and fuller curves on both tension and compression sides develop. Negative and 

positive base shear forces reached differ slightly from each other, which is attributable to the 

symmetric X brace configuration of the specimen. For negative and positive base shears, 

absolute ratios of the maximum negative and positive base shears at final cycles to the peak 

base shear at brace buckling are 0.89 and 0.83 respectively. Base shear forces gradually 

increased during the first cycle of each displacement increment, and seems to somewhat 

decrease slightly during the second and third cycles thereafter.   

 

The overall behavior of Specimen F3 was ductile and stable up to 2.16% drift, although 

pinching in the hysteretic loops is apparent. During the second and third cycles at each 

imposed drift level, the hysteresis curves tend to meet at the peak point (peak oriented 

hysteretic curve) of the previously obtained hysteresis.  

 

Variation in the negative base shear (in the direction of the initially buckled brace in 

compression) illustrates the deterioration of brace post buckling resistance at various drift 

levels. However, since one of the brace always in tension and the bare frame strain hardens, 

the total base shear can actually increase at large displacements. In fact, during the first 

excursions of compression cycles, the ratio of the negative base shear (total specimen) at that 

cycle to the negative peak base shear at 0.54%, 1.08%, 1.62%, and 2.16% drifts dropped to 

1.00, 0.83, 0.85, and 0.89. For the infill-only case, same ratios are 1.00, 0.75, 0.73, and 0.73.  
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FIGURE 5-13 Specimen F3 and Modeled Bare Frame 2 Hystereses 
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FIGURE 5-14 Specimen F3 Hysteresis (Infill Only) 
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Similarly, for the positive side, same ratio (with the positive peak shear) at same drifts 

reached 1.00, 0.94, 0.99, and 1.03, and for the negative side, 1.00, 0.82, 0.82, and 0.81 were 

obtained. Strain gauge data (in Appendix E) show that the bar braces exhibited stable energy 

dissipation up to 2.16% drift, producing about 3% maximum strain (including axial and 

bending effects) in the mid-length of the east side brace. In other parts of the braces, 

maximum 1.5% axial strains were reached (average axial strain was 1.02%), which indicates 

that the bar braces underwent significant plastic deformations. A displacement ductility ratio 

(µ) of 4 was achieved without any significant strength and stiffness degradation with the 

exception of initial buckling values. Table 5.1 indicates the substantial increase in stiffness 

for this specimen. The contribution of the infill to the initial stiffness is 92%. Furthermore, an 

experimental elastic effective length factor (K) of 0.97 was obtained for a length L taken as 

the diagonal distance between the stud centers. The strain gauge data for Specimen F3 given 

in Appendix E in Figure E-3 were used to calculate this elastic experimental K factor.  

 

Figure 5.15 demonstrates the predicted pushover curves as per FEMA 368 (following the 

procedure given in Appendix A) superimposed on the hysteretic curves of Specimen F3.  
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FIGURE 5-15 Experimental Hysteresis and Predicted Pushover Curves  

for Specimen F3 



 120 

The initial stiffness and the negative base shear at brace buckling are approximately 11% 

over-estimated and 6% under-estimated respectively. Pushover analysis curves match 

reasonably well with the experimental results. This could be attributed to the fact that the 

material properties of solid bar brace members are more bilinear and therefore better modeled 

by the selected bilinear material model (with strain hardening), which was incorporated into 

the analysis.   

 
5.4.2 Hysteretic Energy Dissipation 

Figure 5-16 illustrates the variation of cumulative energy dissipation with cumulative number 

of cycles for the total frame, infill-only, and the boundary frame contributions. As expected, 

no significant energy was dissipated during the elastic cycles, and starting from the brace 

buckling cycle, the cumulative energy increases rapidly. Figure 5-16 and Table 5.1 reveal that 

82% of the total energy was dissipated by the infill versus 18% for the boundary frame. 

Again, strain gauges mounted on the boundary frame beams and columns remained within 

the elastic limits throughout the test, as per the design intent. However, inelastic behavior 

(web angle yielding) of the beam-to-column double angle connections was observed at larger 

drift ratios. 
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FIGURE 5-16 Cumulative Energy Dissipation by Component for Specimen F3 
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5.4.3 Base Shear versus Out-of-Plane Displacement Hystereses  

To evaluate the effectiveness of CFSS members in reducing brace slenderness, base shear 

versus out-of-plane displacement hystereses are given in Figure 5-17. The location and the 

labels of the displacement potentiometers are given in Section 3, in Figure 3-28b. Note that 

the data for Pot 1W illustrated in Figure 5-17a, were truncated as the potentiometer capacity 

was exceeded. Figure 5-17b gives the out-of-plane displacements spanning all cycles for Pot 

2E, since the maximum displacement range was not exceeded. These curves seem to be 

relatively full as compared to those of Specimen F4, as given later in Section 5.5.3. However, 

apparent residual out-of-plane deformations upon unloading still exist. During the inelastic 

cycles, the development of cumulative residual out-of-plane deformations resulted in a 

decrease in the brace buckling strength. 

 

Out-of-plane displacement demand is constrained by the presence of CFSS, and this is 

discussed later by comparison to Specimen F4 in Section 5.5.3. However, this produced 

higher out-of-plane forces locally transmitted to CFSS members, and the intermediate CFSS 

members were slightly damaged during the testing. 
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Specimen F3-Pot 1
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Specimen F3-Pot 2
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(b) 

FIGURE 5-17 Base Shear-Out of Plane Displacement Hystereses for Specimen F3:        
(a) Pot 1W (West Side Brace Middle Pot-Cycles 1-13); (b) Pot 2E (East Side Brace 
Intermediate Pot-All Cycles) 
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5.4.4 Performance of CFSS Members 

CFSS members provided ductile, fuller and less pinched (with comparison to the hystereses 

of Specimen F4) hysteretic behavior for the braces in Specimen F3. CFSS members and U 

brackets prevented out-of-plane and in-plane brace buckling especially at early stages of 

cyclic loading. After several cycles at displacement levels greater than the buckling 

displacement, bearing failure of the intermediate studs led to loss of contact between the 

buckling restrainers and the brace, resulting in reduced base shear strength and system 

stiffness.  

 

Figures 5-18 and 5-19 show the west and east sides stud midheight maximum axial strains at 

various drift levels. All gauges recorded outer flange axial strains below the yield strains. Up 

to 2.0% drift, the studs performed with no overall inelastic behavior except some local 

damage in the intermediate studs, around the connection to braces. This behavior could be 

attributable to the fact that each stud was laterally loaded at two points in Specimen F3 (since 

two braces are present in the X configuration), resulting in a substantial reduction in demand 

as compared to Specimen F1.   
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Specimen F3-West Side 
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FIGURE 5-18 West Side Stud Strains at Various Drift Levels 
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FIGURE 5-19 East Side Stud Strains at Various Drift Levels 
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5.5 Specimen F4 

5.5.1 Base Shear-Drift Hystereses 

Figure 5-20 shows experimental base shear force versus drift hysteresis curves for Specimen 

F4 and Bare Frame 2 (modeled). The hysteresis for Specimen F4 is fairly symmetrical in the 

elastic and inelastic cycles. The loops after subtracting the contribution of the bare frame are 

illustrated in Figure 5-21. The overall behavior of Specimen F4 was ductile and stable up to 

2.16% drift, although significant pinching is visible in the hystereses. These hysteretic curves 

are in good agreement with the curves given in previous work on concentrically braced steel 

frames.  

 

These slender braces behaved like tension-only braces during the testing due to their 

negligible buckling strength. Therefore, although they resisted some degree of compression 

force up to the onset of buckling, this strength did not contribute significantly to the overall 

shape of the hysteresis curves. During the subsequent cycles, an increase in the base shear 

strength is apparent from the hyteresis, as illustrated in Figure 5-20. This is actually due to 

the boundary frame contribution as seen from Figure 5-21. In fact, the infill hysteresis 

exhibits reasonably elastic-plastic behavior (during each excursion) up to the application of 

the last cycle (2.16% drift). The ratio of the maximum tension strength to the strength at the 

displacement level of Specimen F3 buckling is 1.28.  

 

During the first excursions of each imposed cycle, the ratio of the maximum positive and 

negative base shear at that cycle to the strength at buckling at 0.54%, 1.08%, 1.62%, and 

2.16% drifts reached 1.00, 1.10, 1.20, and 1.36. For infill-only case, these ratios are 1.00, 

0.98, 1.01, and 1.14. Same ratios for the negative side of the hystereses are 1.00, 1.07, 1.20, 

and 1.34 for the total frame, and are 1.00, 0.94, 1.03, and 1.12 for the infill only case. Also 

apparent from Appendix F, up to 1.7% strain was reached in the bar braces at 2.16% drift. 

Hysteretic loops show that energy was dissipated by tension yielding rather than brace 

buckling. Specimen F4 exhibited a displacement ductility ratio (µ) of 4.  
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FIGURE 5-20 Specimen F4 and Modeled Bare Frame 2 Hystereses 
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FIGURE 5-21 Specimen F4 Hysteresis (Infill Only) 
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Table 5.1 (presented earlier) shows that the contribution of the bar braces to initial stiffness is 

about 90%. An experimental elastic K factor of 0.63 was found for a L value taken as the 

clear brace length between the gussets. This K factor has been obtained using the measured 

strain gauge data for Specimen F4 given in Appendix F, in Figure F-1, following the same 

procedure to obtain the moment diagram as was done for other specimens before.  

 

Shown in Figure 5.22 are the theoretical pushover curves envelope (as per the FEMA 368 

procedure described in Appendix A) superimposed on the hysteretic curves of Specimen F4. 

The initial stiffness and the negative base shear at brace buckling are approximately 29% and 

7% over-estimated respectively. Although theoretical results on the negative base shear side 

match reasonably with the experimental results, relatively larger differences were obtained on 

the positive side. Again, this could be attributed to the modeling issues in FEMA 368, and, 

partly, behavioral differences of the boundary frame under cyclic loading as seen from the 

experimental hysteresis curves given in Section 4.5.  
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FIGURE 5-22 Experimental Hysteresis and Predicted Pushover Curves  

for Specimen F4 
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5.5.2 Hysteretic Energy Dissipation 

Figure 5-23 illustrates the variation of cumulative energy dissipation with cumulative number 

of cycles for the total frame, infill-only, and the boundary frame contributions. No significant 

energy was dissipated during the elastic cycles, and starting from the brace yielding cycle, the 

cumulative energy increases. Figure 5-23 and Table 5.1 (presented earlier) reveal that only 

39% of the total energy was dissipated by the infill versus 61% for the boundary frame. Also 

apparent on that figure, the contribution of the boundary frame to cumulative energy 

dissipation is dominant over the infill at larger drifts, due to the inelastic behavior of the 

beam-to-column double angle connections. However, strain gauges mounted the boundary 

frame beams and columns remained within the elastic limits, as per the design intent. 
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FIGURE 5-23 Cumulative Energy Dissipation by Component for Specimen F4 
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5.5.3 Base Shear versus Out-of-Plane Displacement Hystereses  

Given in Figure 5-24 are the base shear versus out-of-plane displacement hystereses to 

evaluate the effectiveness of CFSS members used in Specimen F3 as well as the brace 

slenderness. The location and the labels of the displacement potentiometers are given in 

Section 3, in Figure 3-29b. Note that the data for Pot 1E illustrated in Figure 5-24a were 

truncated during the early stages of testing as the potentiometer capacity was exceeded. 

Figures 5-24b and 5-24c give the out-of-plane displacements captured by Pot 2E and Pot 3W 

for more cycles. These curves are highly different from the ones obtained in other specimens.  

 

Out-of-plane displacements were substantial due to the absence of CFSS members, as shown 

in Section 4.4. However, since the braces are very slender, and resulted in elastic buckling, an 

important percentage of the residual out-of-plane deformations were recoverable during the 

early inelastic cycles. On the other hand, these displacements became significant by the end 

of testing.  
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(a) 

FIGURE 5-24 Base Shear-Out of Plane Displacement Hystereses for Specimen F4:        
(a) Pot 1E (East Side Brace Middle Pot-Cycles 1-6); 
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Specimen F4-Pot 2
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Specimen F4-Pot 3
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(c) 

FIGURE 5-24 Base Shear-Out of Plane Displacement Hystereses for Specimen F4 
(continued): (b) Pot 2E (East Side Brace Intermediate Pot-Cycles 1-15); (c) Pot 3W 
(West Side Brace Intermediate Pot-All Cycles) 
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5.6 Summary and Comparison 

Using experimental hystereses, some behavioral characteristics of Specimens F1, F2, F3, and 

F4 are summarized and compared in this section. Total initial stiffness, initial stiffness of 

infill, yield or buckling base shear, yield or buckling displacement, maximum attained 

percent drift, achieved displacement ductility, and cumulative energy dissipations by 

component (total and infill-only) are quantified in Table 5-1 presented earlier. To better 

compare the effectiveness of each specimen, normalized values of base shear and energy 

dissipation (infill-only) were calculated and given in Table 5-2. Since the yield (or buckling) 

displacement increments are very close to each other (11.4mm for Specimens F1 and F2, and 

11.9 mm for Specimens F3 and F4), these values were not normalized. Cumulative hysteretic 

energy dissipation can then be normalized as follows: 

 

yy

H
HN V

E
E

δ
=                    (5-4) 

 where  

 EHN= normalized cumulative hysteretic energy dissipation 

 EH  = cumulative hysteretic energy dissipation 

 Vy  = yield (or buckling) base shear 

 δy  = experimentally obtained yield or buckling displacement  

 

Note that, for the purpose of normalization, the average of the base shear reached in tension 

at each of the large plastic deformation cycles was used for the value of Vy, and the 

experimental yield displacement was used for Specimens F1 and F2. For Specimens F3 and 

F4, because the maximum base shear strength drops after first buckling, the average of the 

base shears reached in the subsequent cycles only was used to define Vy, and the 

experimental buckling displacement was used for δy (i.e. δb). 
  

TABLE 5-2 Normalized Characteristics of Tested Specimens (Infill-Only) 
 

Specimen 
Vy 

 

(kN) 
δy 

 

(mm)  
EH, infill 

 

(kN.mm) 

 
Vy / (Vy,F1) 

 

 

EHN 
 

F1 661.3 11.4 227,000 1.00 30.1 
F2 673.0 11.4 192,000 1.02 25.0 
F3 592.3 11.9 169,000 0.90 24.0 
F4 442.0 11.9   37,000 0.67   7.0 
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Table 5-2 shows that braces having CFSS members had better hysteretic energy dissipation. 

Cumulative hysteretic energy was the greatest in Specimen F1, although this specimen had 

less maximum displacement ductility due to its lower fracture life as compared to Specimen 

F2.  Experimental fracture lives (∆f,exp) versus experimental K factors (Kexp) were 32.9 versus 

19.7 for Specimen F1 and were 77.3 versus 64.7 for Specimen F2.  

 

Variation of cumulative energy dissipation with cumulative number of cycles for all 

specimens is shown in Figures 5-25 and 5-26 for comparison purposes. A comparison of the 

hysteretic behavior of all specimens is made easier by Figure 5-27. Note that on that figure, 

experimental KL/r values are also shown for each specimen. 

 

Specimen F1 exhibited stable behavior and dissipated significant cumulative energy. The 

hysteretic curves were stable up to a displacement ductility of 4 and fuller than those for any 

other specimen. CFSS members and U brackets as buckling restrainers prevented the tube 

brace from early buckling, prior to their inelastic behavior at large drifts due to bearing 

failure and torsional response. The tube brace ultimately developed local buckling under 

reversed cyclic displacements, and fractured by development of cracking at the local buckling 

location. Specimen F1 achieved the maximum hysteretic energy dissipation for the infill 

alone. Percent energy dissipation amounts for other specimens are 85%, 74%, and 16% of 

Specimen F1 for Specimens F2, F3, and F4 respectively. 

 

Specimen F2 dissipated the largest amount of total hysteretic energy, essentially due to its 

higher fracture life. A displacement ductility of 6 was reached prior to fracture, the largest 

value for all specimens tested (but Specimens F3 and F4 were not tested up to failure for 

reasons described in Section 4.4.3). Infill (tube brace) failure occurred at the brace to gusset 

connection in the net section area (as illustrated in Section 4, in Figures 4-16 and 4-17). The 

out-of-plane buckling displacements of the brace were significant, in excess of 10% of the 

brace clear length. Although residual out-of-plane displacements caused significant strength 

degradation in compression, the behavior was ductile and stable.  

 

Solid bar braces in Specimen F3 dissipated a relatively moderate amount of energy with 

ductile but pinched hysteretic curves. Up to displacement ductility of 4, the braces dissipated 

energy by yielding and buckling under reversed displacement cycles.  
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FIGURE 5-25 Comparison of Cumulative Energy Dissipation (Infill-Only) 
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FIGURE 5-26 Comparison of Cumulative Energy Dissipation (Total) 
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     (a)                                                             (b) 
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     (c)                                                             (d) 

 
 

FIGURE 5-27 Comparison of Base Shear versus Drift Hysteresis Curves for Infills:    
(a) Specimen F1 (KL/r=19.7); (b) Specimen F2 (KL/r=77.3); (c) Specimen F3 
(KL/r=65.5); (d) Specimen F4 (KL/r=195.7) 
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CFSS members and U brackets reduced the buckling length of the braces effectively. After 

initial buckling of the east side brace when the peak base shear was obtained, strength 

degradation stabilized under subsequent cycles.  

 

The least amount of cumulative energy was dissipated by Specimen F4. The hysteresis curves 

were stable yet significantly pinched, as expected. Energy was essentially dissipated through 

the yielding of the braces in tension only. A displacement ductility of 4 was reached without 

any visible damage. Note that the largest out-of-plane displacements were obtained for this 

specimen, in excess of 14% of the brace clear length.  

 

All specimens survived reversed cyclic displacement histories prior to initiation of fracture up 

to large drift values. The maximum drift was reached by Specimen F2, at 2.88%.  Specimens 

F1, F3, and F4 exhibited maximum drifts of 1.92%, 2.16%, and 2.16% respectively.   

 

Although the above comparison refer to absolute cumulative hysteretic energies, the trends 

remain the same for normalized cumulative hysteretic energies, since, as shown in Table 5-2, 

normalized energies for Specimens F3 and F4 are less than those for Specimens F1 and F2. 

This is illustrated in Figures 5-28.  

 

Hysteretic energy dissipation per brace volume used can be another measure to compare the 

relative effectiveness of these specimens. Shown in Figure 5-29 is the variation of volumetric 

energy dissipation versus cumulative number of cycles. Peak energy per volume values of 

0.049, 0.041, 0.028, and 0.006 kNmm/mm3 are found for Specimens F1, F2, F3, and F4 

respectively (although the last two specimens were not tested to failure). Additionally, at a 

common ductility of 4, these values become 0.049, 0.025, 0.028, and 0.006 kNmm/mm3, 

which show that braces having CFSS had better hysteretic energy dissipation capacity in this 

research.  
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FIGURE 5-28 Comparison of Normalized Cumulative Energy Dissipation (Infill-Only) 
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FIGURE 5-29 Comparison of Cumulative Energy Dissipation per Brace Volume Used 

(Infill-Only) 
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SECTION 6 
CONCLUSIONS 

 

6.1 General 

An experimental study of the hysteretic behavior of concentrically braced steel frames with 

and without vertical cold-formed steel members (CFSS) has been presented in this report. 

Previous experimental and analytical studies were also reviewed to explore the hysteretic 

characteristics of steel braces. To investigate the hysteretic energy dissipation capacity of 

infills made of braces restrained by CFSS for ductile seismic retrofit or new design purposes, 

four specimens were designed and tested. The same displacement history was followed on 

frames with and without CFSS members to compare seismic performance.  

 

The challenge in using CFSS members and U brackets as out-of-plane and in-plane buckling 

restrainers was to investigate whether it could be possible and effective to reduce the 

buckling length of braces by taking advantage of metallic wall units often constructed as non-

structural dividing partitions, with slight modifications in their design. The expectation was 

more ductile, stable, and fuller hysteretic curves, leading to enhanced hysteretic energy 

dissipation capacities.  

 

In addition to the use of CFSS members, braces having tubular or rectangular solid bar 

sections, in single diagonal or X-bracing configurations were selected as other specimen 

parameters, to investigate the impact of these parameters on the hysteretic behavior of such 

concentrically braced steel frames.    

 

The major conclusions reached from this experimental study are as follows: 

 

1. Specimen F1 (concentrically braced frame with single tube brace and vertical CFSS 

members) achieved superior behavior over the other specimens in terms of infill 

cumulative hysteretic energy dissipation at given drift values. Cumulative energy 

dissipation of infill for this specimen is 18% more than that of Specimen F2 (without 

studs). However, maximum drifts attained for Specimens F1 and F2 are 1.92% and 

2.88%, and maximum displacement ductilities (µ) of 4 and 6, respectively. This is 

because experimental fracture life of the tube in Specimen F2 was 97% higher than 
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that of the tube in Specimen F1, as reducing the buckling length for tubular cross 

section braces also accelerated their local buckling. If hysteretic energy is instead 

calculated and compared at a given ductility level, for example at the ductility level at 

which the tube brace fractured in Specimen F1, then 92% more hysteretic energy is 

dissipated for Specimen F1, compared to Specimen F2. Initial stiffness and base shear 

at yield for Specimen F2 are about 65% and 80% of those of Specimen F1 

respectively. Experimental buckling length for Specimen F1 was found to be about 

1.08 times the brace length between studs (K=1.08), which reasonably agrees with the 

predicted value of 1.00. For specimen F2, experimentally obtained K factors are 0.90 

(assuming clear length without gussets) and 0.78 (observed clear length including the 

lower gusset and hinge at gusset bottom). Both values are 8% and 12% above the 

theoretical values.      

 

2. At maximum displacement ductility of 4, infill cumulative energy dissipation for 

Specimen F3 reached 4.57 times the energy dissipated in Specimen F4, a 357% gain 

in infill energy dissipation.  From this perspective, the use of CFSS and U brackets as 

buckling restrainers seemed more effective in tension only braced frames rather than 

tension-compression braced frames. Moreover, provided that all brace connections are 

ductile, solid braces may be able to sustain larger amounts of reversed axial cyclic 

displacements, since local stability problems do not exist. While the ratio of 

maximum total base shears reached by Specimens F3 and F4 is 1.28, this value is 4.93 

at initial brace buckling. In other words, the maximum base shear strength is 

developed in Specimen F3 at initial brace buckling, but maximum strength of 

Specimen F4 is developed at maximum ductility instead. Similarly, experimentally 

obtained buckling length for Specimen F3 is about 0.97 times the brace length 

between studs (K=0.97), and reasonably agrees with the predicted value of 1.00. For 

specimen F4, an experimental K factor of 0.63 is found to be 25% underestimated 

(predicted K=0.50). 

 

3. Dissipated hysteretic energy per brace volume can be another measure to compare the 

relative effectiveness of these specimens, taking into account the total material used.  

Peak energy per volume values of 0.049, 0.041, 0.028, and 0.006 kNmm/mm3 are 

found for Specimens F1, F2, F3, and F4 respectively (although the last two specimens 
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were not tested to failure). Additionally, at a common ductility of 4, these values 

become 0.049, 0.025, 0.028, and 0.006 kNmm/mm3, which show that braces having 

CFSS had better hysteretic energy dissipation capacity in this research.  

 

4. Structural use of CFSS members as out-of-plane buckling restrainers also helped 

reduce the out-of-plane displacements of braces. This would minimize the wall 

cladding damages that may occur as a result of large lateral displacements during 

buckling of braces under severe earthquake excitations. Performance of CFSS 

members in Specimen F3 was better than the ones in Specimen F1, which could be 

attributed to the effect of bracing configurations. CFSS members in Specimen F3 had 

large amount of connections to the braces, due to the X-brace configuration instead of 

the single diagonal, leading a more distributed load pattern on the studs.  

  

5. As a side observation, it is also noted that the FEMA 356 (2000) and FEMA 368 

(2001) predicted pushover analysis envelopes for concentrically braced frames do not 

represent well the behavior of braced frames, and therefore may need to be improved. 

 

6. Although the objective of this study was to restraint braces from buckling to 

maximize the dissipated hysteretic energy, the results obtained also re-emphasize the 

known lesser potential fracture life of tubular braces compared to other sections. 

 

6.2 Recommendations for Further Research 

The proposed retrofitting systems using ductile concentric braces with CFSS members are 

promising to increase the hysteretic energy dissipation through brace yielding and inelastic 

buckling in seismically vulnerable steel frames. Other types of bracing configurations with 

CFSS members can be tested in a similar way to evaluate their hysteretic performances and 

establish improved configurations. For example, Chevron braced systems could be of interest, 

because the seismic demands in story beams using those CFSS members would be reduced 

due to the better balance between the tension and compression capacity of each brace.  

 

Furthermore, theoretical and experimental studies are also required to better understand the 

inelastic cyclic response of braced frames under earthquake loading. In particular, the 
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modeling of local buckling and fracture in hysteretic brace models still needs to improved 

and integrated into the commonly available models. For static pushover analysis, more 

refined brace axial hinge models should be developed and incorporated into documents such 

as FEMA 356 (2000) and FEMA 368 (2001) for performance-based design of concentrically 

braced steel frames.  
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APPENDIX A 
ESTIMATION OF SPECIMEN PUSHOVER CURVES 

 

A.1 General  
Coupon test results were used as material data in static push-over analysis. Hand calculations 

were also carried out to check out the computer analysis results. This was done to determine the 

tension yield force and buckling load of the brace elements as precisely as possible.  

 

AISC (1999) LRFD formulas with resistance factors of φt =1.00 and φc = 1.00, were used for the 

computation of tension and compression capacities of the brace members. Given below are the 

steps followed in the analysis of specimens. 

 

A.2 Tension Braces  
The controlling tension strength of a properly connected brace member is given either by 

yielding of the gross cross section of the brace away from the connection or by fracture at the 

effective net area (i.e. through the slots for welding in tube braces) at the connection. In 

Specimens F1 and F2, gusset-to-square tube connections were designed and constructed in such 

a way that the failure mode should be the yielding of the gross cross-section. This would provide 

significant ductility and hysteretic energy dissipation in the system prior to collapse. Higher 

safety factors were used in the design of gussets and fillet welds to achieve this desired ductile 

behavior. The anticipated failure mode of the specimens was the fracture somewhere along the 

brace (most probably at the brace mid-length) due to low-cycle fatigue upon repeated cyclic 

loading.  

 

Assuming the governing limit state is general yielding of the brace gross cross section rather than 

net section failure, the nominal tensile strength of the brace (Tn) was set equal to: 

 
Tn=AgFy                   (A-1) 
 
where 

Ag= gross area of member 

Fy=  specified minimum yield stress. 
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A.3 Compression Braces  
Since no premature failure was expected at the connections due to compression strength, only 

brace buckling strength was considered.  A compact section was selected as per AISC (2002) 

Seismic Provisions to delay local buckling of the steel tube braces. The strength for flexural 

buckling (Pn) of the braces was set equal to: 

 

Pn=AgFcr                   (A-2) 
 

For λc≤1.5   ycr F)658.0(F
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cλ=               (A-3) 
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=               (A-4) 

where  

Fcr= critical buckling stress in compression 

E  = modulus of elasticity. 

 

Since the material properties could be obtained from coupon tests within reasonable tolerances, 

predictions of the braces buckling strength depend only on the accuracy of the estimated 

effective length factor (K). During the preliminary analysis of the specimens, a literature review 

was carried out to estimate the appropriate K values (Table A-1).  

 

TABLE A-1 Review of K-Factors in Compression Braces in Steel Frames 

 

Reference End 
Restraint Kin-plane Kout-of-plane 

Tremblay (2001) pinned-pinned 0.50 0.50 
FEMA 356 (2000) pinned-pinned 0.80 1.00 
AISC LRFD (1999) pinned-pinned 1.00 1.00 
Bruneau,Uang & Whittaker   (1998) pinned-pinned 0.50 1.00 
Remennikov& Walpole (1997) pinned-pinned 0.70 0.70 
Astaneh-Asl  (1998) pinned-pinned 0.65 1.00 
El-Tayem&Goel (1986) pinned-pinned 0.40∼0.45 0.425 
Astaneh-Asl, Goel &Hanson (1985) pinned-pinned 1.00 1.00 
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Note that the K values listed in Table A-1 highly depend on the connections’ details provided at 

the end and at cross over points of X braced frames. A conservative K-factor of 0.50 for in-plane 

and out-of-plane buckling was assumed in calculations of the compression strength of the braces 

for Specimens F2 and F4, because the end gusset connections used in this research were assumed 

to represent a fixed-fixed end condition rather than pinned connections, thus preventing rotation 

at those connection points. Laterally unbraced lengths (l) for the specimens F2 and F4 were taken 

as the clear distance between the junction of the brace and gusset members at each end. 

 

For the specimens with CFSS (F1 and F3), maximum diagonal brace length between the 

centerlines of the vertical studs was taken as the laterally unbraced length. Because the degree of 

fixity of brace-to-stud connections might vary as the specimens are subjected to progressively 

increasing displacement cycles during testing, a K-factor of 1.00 was assumed. Additionally, as 

described in Section 2.3, since the points of inflection in the buckled brace remain almost 

unchanged in the elastic and inelastic range, the same K factor was used for the nonlinear 

structural analysis. Based on these assumptions and the available material properties, tube and 

bar braces of the specimens were designed. A summary is given in Table A-2.  

 

TABLE A-2 Summary of Brace Member Design  
 

Specimen Section 
(mm/mm/mm) 

Area 
(mm2) 

rmin 
(mm) Kin-plane Kout-of-plane 

Unbraced 
Length 
(mm) 

KL/r Pn 
(kN) 

Tn 
(kN) 

F1 Tube 
76.2x76.2x7.9 2006.4 27.2 1.00 1.00 495.3 18.21 751.3 771.9 

F2 Tube 
76.2x76.2x7.9 2006.4 27.2 0.50 0.50 2324.1 42.72 665.0 771.9 

F3 Bar 
25.4x25.4 1290.3 7.34 1.00 1.00 495.3 67.48 337.8 486.5 

F4 Bar 
25.4x25.4 1290.3 7.34 0.50 0.50 2298.7 156.59 91.1 486.5 

 

All specimens were then modeled using SAP 2000 to estimate their monotonic load-

displacement behavior. Beam-to-column connections were treated as simple hinged connections, 

despite the expectations that some degree of semi-rigid behavior would develop. However, as 

described later, the contribution of the bare frame on the overall behavior is taken into account 

by combining cyclic test data. Eccentricities within the connections, produced by the difference 
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between the working points of braces and boundary frame members, were taken into account in 

the model. As given in Section 3, a special gusset-to-boundary frame connection detail, having 

no Gusset-to-Column Web Connection as described in the AISC Manual (2001), was used in the 

specimens.  

 

Since vertical cold-formed steel studs have pinned end connections to the boundary frame 

beams, their contribution to lateral load and stiffness was assumed to be negligible. Therefore, 

they were treated only as in-plane and out-of-plane buckling restrainers, and were not included in 

the model. However, at the junction of braces and studs, additional in-plane and out-of-plane 

restrainers were used in the model to simulate the restraint provided by the vertical studs. Steel 

axial plastic hinges were used for the braces as energy dissipating elements. All parameters 

defining the axial plastic hinge (tension, buckling, and post-buckling range) were assumed as per 

FEMA 368 (2001).  The resulting brace axial hinge properties are illustrated in Figures A-1a to 

A1d. The boundary frame was modeled using linear elastic members. 

 

The resulting lateral force versus top lateral displacement FEMA 368 pushover curve envelopes 

obtained for each specimen for tension and compression are shown in Figures A-2a to A-2d. The 

models of the specimens were laterally pushed to 50.8mm both in tension and compression. Note 

that these curves include the contribution of the bare frames test data.  
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Specimen F1
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Specimen F3
Bar Brace Axial Hinge
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Specimen F4
Bar Brace Axial Hinge
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   (c)      (d) 
 
FIGURE A-1 Brace Axial Hinge Properties Used in Static Pushover Analyses of 
Specimens: (a) Tube Brace Axial Hinge for Specimen F1; (b) Tube Brace Axial Hinge for 
Specimen F2; (c) Bar Brace Axial Hinge for Specimen F3; (d) Bar Brace Axial Hinge for 
Specimen F4 
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Pushover Curves of Specimen F1
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(a) 

Pushover Curves of Specimen F2

-1200
-1000
-800
-600
-400
-200
0

200
400
600
800
1000
1200

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70
Lateral Displacement (mm)

La
te

ra
l F

or
ce

 (k
N

)

 
(b) 

 
FIGURE A-2 Static Pushover Curves of Specimens: (a) Specimen F1; (b) Specimen F2  
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Pushover Curves of Specimen F3
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(c) 

Pushover Curves of Specimen F4
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(d) 

 
FIGURE A-2 Static Pushover Curves of Specimens (continued): (c) Specimen F3;  
(d) Specimen F4  
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APPENDIX B 
HYSTERETIC MODELING OF BARE FRAMES 

 

 

B.1 General  
Double web angle beam-to-column connections were used in the boundary frames of the 

specimens. Those angles are welded to the beam webs and bolted to the column flanges. Since 

the bolted connections were designed and constructed as slip critical, some degree of rigidity 

would be expected in these connections. To quantify this fact, cyclic tests of the bare frames 

were performed. The obtained boundary frame test results were then used to calibrate an 

hysteretic model as described in this appendix. Among several empirical and semi-empirical 

connection models considered, the bounding surface model was chosen to simulate the semi-

rigidly connected bare frame cyclic behavior.  

 

B.2 Bounding Surface Model with Internal Variables 
The bounding surface model recommended by Dafalias and Popov (1976) enables the force to be 

predicted at given displacements. Either a moment-rotation or a force-displacement relationship 

can be modeled. A typical representation of the model is schematically shown in Figure B-1.  

 
 

FIGURE B-1 Bounding Surface Model (Adapted from Chen et al., 1996) 
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Given below are the modeling parameters. Force-displacement relationship in the incremental 

form is defined as 

 

∆F= Rkt ∆δ                              (B-1) 

 

where 

∆F = incremental base shear 

Rkt = tangent stiffness at the current displacement 

∆δ = incremental displacement 

 

The tangent stiffness at the current displacement is expressed in terms of the initial stiffness Rki:  

 

kpki

kpki
kt RR

RR
R

+
=                            (B-2) 

 

The plastic tangent stiffness (Rkp) of the system can be calculated depending on the plastic 

internal variables:  

 

⎥
⎦
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−

+=
dd

dhRR
in

bkp                           (B-3) 

 

where 

Rb = slope of the bounding lines  

h  = hardening shape parameter 

d = distance from the current force to the corresponding bound in the direction of current 

loading 

din = the value of d at the initiation of each load reversal  

 

This model needed to be modified slightly to capture the changes in initial stiffness at each cycle 

in which the peak displacement was larger than initial yield displacement. To achieve this, a 
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linear change in initial stiffness with respect to the maximum displacement of a cycle was 

defined as follows: 

 

⎥
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+

δ
δ= baRR

y

max
kiiki                           (B-4) 

 

where 

Rkii  = initial stiffness prior to any displacement reaching the yield displacement  

a,b  = parameters used to fit the experimental data 

δy     = initial yield displacement of the boundary frame 

δmax = maximum displacement reached during the next cycle of loading  

 

Furthermore, a limit of 2.5 times the initial stiffness was placed on Rki. All parameters used in 

this study are summarized in Table B-1. 

 

TABLE B-1 Bounding Surface Model Parameters for Bare Frames 1 and 2 

 

Bare 
Frame 

Rbf 
(kN) 

Rb 
(kN/mm) h Rki 

(kN/mm) 
δy 

(mm) a b Error in Energy 
Dissipated 

BF1 90 3 100 10.64 13.5 0.67 0.42 9.71 

BF2 80 2.6 25 12.42 7 0.47 0.59 -6.83 
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APPENDIX C 
STRAIN GAUGE DATA FOR SPECIMEN F1 

 

 

This appendix includes plots of the infill strain gauge data for the gauges attached on the tube 

brace and CFSS members. Strain gauge locations and labels are shown in Section 3, in Figure 3-

26a. Both base shear versus axial strain and axial strain versus drift curves are provided for all 

cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 C-2

SW1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-4 -3 -2 -1 0 1 2

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

SE1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-2 -1 0 1 2 3 4

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

SW2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-4 -3 -2 -1 0 1 2

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

SE2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-2 -1 0 1 2 3 4

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

SW3

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-4 -3 -2 -1 0 1 2

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

SE3

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-2 -1 0 1 2 3 4

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 
FIGURE C-1 Base Shear versus Outer Flange Strain Hystereses for CFSS Members 
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FIGURE C-1 Base Shear versus Outer Flange Strain Hystereses for CFSS Members 

(continued) 

 
 
 
 

DATA NOT AVAILABLE 
FOR SW5 



 C-4

SW1

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

SE1

-2

-1

0

1

2

3

4

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 

SW2

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

SE2

-2

-1

0

1

2

3

4

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 

SW3

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

SE3

-2

-1

0

1

2

3

4

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 
FIGURE C-2 Outer Flange Strain versus Drift Hystereses for CFSS Members 
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FIGURE C-2 Outer Flange Strain versus Drift Hystereses for CFSS Members (continued) 
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FIGURE C-3 Base Shear versus Tube Brace Axial Strain Hystereses 
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FIGURE C-3 Base Shear versus Tube Brace Axial Strain Hystereses (continued) 
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FIGURE C-4 Tube Brace Axial Strain versus Drift Hystereses 
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FIGURE C-4 Tube Brace Axial Strain versus Drift Hystereses (continued)  
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APPENDIX D 
STRAIN GAUGE DATA FOR SPECIMEN F2 

 

 

This appendix includes plots of the infill strain gauge data for the gauges attached on the tube 

brace. Strain gauge locations and labels are shown in Section 3, in Figure 3-27a. Both base shear 

versus axial strain and axial strain versus drift curves are provided for all cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 D-2

TW1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

TE1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

TU1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

TL1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

TW2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

TE2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 
FIGURE D-1 Base Shear versus Tube Brace Axial Strain Hystereses 
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FIGURE D-1 Base Shear versus Tube Brace Axial Strain Hystereses (continued) 
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FIGURE D-2 Tube Brace Axial Strain versus Drift Hystereses 
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FIGURE D-2 Tube Brace Axial Strain versus Drift Hystereses (continued)  
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APPENDIX E 
STRAIN GAUGE DATA FOR SPECIMEN F3 

 

 

This appendix includes plots of the infill strain gauge data for the gauges attached on the bar 

braces and CFSS members. Strain gauge locations and labels are shown in Section 3, in Figure 3-

28a. Both base shear versus axial strain and axial strain versus drift curves are provided for all 

cycles. 
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FIGURE E-1 Base Shear versus Outer Flange Strain Hystereses for CFSS Members 
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FIGURE E-1 Base Shear versus Outer Flange Strain Hystereses for CFSS Members 

(continued) 

 
 
 
 

DATA NOT AVAILABLE 
FOR SW4 



 E-4

SW1

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

SE1

-2

-1

0

1

2

3

4

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 

         

SW2

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 

SW3

-4

-3

-2

-1

0

1

2

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

SE3

-2

-1

0

1

2

3

4

-2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5

Drift (%)

St
ra

in
 (1

0-3
)

 
FIGURE E-2 Outer Flange Strain versus Drift Hystereses for CFSS Members 
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FIGURE E-2 Outer Flange Strain versus Drift Hystereses for CFSS Members (continued) 

 
 
 
 

DATA NOT AVAILABLE 
FOR SW4 



 E-6

 

RW1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

RE1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

RU1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

RL1

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

RW2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

RE2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 
FIGURE E-3 Base Shear versus Bar Brace Axial Strain Hystereses 
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FIGURE E-3 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE E-3 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE E-3 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE E-4 Bar Brace Axial Strain versus Drift Hystereses 
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FIGURE E-4 Bar Brace Axial Strain versus Drift Hystereses (continued) 
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FIGURE E-4 Bar Brace Axial Strain versus Drift Hystereses (continued)  
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FIGURE E-4 Bar Brace Axial Strain versus Drift Hystereses (continued)  
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APPENDIX F 
STRAIN GAUGE DATA FOR SPECIMEN F4 

 

 

This appendix includes plots of the infill strain gauge data for the gauges attached on the bar 

braces. Strain gauge locations and labels are shown in Section 3, in Figure 3-29a. Both base 

shear versus axial strain and axial strain versus drift curves are provided for all cycles. 
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FIGURE F-1 Base Shear versus Bar Brace Axial Strain Hystereses 



 F-3

RU2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

RL2

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

                                                                   

RE3

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 

RU3

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

RL3

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

-10 -5 0 5 10 15 20

Strain (10-3)

B
as

e 
Sh

ea
r (

kN
)

 
FIGURE F-1 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE F-1 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE F-1 Base Shear versus Bar Brace Axial Strain Hystereses (continued) 
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FIGURE F-2 Bar Brace Axial Strain versus Drift Hystereses 
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FIGURE F-2 Bar Brace Axial Strain versus Drift Hystereses (continued)  
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FIGURE F-2 Bar Brace Axial Strain versus Drift Hystereses (continued) 
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FIGURE F-2 Bar Brace Axial Strain versus Drift Hystereses (continued)  
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