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ABSTRACT 
Steel-concrete composite frames are seeing increased use in practice. Their excellent 

structural characteristics, including high strength, stiffness, and ductility, make them an 
appealing option for many building configurations. However, there exist gaps in the knowledge 
of behavior and the design provisions for these structures. This work seeks to document 
composite member and frame behavior and address key design issues through targeted studies 
utilizing advanced computational formulations and detailed examination of experimental results.   

A three-dimensional distributed plasticity beam finite element formulation suitable for 
nonlinear static and dynamic analyses of steel-concrete composite frames has been developed. 
The formulation is suitable for both concrete-filled steel tubes (CFT) and steel reinforced 
concrete (SRC) members, as well as steel wide-flange and hollow structural steel sections that 
are part of composite frames.  A mixed basis for the formulation was chosen to allow for 
accurate modeling of both material and geometric nonlinearities. The formulation utilizes 
uniaxial cyclic constitutive relations for the concrete and steel that account for the salient 
features of each material, as well as the interaction between the two, including concrete 
confinement and local buckling. The accuracy of the formulation was verified against a wide 
variety of monotonic and cyclic experimental results of composite members, demonstrating the 
capability of the formulation to accurately produce realistic simulations of element and frame 
behavior. 

Aspects of the behavior of composite columns were assessed through an examination of 
results from a series of experiments on full-scale slender CFT beam-columns conducted by 
project collaborators. Additionally, comparative computational analyses were performed using 
the mixed beam formulation and detailed data interpretation focusing on the beam-column 
interaction strength was conducted. 

Several aspects of the design of steel-concrete composite structures were examined. The 
natural bond behavior of CFT columns was investigated through an examination of prior 
experimental work and new provisions were developed for the assessment of natural bond 
strength of CFT connections. The in-plane stability behavior of steel-concrete composite 
members and frames was assessed through a parametric study on small non-redundant 
benchmark frames, leading to the development of new elastic flexural rigidities for elastic 
analysis of composite members; new effective flexural rigidities for calculating the axial 
compressive strength of SRC members; new Direct Analysis stiffness reductions for composite 
members; and new recommendations for the construction of the interaction diagram for 
composite members.  

The seismic behavior of composite moment and braced frames was assessed through 
static pushover and incremental dynamic analyses. The analyses were performed on a suite of 60 
archetype frames that were designed according to current design provisions. Connections were 
assumed to be strong; however, panel zone behavior for the moment frames and bond-slip 
behavior for SRC columns were included in the model.  Using the analysis results, system 
performance factors were developed for the composite frames based on the methodology 
described in FEMA P695. 
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Chapter 1 

INTRODUCTION

In steel and concrete composite construction, the two materials are integrated in structural 
members to combine their advantages. Composite structural members provide a cost-effective 
alternative to traditional structural steel or reinforced concrete beams, slabs, columns, and walls. 
This work investigates the behavior of composite frame structures, either braced or moment 
resisting, consisting of composite columns, steel or composite braces, and steel beams.

Structural steel has high strength, ductility, and is fast to erect. Reinforced concrete 
provides high rigidity and is economical, fire resistant, and durable. Different composite 
members provide different advantages through judicious use of these materials. Several types of 
composite columns exist, the most basic and common are steel-encased concrete (SRC) where a 
steel shape is encased with a concrete column and concrete-filled steel tubes (CFT) were an outer 
tube is filled with concrete. Concrete-filled tubes are generally designated by the shape of steel 
tube, i.e., rectangular and square (RCFT) or circular (CCFT).  

(a) SRC (b) RCFT (c) CCFT 
Figure 1.1. Typical Steel and Concrete Composite Sections 

1.1 Objectives, Research Scope, and Organization 

Despite the potential advantages of composite frame structures, there remain gaps in 
quantitatively justified guidance for design of these structures. Specifically, the recently 
developed Direct Analysis method for stability design of steel structures (AISC 2010b) has yet to 
be validated explicitly for use with composite structures; there is little data to justify the 
structural system response factors (e.g., R, Cd, and o) given in the specifications (ASCE 2010; 
ICC 2012) for seismic design of composite frames; and little guidance is available regarding the 
value of stiffness that should be used in elastic analyses of composite frames. It is the goal of this 
work to characterize the behavior of composite frames under non-seismic and seismic loading 
and to develop rational design recommendations. An additional complimentary goal is to 
develop a comprehensive nonlinear analysis tool for composite frames. The accuracy of this tool 
will be crucial to the development of meaningful observations and recommendations. 
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A review of previous relevant research is presented in Chapter 2, including experimental 
studies, computational formulations, and design recommendations for composite frames. Among 
the experimental studies presented is a series of full-scale slender CFT beam-column tests 
performed at the NEES MAST facility at the University of Minnesota by project collaborators 
(Perea 2010; Perea et al. 2012). The specimens were subjected to varied and complex loading 
histories that included concentric axial loading, non-proportional loading subjecting the 
specimen to cyclic axial compression and uniaxial bending, non-proportional loading subjecting 
the specimen to cyclic axial compression and biaxial bending, and cyclic torsional loading.

 The ability to perform accurate nonlinear simulations is a key component in the 
assessment of the behavior of structural systems. A three-dimensional distributed plasticity 
formulation for composite beam-columns suitable for nonlinear static and dynamic analyses of 
composite structural systems has been developed and is presented in Chapter 3. This model 
forms the basis of studies presented in later chapters. Two- and three-dimensional distributed 
plasticity mixed beam elements form the cornerstone of the model. A mixed basis for the 
formulation was chosen to allow for accurate modeling of both material and geometric 
nonlinearities. New uniaxial constitutive relations are developed for the concrete and steel 
elements to simulate the cyclic response of CFT and SRC beam-columns. The relations account 
for the salient features of each material, as well as the interaction between the two, including for 
concrete: varying levels of confinement within a section, cracking, crushing, and spalling, and 
for steel: cyclic plasticity, residual stresses, and local buckling. Models for wide flange steel 
beams, wide flange or rectangular hollow structural steel braces, and connection regions have 
also been developed to allow for the analysis of complete, three-dimensional composite frames. 
The formulation is implemented in the OpenSees framework (McKenna et al. 2000). 

The accuracy of the formulation is validated against a comprehensive set of experimental 
results from monotonically and cyclically loaded specimens in Chapter 4. The verification 
confirms the capability of the formulation to accurately produce realistic simulations of element 
and frame behavior. 

To ensure that the beneficial effects of the interaction between the steel and concrete 
composite frame are realized, it is important to have a comprehensive understanding of the 
composite action between the constituent materials, particularly in critical connection regions 
where load is transferred to the column from girders or braces. For CFTs, transfer of stress 
through natural bond, without the use of steel stud anchors or bearing mechanism, is often the 
most economical connection detail; however, efforts to characterize the bond strength are 
hindered by varying experimental results, even among similar specimens (Roeder et al. 1999). 
The natural bond behavior of CFTs is examined in Chapter 5, synthesizing past experimental 
research, developing a new formula for nominal bond strength, and investigating the distribution 
of slip and bond stress along the length of the column.  

Chapter 6 investigates the use of the Direct Analysis method, established within the 
American Institute of Steel Construction (AISC) Specification for Structural Steel Buildings 
(AISC 2010b), for composite steel-concrete beam-columns, including both concrete-filled steel 
tube and steel reinforced concrete members. In addition, the chapter outlines recommendations 
for equivalent flexural rigidity to be used in elastic analyses for composite columns. Both the 
Direct Analysis recommendations and equivalent rigidity values were developed based on 
computational results from a comprehensive suite of analyses of benchmark frames. The validity 
of the elastic analysis and design approach is confirmed though comparisons to results of fully 
nonlinear analyses using distributed plasticity finite elements that explicitly model the key 
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phenomena that affect system response, including member inelasticity (e.g., concrete cracking 
and steel residual stresses) and initial geometric imperfections. 

The series of full-scale slender beam-column tests conducted by project collaborators is 
examined in Chapter 7. Three aspects are considered. First, analyses are performed, investigating 
the ability of the mixed beam model to capture the complex behavior observed in the long and 
varied loading histories. Second, beam-column strength limits points are identified from the 
experiment results and comparisons are made to the proposed Direct Analysis beam-column 
design methodology. Third, experimental results from one specimen that was subjected to a 
special load history are examined in detail. Through a series of probes and subprobes, 
experimental interaction surfaces were determined and shown to evolve in size, position, and 
shape as the loading progressed. Corresponding computational results are presented, which 
showed a good correspondence with the experimental results, indicating that the finite element 
formulation is capable of predicting the complex behavior observed in CFT members. 

The behavior of composite frames under seismic loading is investigated and rational 
system performance factors are developed in Chapter 8. Static pushover and dynamic response 
history analyses are performed on a suite of archetype frames that were designed according to 
current design specifications. The methodology described in FEMA P695 is utilized to determine 
system performance factors for the composite moment and braced frames that provide equivalent 
safety against collapse in an earthquake for buildings with different seismic force resisting 
systems. 

The final chapter summarizes the work, draws conclusions, and provides 
recommendations for further research. Additionally, three appendices are included. Appendix A 
contains detailed results from the study described in Chapter 6. The design and details of the 
frames used in the Chapter 8 are presented in Appendix B. Appendix C contains detailed results 
from the study described in Chapter 8. 
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Chapter 2 

LITERATURE REVIEW 

Numerous studies have been conducted to assess behavior, formulate computational 
models, and develop design recommendations for steel-concrete composite systems. This 
literature review highlights key studies, starting with recent experimental work on frames and 
members, including a set of full-scale slender beam-columns tests conducted by project 
collaborators. An overview of the various computational models formulated for composite 
members is then presented, providing context for the analysis model used in this work. Finally, 
prior work aimed to develop design recommendations is summarized.  

2.1 Behavior of Composite Members and Frames 

2.1.1 Member Behavior Studies 

A significant amount of experimental research on composite members has been 
performed over the past several decades. These studies have demonstrated the excellent behavior 
of composite members and have been used in the development of current design provisions. 
Databases that strive to catalog the many studies that have been conducted provide a means to 
examine the work as a whole. Several such databases have been developed (SSRC, Task Group 
20 1979; Lundberg and Galambos 1996; Aho and Leon 1997; Kawaguchi et al. 1998; Nishiyama 
et al. 2002; Kim 2005; Goode 2008). Distinct from the other databases, Gourley et al. (2008) 
presents quantitative and qualitative summaries of many of the experimental and analytical 
research on composite members, connections, and frames that are reported in detail in the 
literature. Several key member studies are summarized in Table 2.1, many of these are used for 
the validation studies presented in Chapter 4. 

2.1.2 Frame Behavior Studies 

Prior experimental research on composite frames characterizes well the robust 
performance of composite systems and provides excellent examples of the behavior of composite 
members within indeterminate structures.  Several key system studies are summarized below. 

Kawaguchi et al. (2002) conducted an experimental study on portal frames subjected to 
constant axial load and cyclic lateral loading. The frames consisted of steel girders framing into 
square CFT columns with through-type diaphragm connections. The specimens were designed 
such that yielding occurred first in the columns and that the girders remained in the elastic range. 
Different width-to-thickness ratios (D/t = 21, 39, 54) were used along with different levels of 
axial load (15%, 30%, and 50% of the nominal axial strength). The specimens with high axial 
load exhibited significant strength deterioration and some pinching behavior was seen in the 
more concrete dominant specimens, however, the performance of the majority of specimens was 
good and stable hysteresis loops observed. 
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Table 2.1. Summary of Key Composite Member Studies 
Reference Summary 

Virdi and Dowling (1973) Monotonic biaxial proportionally loaded SRC beam-column tests 
Bridge (1976) Monotonic biaxial proportionally loaded RCFT beam-column tests 

Tomii and Sakino (1979) Monotonic non-proportionally loaded RCFT beam-column tests 
Morino et al. (1984) Monotonic biaxial proportionally loaded SRC beam-column tests 

Shakir-Khalil and Zeghiche 
(1989) Monotonic biaxial proportionally loaded RCFT beam-column tests 

Grauers (1993) Monotonic proportionally loaded RCFT beam-column tests 
Lu and Kennedy (1994) Monotonic four-point bending tests on RCFT beams 

Ricles and Paboojian (1994) Cyclic non-proportionally loaded SRC beam-column tests 
Mirza et al. (1996) Monotonic proportionally loaded SRC beam-column tests 

Matsui and Tsuda (1996) Monotonic proportionally loaded CCFT and RCFT beam-column tests 

O’Shea and Bridge (1997) Monotonic CCFT stub column tests with a broad range of material and geometric 
properties including very high strength concrete and very thin tubes 

Schneider (1998) Monotonic CCFT and RCFT stub column tests 
Kilpatrick and Rangan (1999) Monotonic proportionally loaded CCFT beam-column tests 
Nakahara and Sakino (2000) Cyclic non-proportionally loaded RCFT beam-column tests 

Varma (2000) Monotonic stub column tests on RCFT columns and cyclic non-proportionally 
loaded RCFT beam-column tests 

Elchalakani et al. (2001; 2008) Monotonic and cyclic pure bending tests on CCFT beams 

Nishiyama et al. (2002) 
Summaries of many studies on CFT members including: monotonic stub column 

tests, monotonic eccentrically loaded short column tests, cyclic non-proportionally 
loaded beam-column tests, and cyclic sub-assemblage tests 

Ricles et al. (2004) Cyclic tests on RCFT column/WF beam sub-assemblages 

Sakino et al. (2004) Monotonic stub column tests on CCFT and RCFT columns with a broad range of 
material and geometric properties 

Wheeler and Bridge (2004) Monotonic four-point bending tests on large CCFT beams 
Marson and Bruneau (2004) Cyclic non-proportionally loaded CCFT beam-column tests 

Han and Yang (2005) Cyclic non-proportionally loaded CCFT beam-column tests 

Yang and Han (2006) Monotonic proportionally loaded CCFT and RCFT beam-column tests constructed 
with recycled aggregate concrete 

Liu et al. (2008) Cyclic non-proportionally biaxially loaded RCFT beam-column tests 
Bambach et al. (2008) RCFT columns subjected to impact loading 
Fujikura et al. (2008) CCFT columns subjected to blast loading 
Zhang et al. (2009) Cyclic non-proportionally loaded CCFT beam-column tests 
Han et al. (2010) Monotonic stub columns tests on inclined and tapered CFT columns 
Ou et al. (2011) Monotonic tests of CFT column systems 

Yang and Han (2012) Monotonic tests of CCFT and RCFT columns subjected to partial compression 

Herrera et al. (2008) investigated the behavior and seismic performance of a composite 
moment resisting frame. A four story, two bay, three-fifths scale frame was constructed and 
tested under hybrid pseudo-dynamic loading. The frame consisted of rectangular CFT columns, 
wide flange beams, and split tee moment connections. A series of four tests were performed on 
the structure corresponding to different seismic hazard levels. First, the frame was subjected to a 
ground motion representing a frequently occurring earthquake. The maximum roof displacement 
was measured as 0.6% of the building height and the structure remained primarily elastic. 
Second, the frame was subjected to a design basis earthquake. The maximum roof displacement 
was measured as 3.0% of the building height and the frame experienced inelastic deformation 
but no significant strength degradation. After this test the frame was straightened to eliminate the 
residual drift. Third, the frame was subjected to a maximum considered earthquake. The 



6

maximum roof displacement was measured as 3.7% of the building height. Plastic hinges formed 
in the beams and a crack developed at the bottom of the first story middle column, resulting in a 
drop in shear capacity. Lastly, the frame was subjected to a second design basis earthquake, 
representing an aftershock. The maximum roof displacement was measured as 3.3% of the 
building height. The crack from the previous test propagated and another crack was formed, 
however the frame did not collapse.  

Tsai et al. (2008) conducted tests on a full scale three story, three bay CFT buckling 
restrained braced (BRB) frame. Square CFTs were used for the two exterior columns and 
circular CFTs for the two center columns. BRBs were installed in the center bay only. Three 
types of moment connections were used in the exterior beam-column connections, specifically 
through beam, external diaphragm, and bolted end plate connections. Several types of BRBs 
were used in the frame, including single-core, double-cored, and all metal. A series of six pseudo 
dynamic tests were conducted subjecting the frame to ground motions of various intensities, and 
then a quasi-static cyclic load protocol was applied until fracture of the braces. The braces were 
replaced and another series of pseudo dynamic tests were performed. Throughout the testing 
sequence, the frame performed well. Vibration tests were conducted after each pseudo dynamic 
test to measure the changes in stiffness and damping, only minor changes were observed. 

2.1.3 Full-Scale Slender Beam-Column Tests 

Project collaborators (Perea 2010; Perea et al. 2012) conducted a series of full-scale 
slender concrete-filled steel tube beam-column tests at the NEES MAST Laboratory at the 
University of Minnesota. The specimens were selected to fill gaps in prior experimental research, 
particularly to have high member slenderness and high section slenderness (D/t ratio). 
Parameters in the experimental study include: section shape and size, member length, and 
concrete strength. Table 2.2 shows a test matrix with measured geometric and material 
properties. Specimen 1-C5-18-5 is shown prior to testing and during testing in Figure 2.1. 

The MAST Laboratory allows for six degree-of-freedom (DOF) control through a rigid 
steel crosshead. For the main portion of testing, most specimens were kept in a fixed-free (K=2) 
configuration, achieved as follows. The beam-column bases were welded to a base plate which 
was bolted to the testing floor, providing a fixed connection. The beam-column tops were welded 
to a base plate with a hole for placing the concrete, which was bolted to the crosshead. The free 
condition was provided by control of the crosshead; allowing horizontal displacements and 
setting bending moments at the top to zero. Twisting deformation was constrained to zero due to 
the low torsional stiffness of the specimens. 

The loading protocol for each specimen was divided into several load cases. The first 
three load cases were similar for each of the specimens. The first load case subjected the 
specimens to concentric load. The horizontal DOFs were held at zero force, allowing the 
specimen to displace transversely. The vertical DOF was loaded under displacement control until 
a critical load was reached or until the actuator load limits were reached. The second load case 
subjected the specimens to constant axial load (with different values being used for different 
subcases) and cyclic transverse displacements causing uniaxial flexure. The vertical DOF was 
under load control while the horizontal DOFs were under displacement control. The third load 
case had similar control to that of the second load case but the horizontal displacements were 
moved in a patterns causing biaxial flexure. These patterns were either sets of radially extending 
probes, figure eight patterns, or for one specimen set of probes and subprobes. In the probe 
patterns, a constant axial load was held and the horizontal displacements were increased with a 
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fixed ratio of X to Y displacement until a critical flexural strength was achieved, at which point 
the horizontal displacements were reversed.   

Table 2.2. Full-Scale Slender Beam-Column Test Matrix 

Additional load cases were performed on the specimens. These included cyclic torsional 
loading at different levels of axial compression; and concentric axial, cyclic uniaxial flexural, 
and cyclic biaxial flexural loading in a configuration having a fixed base and with the top fixed 
against rotation but free to translate (thus K = 1 with the CFT subjected to reverse curvature 
flexure).

The specimens were extensively instrumented with a variety of measurement systems. Of 
particular interest was the moment-curvature relationship of the composite section along the 
length of the column; thus redundant measurements were taken to provide a reliable data set. The 
MAST system itself includes 8 load cells and LVDTs (corresponding to the 8 actuators) which 
are reduced to force and displacement in the 6 degrees of freedom at the top of the column. 
String pots were used in two orthogonal directions at several locations along the length of the 
columns. LVDTs were placed in set of three to measure the elongation or shortening over a 
certain gage length at different locations on the section in order to measure curvature. Multiple 
LVDTs sets were placed at the base of the column, where the curvature was expected to be the 
highest, and on LVDT set was placed at the top of the column. Sets of strain gages were also 
used in a similar manner, with sets of three being placed at locations along the length of the 
column. The Metris K600 DDM coordinate measurement system with approximately 40 LEDs 
was used to measure the displacement of the base of the column. These measurements are useful 
for determining the curvature as well as identifying local buckling. Additionally, video and 
photographic data was collected during each test.  

D  or H B t f' c F y L
(mm) (mm) (mm) (MPa) (MPa) (mm)

1-C5-18-5 141 --- 3.15 37.9 383 5,499
2-C12-18-5 324 --- 5.92 38.6 337 5,499
3-C20-18-5 508 --- 5.92 40.0 328 5,525
4-Rw-18-5 508 305 7.39 40.7 365 5,537
5-Rs-18-5 508 305 7.39 40.7 365 5,537

6-C12-18-12 324 --- 5.92 91.0 337 5,499
7-C20-18-12 508 --- 5.92 91.0 328 5,534
8-Rw-18-12 508 305 7.39 91.7 365 5,553
9-Rs-18-12 508 305 7.39 91.7 365 5,553

10-C12-26-5 324 --- 5.92 54.5 335 7,950
11-C20-26-5 508 --- 5.92 55.8 305 7,995
12-Rw-26-5 508 305 7.39 56.5 406 7,957
13-Rs-26-5 508 305 7.39 57.2 383 7,969

14-C12-26-12 324 --- 5.92 80.0 383 7,963
15-C20-26-12 508 --- 5.92 80.0 293 7,976
16-Rw-26-12 508 305 7.39 80.7 381 7,957
17-Rs-26-12 508 305 7.39 80.7 380 7,963
18-C5-26-12 141 --- 3.15 80.7 383 7,941

Specimen
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(a) Before Testing (b) During Testing 
Figure 2.1. Specimen 1-C5-18-5 

The tubes were instrumented during concrete placement to study the effects of wet 
concrete on CFT members. The hydrostatic pressure of the wet concrete causes the tubes of 
RCFT members to bulge leaving initial deformations and stresses. These were shown to cause 
premature local buckling of the steel tube as compared to tubes that were stiffened during 
pouring. Further analytical studies were conducted to derive stress and deformation limits, above 
which stiffeners should be used during pouring or special measures should be taken during 
design (Perea 2010; Perea et al. 2012).

2.2 Modeling of Composite Members and Frames 

A number of different types of finite element formulations can be applied to frame 
structures using composite members. Beam elements reduce the three-dimensional behavior to 
one-dimension, utilizing a kinematic assumption (e.g., initially plane sections remain plane) to 
describe the deformations of any point within the member by the deformations of cross sections 
along the length of the member. Three-dimensional continuum analysis allows for detailed 
simulation of composite members. In this type of analysis, the concrete is commonly modeled 
with brick elements, while the steel is modeled with brick or shell elements (Schneider 1998; 
Johansson and Gylltoft 2002; Varma et al. 2002; Hu et al. 2003). The interface between the two 
materials may be modeled with gap and friction elements. Phenomena that are simplified for 
analysis using beam elements may be modeled explicitly. For example, confinement of the 
concrete can be modeled through the use of three-dimensional constitutive relations and local 
buckling of the steel member can be modeled through geometric and material nonlinear 
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behavior. Despite the improved accuracy and rationality, the computational expense prevents 
continuum analysis from being a viable option for analysis of complete three-dimensional 
frames.  

Concentrated plasticity beam formulations model material nonlinearity only at hinges at 
the element ends while assuming elastic behavior between the hinges (Hajjar and Gourley 1997; 
El-Tawil and Deierlein 2001; Inai et al. 2004). Distributed plasticity beam formulations allow 
material nonlinearity throughout the element, monitoring inelasticity at specific integration 
points along the length of the element (Hajjar et al. 1998; Aval et al. 2002; Varma et al. 2002; 
Tort and Hajjar 2010b). In comparison to concentrated plasticity, distributed plasticity is more 
accurate and more computationally expensive, since inelasticity is traced at multiple points along 
the length of the element rather than just the element ends. While in many cases (e.g., double 
curvature of a beam-column) material nonlinearity is mostly limited to the element ends, the 
distributed plasticity approach is appealing because of its accuracy and generality. 

In both the concentrated and distributed plasticity approaches, initiation and evolution of 
cross sectional behavior needs to be modeled. This may be accomplished in several ways. One 
option models section behavior through multiple surfaces and flow rules defined in stress-
resultant space (Hajjar and Gourley 1996; El-Tawil and Deierlein 2001). In these formulations, 
elastic response is maintained if the loading point remains within the loading surface. Plastic 
deformation commences when the loading surface is breached with the level of deformation 
related to the distance between the loading surface and bounding surface. A second option, 
subdivides the two-dimensional cross section into many fibers that are each assigned a uniaxial 
material model (Hajjar et al. 1998; Aval et al. 2002; Varma et al. 2002; Tort and Hajjar 2010a). 
A kinematic assumption (e.g., initially plane sections remain plane) is used to determine the 
longitudinal strain at the centroid of each fiber. Based on this strain, the stress and modulus of 
each fiber are computed and aggregated to obtain the sectional response. The fiber approach is 
appealing because of the ability to account (either explicitly or implicitly) for all the salient 
features of composite members (e.g., concrete cracking, confinement, local buckling, etc.) 
through relatively simple uniaxial stress-strain models.

A further classification of beam elements relates to what variables are taken as the 
primary unknowns. This classification distinguishes displacement-based, force-based, and mixed 
elements. Mixed, in this case, indicates that both element displacements and stress resultants as 
taken as primary state variables. However, the term could also indicate other combinations of 
primary state variables (Hjelmstad and Taciroglu 2003). Displacement-based, also termed 
stiffness-based, elements regard nodal displacements as the primary unknowns (Hajjar and 
Gourley 1997; Aval et al. 2002; Alemdar and White 2005). Element deformations are computed 
using interpolation functions. Element equilibrium is satisfied only in a variational sense, i.e., 
element internal forces computed from the assumed displacement field do not strictly satisfy 
equilibrium. This type of formulation is considered easy to implement and to extend to geometric 
nonlinear behavior.  However, the interpolation functions typically used for the deformations 
only model a linear curvature distribution along the length of the element. This is a significant 
limitation especially in the case where plastic hinges develop, causing severely nonlinear 
curvature distributions. Force-based, also termed flexibility-based, elements regard stress 
resultants as the primary unknowns (de Souza 2000; El-Tawil and Deierlein 2001; Alemdar and 
White 2005). Forces along the length of the element are computed using interpolation functions. 
Element equilibrium is strictly satisfied; however, the compatibility of deformations within the 
element is satisfied only in a variational sense. In comparison to displacement-based elements, 
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force-based elements are often more computationally expensive and have more elaborate state 
determination procedures. Mixed elements regard both element forces and nodal displacements 
as primary unknowns, allowing interpolation functions for both element deformations and stress 
resultants along the length of the element (Nukala and White 2004; Alemdar and White 2005; 
Tort and Hajjar 2010b). Despite the complexity of the state determination procedure, which is 
typically greater than for displacement- or force-based elements, the mixed method provides a 
favorable balance of accurate assessment of nonlinear curvatures along the length of the element 
and capability to include geometric nonlinearity directly.

2.2.1 The OpenSees Framework 

The formulation developed in this research is implemented in the OpenSees framework. 
OpenSees is an object-oriented software framework for the analysis of structural systems 
(McKenna et al. 2000). Software patterns, implemented within the framework, represent the 
fundamental relationships necessary for nonlinear finite element analysis. The main abstractions 
include: ModelBuilder, which constructs objects and adds them to the domain; Domain, which is 
the aggregation of all nodes, elements, loads and constraints and contains the state of the 
structure; Recorder, which monitors and outputs defined parameters in the model; and Analysis,
which moves the model from one state to another. These abstractions interact with specific 
elements through the common interface of the abstract Element class. The flexible, reusable, and 
extensible nature of the framework allows a minimum amount of new code that needs to be 
written for a new element or material to be implemented. For example, the implementation of a 
beam element, may only require the implementation of the state determination procedure within 
the natural coordinate system, since existing geometric transformations and cross section 
constitutive relations may be suitable (Scott et al. 2008).

In prior work, a number of elements have been implemented within the OpenSees 
framework ranging from brick and quadrilateral elements for continuum analysis, to beam, truss, 
and zero-length elements for frame analysis. Beam elements include: two- and three-dimensional 
elastic elements, concentrated plasticity elements, displacement-based distributed plasticity 
elements, and force-based distributed plasticity elements (McKenna et al. 2000). A wide variety 
of uniaxial materials for use in fiber sections also have been implemented. Materials include: 
elastic, elastically perfectly plastic, hardening, and several models specifically for concrete and 
steel, among others. 

2.2.2 Uniaxial Constitutive Relations 

Accurate constitutive models are necessary for the analysis of structural members. 
Analyses that use a fiber discretization to define section behavior rely on uniaxial material 
models that govern the behavior of the subdivisions of the cross sections. The need for uniaxial 
constitutive models for specific types or shapes of members typically arises from multi-
dimensional behavior which affects the uniaxial response. For composite beam-columns, the 
dominant multi-dimensional effects are confinement of the concrete and local buckling of the 
steel. A number of uniaxial constitutive relations have been proposed for composite members, 
selected models are summarized in Table 2.3.  
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2.3 Design of Composite Members and Frames 

A wide variety of behavior and differences in progression of damage are possible in 
composite members due to the range of relative proportions of steel and concrete permissible in 
these members. Composite members that are concrete dominant will behave more like reinforced 
concrete members while others that are steel dominant will behave more like structural steel 
members (Hajjar and Gourley 1996). Design provisions for composite members must account for 
this variation while simultaneously minimizing conflicts with structural steel and reinforced 
concrete provisions as well as bringing forth the advantages of composite design. Prior work in 
the development of design provisions for composite members is presented here, highlighting the 
aspects of design that will be addressed in this work. Related work on structural steel and 
reinforced concrete members is also presented to provide context. 

Composite members have been included in the American Institute of Steel Construction 
(AISC) steel specification since the 1936 Specification for the Design, Fabrication and Erection 
of Structural Steel for Buildings (AISC 1936). However, the provisions only addressed 
composite beams until the 1986 Specification for Structural Steel Buildings – Load and 
Resistance Factor Design (AISC 1936), when provisions for composite columns and beam-
columns were added based upon research consolidated through the Structural Stability Research 
Council (SSRC, Task Group 20 1979) and related venues in the 1960’s through the early 1980’s. 
The provisions for composite systems underwent incremental changes in subsequent 
specifications until major revisions and restructuring occurred for the 2005 Specification for 
Structural Steel Buildings (AISC 2005).  Further additions were made for the 2010 Specification
(AISC 2010b), mainly addressing the use of noncompact or slender tubes in concrete filled steel 
tube (CFT) members and expanded provisions on force transfer between the steel and concrete 
components.  

Similarly, the 2010 AISC Seismic Provisions for Structural Steel Buildings (AISC 2010c) 
have undergone major revisions and restructuring, including integral incorporation of composite 
systems into the provisions for the first time. This expansion of provisions over the last five 
years was a culmination of a surge of research activities on composite systems that occurred 
worldwide from the late 1980’s through the last several years; within the U.S. and Japan, this 
work was conducted especially as part of the U.S.-Japan Cooperative Earthquake Engineering 
Research Program, Phase 5 on Composite and Hybrid Structures, sponsored by the National 
Science Foundation (NSF), and subsequently by projects sponsored within the NSF George E. 
Brown, Jr. Network for Earthquake Engineering Simulation (NEES) as well as the American 
Institute of Steel Construction. 

The development of the AISC provisions has also benefited from the approaches adopted 
in other international specifications for composite structures.  Examples include the provisions in 
Australia (Standards Australia 1998), Canada (CSA 2009), and Eurocode 4 (CEN 2004). 
Relevant provisions within these specifications include approaches for the design of both 
composite members and connections. 
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Table 2.3. Summary of Proposed Uniaxial Constitutive Relations for Composite Members 
Reference Type Steel Model Concrete Model 
Shams and 

Saadeghvaziri 
(1999) 

CFT n/a 
Ratio of two 5th order polynomials, 

calibrated to the results of continuum 
analyses

Susantha et al. 
(2001) CFT n/a 

Popovics’ equation pre-peak, bilinear 
post peak, calibrated to experimental 

results 

Elremaily and 
Azizinamini (2002) CCFT Elastic-perfectly plastic, shifted to 

account for hoop stress 

Popovics’ equation with confinement 
computed based on experimentally 

calibrated hoop stress   

Sakino et al. (2004) CFT 

CCFT: elastic-perfectly plastic, shifted 
to account for hoop stress.  

RCFT: multi-linear model including 
strain hardening and local buckling 

Sakino and Sun model with 
confinement computed based on 

experimentally calibrated hoop stress   

Hatzigeorgiou 
(2008) CCFT Elastic plastic hardening model, shifted 

to account for hoop stress 
Cubic equation pre-peak, bilinear post 
peak, calibrated to experimental results 

Tort and Hajjar 
(2010a) 

Cyclic
RCFT

Shen incremental bounding surface 
steel plasticity model with 

modifications for cold forming and 
local buckling  

Chang and Mander model with post 
peak behavior calibrated to 

experimental results 

Denavit and Hajjar 
(2012) 

Cyclic
CCFT

Shen incremental bounding surface 
steel plasticity model with 

modifications for cold forming and 
local buckling 

Chang and Mander model with 
confinement computed based on 

experimentally calibrated hoop stress   

Mirza and Skrabek 
(1992) SRC Elastic plastic model with yield plateau 

and nonlinear strain hardening 

Quadratic equation pre-peak, bilinear 
post peak with three regions of 

confinement   

Sanz Picon (1992) SRC Elastic plastic model with yield plateau 
and nonlinear strain hardening 

Kent and Park model for concrete 
confined by rectangular 

hoops 
Elnashai and 

Elghazouli (1993) 
Cyclic 
SRC

Bi-linear hardening model including the 
effect of flange local buckling 

Mander model with three regions of 
confinement   

El-Tawil and 
Deierlein (1996) SRC Elastic-perfectly plastic Mander model with three regions of 

confinement   
Chen and Lin 

(2006) SRC Multi-linear model including the effect 
of local buckling 

Mander model with three regions of 
confinement   

Denavit, Hajjar, and 
Leon (2011) 

Cyclic
SRC

Shen incremental bounding surface 
steel plasticity model 

Chang and Mander model with three 
regions of confinement   

2.3.1 Stability Analysis and Design 

The general philosophy for stability design held by AISC for the past several decades is 
well stated in the current Specification: “any method that considers the influence of second-order 
effects (including P-  and P-  effects), flexural, shear and axial deformations, geometric 
imperfections, and member stiffness reduction due to residual stresses on the stability of the 
structure and its elements is permitted” (AISC 2010b).  Accordingly, a wide range of stability 
analysis and design procedures have been developed. They vary based on which effects are 
addressed in the analysis when determining required strength, and which effects are addressed in 
design equations, when determining available strength.  
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At one extreme, with design by “advanced analysis”, all significant effects are accounted 
for through a material and geometric nonlinear analysis. Consequently, member strength checks 
are deemed to be satisfied automatically if the analysis shows that the structure supports the load 
(White et al. 2006). This approach is now enabled through Appendix 1 of AISC (2010b) More 
commonly, design methodologies that require only elastic analyses are employed. The AISC 
Specification for Structural Steel Buildings defines three specific methods: 1) the effective length 
method, 2) the first-order analysis method, and 3) the direct analysis method (AISC 2010b). The 
first-order analysis method is a simplified conservative version of the direct analysis method and 
will not be discussed; the other two methods are discussed below.  

In the effective length method, a second-order elastic analysis is performed to determine 
required strengths. As specified within AISC (2010b), the structure is modeled with nominal 
geometry and a minimum horizontal notional load. The in-plane flexural buckling strength is 
based upon the product of the unsupported length and a factor, K, termed the effective length 
factor. A number of buckling models and K factor equations have been proposed over the years 
(Yura 1971; LeMessurier 1977; Baker 1987; ASCE 1997), however, the selection of which is 
appropriate for a given structure is not always obvious, and in some cases subtle differences in 
the model can produce significantly different results (White et al. 2006).  In addition, no 
consensus approaches have been established for calculating effective length factors for 
composite beam-columns. 

The direct analysis method provides an alternative and often more accurate strategy for 
addressing frame in-plane stability considerations (White et al. 2006). In this method, required 
strengths are determined with a second-order elastic analysis. However, members are modeled 
with a nominal reduced elastic stiffness and a nominal initial out-of-plumbness is included (the 
initial out-of-plumbness is often modeled using notional lateral loads). The in-plane flexural 
buckling strength is based upon the unsupported length of the column, eliminating the need to 
compute a K factor. Among the merits of the direct analysis method is that it provides a better 
representation of the structure’s distributed forces and moments at the strength limit of the most 
critical member or members. The validity of the direct analysis method has been established 
through comparisons between fully nonlinear analyses and elastic analyses (Surovek-Maleck and 
White 2004a; b; Deierlein 2003; Martinez-Garcia 2002).

A schematic comparison of the direct analysis method and the effective length factor 
method is shown in Figure 2.2. This figure shows the loading path of a beam-column as obtained 
from three separate analyses. First is a distributed plasticity analysis, which is considered the 
most accurate since it includes both material and geometric nonlinearity. The other two are 
elastic analyses as specified for the effective length factor method and for the Direct Analyses 
method. Both elastic analyses include geometric nonlinearity and account for initial 
imperfections, but the elastic stiffness is reduced for the Direct Analyses method as shown by the 
lower initial stiffness. The critical load of the distributed plasticity analysis is indicated by the 
peak axial load, while the critical load for the elastic analyses is indicated by the intersection of 
the load path and a strength interaction diagram. The strength interaction diagram for the 
effective length factor method is based on an axial strength computed with a value of K > 1. For 
the Direct Analysis method the axial strength is computed with K = 1. Key points from this 
figure are: 1) the critical axial load is about the same for all three analyses indicating that all 
three are reasonably good methods for determining the strength limit point, although differences 
in accuracy exist; 2) the critical moment for the effective length factor method is less than the of 
the Direct Analysis method or the distributed plasticity analyses; 3) the critical moment from the 
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Direct Analysis method is closer to the critical moment of the distributed plasticity, but not 
equal.

Figure 2.2. Comparison on In-Plane Beam-Column Interaction Checks 

2.3.2 Elastic Flexural Rigidity 

In elastic analyses, the behavior of cross-sections is represented by elastic rigidities (e.g., 
EA, EI, GJ). For structural steel, the use of the gross section properties and initial elastic stiffness 
(e.g., EI = EsIs) is widely considered safe and accurate for analysis and design. Concrete cracks 
in tension and experiences nonlinearity early in compression; thus, the elastic rigidities for first-
order and second-order elastic analysis of steel-concrete composite members typically should be 
lower than that of the gross section properties and initial elastic stiffness. A variety of approaches 
and relations have been proposed to evaluate the elastic rigidity of composite members. The 
elastic rigidity recommendations from the studies highlighted below are summarized in Table 
2.4. The different recommendations are not necessarily comparable since they were often 
developed with different objectives and for different purposes (e.g., determination of axial 
strength, assessment of deformations, and use in nonlinear formations).  

Schiller, Hajjar, and Gourley (1994) summarized available elastic rigidity 
recommendation for RCFTs with a focus on use in nonlinear beam-column element 
formulations. Axial, flexural, shear, and torsional rigidity, were investigated separately making 
comparisons to available experimental results. It was determined that for axial and flexural 
elastic rigidities, using the gross section properties and initial stiffness were appropriate for the 
purpose of the elastic component of a concentrated plasticity element. However, an alternative 
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flexural rigidity was recommended for more general use within elastic analysis in which only a 
portion of the flexural rigidity from the concrete is included.  

Table 2.4. Summary of Recommended Elastic Rigidities 
Reference Type Expression Notes 

 Axial s s c cEA E A E A RCFT

 Bending 0.311s s c cEI E I E I RCFT

Schiller, Hajjar, and 
Gourley (1994) Bending s s c cEI E I E I

RCFT – for use in 
concentrated 

plasticity  beam-
column elements 

 Shear 
2 1.2
s s c cG A G A

GA RCFT

 Torsion s sGJ G J RCFT

Roeder et al. (2010) Bending 0.15 2 0.9

s s c c

s

o s c

EI E I C E I
APC

P A A
CCFT

Tikka and Mirza 
(2006a; b) Bending 

0.8 0.8
1

10.47 3.5 0.003 0
1 9.5

c c c
s s s sr

d

c

E I
EI E I E I

e l
eh h
h

SRC

AISC (2010b), 
Leon, Hajjar, and 

Kim (2007) 

Bending 
3

3 0.6 2 0.9

eff s s s sr c c

s

c s

EI E I E I C E I

A
C

A A
CFT

Bending 
1

1

0.5

0.1 2 0.3

eff s s s sr c c

s

c s

EI E I E I C E I

A
C

A A
SRC

ACI (2011), 
MacGregor and 

Hage (1977) 

Axial c gEA E A RC

Bending 0.7 c gEI E I RC – Columns 

ACI (2011), 
Khuntia and Ghosh 

(2004a; b) 
Bending 

0.80 25 1 0.5 0.875

c

s u u
g

g u o

EI E I

A M P
I I

A P h P
RC – Columns 

Roeder, Lehman, and Bishop (2010) investigated the flexural rigidity of CCFTs through 
comparisons to available experimental results either taking reported elastic rigidities or 
determining them through load-deformation results.  Noting overestimations of the elastic 
flexural rigidity for members subjected only to flexural loading, a new expression was proposed 
where the concrete contribution depends on the axial load and the steel ratio.  
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Tikka and Mirza (2006a; b) developed expressions for the flexural rigidity of SRC 
members though parametric computational studies on composite beam-columns. Variations of 
concrete strength, steel strength, steel ratio, reinforcing ratio, column length, and load 
eccentricity were included in the study. An expression for the elastic flexural rigidity was 
proposed in which a factor of 0.8 is applied to the steel contribution and a factor which varies 
based on the eccentricity and length of the member is applied to the concrete contribution.  Long 
term effects were accounted for by dividing the concrete contribution by (1+ d) where d is the 
ratio of dead load to total load.

The work of Leon, Hajjar, and Kim (2007) provides the basis for the effective flexural 
rigidities for computing the axial compressive strength of composite members that appear in the 
AISC Specification (AISC 2010b).  Different expressions are provided for CFT and SRC 
columns and were developed based on comparisons to axial loaded column and beam-column 
tests.  

The work of MacGregor and Hage (1977) provides the basis for the simple effective 
flexural rigidities for reinforced concrete members that appear in the ACI Code (ACI 2011). The 
flexural rigidity for columns is recommended as 70% of the product of the initial concrete 
modulus and the gross moment of inertia. The more complex expressions for the flexural 
rigidities that appear in the ACI Code are based on the work of Khuntia and Ghosh (2004a; b). 
These equations were developed based on parametric computational studies on concrete cross 
sections and take into account the effects of load and steel ratio. These rigidities are typically 
used within first-order or second-order analyses to obtain required strengths for design within the 
ACI Code (ACI 2011). Other studies have also focused on the flexural rigidity of reinforced 
concrete members (Mirza 1990; Elwood and Eberhard 2009).  

2.3.3 Axial Compression-Bending Moment Interaction Strength 

Prior to the 2005 AISC Specification for Structural Steel Buildings (AISC 2005), the 
axial and flexural strengths of composite beam-columns were based on calculations that 
determined an equivalent steel section. This approach had limitations in that it was not applicable 
to columns with steel ratios below 4% and it often underestimated the contribution of the 
concrete, particularly for concrete-dominant composite beam-columns with low steel ratios 
(Griffis 2005). The beam-column strength interaction provisions in AISC (2005) are based more 
directly on mechanics principles. The cross section strength may now be determined using one of 
two methods: the plastic stress distribution method, which is applicable to most common 
composite column cross sections; and the more general strain-compatibility method, which is 
comparable to approaches often taken to compute reinforced concrete section strength. The 
compressive strength for axially loaded columns including length effects is then computed using 
a column curve that is identical to that for steel columns, and an effective stiffness, EIeff, that is 
based on a curve fit to experimental data (Leon et al. 2007). As a result of the new methodology, 
the range of applicability of the provisions was extended to members with steel ratios as low as 
1%.

The 2010 Specification provides clarified requirements for constructing the axial load-
bending moment interaction diagram for compact composite beam-columns. A number of 
methods satisfy these requirements and the commentary to the specification identifies three in 
particular. The first method involves utilizing the interaction equations derived for structural 
steel members. This method is simple although conservative, as it typically under predicts the 
contribution of the concrete. This is the method required for CFT members with noncompact or 
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slender tubes. The second method utilizes the plastic stress distribution method. The nominal 
strength interaction surface of the section is determined using the plastic stress distribution at 
several points along the interaction curve, and length effects are accounted for by using a 
reduction factor on axial strength at all points on the interaction surface that is calculated based 
on the case of pure compression (Leon and Hajjar 2008). The third method is an approach 
presented in AISC Design Guide 6 (Griffis 1992) based on the strain compatibility method.   

Other approaches have been proposed in prior research for various member types [e.g. 
applicable only to RCFTs (Choi et al. 2006, 2008) or to CCFTs (Roeder et al. 2010)]. 

2.3.4 Seismic Design 

A key component of seismic design in the United States is the allowance for inelasticity 
in structural elements subjected to severe earthquake ground motions. However, static elastic 
analysis is prevalent for seismic design in current practice. Seismic performance factors have 
been developed as a core component of these elastic analysis procedures to enable accounting for 
the nonlinear response seen in structures during earthquakes. These factors include: the response 
modification factor, R, used in reducing seismic forces as determined through elastic methods; 
the displacement amplification factor, Cd, used in amplifying displacements as determined 
through elastic methods; and the system overstrength factor, o, used to estimate the actual 
strength as compared to the design strength.

These three factors are tabulated for a variety of lateral force resisting systems in national 
codes (ASCE 2010; ICC 2012). However, the response modification factor for these systems 
were estimated based on limited data at the time they were codified. Original R factors were 
based largely on judgment and qualitative comparisons with known response capabilities of 
relatively few lateral-force-resisting systems (FEMA 2009). More recently, a methodology has 
been developed to provide a rational basis for determining system behavior factors which 
provide equivalent safety against collapse in an earthquake for buildings with different lateral-
force-resisting systems (FEMA 2009). Equivalent safety is provided through an acceptably low 
probability of structural collapse common to all systems. Structural collapse is defined in the 
context of using incremental dynamic analysis, in which nonlinear time history analyses are 
performed at increase magnitudes of seismic loading until the structure achieves its peak 
strength; in this approach, no explicit modeling of collapse (e.g., including fracture) is typically 
included.  Statistical data is generated through conducting these nonlinear collapse simulations 
on a set of archetype models with uncertainty approximated based on the level of knowledge of 
the particular system and accuracy of the analysis tool. 

The requirements for specific composite lateral-force-resisting systems are given in the  
AISC Seismic Specification (AISC 2010c). The first edition of the AISC Seismic Specification
published in 1992 did not address the design of composite systems. Subsequent editions in 1997, 
2002, and 2005 included composite systems in Part II of the specification. In the 2010 edition of 
the Seismic Specification, Part II has been eliminated and both steel and composite lateral force 
resisting systems have been integrated in the main provisions. Composite systems, for example 
special moment frames with composite columns and steel beams, are expected to exhibit overall 
behavior that is similar to the corresponding structural steel system, since inelastic deformations 
will occur in much the same way, (i.e., flexural yielding of the girders in moment frames; brace 
buckling in brace frames) (Malley 2010).  
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Chapter 3 
 
MIXED FINITE ELEMENT MODELING OF 

COMPOSITE MEMBERS AND FRAMES 

3.1 Introduction 

Accurate nonlinear formulations are necessary for the assessment of structures under 
seismic and other extreme loading. Distributed-plasticity beam elements strike a favorable 
balance of computational efficiency and accuracy for the analysis of frame structures. Further, 
the mixed formulation, treating both displacements and forces as primary variables, allows for 
accurate modeling of both the geometric and material nonlinearities that arise in steel-concrete 
composite members. The mixed beam element formulation serves as the cornerstone of analysis 
model used in this work. Accompanying it are uniaxial constitutive relations and connection 
models which combine to create a formulation suitable for modeling entire frames.  

The models described in this chapter have been implemented within the OpenSees 
framework (McKenna et al. 2000) and are used in the studies described in the remainder of this 
dissertation. These studies have different goals and in some cases require different models, even 
for identical physical members. Notably, some studies pertaining to design require simpler 
models that follow assumptions common in the development of design recommendations (e.g., 
neglecting steel hardening and concrete tension), while other studies do not have such limitations 
and simply aim to capture the behavior as accurately as possible. To distinguish these similar but 
separate models, they will be termed “Proposed for Behavior” and “Proposed for Design” 
respectively. The validity of the models and their underlying assumptions are shown through 
comparisons between computation and experimental results presented in the following chapter.  

3.2 Two- and Three-Dimensional Mixed Beam Finite Elements 

In prior research, several mixed finite element formulations have been developed for two- 
and three-dimensional analysis of steel and composite members and frames (Nukala and White 
2004; Alemdar and White 2005; Tort and Hajjar 2010b; Denavit and Hajjar 2010). The 
formulation by Nukala and White (2004) is intended for the analysis of steel structures and 
included section warping. The formulation by Tort and Hajjar (2010b) is intended for the 
analysis of rectangular CFT members and included slip between the steel tube and concrete core. 
The formulation by Denavit and Hajjar (2010) is suitable for use with a wide variety of steel and 
composite members and is adopted for use in this work. 

 The element stiffness and internal force are derived in the corotational frame using 
moderate rotation and small strain assumptions. Rigid body modes of deformation are accounted 
for solely in a geometric transformation. When accompanied with an exact transformation 
between the corotational and global frame the element is capable of capturing large displacement 
and rotation behavior. Cubic-Hermitian and linear interpolation function are used for the 
transverse and axial deformation fields respectively, while linear and constant interpolation 
functions are used for the bending moment and axial load fields respectively. The Green-
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Lagrange strain measure is used to define the axial strains, while curvature is assumed to be the 
second derivative of the transverse deformation field. The axial strain at each of the fibers in the 
section is determined utilizing a kinematic assumption (i.e., initially plane sections remain 
plane), neglecting any slip occurring between the steel and concrete. In the mixed formulation, 
element compatibility and section equilibrium are satisfied with two equations beyond element 
equilibrium. The simultaneous solution of all three governing equations adds to the complexity 
of the state determination algorithm. The unbalance from the additional equations is converted to 
an unbalanced force at the global level and eliminated through the global solution iterations. A 
full derivation of this element is presented in the work of Denavit and Hajjar (2010). 

3.2.1 Localization 

Regions of beams and columns that experience large inelastic curvatures when subjected 
to severe loading are designated plastic hinges. The inelasticity generally occurs in certain 
critical locations (e.g., the member ends for reverse curvature bending) and over a finite length, 
which is termed the plastic hinge length. The plastic hinge length has important implications for 
finite element analyses (Attalla et al. 1994). Distributed plasticity models, such as the one 
adopted in this work, track inelasticity throughout the entire length of the element. For strain-
hardening sections, the plastic hinge length develops naturally and can be observed in analyses. 
However, for strain-softening sections, to maintain equilibrium, typically only one section in the 
element will follow the softening path, while the others simply unload elastically. The portion of 
the element over which the softening section is applicable is dependent on the numerical 
integration weight assigned to the section which depends on the number of sections. This causes 
a loss of objectivity and computed results vary significantly based on the selected mesh density. 
This phenomenon is known as localization.  

Localization has been studied in the context of force based beam elements (Coleman and 
Spacone 2001; Scott and Fenves 2006; Scott and Hamutcuoglu 2008). Two general solutions 
have been proposed, the first is the alteration of the softening slope of the constitutive relations, 
and the second is to ensure that the numerical integration is performed such that the softening 
effects are distributed along the appropriate length of the member, i.e., the integration weight 
assigned to the section which softens represents the physical plastic hinge length.  

Scott and Hamutcuoglu (2008) present a specialized numerical integration scheme based 
on Lobatto quadrature but with the ability to prescribe the integration weights at the element 
ends. This approach was implemented for the mixed beam element and in many cases performed 
very well, eliminating the mesh dependency associated with localization. However, the special 
numerical integration scheme often made it more difficult to obtain convergent results. Thus, an 
approximate method of handling localization was adopted whereby the mesh density (i.e., 
number of elements per member and number of integration points per element) is selected such 
that the integration weight implied by Lobatto quadrature of the critical integration point (section 
highest moment) was approximately equal to the physical plastic hinge length. This approach, 
however, has limitations. Aspects of the physical behavior such as the moment gradient must be 
known a priori and often a mesh cannot be selected such that the region of expected inelasticity 
is represented by a single integration point or even a single element. Nonetheless, with careful 
selection of the mesh density, accurate results can be obtained for a vast majority of practical 
cases.  
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3.2.2 Constitutive Relations 

The accuracy of the mixed beam formulation depends strongly on the ability of the 
constitutive relations to provide realistic estimations of the behavior of the constituent materials. 
Using the fiber method, the response of a cross section is governed by the aggregation of 
response from individual fibers and the uniaxial constitutive relations associated with them. In 
this work, the discretization of the various sections was defined using a single numeric parameter 
for two-dimensional analyses and two numeric parameters for three-dimensional analyses. The 
numeric parameters relate the nominal size of individual fibers to the section depth or width. For 
example, for a RCFT (H = 12 in, B = 8 in, t = 5/8 in) section in strong axis bending, the fiber 
discretization could be defined by specifying the nominal fiber size as 1/30th of the section depth. 
In this case, the number of fibers through the thickness of the steel tube flange would be 
determined by dividing the thickness of the flange by the nominal fiber size (H/30) and rounding 
up to the nearest integer, in this case resulting in 2 (Equation 3.1).  

 
5 8in2 1.25

12in 30 30
t

H
 (3.1) 

For the case of segments of the cross section that are circular in shape (e.g., reinforcing 
bars, circular steel tubes, and corners of rectangular steel tubes) the fiber discretization was 
defined by the number of fibers in the radial and circumferential directions. The number of fibers 
for these directions was selected such that the size of any individual fiber did not exceed the 
nominal fiber size. 

In all cases, the fiber discretization was defined consistently such that the sum of the 
areas of the fibers exactly equaled that of the idealized geometry, and the sum of the moments of 
inertia of the fibers approached that of the idealized geometry as the nominal size of the fibers 
approached zero.  

Relatively coarse fiber discretization schemes (i.e., approximately 20 fibers for a three 
dimensional analysis) have been shown to accurately predict the cyclic inelastic response of 
structural steel and reinforced concrete members (Kostic and Filippou 2012). In this study, 
relatively fine discretization schemes (i.e., nominal fiber size of 1/20th or 1/30th of the section 
depth) were selected since the initial stiffness was often of critical importance and the resulting 
number of fibers did not pose any computational problems.     

Further, the uniaxial constitutive relations must be able to model arbitrary strain histories 
such as may be seen in static cyclic or dynamic loading. General steel and concrete uniaxial 
cyclic relations are presented in the next two sections. Application of these materials to specific 
steel and composite sections is presented in later sections.  

3.3 Uniaxial Cyclic Constitutive Relations for Concrete 

This section describes a general uniaxial concrete constitutive relation that has been 
adapted from the rule-based model of Chang and Mander (1994). The constitutive relation was 
designed for broad applicability, so in addition to defining typical input parameters, such as 
concrete strength and initial modulus, the analyst may select the monotonic backbone curve 
(either Popovics’ or Tsai’s equation as described below), whether to include or neglect the 
tensile strength, and whether to include or neglect spalling.  The details and adaptations of how 
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this model is applied to specific composite members and to the “Proposed for Behavior” and 
“Proposed for Design” models are described in later sections.  

3.3.1 Monotonic Concrete Stress-Strain Relation  

A monotonic stress-strain relation serves as the backbone of the cyclic constitutive 
relation. Numerous such models have been proposed in the literature (Kent and Park 1971; 
Popovics 1973; Tsai 1988; Sheikh and Uzumeri 1980; Hoshikuma et al. 1997; Akiyama et al. 
2010), two have been selected as options for this constitutive relation. The relations are defined 
using normalized values of strain, stress, and tangent as defined in Equation 3.2 for compression 
and Equation 3.3 for tension. 

 ; ;c c c cc

cc cc cc

f Ex y n
f f

 (3.2) 
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t t t
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f f
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where, 

x = normalized strain  
c = strain  
to = tensile strain offset 
cc = strain at peak stress in compression 
t = strain at peak stress in tension  

y = normalized stress 
fc = stress 
f cc = peak stress in compression 
f t = peak stress in tension 
n = normalized modulus 
Ec = initial modulus of elasticity 

The first monotonic stress-strain relation is Popovics’ equation (Equation 3.4) (Popovics 
1973). This equation defines the stress-strain response based on three parameters: the initial 
modulus of elasticity, the peak stress, and the strain at peak stress. 
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The second monotonic stress-strain relation is Tsai’s equation (Equation 3.5) (Tsai 1988). 
This equation defines the stress-strain response based on four parameters: the three parameters 
for Popovics’ equation plus a parameter that controls the post-peak behavior, termed r (rn in 
compression and rp in tension). Tsai’s equation is more accurate in cases of high confinement or 



22 
 

high strength since the post-peak response can be controlled directly. For the case of r = n/(n–1), 
Tsai’s equation simplifies to Popovics’ equation. 
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rr xn x r
D x r r
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Both of these equations predict non-zero stress for all non-zero strains, however to model 
spalling in compression or cracking in tension, it is desirable to have zero stress and tangent at 
high strain levels. This is achieved by defining a critical normalized strain, xcr, at which the 
stress-strain relation is overridden by linear degradation to zero stress. The slope of the linear 
degradation is equal to the tangent of the stress-strain relation at xcr. Once the concrete has 
reached zero stress in tension it is said to have cracked and is no longer capable of sustaining 
tensile stress. Once the concrete has reached zero stress in compression it is said to have spalled 
and is no longer capable of sustaining any stress. 

3.3.2 Initial Modulus of Elasticity 

Various relations have been proposed for the initial modulus of elasticity for concrete. It 
is given in the AISC Specification (AISC 2010b) as Equation 3.6.  

 

 

1.53

1.53

ksi lbs/ft ksi

MPa 0.043 kg/m MPa

c c c

c c c

E w f

E w f
 (3.6) 

where, 

wc = weight of concrete per unit volume 
f c = specified compressive strength of concrete 

A similar relation (Equation 3.7) is given in the ACI Code (ACI 2011). 

 
1.53psi 33 lbs/ft psic c cE w f  (3.7) 

 Also given in the ACI Code is a simpler relation (Equation 3.8) applicable to 
normalweight concrete. This relation is used for the analyses described in this work. Note that 
Equation 3.8 is equivalent to Equation 3.7 for wc = 144.0 lbs/ft3 and to Equation 3.6 for wc = 
148.1 lbs/ft3. 
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psi 57,000 psi

ksi 1,802 ksi

MPa 4,733 MPa

c c

c c

c c

E f

E f

E f

 (3.8) 

A distinction that should be noted is that Ec in stress-strain relations (e.g., Equation 3.4) is 
typically defined as the initial modulus while relations for the elastic modulus of concrete often 
define Ec as a secant modulus (e.g., from the origin to 0.45f c for Equation 3.7). This difference 
can be evaluated by determining the initial modulus, Eci, that would yield a given secant 
modulus, Ec45. The ratio between the initial and secant modulus is shown in Figure 3.1 where the 
stress-strain relation is given by Popovics’ equation (Equation 3.4), Ec45 is given by Equation 3.8
, and c is given by Equation 3.9 (see below). The difference is approximately 5% for normal 
strength concrete, reducing to less than 1% for high strength concrete. This small difference can 
be neglected in most cases. 

 
Figure 3.1. Comparison of Initial and Secant Modulus (Eci and Ec45) 

3.3.3 Concrete in Compression 

The compressive strain at peak stress for unconfined concrete, c, has been found to be a 
function of the compressive strength. Chang and Mander (1994) recommend Equation 3.9 to 
capture this behavior. 
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Lateral confining pressure provided by the steel tube in CFTs or the steel member and 

steel reinforcing in SRCs improves both the strength and ductility of the concrete. This effect is 
modeled by estimating the symmetric confinement pressure, fl, or the confinement pressure in 
two orthogonal directions, fl1 and fl2, based on the geometric and material properties of the 
section (as described later for each composite member) then applying a confinement model to 
compute the peak stress and strain at peak stress. The confinement model of Mander et al. (1988) 

0 5 10 15 20
1

1.02

1.04

1.06

f’
c
 (ksi)

E
ci
/E

c4
5



24 
 

is selected in this work. For CCFTs, where a symmetric state of confinement (i.e., fl1 = fl2) may 
be assumed, Equation 3.10 is utilized to compute the increased strength. 

 

 
1.254 2.254 1 7.94 2.0cc c l c l cf f f f f f  (3.10) 

 
For SRCs, the state of confinement is unsymmetric and Equation 3.11 is utilized to 

compute the increased strength. 
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For both cases, the increase in strain at peak stress due to confinement follows the model 
by Richart et al. (1929) (Equation 3.12). 

 

 1 5 1cc c cc cf f  (3.12) 
 
For unconfined concrete Chang and Mander (1994) recommend the following expression 

for rn (Equation 3.13) to be used in Tsai’s equation for monotonic compressive backbone curve 
(Equation 3.5). 
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In the presence of confining pressure, the post-peak degradation of concrete is more 
gradual and is modeled with a lower rn value. For very low values of rn, a spurious hardening 
behavior occurs in the pre-peak range. In order to accommodate these low values of rn necessary 
to model high confinement pressures, two values of rn are used; one prior to the peak stress being 
reached, rpre, and one after the peak stress is reached, rpost (Equation 3.14). Continuity in stress 
and tangent are maintained since the transition occurs at the peak stress. Specific values of rn,pre 
and rn,post are given later in the context of each composite cross section.    
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3.3.4 Concrete in Tension 

Often the tensile response of concrete is neglected, however, modeling the tensile 
response of concrete has been shown to improve the accuracy of nonlinear finite element models 
for composite members (Gourley and Hajjar 1994). The shape of the stress-strain response of 
concrete in tension is similar to that of concrete in compression. Noting that, Chang and Mander 
(1994) recommended the using the same shape equations as the compressive response for the 
tensile response of concrete (i.e., Popovics’ or Tsai’s equation above) but with normalized 
variables defined with respect to tensile values for the peak stress, f t (Equation 3.15), and the 
strain at peak stress, t (Equation 3.16). When Tsai’s equation is used, the post-peak factor, rp, is 
given by Equation 3.17 based on recommendations by Tort and Hajjar (2007).  
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3.3.5 Concrete under Cyclic Loading 

In the cyclic rule-based model of Chang and Mander (1994) the state determination 
procedure starts by using the strain increment to determine on which branch (or rule) of the stress 
strain response the fiber is currently located. Once the current rule is determined, state variables 
are updated as necessary then the stress and tangent are computed. Among the rules are the 
envelope curves in tension and compression are described in previous sections. The remaining 
rules are defined to provide transitions between the envelope curves for the case of load reversals 
and also transitions between transition curves for the case of partial load reversals.  

A full description of the cyclic rules including all calibrated parameters, stress-strain 
relation for transition curves, and the shifting of the tensile envelope is available in Denavit and 
Hajjar (2010). This description is based upon the work Chang and Mander (1994) with minor 
modifications.  

3.4 Uniaxial Cyclic Constitutive Relations for Steel 

The primary features of the behavior steel components of composite members are 
plasticity, residual stress, and local buckling (in this work fracture is neglected). This section 
describes a uniaxial steel constitutive relation that accounts for these features and two additional, 
less complex steel constitutive relations that account for plasticity and residual stress (neglecting 
local buckling). The simpler models are more appropriate for the some studies conducted in this 
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work particularly those for the development of design recommendations. Details and adaptations 
of applying the models to specific composite or steel members are described in later sections. 

3.4.1 Shen et al. Steel Material 

The first steel model presented is based on the bounding-surface plasticity model of Shen 
et al. (1995). This constitutive relation is derived based on a set of hardening and flow rules that 
act on the incremental strain. Key features of the model are described below.  

The total strain increment, t , is decomposed into an elastic component, e , and 
plastic component, p  (Equation 3.18). 

 t e p  (3.18) 

The stress increment, , is defined as the product of the strain increment and a 
modulus (Equations 3.19 through 3.21). The appropriate modulus depends on which component 
(elastic, plastic, or total) of the strain is utilized. Further, the tangent modulus, Et, may be written 
in terms of the elastic modulus, Ee, and the plastic modulus, Ep, (Equation 3.22). 

 t tE  (3.19) 
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The elastic component is assumed to hold a linear relationship (Equation 3.23). 

 e eE  (3.23) 

When the stress lies within the elastic range, the tangent modulus is assumed to be equal 
to the elastic modulus (the plastic modulus is taken as infinity). The size of the elastic range 
decreases monotonically with loading and is described by Equation 3.24. 

 
exp 100 1 exp 100p p

o

a b a c  (3.24) 

where,  

 = half of the current size of the elastic range 
o = half the initial size of the elastic range, taken as the yield strength, Fy 
p  = effective plastic strain range, defined as the difference between the 

maximum and minimum plastic strains the material has experienced 
, a, b, c = material constants  
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Figure 3.2. Uniaxial Cyclic Stress-Plastic Strain Curve 

If the stress lies outside of the elastic range, the plastic modulus takes a finite value given 
by Equation 3.25. 
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where,  

p
oE  = slope of the bounding line 

h e f  
 = distance between the bounding surface and the current (loading) point 
in = value of  at the point of initial yield in the current loading path 

e, f = material constants.  
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The slope of the bounding line is assumed to decrease with the accumulated plastic work 
(Equation 3.26). 

 1

p
p oi

o p

EE
W

 (3.26) 

where,  

p
oiE  = initial slope of the bounding line, a material constant 

Wp = accumulated plastic work (Equation 3.27) 
 = a material constant. 

 

 0

tp pW t s s ds  (3.27) 

where,  

t = a time parameter 
s = variable of integration.  

The size of the bounding line is assumed to increase with plastic strain (Equation 3.28). 

 
2expo

 (3.28) 

where,  

 = current size of the bounding line 
 = limiting value of the bounding line, taken at the ultimate tensile strength , Fu 

o  = initial size of the bounding line, a material constant 
 = half of the effective plastic strain range, p  
 = a material constant  

For better correlation to cyclic behavior that does not include full reversals, the virtual 
bounding line and memory line are introduced (Figure 3.3). Both the virtual bounding line and 
the memory line are assumed to lie parallel to the bounding line. The initial size of the memory 
line is taken as the yield strength of the steel and the size grows symmetrically with the loading 
point (i.e., the size of the memory line grows with the largest stress attained by the material). If a 
loading path reverses before reaching the memory line (e.g., Point B in Figure 3.3), the virtual 
bounding line is created outside the bounding line by the same amount the loading path was short 
of the memory line (e.g., line Xv-Xv  in Figure 3.3). Along the reversed path, until the memory 
line on the opposite side is reached (e.g., Point C in Figure 3.3), the plastic modulus is computed 
with respect to the virtual bounding line, not the bounding line, as described by Equation 3.29,  
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where, 

v = distance between the virtual bounding line and the bounding line 

 

Figure 3.3. Definition of Virtual Bounding Line and Memory Line 

First Plastic Excursion

The performance of the plasticity formulation under large monotonic strains is relatively 
poor, significantly overpredicting the stress. To correct for this, during the first plastic excursion 
(stresses greater than the yield strength) the trial stress computed by the incremental plasticity 
formulation is overridden by a prescribed stress-strain relation. This rule remains in effect until 
plasticity occurs in the opposite direction (i.e., the stress-strain response continues along the 
prescribed stress-strain relation even after small elastic unloading and reloading).  
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A suitable stress-strain relation would have an initial tangent equal to Esh, and not exceed 
the ultimate stress. Kunnath et al. (2009) present a nonlinear equation which satisfies these 
requirements (Equation 3.29). This curve is used and performs well provided that p > 2. If p  2, 
a bilinear equation is used; the first linear branch has slope of Esh and final stress of (Fy+Fu)/2 
and the section linear branch has a final stress of Fu and a final strain of u (Galambos 2000). 
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where, 

u = strain at ultimate stress 
sh = strain at the initiation of strain hardening 

Esh = modulus at the initiation of strain hardening 

Local Buckling 

Under compressive loading steel components are susceptible to local buckling. In a 
detailed analysis with continuum or shell elements this behavior can be captured explicitly. In 
frame analyses with beam elements, this behavior can only be accounted for implicitly in the 
material constitutive relation.  

To account for local buckling, the monotonic compressive response is modified to consist 
of three regions (Figure 3.4a). The first region is the model as described previously, beginning 
with the elastic behavior then continuing into plasticity. The second region is commences after 
the initiation of local buckling, which is assumed to be triggered when the compressive strain 
reaches a prescribed value, lb. In this region the response from the plasticity model is overridden 
by linear strength degradation with a prescribed modulus, Kslb. The third region is a constant 
ultimate residual stress, Fulb.  

Under cyclic loading additional modifications are necessary to properly model the local 
buckling response. The first initiation of local buckling is triggered by the condition described in 
Equation 3.30. Upon unloading from tensile plasticity the strain at zero stress, lb,ref, is computed 
assuming elastic behavior. This strain serves as the reference to determine the initiation of local 
buckling. Additionally, the stress must be greater than or equal to the constant ultimate residual 
stress. 

 , andlb lb ref ulbF  (3.30) 
 

After the first initiation of local buckling, later local buckling is triggered when the trial 
strain and stress reach a boundary defined upon the previous unloading from local buckling. The 
boundary, shown graphically in Figure 3.4b, consists of the remainder of the local buckling 
response had the unloading not occurred for strains less than the unloading strain and the 
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unloading stress for strains greater than the unloading strain. These rules correspond to behavior 
observed experimentally by Fukumoto and Kusama (1985) for rectangular steel tubes. Further, to 
provide a smooth transition to the limiting stress, the bounding line in the compressive region 
(i.e., Line Y-Y  in Figure 3.2) is defined to be equal to the unloading stress.  

 

 
(a) Monotonic 

 
(b) Cyclic 

Figure 3.4. Steel Stress-Strain Relationship including Local Buckling 

 
To approximate the response of unloading of the buckled steel component, reductions in 

the size of the elastic range and plastic modulus for reloading back into tension can be reduced 
(Equations 3.31 and 3.32). Where the reduction factor for each is a function of the accumulated 

−0.03 −0.02 −0.01 0 0.01 0.02 0.03
−60

−40

−20

0

20

40

60

Strain (in/in)

S
tre

ss
 (k

si
)

Fulb

Es

Kslb

lb

1

1

−0.025 −0.02 −0.015 −0.01 −0.005 0 0.005 0.01
−60

−40

−20

0

20

40

60

Strain (in/in)

St
re

ss
 (k

si
)

1st Initiation of 
Local Buckling 
(strain limit, lb)

2nd Initiation of 
Local Buckling 

(stress limit, unload)

Fulb

lb

unload

Boundary for Initiation of 
Local Buckling 

(after unloading)



32 
 

plastic work (Equation 3.33). Specific values of the rate and limit of the reductions are given 
later in the context of each composite and steel cross section. 

 reduced  (3.31) 
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where, 

X = reduction factor for value X 
X = rate of the reduction 
X = limit of the reduction 

Material Constants 

The material parameters required for the steel material model are given in Table 3.1 as 
reported in Mamaghani et al. (1996). 

Table 3.1. Steel Model Material Parameters 
Parameter Fy  40 ksi (276 MPa) 40 ksi (276 MPa) < Fy  

 52 ksi (359 MPa) Fy > 52 ksi (359 MPa) 

o 1.15 Fy 1.13 Fy 1.06 Fy 
a –0.505 –0.528 –0.553 
b 2.17 1.88 6.47 
c 14.4 18.7 34.8 
e 500 316 700 
f 0.300 Es 0.484 Es 0.361 Es 

0.191 0.217 0.175 
 3.08 / Fy 4.00 / Fy 2.67 / Fy 
p

oiE  8.96 × 10-3 Es 1.01 × 10-2 Es 7.85 × 10-3 Es 
9.89 × 10-4 / y

2 1.52 × 10-3 / y
2 8.04 × 10-3 / y

2 
–0.37 –0.052 0.00 

Modifications for Cold-Formed Steel Members 

Effects from the cold-forming process of the steel tubes should be included in a 
comprehensive constitutive relation, notably the smooth transaction between elastic and plastic 
response, rather than the formation of a significant yield plateau. To model these effects, the 
yield plateau is neglected and an initial plastic strain, p

o , is defined.  
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3.4.2 Abdel-Rahman and Sivakumaran Steel Material 

The second steel model used in this work is based on the work of Abdel-Rahman and 
Sivakumaran (1997). This constitutive relation is more appropriate to model the steel tube of 
CFTs for some of the studies conducted in this work. This model was developed for cold-formed 
steel members accounts for the residual stress and gradual transition into plasticity though a 
multi-linear stress-strain relation (Figure 3.5). The increased yield strength in the corner region is 
accounted for directly by computing a different yield strength for the corner based on the 
geometry of the corner and material properties of the flat region (Equation 3.34). To extend this 
model for cyclic behavior, the backbone curve is defined in the context of a multi-surface 
kinematic hardening plasticity model (Mróz 1967). 

 , , ,y corner y flat y cornerF F F  (3.34a) 
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where, 

r = internal radius of the corner 
t = thickness of the flat 
 

Figure 3.5. Abdel-Rahman and Sivakumaran Steel Material 
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3.4.3 Elastic-Perfectly Plastic Steel Material 

The third steel model used in this work is a simple elastic perfectly plastic steel model, 
defined with an initial elastic modulus and yield strength (Figure 3.6). An elastic perfectly plastic 
relation is more appropriate to model the hot-rolled steel shapes and reinforcing steel for some of 
the studies conducted in this work.  

 

Figure 3.6. Elastic-Perfectly Plastic Steel Material 

3.4.4 Steel Ultimate Stress 

The majority of experimental reporting includes documentation of the steel ultimate 
strength. For the cases where it is not reported or otherwise unavailable, an empirical relation 
was developed to estimate the ultimate strength. This relation (Equation 3.35) was based on the 
yield strength and ultimate strength reported for a wide variety of steel coupon tests in published 
literature. Coupon tests from plate, wide flange sections, circular and rectangular tubes, as well 
as reinforcing steel were included in the calibration of this equation. It is noted that there is 
significant scatter in these results (Figure 3.7) and Equation 3.35 should only be used when other 
data is unavailable.  
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Figure 3.7. Calibration of the Empirical Relation for Steel Ultimate Stress 
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3.4.5 Residual Stress of Wide Flange Steel Members 

For hot-rolled wide flange shapes, modifications were made to model the effects of 
residual stress within the steel section. The residual stress at a fiber is modeled explicitly as an 
initial elastic stress in the uniaxial constitutive relation. The Lehigh residual stress pattern 
(Figure 3.8a) (Galambos and Ketter 1959) is used to define the value of residual stress in the 
steel section with a maximum compressive residual stress of 30% of the yield strength occurring 
at the flange tips and a maximum tensile residual stress computed to ensure section equilibrium 
(Equation 3.36). 

 
2

f f
t c

f f w f

b t
F F

b t t d t
 (3.36) 

The Lehigh pattern incudes a linear variation in residual stress in the flange. To model 
this in an efficient manner, the residual stress in the flange is broken into a number of sectors 
with a step pattern used to establish the distribution across the section. An example of the 
implementation of this is shown in (Figure 3.8b) where dots represent individual fibers and the 
different colors represent different values of residual stress.  

 
(a) Pattern 

 
(b) Example Fiber Discretization 

Figure 3.8. Lehigh Residual Stress Pattern  

3.5 Concrete Filled Steel Tube Beam-Columns 

When CFT members are subjected to compression, both the steel tube and the concrete 
core expand laterally due to Poisson’s effect. In the early stages, the steel tube expands at a 
greater rate than the concrete core (i.e., the Poisson’s ratio is larger for the steel tube). However, 
as the loading continues the rate of lateral expansion of the concrete core increases due to micro-
cracking and eventually a radial interaction occurs. The result of this interaction is a confinement 
pressure on the concrete and a hoop stress in the steel. For CCFTs the effect occurs early enough 
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to enhance the strength of the concrete. For RCFTs no strength enhancement is observed in part 
due to the resultant bulging of the faces of the tube due to the outward pressure from the 
concrete, but the confinement has a beneficial effect on the ductility of the concrete.  

Upon further loading, local buckling will occur in the steel tube. Because of the presence 
of the concrete core, the steel tube only has the ability to buckle outward. This is in contrast to 
hollow tubular members that may also buckle inward, this is a higher mode of buckling that both 
delays the onset of local buckling and increases the compressive capacity (Bradford et al. 2002). 

This section describes the fiber section model that reflects this behavior and is used in 
conjunction with the mixed beam finite element to model CFT beam-columns. The fiber section 
includes two different uniaxial materials for CCFT members (representing the steel tube and the 
concrete core) and three for RCFT members (representing the flat region of the steel tube, the 
corner region of the steel tube, and the concrete core). An example discretization is shown in 
Figure 3.9. 

 
 

 
(a) CCFT 

 
(b) RCFT 

Figure 3.9. Example Fiber Discretization for CFT Sections 

3.5.1 “Proposed for Behavior” Model 

For concrete-filled steel tubes, the parameters of the constitutive relations outlined earlier 
are given in Table 3.2 and Table 3.3 based on prior studies (Tort and Hajjar 2010a; Denavit and 
Hajjar 2012). Additional parameters specific to shape of the steel tube are presented below.  

Circular Concrete-Filled Steel Tubes 

The confining pressure, fl, for the concrete core of CCFT members is computed by 
Equation 3.37 assuming a hoop stress equal to  Fy, where  is given in Equation 3.38 (Denavit 
and Hajjar 2012). 



38 
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 (3.37) 

 0.138 0.00174 0D
t

 (3.38) 

 
Due to lateral expansion of the concrete core the steel tube is under a state of biaxial 

stress. To account for this, the initial yield range is adjusted based on the level of hoop stress 
assumed to the present in the steel tube. The size of the initial yield surface is computed using 
Equation 3.24, noting the initial plastic strain. The size is then multiplied by the results of 
Equations 3.39 and 3.40 for the positive stress and negative stress yield limits respectively to 
obtain the size of the initial yield surface accounting for the biaxial state of stress. This 
adjustment is made only for the initial yield surface.  

 2
,positive 0.5 4 3z  (3.39) 

 
 2

,negative 0.5 4 3z  (3.40) 

 

Table 3.2. Comparison of CFT Models 
Parameter Symbol “Proposed for Behavior” Model “Proposed for Design” Model 

Initial Stiffness Ec Equation 3.8 same 

Concrete Compressive 
Backbone Curve  Tsai’s Equation, Equation 3.5 Popovics’ Equation, Equation 3.4 

Compressive Peak Stress f cc 
f c (RCFT) 

Equation 3.10 (CCFT) same 

Compressive Strain at 
Peak Stress cc 

Equation 3.9 (RCFT) 
Equation 3.12 (CCFT) same 

Compressive Post-Peak 
Shape Factor 

rn Equation 3.14 
n/a rn,pre Equation 3.13 

rn,post Table 3.3 
Concrete Tensile 
Backbone Curve  Tsai’s Equation, Equation 3.5 none 

Tensile Peak Stress ft Equation 3.15 n/a 

Tensile Strain at Peak 
Stress t Equation 3.16 n/a 

Tensile Post-Peak Shape 
Factor rp Equation 3.17 n/a 

Steel Model  Shen et al. (1995), Section 3.4.1 Abdel-Rahman and Sivakumaran 
(1997), Section 3.4.2 
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Rectangular Concrete-Filled Steel Tubes 

There is a noted difference in the material properties between the corner region and the 
flat region of rectangular tubes. In the model this is accounted for with different values for the 
initial plastic strain (Table 3.3), yield stress (Equation 3.40), and ultimate stress (Equation 3.40) 
(Tort and Hajjar 2007).  

 , ,1.09y corner y flatF F  (3.40) 
 

 , , ,1.03u corner u flat y cornerF F F  (3.40) 
 
 
 
 

Table 3.3. Parameters for the Proposed for Behavior CFT Model 
Parameter Symbol CCFT RCFT 

Initial Plastic Strain p
o  0.0006 0.0006 (corner region) 

0.0004 (flat region) 
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E  
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E  
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u
s

F
E  120 y

u
s

F
E  

Tube Slenderness 
Parameter R  y

s

FDR
t E  

y

s

FHR
t E  

Strain at Local 
Buckling lb  1.4130.2139 y
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Peak Shape Factor 

,n postr  0.4 0.016 c
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3.5.2 “Proposed for Design” Model 

The parameters of the constitutive relations for the “proposed for design” model are 
given in Table 3.2. This model differs from the “proposed for behavior” model in several key 
ways that make is more suitable for studies aimed at developing design recommendations: 

Popovics’ equation is used lieu of Tsai’s equation for the concrete backbone curve, 
eliminating the need for the post-peak shape factor 
The tensile strength of concrete is neglected 
The Abdel-Rahman and Sivakumaran (1997) steel model is used in lieu of the Shen et al. 
(1995) steel model.  

3.5.3  Plastic Hinge Length 

In order to limit the ill effects of localization, the mesh density should be selected such 
that the integration weight associated with sections in critical (highest moment) locations should 
be representative of the plastic hinge length. An estimate of the plastic hinge length can be 
obtained by examining a prototypical cantilever beam-column (Figure 3.10a). The plastic hinge 
length may be approximated by Equation 3.41 normalized by the length from the point of 
maximum moment to the point of zero moment, Li.  

 1p y

i u

L M
L M

 (3.41) 

This expression requires values for the yield moment, My, and the ultimate moment, Mu. 
The ultimate moment has a relatively straightforward definition and can be obtained by 
performing a cross-sectional moment-curvature analysis and identifying the peak moment 
(Figure 3.10b). The yield moment, however, does not have an obvious definition, owing to the 
gradual transition to plasticity seen in the moment-curvature response. Prior studies have used 
different definitions to identify the yield moment. Elghazouli and Elnashai (1993) performed this 
type of study on partially encased composite columns and identified the yield moment as the 
moment at which the yield strain was reached in both the tensile and compressive extreme fibers. 
Bae and Bayrak (2008) performed this type of study on reinforced concrete columns and 
identified the yield moment as the moment at which the yield strain was reached in the 
compressive steel reinforcement.  

In this study, the yield moment is defined directly from the moment-curvature response 
using an offset methodology analogous to that used to define the offset yield stress from tensile 
coupon tests that do not exhibit a clear yield point. The yield moment is defined as the moment 
that corresponds to the point of intersection of the moment-curvature response and a line parallel 
to the initially linear portion of the response. The slope of the parallel line is taken as the secant 
stiffness from zero moment to 45% of the ultimate moment. The offset is the distance between 
the origin of the moment-curvature response and the point of intersection of the parallel line and 
the zero moment axis. The offset is expressed in terms of curvature and is taken as 0.001/D, 
where D is the overall section depth. This value was selected based on inspection of results from 
typical composite cross sections as the point at which the initiation of significant plastic 
deformations typically occurred.  
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(a) Prototypical Beam-Column 

 
(b) Moment Curvature Results 

Figure 3.10. Schematic of Methodology to Evaluate the Plastic Hinge Length 

The plastic hinge length obtained from this methodology will vary with the given cross 
section as well as the applied axial load. Thus, in this work a parametric study was performed to 
document the variation of the plastic hinge length with material, geometric, and loading 
properties then provide simple approximate expressions for the plastic hinge length. The 
parametric study employs the same cross sections as used in Chapter 6 for another study. Five 
circular (HSS 7.000×0.500, HSS 10.000×0.500, HSS 12.750×0.375, HSS 16.000×0.250, and 
HSS 24.000×0.125) and five rectangular (HSS 6×6×1/2, HSS 9×9×1/2, HSS 8×8×1/4, HSS 
9×9×1/8, and HSS 14×14×1/8) HSS sections are selected to span the range of permissible steel 
ratios and three concrete strengths (f c = 4, 8, 16 ksi) are selected for a total of 30 CFT cross 
sections. Steel yield strengths were taken as typical nominal values (Fy = 42 ksi for CCFT and Fy 
= 46 ksi for RCFT). The plastic hinge length is determined using the “Proposed for Behavior” 
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model for each cross section and for compressive axial loads ranging from zero to 50% of the 
cross section capacity; results are shown in Figure 3.11. Variations in the plastic hinge length are 
seen with steel ratio, concrete strength and axial load. The greatest variations occur with axial 
load for the more concrete dominant sections. 

 
 

 
 
 
 
 
 

 
(a) CCFT 

 
(b) RCFT 

Figure 3.11. Plastic Hinge Length Results for CFT Sections 
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3.6 Steel Reinforced Concrete Beam-Columns 

Several researchers have developed models specifically for use with SRC members 
(Mirza 1989; Sanz Picon 1992; Elnashai and Elghazouli 1993; El-Tawil and Deierlein 1999; 
Chen and Lin 2006). One defining feature among these models is the varying levels of concrete 
confinement assumed throughout the cross-section. For this model, five distinct regions are 
identified within the section (Figure 3.12a). Separate constitutive relations are defined for each 
of these regions; an example fiber discretization is shown in Figure 3.12b.  

3.6.1 “Proposed for Behavior” Model 

Three regions of concrete are defined based on the expected level of confinement 
pressure. The outermost concrete region of concrete, the cover concrete, is assumed to have zero 
confining pressure in either direction. Furthermore, it is allowed to spall. The critical strain at 
which the nonlinear stress-strain curve transitions to a linear degradation (Section 3.3.1) is given 
by Equation 3.42 (Mander et al. 1988).  

 2.0crx  (3.42) 

The concrete inside the lateral reinforcing bars is termed the medium confined concrete. 
The magnitude of the confining pressure provided by the lateral reinforcing bars is computed in 
two orthogonal directions with Equation 3.43.  

 ,ly medium e y yrf K F  (3.43a) 
 
 ,lz medium e z yrf K F  (3.43b) 

where,  

Ke = ratio of effectively confined cross sectional area to area of the core as 
defined by Mander et al. (1988)  

y, z = volumetric ratios of the transverse reinforcing steel in either direction as 
defined by Mander et al. (1988) 

Fyr = yield strength of the longitudinal reinforcement  
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(a) Regions 

 
(b) Example Fiber Discretization 
Figure 3.12. SRC Section 

The concrete between the flanges is termed highly confined concrete. In this region, 
confining pressure is provided by both the lateral reinforcing bars and the steel shape. El-Tawil 
and Deierlein (1999) developed a mechanism model in which the confining pressure provided by 
the steel shape acts only in the y direction (defined in Figure 3.12a) and is computed considering 
the plastic moment capacity of the flange (Equation 3.44). The distance between the vertex of the 
parabola defining the boundary between the highly and medium confined concrete (Figure 3.12a) 
and the centerline of the steel section is described by Equation 3.45. This parabolic boundary is 
modeled explicitly with different constitutive relations on either side (as shown in Figure 3.12b). 
In contrast, the parabolic boundary between the cover and medium confined concrete is 
implicitly modeled, utilizing the factor Ke to provide average behavior. The difference in 
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handling these two boundaries exists to provide greater accuracy in modeling the boundary 
between the flanges while retaining the flexibility of different possible configurations of 
reinforcing steel.  

 
2

, , 2
0.75

f ys
ly high ly medium

f w

t F
f f

b t
 (3.44) 

 
 0 .5 0 0 .2 5 2 0 .5 0a f f wz b d t t  (3.45) 

 
 , 0.75n postr  (3.46) 

A comparison of the monotonic compressive response of the concrete in each of the three 
regions is shown in Figure 3.13. 

 
Figure 3.13. Concrete Constitutive Relations 

The constitutive relation used for the wide flange steel shape and the reinforcing steel 
bars is based on the bounding-surface plasticity model of Shen et al. (1995) (Section 3.4.1). 
Residual stresses are defined as described in Section 0. The initial hardening modulus and strain 
at ultimate stress for the first plastic excursion are given by Equations 3.47 and 3.48 respectively, 
the same as described later in Section 3.7 for wide flange steel beams.  
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The confined concrete is assumed to prevent flange and web local buckling and thus, 
these effects have not been included. In contrast, the model by Elnashai and Elghazouli (1993) is 
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only prevents inward buckling of the flange.  For simplicity, the wide flange steel section is 
modeled with sharp corners (i.e., neglecting the fillets). 

Buckling of the reinforcing steel bars is included in the model in the same manner as 
local buckling (described in Section 3.4.1). The softening slope, ultimate residual stress, and 
degradation parameters for the bar buckling model are as described in Equations 3.49 to 3.52, 
based on comparisons to a set of cyclic cantilever SRC column tests conducted by Juang and Hsu 
(2008). The experimental setup is shown in Figure 3.14, measured material and geometric 
properties for the specimens are given in Table 3.4, and results are shown in Figure 3.15. The 
parameters were adjusted until a good correspondence was seen for all specimens. Additionally, 
these tests were used to calibrate the bond-slip model described later in Section 3.9. 
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Table 3.4. Material and Geometric Properties – Juang and Hsu 2008 

 
 
 

Figure 3.14. Experiment Setup – Juang and Hsu 2008 

H B f'c Fy Fyr L
(mm) (mm) (MPa) (MPa) (MPa) (mm)

SRC100m 370 370 38.5 H200x100x5.5x8 312 2x-2y 529 2,320 6.3
SRC150m 370 370 38.5 H194x150x6x9 312 2x-2y 529 2,320 6.3
SRC200m 370 370 38.5 H200x200x8x12 312 2x-2y 529 2,320 6.3
SRC100c 370 370 38.5 H200x100x5.5x8 312 2x-2y 529 2,320 6.3
SRC150c 370 370 38.5 H194x150x6x9 312 2x-2y 529 2,320 6.3
SRC200c 370 370 38.5 H200x200x8x12 312 2x-2y 529 2,320 6.3

Specimen Steel Section Reinforcement 
Configuration

L/H



48 
 

Figure 3.15. Cyclic SRC Results – Juang and Hsu 2008 

0 50 100 150 200 250 300 350 400 450
0

10

20

30

40

50

60

70

80

90

100

Lateral Deflection (mm)
Test #1: SRC100m (Juang and Hsu 2008)

La
te

ra
l L

oa
d 

(k
N

)

Expt.
PfB

0 50 100 150 200 250 300 350 400 450
0

20

40

60

80

100

120

Lateral Deflection (mm)
Test #2: SRC150m (Juang and Hsu 2008)

La
te

ra
l L

oa
d 

(k
N

)

Expt.
PfB



49 
 

Figure 3.15. Cyclic SRC Results – Juang and Hsu 2008 (Continued) 
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Figure 3.15. Cyclic SRC Results – Juang and Hsu 2008 (Continued) 
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3.6.2  “Proposed for Design” Model 

The parameters of the constitutive relations for the “proposed for design” model are 
given in Table 3.5. This model differs from the “proposed for behavior” model in several key 
ways that make is more suitable for studies aimed at developing design recommendations: 

Popovics’ equation is used lieu of Tsai’s equation for the concrete backbone curve, 
eliminating the need for the post-peak shape factor 
The tensile strength of concrete is neglected 
An elastic-perfectly plastic steel model is used in lieu of the Shen et al. (1995) steel 
model for both the steel section and reinforcing bars.  

Table 3.5. Comparison of SRC Models 
Parameter Symbol “Proposed for Behavior” Model “Proposed for Design” Model 

Initial Stiffness Ec Equation 3.8 same 

Concrete Compressive 
Backbone Curve  Tsai’s Equation, Equation 3.5 Popovics’ Equation, Equation 3.4 

Compressive Peak Stress f cc 
f c (Cover) 

Equation 3.11 (Confined) same 

Compressive Strain at 
Peak Stress cc 

Equation 3.9 (Cover) 
Equation 3.12 (Confined) same 

Compressive Post-Peak 
Shape Factor 

rn Equation 3.14 
n/a rn,pre Equation 3.13 

rn,post Equation 3.46 
Concrete Tensile 
Backbone Curve  Tsai’s Equation, Equation 3.5 none 

Tensile Peak Stress ft Equation 3.15 n/a 

Tensile Strain at Peak 
Stress t Equation 3.16 n/a 

Tensile Post-Peak Shape 
Factor rp Equation 3.17 n/a 

Steel Model  Shen et al. (1995), Section 3.4.1 Elastic-Perfectly Plastic,  
Section 3.4.3 

 

3.6.3 Plastic Hinge Length 

A parametric study to determine the plastic hinge length of SRC columns was performed 
as described in Section 3.5.3 for CFT columns. The selected sections all had outside dimensions 
of 28 in. × 28 in.. Four wide-flange shapes (W14×311, W14×233, W12×120, W8×31), 3 
reinforcing configurations (20 #11, 12 #10, 4#8), 3 concrete strengths (f c = 4, 8, 16 ksi) were 
used for a total of 36 sections each for strong and weak axis bending. Results are shown in 
Figure 3.16. For strong axis bending the normalized plastic hinge length ranges from 0.05 to 
0.35. For weak axis bending the normalized plastic hinge length is typically higher, as expected 
since first yield of wide flange members occurs relatively earlier in weak axis bending, and 
ranges from 0.10 to 0.40. 
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(a) Strong Axis Bending 

 
(b) Weak Axis Bending 

Figure 3.16. Plastic Hinge Length Results for SRC Sections 
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3.7 Wide Flange Steel Beams 

In order to analyze entire composite frames, especially seismically designed moment 
frames where inelasticity is expected to be primarily limited to the beams, accurate steel wide 
flange beam models are necessary. This section describes the fiber section model used in 
conjunction with the mixed beam finite element to model wide flange steel beams. 

The uniaxial constitutive relation for the wide flange steel shape is based on the 
bounding-surface plasticity model of Shen et al. (1995) (Section 3.4.1). Residual stresses are 
defined as described in Section 0. The initial hardening modulus and strain at ultimate stress for 
the first plastic excursion are given by Equations 3.53 and 3.54 respectively. The yield plateau is 
neglected and the initial hardening modulus is taken as lower than typical experimentally 
measured values from coupon tests so that the computational results better match the 
experimental results at the member level. The strain at ultimate stress is taken as a standard value 
from the literature (Gioncu and Mazzolani 2001).  
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In wide flange steel beams, the onset of local buckling of the web or flange will cause 
degradation of the moment response. As with local buckling of the steel tube in CFTs, this 
response can be modeled explicitly in an analysis with continuum or shell elements. For beam 
formulations, it can be captured implicitly by modifying the uniaxial constitutive relation. The 
proposed modifications are as described in Section 3.4.1 with specific parameters (e.g., strain at 
local buckling, degradation slope) derived from experimental studies as described below. 
Additionally, since local buckling is the primary phenomenon causing softening at the section 
level, discussion the plastic hinge length will be included here.  

Three point bending tests on steel beams have been performed by several researchers. 
Details of selected tests from the literature (Sawyer 1961; Lukey and Adams 1969; Smith and 
Adams 1968; Green et al. 2002) are shown in Table 3.6. The length of the plastic region can be 
related to the maximum moment obtained in these tests by Equation 3.55, which assumes a linear 
moment gradient. 
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i

L M
L M

 (3.55) 

where, 

Lp = plastic hinge length 
Li = distance from the point of maximum moment to the point of zero moment 
Mp = plastic moment 
Mmax = maximum moment 
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An empirical expression for the plastic hinge length is derived by linear regression to the 
experimental data. The result of this regression is Equation 3.56 (coefficient of determination = 
0.59). 

 0.405 0.0033 0.0268 0.184 1
2

p f u

i w f y

L b Fh
L t t F

 (3.56) 

Lay (1965) proposed expression for the wavelength for flange local buckling (Equation 
3.57). The experimental data, the proposed expression, the expression by Lay (1965) are 
compared in Figure 3.17. Significant scatter is noted for both expressions. The mean absolute 
error in Lp/Li for the proposed expression is 0.046 compared to 0.061 for the expression by Lay 
(1965), likely due the inclusion of the steel ultimate strength term.  
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The plastic hinge length is related to the strain at local buckling by Equation 3.58, which 
was developed based on the idealized response of a beam under linear moment gradient (Kemp 
and Dekker 1991) where Eh is the steel hardening slope.   
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y h i p

LE
E L L

 (3.58) 

The softening slope, ultimate residual stress, and degradation parameters for the local 
buckling model are as described in Equations 3.59 to 3.62, based on comparisons to a set of 
cyclic cantilever wide flange beam tests conducted by Tsai and Popov (1988). The experimental 
setup is shown in Figure 3.18, measured material and geometric properties for the specimens are 
given in Table 3.7, and results are shown in Figure 3.19. The parameters were adjusted until a 
good correspondence was seen for all specimens.  
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Table 3.6. Three Point Bending Experiments on Wide Flange Steel Beams 

 

  

Author Year Specimen d tw bf tf Fyf Fuf Fyw Fuw Li Mp Mmax
in in in in ksi ksi ksi ksi in k-ft k-ft

Saw yer 1961 4 8.11 0.238 5.32 0.401 41.0 67.3 46.0 67.8 22.4 68.4 93.8
Saw yer 1961 5 8.11 0.238 5.32 0.401 41.0 67.3 46.0 67.8 30.3 68.4 91.2
Saw yer 1961 6 8.11 0.238 5.32 0.401 41.0 67.3 46.0 67.8 42.1 68.4 87.8
Saw yer 1961 7 5.05 0.237 4.99 0.357 41.5 66.3 56.5 71.8 21.2 34.2 51.5
Saw yer 1961 8 5.05 0.237 4.99 0.357 41.5 66.3 56.5 71.8 28.7 34.2 49.4
Saw yer 1961 9 5.05 0.237 4.99 0.357 41.5 66.3 56.5 71.8 40.0 34.2 49.0
Saw yer 1961 10 10.24 0.253 4.00 0.374 38.0 58.1 40.4 59.4 17.1 65.9 86.3
Saw yer 1961 11 10.24 0.253 4.00 0.374 38.0 58.1 40.4 59.4 23.7 65.9 90.7
Saw yer 1961 12 10.24 0.253 4.00 0.374 38.0 58.1 40.4 59.4 32.3 65.9 85.8
Saw yer 1961 13 12.08 0.284 6.56 0.454 38.8 64.1 47.3 67.0 27.7 146.8 183.1
Saw yer 1961 14 12.08 0.284 6.56 0.454 38.8 64.1 47.3 67.0 37.5 146.8 183.8
Saw yer 1961 15 12.08 0.284 6.56 0.454 38.8 64.1 47.3 67.0 52.2 146.8 187.2
Saw yer 1961 16 11.94 0.213 4.05 0.229 44.1 60.1 54.3 65.0 17.0 71.7 75.9
Saw yer 1961 17 11.94 0.213 4.05 0.229 44.1 60.1 54.3 65.0 22.8 71.7 71.8
Saw yer 1961 18 11.94 0.213 4.05 0.229 44.1 60.1 54.3 65.0 31.7 71.7 72.7
Saw yer 1961 19 8.11 0.292 8.05 0.431 41.2 67.5 44.6 68.0 33.9 105.7 126.7
Saw yer 1961 20 8.11 0.292 8.05 0.431 41.2 67.5 44.6 68.0 45.9 105.7 120.5
Saw yer 1961 21 8.11 0.292 8.05 0.431 41.2 67.5 44.6 68.0 64.0 105.7 113.8

Lukey & Adams 1969 A-1 9.86 0.301 8.01 0.425 41.3 69.3 44.8 69.8 68.5 133.3 183.8
Lukey & Adams 1969 A-2 9.86 0.301 6.93 0.425 41.3 69.3 44.8 69.8 58.0 118.4 167.4
Lukey & Adams 1969 B-1 7.88 0.175 4.04 0.208 54.1 71.1 57.5 77.2 30.6 40.7 45.8
Lukey & Adams 1969 B-2 7.88 0.175 2.91 0.208 54.1 71.1 57.5 77.2 20.4 32.6 37.9
Lukey & Adams 1969 B-3 7.88 0.175 3.39 0.208 54.1 71.1 57.5 77.2 24.7 36.1 41.0
Lukey & Adams 1969 B-4 7.88 0.175 3.70 0.208 54.1 71.1 57.5 77.2 27.5 38.3 40.9
Lukey & Adams 1969 B-5 7.88 0.175 3.81 0.208 54.1 71.1 57.5 77.2 28.5 39.1 41.4
Lukey & Adams 1969 C-1 9.86 0.181 4.01 0.207 54.1 74.6 51.1 70.2 27.0 53.3 59.6
Lukey & Adams 1969 C-2 9.86 0.181 2.90 0.207 54.1 74.6 51.1 70.2 18.9 43.3 54.3
Lukey & Adams 1969 C-3 9.86 0.181 3.38 0.207 54.1 74.6 51.1 70.2 23.0 47.6 55.7
Lukey & Adams 1969 C-4 9.86 0.181 3.68 0.207 54.1 74.6 51.1 70.2 25.5 50.3 56.6
Lukey & Adams 1969 C-5 9.86 0.181 3.54 0.207 54.1 74.6 51.1 70.2 24.4 49.1 56.0
Smith & Adams 1968 D-1 7.94 0.182 2.65 0.190 41.1 61.5 53.6 66.7 34.8 25.0 27.4
Smith & Adams 1968 D-2 7.94 0.182 2.66 0.189 42.0 62.2 54.6 68.3 51.4 25.5 27.5
Smith & Adams 1968 D-3 7.94 0.182 2.66 0.191 43.7 62.8 54.1 67.7 52.1 26.0 25.6
Smith & Adams 1968 D-4 7.94 0.185 2.66 0.193 40.7 60.5 55.5 68.3 73.0 25.7 27.0
Smith & Adams 1968 D-5 7.94 0.185 2.66 0.192 40.7 60.5 55.5 68.3 44.7 25.6 29.1
Smith & Adams 1968 D-6 7.93 0.183 2.64 0.188 44.3 64.1 55.1 68.7 17.4 26.2 34.3
Smith & Adams 1968 E-1 7.94 0.189 3.46 0.192 43.7 62.8 54.1 67.7 48.8 30.9 38.0
Smith & Adams 1968 E-2 7.93 0.182 3.46 0.189 41.1 61.5 53.6 66.7 73.2 28.9 31.5
Smith & Adams 1968 E-3 7.93 0.182 3.46 0.189 40.8 60.2 53.1 65.7 73.2 28.7 30.0
Smith & Adams 1968 E-4 7.94 0.182 3.46 0.188 40.8 60.2 53.1 65.7 102.5 28.7 31.1
Smith & Adams 1968 E-5 7.93 0.182 3.46 0.188 42.0 62.2 54.6 68.3 62.8 29.4 31.0
Smith & Adams 1968 E-6 7.93 0.183 3.46 0.189 44.3 64.1 55.1 68.7 24.4 30.7 36.9

Green, Sause, & Ricles 2002 3 12.00 0.390 6.00 0.519 81.4 90.9 87.8 94.1 54.0 328.4 386.9
Green, Sause, & Ricles 2002 4 20.89 0.388 5.99 0.519 88.0 100.1 88.8 100.2 54.0 747.8 797.2
Green, Sause, & Ricles 2002 4A 20.98 0.387 6.00 0.516 88.0 100.1 88.8 100.2 54.0 749.4 813.1
Green, Sause, & Ricles 2002 5 20.96 0.386 6.00 0.512 88.0 100.1 88.8 100.2 54.0 744.3 886.5
Green, Sause, & Ricles 2002 6 11.90 0.406 8.99 0.511 88.0 100.1 88.8 100.2 54.0 472.3 535.6
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Figure 3.17. Comparison of Plastic Hinge Length for Wide Flange Steel Beams 

 

Table 3.7. Material and Geometric Properties – Tsai and Popov 1988 

 

 
 

Figure 3.18. Experiment Setup – Tsai and Popov 1988 
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Figure 3.19. Cyclic WF Results – Tsai and Popov 1988 
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Figure 3.19. Cyclic WF Results – Tsai and Popov  (Continued) 
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Figure 3.19. Cyclic WF Results – Tsai and Popov  (Continued) 
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3.8 Wide Flange and Rectangular Hollow Structural Steel Braces 

In braced frames, the primary inelastic response is yielding and buckling of the braces. 
The cyclic inelastic response of steel braces is modeled by including multiple elements along the 
length and explicitly modeling initial out-of-straightness in the brace. This technique has been 
shown to be accurately brace behavior (Uriz et al. 2008). An initial out-of-straightness equal to 
one thousandth of the brace length (L/1000) is used based on recommendations by Uriz et al. 
(2008) and standard construction tolerances (AISC 2010a).  

The Shen et al. (1995) uniaxial constitutive relation (Section 3.4.1) is used. Residual 
stresses for wide flange braces are defined as described in Section 0, residual stress for 
rectangular HSS braces are defined with an initial plastic strain the same as for rectangular CFTs 
( p

o  = 0.0006 in the corner region, 0.0004 in the flat region). Local buckling is neglected. This is 
acceptable for the braces studied in this work since they were designed to be “highly ductile” 
(AISC 2010c) with low width-to-thickness ratios.  

3.9 Connection Regions in Composite Special Moment Frames 

Neglecting connection behavior in special moment frames can result in under-predictions 
of deformation and over-predictions of strength. Even at low loads, the elastic deformations of 
the panel zone can significantly contribute to the drift of the frame as a whole. In this work, the 
connection region of special moment frames is modeled as shown in Figure 3.20. Key 
components are a rigid link parallelogram model with a rotational spring representing the 
nonlinear panel zone behavior and elastic beam elements which serve to move the beam plastic 
hinges to specified locations. Nonlinear beam elements for the columns and beams as described 
in previous sections frame into this connection model. The connecting elements (e.g., split tees 
as shown in Figure 3.20) are not explicitly modeled since they are designed to not experience 
significant deformations, even under large frame deformations. 

Panel zone models have been developed for in prior work for structural steel connections 
(e.g., Kim and Engelhardt 2002) reinforced concrete connections (e.g., Altoontash 2004), and 
composite connections (e.g., Kanatani et al. 1987; Muhummud 2003; Fukumoto and Morita 
2005). The rigid link parallelogram model used in this work is the Join2D element implemented 
in the OpenSees framework by Altoontash (2004). The rotational spring representing the 
nonlinear panel zone behavior follows the recommendations of Muhummud (2003). A tri-linear 
constitutive relation defined by the peak panel zone shear strength, Vu, and the initial stiffness, 
Ke, as shown in Figure 3.21 is used. The model is extend for cyclic behavior, by defining the 
backbone curve in the context of a multi-surface kinematic hardening plasticity model (Mróz 
1967). The peak shear strength and the initial stiffness are defined by superimposing 
contributions of the steel and concrete components as defined in Table 3.8 for RCFT columns 
and Table 3.9 for SRC columns.  

Connecting elements can serve to strengthen the beam and force the location of the 
plastic hinge away from the column face. This has been observed in experiments on beam-to-
column connections (e.g., Ricles et al. 2004). To model this, elastic beam elements are placed in 
between the panel zone element and the nonlinear beam element. The length of the elastic beam 
element is equal to the length of the connection. Section properties of the beam without 
adjustments for the connecting elements are used.  
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(a) Physical View 
 

 
 

(b) Model View 
Figure 3.20. Schematic of the Connection Region of Special Moment Frames 
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For SRC columns, strain-penetration effects were observed to reduce the stiffness by 
imparting fixed end rotations at the column ends (Ricles and Paboojian 1994; Juang and Hsu 
2008). Thus, for these members, a simple rotational spring bond-slip model is included between 
the beam element and the joint as well as between the beam element and the base. An elastic 
constitutive relation is used with the rotational stiffness approximated by Equation 3.63 for 
strong axis bending. This stiffness was calibrated through comparisons between experimental 
and computational results for a series of cantilever column tests by Juang and Hsu (2008) 
presented in Section 3.6.1. This rotational spring bond-slip model is similar in nature to other 
models proposed for reinforced concrete columns (Sezen and Moehle 2003; Zhao and Sritharan 
2007) although with a simpler constitutive relation. 
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where, 

H = overall depth of the section 

 
 

Figure 3.21. Panel Zone Shear Constitutive Relation 
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3.10 Connection Regions in Composite Special Concentrically Braced Frames 

Connection regions in special concentrically braced frames have large gusset plates that 
serve to stiffen the connections. Hsiao et al. (2012) developed recommendations for modeling 
the connection region of steel special concentrically braced frames. Simplified versions of the 
model by Hsiao et al. (2012) are used in this work. The beam-to-column connection region is 
modeled as shown in Figure 3.22 and the mid-beam connection region is modeled as shown in 
Figure 3.23. Rigid links are used to model the region where the gusset plate stiffens the beam, 
brace, and column. The length of the rigid link along the column is equal to distance from the 
work point to the top of the gusset plate. The length of the rigid link along the brace is equal to 
distance from the work point to the physical brace. The length of the rigid link along the beam is 
equal to distance from the work point to column face plus 75% of the distance from the column 
face to the edge of the gusset plate. The column and beam frame directly into the rigid link 
whereas a moment release is used between the rigid link and the brace. 

 

Table 3.8. Equations for RCFT Panel Zone Model 
Component Elastic Stiffness Peak Shear Strength 

Concrete Core 
5 2
6 tane c

SK G B t  0.885u c cV f ksi A  

Steel Tube 2e sK G H t  0.6 2u yV F H t  

Doubler Plate e s flat doublerK G H t  0.6u y flat doublerV F H t  

Total , , ,e e concrete e steel e doublerK K K K  , , ,u u concrete u steel u doublerV V V V  

Table 3.9. Equations for SRC Panel Zone Model 
Component Elastic Stiffness Peak Shear Strength 

Concrete  
5
6 tane c

SK G B  0.474u c cV f ksi A  

Steel Shape e s wK G dt  0.6u y wV F dt  

Doubler Plate e s doubler doublerK G d t  0.6u y doubler doublerV F d t  

Total , , ,e e concrete e steel e doublerK K K K  , , ,u u concrete u steel u doublerV V V V  
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(a) Physical View 
 

 
 

(b) Model View 
Figure 3.22. Schematic of the Beam-To-Column Connection Region of Special 

Concentrically Braced Frames 
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(a) Physical View 
 

 
 

(b) Model View 
Figure 3.23. Schematic of the Mid-Beam Connection Region of Special Concentrically 

Braced Frames 
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Chapter 4 

VALIDATION OF THE MIXED FINITE 
ELEMENT FORMULATION 

4.1 Introduction

This chapter presents results of analyses using the mixed finite element formulation 
introduced in Chapter 3. The analyses are intended to provide a comprehensive investigation to 
the accuracy of the formulation. The geometric nonlinear aspects of the formulation were 
validated against theoretical solutions and trusted prior computational results of elastic members 
and frames in prior work (Denavit and Hajjar 2010). These comparisons will not be repeated 
here; rather the focus of the validation will be comparisons to experimental results.  

The member and frame specimens analyzed in this study were chosen to have a broad 
range of loading and boundary conditions as well as material and geometric properties. The 
computational results are compared against the experimental results with quantitative 
comparisons made using various metrics computed from the resulting load-deformation 
response. These metrics include initial stiffness, peak load, deformation at peak load, and area 
under the curve. The fully nonlinear analyses are separated into sets based on member type and 
loading type. Over 250 specimens were analyzed; the number of experiments in each set is 
shown in Table 4.1.

Table 4.1. Summary of Validation Analyses 

Note: SC = short column; BM = beam; PBC = proportionally loaded beam-column;  
NBC = non-proportionally loaded beam-column 

4.2 Description of Monotonic Loading Types 

Among monotonically loaded specimens, four common types of loading were identified 
(Figure 4.1): 1) short concentrically loaded (stub) columns (SC); 2) beams (BM); 3) 
proportionally loaded beam-columns (PBC); and 4) non-proportionally loaded beam-columns 
(NBC).  For each of these types, the loading, control, and reported results are similar enough that 
the same analysis procedure may be used for all specimens. The analyses were run in two-

SC BM PBC NBC Cyclic Total
CCFT 24 13 24 24 7 92
RCFT 28 18 19 14 18 97
SRC --- --- 39 --- 8 47

WF Beam --- 17 --- --- 4 21
Steel Brace --- --- --- --- 9 9

Total 52 48 82 38 46 266

Loading Type

M
em

be
r T

yp
e
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dimensions for all SC, BM, and NBC specimens. The PBC specimens were run in two-
dimensions if the loading was on a principal axis and in three-dimensions otherwise.  

Preliminary mesh refinement studies were performed. The results varied somewhat 
between the different loading types. For cross sections that exhibit hardening behavior, little 
accuracy was gained by using more than the minimum number of elements. The minimum 
number of elements was defined such that nodes exist wherever boundary conditions were 
located, loads were applied, or measurements were taken. For cross sections that exhibit 
softening behavior, strong mesh dependence is seen due to localization, with less accurate results 
occurring for meshes with higher density. Thus the minimum mesh density was used for these 
analyses as described in Table 4.2.

Table 4.2. Modeling Details for Monotonic Validation Studies 

Loading Type Dimensionality Number of 
Elements 

Number of 
Sections Per 

Element
SC 2D 1 3 

BM (Direct) 2D 1 3 
BM (Four-Point) 2D 4 3 
BM (Three-Point) 2D 2 3 

PBC 2D/3D 2 3 
NBC 2D 1 3 

Localization and mesh dependence are most evident for the NBC specimens since the 
axial loads were often large, making the softening response more drastic. Thus for the NBC tests, 
in addition to the analysis results using the beam element, analysis results using just one cross 
section are presented. The cross section analyses better reflect the ability of the constitutive 
relations to capture the behavior, while the beam element analysis results show the potential 
accuracy that may be obtained with the element in the presence of localization. 

In all cases, the fiber discretization was selected such that the nominal depth of each fiber 
was 1/30th of the section depth. For two-dimensional loading, the fibers were elongated in length 
(i.e. strips). For three-dimensional loading, the nominal width of each fiber was 1/30th of the 
section width. The number of fibers in each component of the section was determined using 
these fixed ratios rounding up to the nearest integer as described in Chapter 3. For example for a 
W14x159 (d = 15.0 in, tf = 1.19 in) in strong axis bending the number of fibers in each flange 
was 3 (Equation 4.1).

1.19in3 2.38
15.0in 30 30

ft
d

 (4.1) 
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(a) SC 

(a) BM (Direct Moment) 

(b) BM (Four-Point Bending) 

(c) BM (Three-Point Bending) 

(e) PBC 

(f) NBC 
Figure 4.1. Experimental Setup of Monotonic Validation Tests 
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4.3 General Observations from the Validation Results

The “Proposed for Design” (PfD) and “Proposed for Behavior” (PfB) models are similar 
in the pre-peak range of all specimens and for the entire range of the BM and PBC specimens. 
However, the PfD exhibits stronger degradation than the PfB model for the SC and NBC 
specimens. This is caused primarily by the use of Popovics’ equation rather than Tsai’s equation 
for the monotonic concrete response. In the PfB model, Tsai’s equation is used and the factor r is 
defined to account for the expected level of concrete confinement. The PfD is nonetheless 
suitable for developing design recommendations since it captures the pre-peak response 
including peak loads well, as will be seen in the remainder of this chapter. 

The results of the NBC validation study clearly show the effects of localization.  The 
analyses performed with the beam element show approximately the same peak strength but a 
much steeper softening response than the analyses performed with a single cross section. This is 
because with the beam element, once softening commences, the deformations are concentrated in 
only one of the three sections in the beam, increasing the curvatures at that section and 
accelerating the descent down the softening response of the cross section.  

4.4 Circular Concrete-Filled Steel Tube Members 

4.4.1 Monotonic Validation Results 

The experimental results used in the monotonic validation of CCFT members were taken 
from a variety of sources, as shown in Table 4.3. Summary error statistics are given in Table 4.4; 
detailed results are presented in the remainder of this section. 

The PfB model is very successful at predicting peak strength and area under the curve, as 
the median error is less than 5% for both of those metrics for all loading types with the exception 
of NBC specimens. It is logical that these metrics have less error than initial stiffness and 
deformation at peak strength since they were targeted in the calibration of the model. Initial 
stiffness and deformation at peak strength were not directly targeted in the calibration process 
and have comparatively larger errors. Errors in initial stiffness can likely be attributed to either 
discrepancies between computed and experimental values of the elastic modulus of the concrete 
core, as the elastic modulus of the steel tube does not exhibit significant variation, or 
experimental measurements that may be affected by seating or elastic deformations at the small 
deformation levels where initial stiffness is defined.  

The following additional observations are made regarding the validation results: 

For some of the SC specimens (#7 and #17, Table 4.5) the peak does not occur until later 
in the experiment and post-peak degradation is not observed. The models, on the other 
hand, predict a comparatively early peak and some, albeit small, degradation. Since these 
two specimens have a low D/t ratio and local buckling is not active in that stage of 
loading, the early peak in the model can be attributed to an early peak in the concrete 
model. This could possibly be caused by the assumption that the confining pressure 
remains constant throughout the loading, instead of potentially increasing as the loading 
progresses. However, the loss in accuracy of peak strength and area under the curve are 
minimal because of this discrepancy.   
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For other SC specimens (#1, #2, and #8, Table 4.5) hardening is observed after the initial 
post-peak degradation that is not captured by the model. This behavior is likely due to 
strain hardening in the steel or increases in confinement as the concrete crushes and 
expands outward; however, the resulting inaccuracy in the load-deformation results is 
minimal.  
For the direct moment BM specimens, the peak moment is underpredicted for the more 
slender sections (D/t > 45) and overpredicted for the more stocky specimens. However, 
the shape of the response (e.g., hardening slope) is captured well by the models. These 
inaccuracies could be the result of calibrating the uniaxial constitutive relations primarily 
to stub column tests where the concrete confinement and steel local buckling behavior are 
different. However, the average response is good and the entire response of the four-point 
bending BM specimens (Wheeler and Bridge 2004) is captured well. 
For the PBC specimens, the PfD model predicts a slightly higher load and slightly faster 
degradation than the PfB model, this is in contrast to the other types of loading where the 
PfB model typically predicted high peak strengths. This is possibly due to differences in 
the progression of stiffness between Popovics’ equation and Tsai’s equation with the 
selected r.
For the NBC specimens, the experiments sometimes exhibit a significant hardening 
behavior that is not captured by the model, even in the cross section analyses. This is 
likely due to differences (e.g., bending moment) in the loading between NBC specimens 
and SC specimens against which the uniaxial constitutive relations were calibrated. The 
yield moment, however, appears to have been well captured by the model.  

Table 4.3. References - CCFT Monotonic Validation 
Loading 

Type References Results 

SC

Bergmann (1994) 
Giakoumelis and Lam (2004) 

Han and Yao (2004) 
Han et al. (2005) 

O’Shea and Bridge (1997a; b) 
Yamamoto et al. (2000) 
Yoshioka et al. (1995) 

Measured Material and Geometric 
Properties: Table 4.5 

PfB Error Statistics: Table 4.6 
PfD Error Statistics: Table 4.7 

BM
Elchalakani et al. (2001) 

Ichinohe et al. (1991) 
Wheeler and Bridge (2004) 

Measured Material and Geometric 
Properties: Table 4.8 

PfB Error Statistics: Table 4.9 
PfD Error Statistics: Table 4.10 

PBC Kilpatrick and Rangan (1999) 
Matsui and Tsuda (1996) 

Measured Material and Geometric 
Properties: Table 4.11 

PfB Error Statistics: Table 4.12 
PfD Error Statistics: Table 4.13 

NBC Ichinohe et al. (1991) 
Nishiyama et al. (2002) 

Measured Material and Geometric 
Properties: Table 4.14 

PfB Error Statistics: Table 4.15  
PfD Error Statistics: Table 4.16 

PfB (section) Error Statistics: Table 4.17 
PfD (section) Error Statistics: Table 4.18 
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Figure 4.2. CCFT Validation Results – SC
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Figure 4.2. CCFT Validation Results – SC (continued) 
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Figure 4.2. CCFT Validation Results – SC (continued) 
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Figure 4.2. CCFT Validation Results – SC (continued) 
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Figure 4.3. CCFT Validation Results – BM
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Figure 4.3. CCFT Validation Results – BM (continued) 
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Figure 4.3. CCFT Validation Results – BM (continued) 
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Figure 4.4. CCFT Validation Results – PBC
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Figure 4.4. CCFT Validation Results – PBC (continued) 
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Figure 4.4. CCFT Validation Results – PBC (continued) 

0 20 40 60 80
0

20

40

60

80

100

120

140

160

180

Mid−Height Deflection (mm)
Test #13: SC−3 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 20 40 60 80
0

20

40

60

80

100

120

140

160

Mid−Height Deflection (mm)
Test #14: SC−4 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 20 40 60 80 100
0

20

40

60

80

100

120

140

Mid−Height Deflection (mm)
Test #15: SC−5 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 20 40 60 80
0

20

40

60

80

100

120

Mid−Height Deflection (mm)
Test #16: SC−6 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 20 40 60 80 100
0

20

40

60

80

100

120

Mid−Height Deflection (mm)
Test #17: SC−7 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 20 40 60 80
0

50

100

150

200

250

300

350

400

Mid−Height Deflection (mm)
Test #18: SC−9 (Kilpatrick & Rangan 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD



91

Figure 4.4. CCFT Validation Results – PBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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Figure 4.5. CCFT Validation Results – NBC (continued) 
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4.4.2 Cyclic Validation Results – Elchalakani and Zhao 2008 

Elchalakani and Zhao (2008) performed a series of tests on CCFT members. The loading 
configuration was the same as the monotonic pure bending beam tests described above (Figure 
4.1) and the same mesh density was used. Measured material and geometric properties of the 
specimens are given in Table 4.19, results are shown in Figure 4.6. 

Table 4.19. Material and Geometric Properties – Elchalakani and Zhao 2008 

The following observations are made regarding the validation results: 

The model captures the experimental behavior well, accurately capturing the initial 
stiffness, peak strength, and unloading response.
The specimens with thicker tubes exhibit fuller hysteresis loops while the specimen with 
the thinner tube exhibits a pinching behavior. With the addition of the reduced size of the 
elastic range and plastic modulus the model is able to capture this behavior well. 

D t f'c Fy Bending Span
(mm) (mm) (MPa) (MPa) (mm)

1 F19I1 60 2.95 20.5 23.1 413 800
2 F11I1 87 2.28 38.3 23.1 473 800
3 F04I1 110 1.25 88.3 23.1 430 800
4 F01I1 109 1.05 104.1 23.1 457 800
5 F16I1 89 3.09 28.8 23.1 473 800
6 F15I1-S 76 2.35 32.4 23.1 370 800
7 F14I3 89 2.52 35.5 23.1 378 800

Test # Specimen D/t
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Figure 4.6. CCFT Validation Results – Elchalakani and Zhao 2008 
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Figure 4.6. CCFT Validation Results – Elchalakani and Zhao 2008 (Continued) 
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Figure 4.6. CCFT Validation Results – Elchalakani and Zhao 2008 (Continued) 
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Figure 4.6. CCFT Validation Results – Elchalakani and Zhao 2008 (Continued) 
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4.5 Rectangular Concrete-Filled Steel Tube Members 

4.5.1 Monotonic Validation Results 

The experimental results used in the monotonic validation of RCFT members were taken 
from a variety of sources Table 4.20. Summary error statistics are given in Table 4.21; detailed 
results are presented in the remainder of this section. 

Table 4.20. References - RCFT Monotonic Validation 
Loading 

Type References Results 

SC

Grauers (1993) 
Nishiyama et al. (2002) 

Schneider (1998) 
Tomii and Sakino (1979) 

Varma (2000) 

Measured Material and Geometric 
Properties: Table 4.22 

PfB Error Statistics: Table 4.23 
PfD Error Statistics: Table 4.24 

BM

Assi et al. (2003) 
Gho and Liu (2004) 

Lu and Kennedy (1994) 
Tomii and Sakino (1979) 

Measured Material and Geometric 
Properties: Table 4.25 

PfB Error Statistics: Table 4.26 
PfD Error Statistics: Table 4.27 

PBC
Bridge (1976) 
Grauers (1993) 

Shakir-Khalil and Zeghiche (1989) 

Measured Material and Geometric 
Properties: Table 4.28 

PfB Error Statistics: Table 4.29 
PfD Error Statistics: Table 4.30 

NBC
Nakahara and Sakino (1998) 

Tomii and Sakino (1979) 
Varma (2000) 

Measured Material and Geometric 
Properties: Table 4.31 

PfB Error Statistics: Table 4.32 
PfD Error Statistics: Table 4.33 

PfB (section) Error Statistics: Table 4.34 
PfD (section) Error Statistics: Table 4.35 

The PfB model is very successful at predicting peak strength and area under the curve, as 
the median error is less than 10% for both of those metrics for all loading types. Initial stiffness 
and deformation at peak strength were not directly targeted in the calibration process and have 
comparatively larger errors. The PfD model captures the pre-peak behavior as well as the PfB 
model, with median errors of peak strength less than 10% for all loading types. The following 
additional observations are made regarding the monotonic validation results: 

For some of the SC specimens (#5-#10, #16, #22-#24, Table 4.22), the experiments 
exhibit a sharp drop in strength immediately following the peak. The PfD model often 
captures this drop better than the PfB model, although the PfB model captures the area 
under the curve better. The PfD model is better capable of capturing the sharp drop 
because of the greater post-peak degradation in the concrete constitutive relation. After 
the sharp drop, the experiments often show an increase in strength as the confinement 
pressure increases. The PfB model assumes constant confining pressure and thus does not 
capture the sharp drop well but does capture the average behavior well.
The response of the PfB model for the SC specimens is often near an elastic perfectly 
plastic response.
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For some of the BM specimens, a wavy response is observed from the PfB model. This is 
likely due to the peak being reached at successive integration points in the beam, possible 
because of the hardening behavior after the initial post peak degradation.   
For the biaxial loaded PBC specimens, the relative proportions of the displacements are 
not predicted correctly, indicating that the path taken by the specimen (in Y-Z lateral 
deformation space) in the model was different than in the experiment. The peak strengths, 
however, are captured well.  
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Figure 4.7. RCFT Validation Results – SC
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Figure 4.7. RCFT Validation Results – SC (continued) 
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Figure 4.7. RCFT Validation Results – SC (continued) 
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Figure 4.7. RCFT Validation Results – SC (continued) 
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Figure 4.7. RCFT Validation Results – SC (continued) 
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Figure 4.8. RCFT Validation Results – BM
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Figure 4.8. RCFT Validation Results – BM (continued) 
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Figure 4.8. RCFT Validation Results – BM (continued) 
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Figure 4.9. RCFT Validation Results – PBC
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Figure 4.9. RCFT Validation Results – PBC (continued) 
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Figure 4.9. RCFT Validation Results – PBC (continued) 

0 10 20 30 40 50 60
0

100

200

300

400

500

600

700

800

Mid−Height Deflection (mm)
Test #13: SHC−7 (Bridge 1976)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 10 20 30 40 50 60
0

100

200

300

400

500

600

Mid−Height Deflection (mm)
Test #14: SHC−8 (Bridge 1976)

A
xi

al
 F

or
ce

 (k
N

)
Expt.
PfB
PfD

0 5 10 15 20 25 30
0

50

100

150

200

250

300

350

400

450

Mid−Height Deflection (mm)
Test #15: 2 (Shakir−Khalil and Zeghiche 1989)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 10 20 30 40
0

50

100

150

200

250

300

Mid−Height Deflection (mm)
Test #16: 3 (Shakir−Khalil and Zeghiche 1989)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD



133

Figure 4.9. RCFT Validation Results – PBC (continued) 
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Figure 4.10. RCFT Validation Results – NBC 

0 10 20 30 40 50 60
0

5

10

15

20

Normalized Curvature (κH×103)
Test #1: III−1 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB
PfD

0 10 20 30 40 50 60
0

5

10

15

20

Normalized Curvature (κH×103)
Test #1: III−1 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB (section)
PfD (section)

0 10 20 30 40 50 60
0

5

10

15

20

Normalized Curvature (κH×103)
Test #2: III−2 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB
PfD

0 10 20 30 40 50 60
0

5

10

15

20

Normalized Curvature (κH×103)
Test #2: III−2 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB (section)
PfD (section)

0 10 20 30 40 50 60
0

5

10

15

Normalized Curvature (κH×103)
Test #3: III−3 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB
PfD

0 10 20 30 40 50 60
0

5

10

15

Normalized Curvature (κH×103)
Test #3: III−3 (Tomii and Sakino 1979)

M
om

en
t (

kN
−m

)

Expt.
PfB (section)
PfD (section)



140

Figure 4.10. RCFT Validation Results – NBC (continued) 
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Figure 4.10. RCFT Validation Results – NBC (continued) 
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Figure 4.10. RCFT Validation Results – NBC (continued) 
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Figure 4.10. RCFT Validation Results – NBC (continued) 
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4.5.2 Cyclic Validation Results - Nakahara and Sakino 2000 

Nakahara and Sakino (2000) performed a series of tests on RCFT members. The loading 
configuration was the same as the monotonic NBC tests described above (Figure 4.1) and the 
same mesh density was used. Material and geometric properties of the specimens are given in 
Table 4.36, results are shown in Figure 4.11. 

Table 4.36. Material and Geometric Properties – Nakahara and Sakino 2000 

For the specimens with high axial load and moderate H/t ratios (BRA4-6-5-04, BRA4-4-
5-04, and BRA4-6-5-04-C) the degradation seen in the experiment is not captured as well as it is 
for the specimens with high axial load and high H/t ratios (BRA4-2-5-04 and BRA4-2-5-04-C). 
For the specimens with low axial load, the cyclic degradation is less drastic overall and the 
model captures the behavior very well for all H/t ratios. This is likely due to the relatively simple 
way local buckling is triggered in the steel constitutive relation. In addition to the scatter 
observed when deriving the expression for strain at local buckling, each fiber is independent and 
the state of the section as a whole is not taken into account in the local buckling model. 
Nonetheless, the specimens that were not captured well were intermediate cases, with more 
extreme cases showing better correlation.

H B t f'c Fy L P
(mm) (mm) (mm) (MPa) (MPa) (mm) (kN)

1 BRA4-6-5-02 200 200 5.93 33.7 48 320 660 3.3 570 0.18
2 BRA4-6-5-04 200 200 5.93 33.7 48 320 660 3.3 1,140 0.36
3 BRA4-4-5-02 200 200 4.25 47.1 48 211 660 3.3 426 0.17
4 BRA4-4-5-04 200 200 4.25 47.1 48 211 660 3.3 851 0.35
5 BRA4-2-5-02 200 200 2.04 98.0 48 253 660 3.3 380 0.17
6 BRA4-2-5-04 200 200 2.04 98.0 48 253 660 3.3 761 0.34
7 BRA4-6-5-02-C 200 200 5.93 33.7 48 320 660 3.3 570 0.18
8 BRA4-6-5-04-C 200 200 5.93 33.7 48 320 660 3.3 1,140 0.36
9 BRA4-2-5-02-C 200 200 2.04 98.0 48 253 660 3.3 380 0.17
10 BRA4-2-5-04-C 200 200 2.04 98.0 48 253 660 3.3 761 0.34

P/PoTest # Specimen H/t L/H
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Figure 4.11. RCFT Validation Results – Nakahara and Sakino 2000 
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Figure 4.11. RCFT Validation Results – Nakahara and Sakino 2000 (Continued) 
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Figure 4.11. RCFT Validation Results – Nakahara and Sakino 2000 (Continued) 
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Figure 4.11. RCFT Validation Results – Nakahara and Sakino 2000 (Continued) 
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Figure 4.11. RCFT Validation Results – Nakahara and Sakino 2000 (Continued) 
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4.5.3 Cyclic Validation Results - Varma 2000 

Varma (2000) performed a series of non-proportionally loaded beam-column tests on 
RCFT members. A cantilever column was subjected to an axial compressive load applied by 
tension rods. An actuator then applied horizontal loads at the top of the specimen. The tension 
rods moved with the specimen creating a follower load. This was modeled by defining a stiff 
truss element connected to the top and to a secondary node at the base. The axial load was 
applied to the secondary node and transferred through the truss element to the top, applying a 
load roughly in line with the chord of the specimen as in the experiment. Two beam elements 
were used along the length, each with three integration points. Material and geometric properties 
of the specimens are given in Table 4.37, results are shown in Figure 4.13. 

(a) Detailed Schematic [after Varma (2000)] (b) Simple Schematic 
Figure 4.12. Experiment Setup – Varma 2000 

Table 4.37. Material and Geometric Properties – Varma 2000 

Specimen

Axial Tension Rods 
Each Side

P

H

A
xi

al
 te

ns
io

n 
ro

d

P

H

H B t f'c Fy L P
(mm) (mm) (mm) (MPa) (MPa) (mm) (kN)

1 CBC-32-80-10 305 305 8.90 34.3 110 600 1,500 4.9 1,523 0.10
2 CBC-32-80-20 305 305 8.90 34.3 110 600 1,500 4.9 3,050 0.20
3 CBC-48-80-10 305 305 6.10 50.0 110 660 1,500 4.9 1,355 0.10
4 CBC-48-80-20 305 305 6.10 50.0 110 660 1,500 4.9 2,715 0.19
5 CBC-32-46-10 305 305 8.6 35.5 110 269 1,500 4.9 1,255 0.11
6 CBC-32-46-20 305 305 8.6 35.5 110 269 1,500 4.9 2,515 0.21
7 CBC-48-46-10 305 305 5.8 52.6 110 471 1,500 4.9 1,178 0.09
8 CBC-48-46-20 305 305 5.8 52.6 110 471 1,500 4.9 2,270 0.18

P/PoTest # Specimen H/t L/H
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The following observations are made regarding the validation results: 

A generally good correlation is seen between the computational and experimental results.  
The peak loads are underpredicted by the model. This is possibly due to extra 
confinement provided by the footing that moved the plastic hinge up in the experiment.  
The unloading stiffness, yield upon unloading, cyclic degradation are captured well by 
the model.   
The experiment exhibits hardening behavior with the peak strength of each cycle 
occurring at the reversal. The models, however, show peaks being reached within the 
cycles and flat or softening behavior from the peak to the reversal. This has only a minor 
effect on the accuracy of the load-deformation curve as a whole.  
For some specimens (e.g., CBC-48-80-20) the degradation is overpredicted, for other 
specimens (e.g., CBC-48-80-10) it is underpredicted. For specimen CBC-48-46-10, the 
degradation under constant amplitude cycles is not captured. On average, however, the 
degradation is captured well.
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Figure 4.13. RCFT Validation Results – Varma 2000 
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Figure 4.13. RCFT Validation Results – Varma 2000 (Continued) 
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Figure 4.13. RCFT Validation Results – Varma 2000 (Continued) 
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Figure 4.13. RCFT Validation Results – Varma 2000 (Continued) 
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4.6 Steel Reinforced Concrete Members 

4.6.1 Monotonic Validation Results 

The experimental results used in the monotonic validation of SRC members were taken 
from a variety of sources Table 4.38, including two series of tests that do not correspond to one 
of the four defined monotonic validation types.

Chen et al. (1992) present a series of concentrically loaded SRC column experiments. 
The test setup was similar to that of PBC columns with an eccentricity of zero. The initial out-of-
straightness was not reported and was taken as L/1000 in the analyses. Four elements were used 
along the length of the column, each with three integration points. 

Mirza et al. (1996) present a series of proportionally loaded SRC beam-column 
experiments. The experiment setup is similar to that of the four point bending tests but with a 
compressive axial load on the member (Figure 4.14). Four elements were used along the length 
of the column, each with three integration points. 

Summary error statistics are given in Table 4.39; detailed results are presented in the 
remainder of this section. 

Table 4.38. References - SRC Monotonic Validation 
Loading 

Type References Results 

PBC
Morino et al. (1984) 

Virdi and Dowling (1973) 
Wang (1999) 

Measured Material and Geometric 
Properties: Table 4.40 

PfB Error Statistics: Table 4.41 
PfD Error Statistics: Table 4.42 

Chen et al. 
(1992) Chen et al. (1992) 

Measured Material and Geometric 
Properties: Table 4.43 

PfB Error Statistics: Table 4.44 
PfD Error Statistics: Table 4.45 

Mirza et al. 
(1996) Mirza et al. (1996) 

Measured Material and Geometric 
Properties: Table 4.46 

PfB Error Statistics: Table 4.47 
PfD Error Statistics: Table 4.48 

Figure 4.14. Experiment Setup – Mirza et al. 1996 
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The PfB model is very successful at predicting peak strength, deformation at peak load, 
and area under the curve, as the median error is less than 10% for those metrics for the PBC and 
Mirza loading types. The following additional observations are made regarding the monotonic 
validation results: 

For the biaxial loaded PBC specimens, the relative magnitudes of the displacements are 
predicted well.   
For some PBC specimens (#2 and #8, Table 4.40), the strength is significantly inaccurate. 
For others (#5, #18, #20, and #22, Table 4.40) it is somewhat inaccurate. However, 
overall, the peak strength is accurately predicted with median errors less than 5%. 
For the tests by Chen et al. (1992), the strength is well predicted except for two 
specimens (#2 and #3, Table 4.43). This discrepancy is possibly due to inaccuracy of the 
assumed initial imperfections.  
For the tests by Mirza et al. (1996), the shape of the response is distinctive. Post-peak 
behavior is not given in the experimental results, however, for some specimens the post-
peak is seen because the model predicts the peak too early.  
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Figure 4.15. SRC Validation Results – PBC 

0 10 20 30 40
0

200

400

600

800

1000

1200

Mid−Height Deflection (mm)
Test #1: RSJ1 (Wang 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 5 10 15 20 25 30
0

100

200

300

400

500

600

700

Mid−Height Deflection (mm)
Test #2: RSJ3 (Wang 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.
PfB
PfD

0 5 10 15 20
0

50

100

150

200

250

300

350

400

450

Mid−Height Deflection (mm)
Test #3: RSJ4 (Wang 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.−Y
Expt.−Z
PfB−Y
PfD−Y
PfB−Z
PfD−Z

−10 0 10 20 30
0

50

100

150

200

250

300

Mid−Height Deflection (mm)
Test #4: RSJ7 (Wang 1999)

A
xi

al
 F

or
ce

 (k
N

)

Expt.−Y
Expt.−Z
PfB−Y
PfD−Y
PfB−Z
PfD−Z

−20 0 20 40 60 80
0

100

200

300

400

500

600

700

Mid−Height Deflection (mm)
Test #5: G (Virdi and Dowling 1973)

A
xi

al
 F

or
ce

 (k
N

)

Expt.−Y
Expt.−Z
PfB−Y
PfD−Y
PfB−Z
PfD−Z

−20 0 20 40 60 80
0

50

100

150

200

250

300

350

400

Mid−Height Deflection (mm)
Test #6: H (Virdi and Dowling 1973)

A
xi

al
 F

or
ce

 (k
N

)

Expt.−Y
Expt.−Z
PfB−Y
PfD−Y
PfB−Z
PfD−Z



163

Figure 4.15. SRC Validation Results – PBC (continued) 
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Figure 4.15. SRC Validation Results – PBC (continued) 
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Figure 4.15. SRC Validation Results – PBC  (continued) 
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Figure 4.16. SRC Validation Results – Chen et al. 1992
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Figure 4.16. SRC Validation Results – Chen et al. 1992 (continued) 
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Figure 4.17. SRC Validation Results – Mirza et al. 1996 
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Figure 4.17. SRC Validation Results – Mirza et al. 1996 (continued) 
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Figure 4.17. SRC Validation Results – Mirza et al. 1996 (continued) 
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4.6.2 Cyclic Validation Results – Ricles and Paboojian 1994 

A set of carefully controlled and well documented non-proportionally loaded cyclic SRC 
beam-columns tests was performed by Ricles and Paboojian (1993, 1994). The specimens were 
subjected to a constant axial load and cyclically increasing horizontal displacements which 
induced strong axis bending in the column. The loading was the similar to that reported by 
Varma (2000) and was modeled the same way (Section 4.5.3). Material and geometric properties 
of the specimens are given in Table 4.49, results are shown in Figure 4.18. 

The following observations are made regarding the validation results: 

A generally good correlation is seen between the computational and experimental results.  
The approximate bond-slip model employed in these analyses captures the average strain-
penetration behavior well, as seen in the stiffness after some yielding has occurred. 
However, the inclusion of the rotational spring results in an underprediction of the initial 
stiffness in some of the tests. A more advanced bond-slip model would be necessary to 
alleviate these inaccuracies.      
Strength degradation in the last several cycles is seen in some of the experiments, which 
is not captured by the analyses. 

(a) Detailed Schematic [after Ricles and Paboojian (1994)] (b) Simple Schematic 
Figure 4.18. Experiment Setup – Ricles and Paboojian 1994 

Table 4.49. Material and Geometric Properties – Ricles and Paboojian 1994 

H

Axial Tension Rods 
Each Side

Specimen
A

xi
al

 te
ns

io
n 

ro
d

P

H

H B f'c Fy Fyr L P
(mm) (mm) (MPa) (MPa) (MPa) (mm) (kN)

2 406 406 34.5 W8x40 372 2x-2y 434 2,489 6.1 1,490 0.19
3 406 406 31.0 W8x40 372 4x-4y 434 1,930 4.8 1,490 0.17
4 406 406 31.1 W8x40 372 2x-2y 448 1,930 4.8 1,490 0.19
5 406 406 34.5 W8x40 372 4x-4y 434 1,930 4.8 1,490 0.16
6 406 406 35.8 W8x40 372 2x-2y 448 1,930 4.8 1,490 0.17
7 406 406 62.9 W8x40 372 4x-4y 434 1,930 4.8 1,490 0.11
8 406 406 62.9 W8x40 372 4x-4y 434 1,930 4.8 1,490 0.11

L/H P/PoSpecimen Steel 
Section

Reinforcement 
Configuration
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Figure 4.19. SRC Validation Results – Ricles and Paboojian 1994 
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Figure 4.19. SRC Validation Results – Ricles and Paboojian 1994 (Continued) 
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Figure 4.19. SRC Validation Results – Ricles and Paboojian 1994 (Continued) 
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Figure 4.19. SRC Validation Results – Ricles and Paboojian 1994 (Continued) 
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4.7 Wide Flange Steel Beams 

4.7.1 Monotonic Validation Results – Three Point Bending 

The monotonic validation of the wide flange beam model includes only three-point 
bending experiments (Lukey and Adams 1969; Green 2000). Measured material and geometric 
properties are given in Table 4.50; error statistics for the PfB model are given in Table 4.51. 
Analysis results from the proposed for behavior model are shown along with results from the 
same model but with the local buckling neglected.

The following observations are made regarding the validation results: 

As expected, the model without local buckling does not show any degradation
The model performs very well with median errors for all of the metrics less than 5%. 
Both the initiation of local buckling and post-peak softening slope are captured well by 
the model.  
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Figure 4.20. WF Validation Results – BM

0 0.02 0.04 0.06 0.08 0.1 0.12
0

50

100

150

200

250

End Rotation (rad)
Test #1: A−1 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB

0 0.05 0.1
−50

0

50

100

150

200

250

End Rotation (rad)
Test #2: A−2 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB

0 0.01 0.02 0.03
0

10

20

30

40

50

60

70

End Rotation (rad)
Test #3: B−1 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB

0 0.01 0.02 0.03 0.04 0.05 0.06
0

10

20

30

40

50

60

End Rotation (rad)
Test #4: B−2 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB

0 0.02 0.04 0.06
0

10

20

30

40

50

60

70

End Rotation (rad)
Test #5: B−3 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB

0 0.02 0.04 0.06 0.08
0

10

20

30

40

50

60

70

End Rotation (rad)
Test #6: B−4 (Lukey & Adams 1969)

M
om

en
t (

kN
−m

)

Expt.
PfB (no LB)
PfB



186

Figure 4.20. WF Validation Results – BM (continued) 
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Figure 4.20. WF Validation Results – BM (continued) 
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4.7.2 Cyclic Validation Results – Ricles, Peng, and Lu 2004 

A set of sub-assemblage tests consisting of RCFT columns and wide flange steel beams 
was performed by Ricles, Peng, and Lu (2004). The specimens were subjected to a constant axial 
load and cyclically increasing horizontal displacements applied at the top of the column. The 
axial load was applied in a manner similar to that reported by Varma (2000) and was modeled 
the same way (Section 4.5.3). Only the weak beam specimens were examined in this study, 
additionally the length of the elastic portion of the beam in the connection region was adjusted to 
include the length of the connection plus one half of the plastic hinge length to obtain better 
correspondence to the peak strength observed in the tests. Material and geometric properties of 
the specimens are given in Table 4.52, results are shown in Figure 4.22.

A generally good correlation is seen between the computational and experimental results. 
The initial stiffness, peak strength, and unloading stiffness are captured well by the model. 
Degradation due to flange and web local buckling is captured although differences between the 
computational and experimental results are observed.   

Table 4.52. Material and Geometric Properties – Ricles, Peng, and Lu 2004 

height length d bf tf tw Fy Lconn H H Fy
(mm) (mm) (mm) (mm) (mm) (mm) (MPa) (mm) (mm) (mm) (MPa)

5 6096 3556 603 179 15 10.92 264 406 406 406.4 352
6 6096 3556 603 179 15 10.92 230 406 406 406.4 352
7 6096 3556 603 179 15 10.92 230 406 406 406.4 352

name

Beam Data Column DataSpecimen
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(a) Detailed Schematic [after Ricles, Peng, and Lu (2004)] 

(b) Simple Schematic 
Figure 4.21. Experiment Setup – Ricles, Peng, and Lu 2004 
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Figure 4.22. WF Validation Results – Ricles, Peng, Lu 2004 
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Figure 4.22. WF Validation Results – Ricles, Peng, Lu 2004 (Continued) 
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4.7.3 Cyclic Validation Results – Engelhardt and Sabol 1994 

Engelhardt and Sabol (1994) performed a series of cyclic tests on steel moment frame 
sub-assemblages with wide flange columns and beams. The study focused on connection 
behavior but for some of the specimens the column, panel zone, and connection were strong and 
the inelastic behavior occurred primarily in the beams. The beams were all the same size 
(W36×150) and similar material properties so only one test is shown (Fy = 46.9 ksi, Fu = 66.9 
ksi).

The experiment set up is as shown in Figure 4.23. The column was modeled with the 
wide flange model with no local buckling, the connection region was modeled as described in 
Chapter 3 with an elastic panel zone response (Equation 4.2) (ATC 2010): 

, 0.95e pz w sK dt G  (4.2) 

Results are shown in Figure 4.24. The peak strength is captured well by the model, but 
the cyclic degradation is underpredicted. 

Figure 4.23. Experiment Setup – Engelhardt and Sabol 1994 
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Figure 4.24. WF Validation Results – Engelhardt and Sabol 1994 
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4.8 Wide Flange and Rectangular Hollow Structural Steel Braces 

4.8.1 Cyclic Validation Results 

Experiments have been performed to assess the cyclic behavior of steel braces (Popov 
and Black 1981; Shaback 2001). Pinned ends were assumed. An initial imperfection equal to 
L/1000 was applied. Analyses were performed using four elements along the length, each with 
three integration points. The analyses were performed in two-dimensions and the nominal fiber 
size was 1/30th of the section depth. Material and geometric properties of the specimens are 
given in Table 4.53, results are shown in Figure 4.25. 

Table 4.53. Material and Geometric Properties – Cyclic Brace 

The following observations are made regarding the validation results: 

The strength of the test by Popov and Black (1981) was captured well, but the strength of 
the tests by Shaback (2001) were underpredicted. This is likely due to the end conditions. 
Popov and Black used physical pinned boundary conditions while Shaback used gusset 
plate connections. The additional restraint provided by the gusset plate increased the 
strength. 
In the analyses, the braces initially deflect in the same direction as the initial 
imperfections. However, for some specimens (3A and 3C) after some loading, the brace 
snaps through and deflects in the opposite direction. This is not seen in the experiments 
and appears to have little effect on the axial response.

H B t Fy L
(mm) (mm) (mm) (MPa) (mm)

1 Popov and Black 1981 Strut 17 102 102 5.91 17.2 407 2,765 27.2
2 Shaback 2001 1B 127 127 7.44 17.1 421 3,350 26.4
3 Shaback 2001 2A 152 152 7.44 20.4 442 3,950 26.0
4 Shaback 2001 2B 152 152 8.84 17.2 442 3,950 26.0
5 Shaback 2001 3A 127 127 5.95 21.3 461 4,350 34.3
6 Shaback 2001 3B 127 127 7.44 17.1 421 4,350 34.3
7 Shaback 2001 3C 127 127 8.84 14.4 461 4,350 34.3
8 Shaback 2001 4A 152 152 7.44 20.4 442 4,850 31.9
9 Shaback 2001 4B 152 152 8.84 17.2 442 4,850 31.9

L/HTest # Author Year Specimen H/t
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 

−350 −300 −250 −200 −150 −100 −50 0 50
−2000

−1500

−1000

−500

0

500

1000

1500

2000

2500

Mid Height Deflection (mm)
Test #3: 2A (Shaback  2001)

A
xi

al
 F

or
ce

 (k
N

)

Experiment
PfB

−60 −50 −40 −30 −20 −10 0 10 20 30 40
−1500

−1000

−500

0

500

1000

1500

2000

2500

Axial Deformation (mm)
Test #3: 2A (Shaback  2001)

A
xi

al
 F

or
ce

 (k
N

)

Experiment
PfB



198

Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Figure 4.25. Rect. HSS Validation Results – Cyclic Brace (Continued) 
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Chapter 5 
 

NATURAL BOND BEHAVIOR OF CFT COLUMNS 

5.1 Introduction

Composite braced or unbraced frame structures that use concrete-filled steel tube (CFT) 
columns provide superior performance when subjected to non-seismic and seismic lateral 
loading. This has led to a continued increase in the use of these members in the primary lateral-
resistance systems of structures. Steel tubes serve as the formwork for concrete placement, 
potentially expediting construction and reducing cost (Bridge and Webb 1993). In addition, the 
composite action of the steel tube and concrete core can effectively delay the buckling of steel 
tubes and significantly increase the ductility of the concrete core. To ensure these beneficial 
effects, it is important to have a comprehensive understanding of the composite action between 
the constituent materials, particularly in critical connection regions where load is transferred to 
the CFT column from girders or braces. If the steel tube cannot effectively transfer the axial 
forces to the concrete, the resulting localized stresses may lead to premature yielding or local 
buckling of the steel tube. Therefore, the bond transfer mechanisms need to be accurately 
assessed and incorporated into the design. Transfer of stress through natural bond, without the 
use of steel stud anchors or bearing mechanism, is often the most economical connection detail; 
however, efforts to characterize the bond strength are hindered by varying experimental results, 
even among like specimens (Roeder et al. 1999).  

The design provisions for load transfer in CFTs through direct bond in the AISC 
Specification for Structural Steel Buildings (AISC 2010) are based predominantly on the results 
of push-out and push-off tests. Using only this data, there is little quantitative evidence to 
support the effective transfer area since these experimental configurations do not share the same 
loading and boundary conditions as typical composite columns. Thus, further investigation into 
bond behavior is important to ascertain a more accurate prediction on the bond strength of CFTs 
in the design provisions. In this work, a new formula for nominal bond strength is proposed. 
Nominal bond strength, longitudinal bond transfer length, circumferential bond transfer width, 
and resistance and safety factors are examined separately. 

5.2 Existing Design Provisions 

The nominal bond strength of rectangular (RCFT) and circular concrete filled-steel tubes 
(CCFT)  prescribed in the AISC Specification (AISC 2010) is given as: 

(a) For RCFT: 

 2
n in inR B C F  (5.1) 

(b) For CCFT: 

 20.25n in inR D C F  (5.2) 
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where, 

Cin = 2 if the CFT extends to one side of the point of force transfer 
      = 4 if the CFT extends to both sides of the point of force transfer 
Rn = nominal bond strength, kips 
Fin = nominal bond stress = 60 psi 
B = overall width of rectangular steel section along face transferring load, in. 
D = outside diameter of the round steel section, in. 

This formula can be seen as the product of three values: the nominal bond stress, Fin; the 
circumferential bond transfer width, B for RCFT and 0.25 D for CCFT; and the longitudinal 
bond transfer length, BCin for RCFT and DCin for CCFT. The nominal bond stress, Fin, is taken 
as 60 psi (0.4 MPa). This value is seen as a reasonable lower bound of bond stresses observed in 
experimental results, mostly consisting of push-out tests (AISC 2010). The bond length is 
dependent on the value of Cin, which is equal to 2 if CFT extends to only one side of the point of 
force transfer (e.g., the top or bottom story) and 4 if the CFT extends both sides. The bond width 
is computed assuming only the face to which load is applied for RCFT or one-quarter of the 
perimeter for CCFT is active in transferring stress. The resistance factor, , is given as 0.45 and 
safety factor, , is given as 3.33 based on an examination of push-off test results from Morishita 
et al. (1979a; b).  

The European model building code (CEN 2004) also provides provisions relating to 
transfer strength by direct bond. A differentiation is made in the bond stress based on the shape 
of the steel tube; 60 psi (0.40 MPa) for RCFT and 80 psi (0.55 MPa) for CCFT. The bond 
transfer length is limited to the lesser of twice the minimum transverse dimension of the column 
or one-third the column length. No mention is given to the bond transfer width, so it may be 
assumed that the full perimeter is engaged in the load transfer. It is noted that for a RCFT 
column with two girders framing in, the nominal bond strength, as calculated by the AISC 
Specification and Eurocode, is the same.  

Tomii (1985) highlights a design procedure from the Japanese code in which a lower 
bond strength and larger bond transfer area are used. For long-term loading, the bond strength is 
14 psi (0.10 MPa) for RCFT and 21 psi (0.15 MPa) for CCFT. The bond length is taken as the 
distance from the mid-height of the upper column to the mid-height of the lower column and the 
bond width is taken as the full perimeter of the steel-concrete interface. 

Other procedures have been proposed to characterize bond strength for design. Roeder et 
al. (1999) examined results from push-out tests on CCFTs and found a correlation between bond 
strength and the cross sectional dimensions of the tube. A linear equation was proposed to 
describe the bond stress as a function of the D/t ratio. The linear equation implied that no reliable 
bond stress could be obtained for CCFTs with a D/t ratio of greater than 80. Two checks are 
proposed using this bond stress. First, at the ultimate load level the bond stress is applied around 
the entire perimeter and along a length equal to the lesser of length of the column or 3.5 times the 
diameter of the steel tube. Second, noting evidence of cyclic deterioration of bond strength, at the 
serviceability level the bond strength is computed using a triangular stress distribution over a 
length of one-half the tube diameter.  

Variation in the bond stress based on tube dimensions was also observed for RCFTs by 
Parsley et al. (2000). A formula for bond strength was proposed as a linear function of the 
slenderness parameter t/H2.  
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5.3 Experimental Studies 

Experimental studies on bond behavior of CFT members have most frequently been 
conducted through the use of push-out tests (Virdi and Dowling 1980; Shakir-Khalil 1993a; b; 
Roeder et al. 1999; Parsley et al. 2000; Xu et al. 2009; Aly et al. 2010; Yin and Lu 2010), push-
off tests (Morishita et al. 1979a; b; Tomii et al. 1980a; b), or connection tests (Dunberry et al. 
1987; Shakir-Khalil 1993c; d, 1994a; b; Shakir-Khalil and Al-Rawdan 1995). Each of these 
types of tests has advantages and disadvantages in the assessment of the natural bond strength of 
CFTs. The boundary conditions of push-out tests (Figure 5.1b and Figure 5.1c) induce constant 
bond stress at the ultimate limit state and thus provide little information as to the distribution of 
bond stress over the length along the column. However, in push-off and connections tests, where 
the bond stress is not constant, it is difficult to accurately estimate the magnitude of stress. In 
typical push-out and push-off tests, the specimen bears directly on a rigid support at the base 
(Figure 5.1b), excluding the beneficial effects that a shear connection provides. Push-out tests 
where force is applied to the concrete core and resisted by shear tabs attached to the steel tube 
(Figure 5.1c) and connection tests (Figure 5.2) include these beneficial effects and thus provide 
the closest analogs to typical shear connections (or other connection types that feature eccentric 
introduction of force into the CFT) used in practice (Figure 5.1d).  

5.3.1 CFT Push-Out Tests without Shear Tabs 

Critical bond stresses from push-out test results are computed by dividing the peak load 
attained during the test by the entire area of the steel-concrete interface. The resistance observed 
in these tests has been generally attributed to three primary mechanisms: adhesion, friction, and 
wedging (Parsley et al. 2000; Johansson 2003). Adhesion, provided by the chemical bond 
between the concrete and steel, is a brittle mechanism and only active at most during the early 
stages of load. It may not be active at all depending on the relative amplitudes of radial 
enlargement of the steel tube caused by the wet concrete, shrinkage of the concrete, and the 
roughness of the steel tube (Roeder et al. 1999). Friction is the product of the roughness of the 
steel-concrete interface and the contact pressure existing at the interface. Wedging occurs as the 
motion of the concrete core is resisted by geometric irregularities in the steel tube.  

Bond stresses obtained from push-out tests are highly variable and found to range over 
two orders of magnitude. However, some noticeable trends have been identified (Roeder et al. 
1999; Parsley et al. 2000). The bond stress for CCFTs is larger than for RCFTs. Tube dimensions 
have an effect on the results, with lower bond stress obtained for larger and more slender tubes. 
The surface preparation of the interior of the steel tube and the shrinkage/expansive potential of 
the concrete have also been shown to have an influence on the bond stress. Concrete and steel 
material strengths, however, appear to have no consistent effect on the bond stress. Eccentric 
loading of the column has also been shown to have a beneficial effect on the bond stress. This 
increase is so significant that it has been suggested that bond need not be checked in the presence 
of significant bending moments in the column (Roeder et al. 2009). This paper does not 
specifically address the effect of eccentrically loaded columns, rather concentrating on the worst-
case concentric loading.  
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Figure 5.1. Typical CFT Test Configurations to Assess Bond Behavior 

Details of push-out tests without shear tabs reported in the literature are presented in 
Table 5.1 for RCFTs and  

Table 5.2 for CCFTs. Where reported, measured material and geometric properties are 
listed, otherwise nominal properties are listed. All specimens from each reference were included 
with the exception of those with shear tabs, those with mechanical shear connecters, those where 
the steel-concrete interface was manipulated by machining or applying a lubricant, those where 
the load was applied eccentrically, or those with expansive concrete. Specimens that were loaded 
cyclically were included in the table since they represent loading conditions that typical 
connections may experience and they did not significantly skew the results of the analysis. 
Specimens that were loaded cyclically were: X1c and X1d (Shakir-Khalil 1993a); II-4 (Roeder et 
al. 1999); and A2, B2, C2, D2, E2, F2, and G2 (Aly et al. 2010). 

Figure 5.2. CFT Connection Test Schematic 

(a) Push-off test (b) Push-out test 
without shear tabs

(c) Push-out test 
with shear tabs

(d) Typical CFT 
connection 

v vvP2

(1- )P

P
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Table 5.1. RCFT Push-Out Tests without Shear Tabs 

 
 

 

L H B t F y f' c P applied F in

(in) (in) (in) (in) (ksi) (ksi) (kips) (psi)
X1a 15.5 4.72 3.15 0.197 24.0 Mild Steel 5.6 42.4 192.8
X1b 15.6 4.72 3.15 0.197 24.0 Grade 43 5.6 31.0 140.4
X1c 15.6 4.72 3.15 0.197 24.0 - 5.6 23.1 104.9
X1d 15.6 4.72 3.15 0.197 24.0 - 5.6 25.7 115.8
Y1a 8.0 5.91 5.91 0.197 30.0 - 5.9 15.2 86.1
Y1b 8.0 5.91 5.91 0.197 30.0 - 5.9 15.0 84.6
Y2a 15.7 5.91 5.91 0.197 30.0 - 5.9 17.2 49.9
Y2b 15.6 5.91 5.91 0.197 30.0 - 5.9 16.7 48.4
Y3a 23.6 5.91 5.91 0.197 30.0 - 5.9 27.7 53.1
Y3b 23.6 5.91 5.91 0.197 30.0 - 5.9 32.9 63.2
A1a 15.7 5.91 5.91 0.197 30.0 Mild Steel 5.2 10.2 29.3
A1b 15.7 5.91 5.91 0.197 30.0 Grade 43 5.2 10.3 29.8
G1 15.7 5.91 5.91 0.197 30.0 - 5.7 21.1 60.9

CFT4 48.0 8.00 8.00 0.229 34.9 48 6.6 61.0 42.1
CFT3 48.0 8.00 8.00 0.228 35.1 48 6.6 56.0 38.7
CFT7 60.0 10.00 10.00 0.234 42.7 48 5.9 61.0 26.7
CFT1 60.0 10.00 10.00 0.234 42.7 48 5.9 57.0 24.9

Parsley et al. 
2000

Reference Specimen H/t

Shakir-Khalil 
1993b

Shakir-Khalil 
1993a
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Table 5.2. CCFT Push-Out Tests without Shear Tabs 

 
 
 

L D t F y f' c P applied F in

(in) (in) (in) (ksi) (ksi) (kips) (psi)
MA 1 13.5 6.09 0.250 24.3 Mild Steel 3.7 Not Given 312.7
MA 4 13.5 6.11 0.250 24.5 - 5.2 - 323.3
MA 6 13.5 6.09 0.250 24.4 - 3.7 - 387.7
MA 9 13.5 6.10 0.250 24.4 - 4.4 - 378.9
MA 2 13.5 6.11 0.250 24.5 - 5.2 - 301.2
MA 7 13.5 6.09 0.250 24.4 - 5.2 - 398.4
MA 8 13.5 6.09 0.250 24.4 - 5.2 - 340.8
MA 10 13.5 6.10 0.250 24.4 - 5.4 - 399.0
MA 3 13.5 6.11 0.250 24.4 - 5.8 - 430.9
MA 5 13.5 6.09 0.250 24.3 - 5.8 - 324.8
CS14 13.5 6.13 0.250 24.5 - 3.2 - 281.7
CS21 13.5 6.10 0.250 24.4 - 3.2 - 272.5
CS28 13.5 6.12 0.250 24.5 - 3.2 - 188.9
CS19 13.5 6.11 0.250 24.4 - 4.0 - 324.2
CS22 13.5 6.12 0.250 24.5 - 4.0 - 200.6
CS25 13.5 6.15 0.250 24.6 - 4.0 - 306.4
CS13 13.5 6.15 0.250 24.6 - 4.1 - 208.1
CS24 13.5 6.14 0.250 24.5 - 4.1 - 226.2
CS27 13.5 6.16 0.250 24.6 - 4.1 - 268.8
CS12 13.5 6.16 0.250 24.7 - 4.4 - 256.4
CS18 13.5 6.11 0.250 24.4 - 4.4 - 274.1
CS26 13.5 6.15 0.250 24.6 - 4.4 - 232.1
CS11 13.5 6.15 0.250 24.6 - 5.3 - 276.5
CS16 13.5 6.13 0.250 24.5 - 5.3 - 271.6
CS20 13.5 6.15 0.250 24.6 - 5.3 - 305.8
CS15 13.5 6.12 0.250 24.5 - 6.1 - 339.6
CS17 13.5 6.16 0.250 24.6 - 6.1 - 219.5
CS23 13.5 6.16 0.250 24.6 - 6.1 - 223.1
LN41 5.9 5.92 0.375 15.8 - 5.8 - 285.1
LN42 5.9 5.89 0.375 15.7 - 5.8 - 318.0
LN43 5.9 5.88 0.375 15.7 - 5.8 - 311.4
LN29 8.8 5.85 0.375 15.6 - 5.8 - 237.0
LN30 8.8 5.85 0.375 15.6 - 5.8 - 281.2
LN31 8.8 5.86 0.375 15.6 - 5.8 - 294.6
LN32 11.8 5.85 0.375 15.6 - 5.8 - 304.5
LN33 11.8 5.90 0.375 15.7 - 5.8 - 327.2
LN34 11.8 5.94 0.375 15.8 - 5.8 - 343.6
LN35 14.7 5.87 0.375 15.6 - 5.8 - 356.6
LN36 14.7 5.93 0.375 15.8 - 5.8 - 370.9
LN37 14.7 5.93 0.375 15.8 - 5.8 - 344.4
LN38 17.6 5.87 0.375 15.7 - 5.8 - 421.3

Reference Specimen D/t

Virdi and 
Dow ling 1980
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Table 5.2. CCFT Push-Out Tests without Shear Tabs  (Continued) 

 
 
 

L D t F y f' c P applied F in

(in) (in) (in) (ksi) (ksi) (kips) (psi)
LN39 17.6 5.89 0.375 15.7 Mild Steel 5.8 Not Given 408.3
LN40 17.6 5.90 0.375 15.7 - 5.8 - 395.3
SZ50 18.3 5.87 0.381 15.4 - 6.7 - 350.3
SZ51 18.3 5.91 0.383 15.4 - 6.7 - 259.6
SZ52 18.3 5.88 0.379 15.5 - 6.7 - 344.6
SZ53 18.3 6.16 0.257 24.0 - 6.7 - 159.2
SZ54 18.3 6.15 0.258 23.8 - 6.7 - 187.8
SZ55 18.3 6.17 0.261 23.7 - 6.7 - 146.8
SZ56 18.3 6.26 0.226 27.7 - 6.7 - 213.1
SZ57 18.3 6.21 0.224 27.7 - 6.7 - 181.1
SZ58 18.3 6.25 0.221 28.3 - 6.7 - 209.7
SZ59 18.3 8.15 0.256 31.8 - 6.7 - 275.6
SZ60 18.3 8.18 0.261 31.3 - 6.7 - 282.0
SZ61 18.3 8.14 0.268 30.4 - 6.7 - 255.5
SZ62 18.3 9.12 0.289 31.5 - 6.7 - 90.9
SZ63 18.3 9.11 0.289 31.5 - 6.7 - 75.4
SZ64 18.3 9.13 0.283 32.3 - 6.7 - 84.2
SZ65 18.3 12.04 0.376 32.0 - 6.7 - 291.8
SZ66 18.3 12.02 0.377 31.9 - 6.7 - 288.7
SZ67 18.3 12.05 0.375 32.1 - 6.7 - 290.4
CC70 13.5 5.90 0.383 15.4 - 4.5 - 381.7
CC71 13.5 5.86 0.391 15.0 - 4.5 - 370.5
CC72 13.5 5.86 0.389 15.1 - 4.5 - 359.9
CC73 13.5 5.88 0.385 15.3 - 5.4 - 293.4
CC74 13.5 5.86 0.382 15.3 - 5.4 - 306.6
CC75 13.5 5.90 0.382 15.4 - 5.4 - 310.8
CC76 13.5 5.92 0.386 15.3 - 5.1 - 308.3
CC77 13.5 5.86 0.386 15.2 - 5.1 - 329.9
CC78 13.5 5.88 0.384 15.3 - 5.1 - 310.1
CC79 13.5 5.92 0.381 15.5 - 5.1 - 268.0
CC80 13.5 5.91 0.381 15.5 - 5.1 - 320.9
CC81 13.5 5.89 0.378 15.6 - 5.1 - 216.7
CC82 13.5 5.86 0.381 15.4 - 5.1 - 260.8
CC83 13.5 5.84 0.382 15.3 - 5.1 - 223.6
CC84 13.5 5.86 0.382 15.3 - 5.1 - 217.6
CC85 13.5 5.86 0.382 15.4 - 5.1 - 168.5
CC86 13.5 5.90 0.381 15.5 - 5.1 - 213.8
CC87 13.5 5.89 0.397 14.8 - 5.1 - 241.2
RD91 13.5 6.12 0.267 22.9 - 6.7 - 285.6
RD92 13.5 6.08 0.285 21.3 - 6.7 - 312.8
RD93 13.5 6.10 0.274 22.3 - 6.7 - 362.2

Reference Specimen D/t

Virdi and 
Dow ling 1980
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Table 5.2. CCFT Push-Out Tests without Shear Tabs  (Continued) 

 

L D t F y f' c P applied F in

(in) (in) (in) (ksi) (ksi) (kips) (psi)
Y4a 8.0 6.63 0.197 33.7 Mild Steel 6.1 19.9 128.1
Y4b 8.0 6.63 0.197 33.7 Grade 43 6.1 21.1 134.9
Y5a 15.7 6.63 0.197 33.7 - 6.1 35.2 114.3
Y5b 15.7 6.63 0.197 33.7 - 6.1 35.8 116.2
Y6a 23.6 6.63 0.197 33.7 - 6.1 48.4 104.6
Y6b 23.6 6.63 0.197 33.7 - 6.1 43.7 94.6
B1a 15.7 6.63 0.197 33.7 Mild Steel 5.6 19.5 63.2
B1b 15.9 6.63 0.197 33.7 Grade 43 5.6 21.5 69.1
H1 15.9 6.63 0.197 33.7 - 5.7 42.0 135.3
I-1 29.8 10.81 0.530 20.4 Not Given 4.2 1.4 1.5
I-3 41.9 14.00 0.280 50.0 - 4.0 8.1 4.6
I-4 41.9 14.00 0.280 50.0 - 4.0 9.6 5.4
I-5 69.9 14.00 0.280 50.0 - 5.4 55.7 18.9
I-6 69.9 14.00 0.280 50.0 - 4.1 18.6 6.3
I-7 75.9 24.00 0.220 109.0 - 4.2 43.2 7.7
II-1 31.9 10.81 0.530 20.4 - 6.8 109.3 112.0
II-2 31.9 10.81 0.530 20.4 - 6.8 111.2 113.9
II-3 31.9 10.81 0.530 20.4 - 6.8 109.8 112.4
II-4 58.9 10.81 0.530 20.4 - 6.4 83.5 46.3
II-5 41.9 14.00 0.280 50.0 - 6.9 70.9 40.1
II-6 41.9 14.00 0.280 50.0 - 6.9 90.8 51.4
II-7 69.9 14.00 0.280 50.0 - 6.4 74.6 25.3
II-8 69.9 14.00 0.280 50.0 - 6.4 79.9 27.1
II-9 75.9 24.00 0.220 109.0 - 6.5 117.6 21.0
II-10 75.9 24.00 0.220 109.0 - 6.8 143.0 25.5
II-11 75.9 24.00 0.220 109.0 - 6.7 74.7 13.3
II-12 75.9 24.00 0.220 109.0 - 6.7 74.8 13.3
SI-o 19.7 6.12 0.108 56.5 Not Given 6.8 31.8 87.0
SII-o 19.7 6.18 0.138 44.9 - 6.8 34.4 94.3
SIII-o 19.7 6.26 0.177 35.3 - 6.8 35.5 97.2
A1 15.7 4.50 0.126 35.7 50.8 10.3 30.6 145.5
B1 15.7 4.50 0.126 35.7 50.8 5.9 36.0 171.1
C1 15.7 4.50 0.126 35.7 50.8 10.0 27.9 132.6
D1 15.7 4.50 0.126 35.7 50.8 9.3 36.0 171.1
E1 15.7 4.50 0.126 35.7 50.8 5.9 38.0 180.8
F1 15.7 4.50 0.126 35.7 50.8 11.7 18.7 88.8
G1 15.7 4.50 0.126 35.7 50.8 10.2 31.2 148.7
A2 15.7 4.50 0.126 35.7 50.8 10.7 Not Given 117.5
B2 15.7 4.50 0.126 35.7 50.8 7.0 - 120.4
C2 15.7 4.50 0.126 35.7 50.8 10.0 - 92.8
D2 15.7 4.50 0.126 35.7 50.8 10.2 - 134.9
E2 15.7 4.50 0.126 35.7 50.8 5.9 - 137.8
F2 15.7 4.50 0.126 35.7 50.8 13.2 - 50.8
G2 15.7 4.50 0.126 35.7 50.8 10.2 - 101.5

D/t

Shakir-Khalil 
1993a

Shakir-Khalil 
1993b

Roeder et al. 
1999

Xu et al. 2009

Aly et al. 2010

Reference Specimen
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5.3.2 CFT Push-Out Tests with Shear Tabs 

Assessing bond stress based on the results of typical push-out and push-off tests neglects 
beneficial effects that occur in typical beam-to-column connections due to the rotation of the 
shear tabs (or similar eccentricities that may occur for introduction of force between a girder and 
the steel tube in the connection topology) (Johansson 2003). The rotation of the shear tab during 
loading results in pinching of the concrete core where the shear tab rotates inward and 
constriction of the steel tube where the shear tab rotates outward (Figure 5.3). Both cases result 
in increased contact pressure between the steel and concrete and thus greater frictional resistance 
to slip.  

 

Figure 5.3. Increased Contact Force with Shear Tab Rotation [adapted from Johansson, 
(2003)]

Table 5.3. RCFT Push-Out Tests with Shear Tabs 

Push-out tests where load was applied to the steel tube through shear tabs have been 
reported in the literature (Shakir-Khalil 1993b; Parsley et al. 2000). Details of these experiments 

Lateral 
tensile 

High
compressiv
e stresses

Shear
stresses due
to contraction

Shear
stresses due
to pinching

Lateral 
tensile 
stress

Shear 
stress due 
to pinching

High
compressive 

stress

Shear 
stress due to 
contraction

L H B t F y f' c P applied F in

(in) (in) (in) (in) (ksi) (ksi) (kips) (psi)
C1a 15.6 5.91 5.91 0.197 30.0 Mild Steel 5.8 38.1 110.5
C1b 15.6 5.91 5.91 0.197 30.0 Grade 43 5.8 51.5 149.5
C2a 15.7 5.91 5.91 0.197 30.0 - 5.8 51.5 148.4
C2b 15.7 5.91 5.91 0.197 30.0 - 5.8 53.1 153.3
E1a 15.7 7.87 7.87 0.248 31.7 - 6.2 37.5 81.0
E1b 15.7 7.87 7.87 0.248 31.7 - 6.2 18.0 38.7
G2 15.8 5.91 5.91 0.197 30.0 - 5.7 44.7 128.2
G3 15.9 5.91 5.91 0.197 30.0 - 5.7 47.0 133.7
G4 15.8 5.91 5.91 0.197 30.0 - 5.7 23.4 67.0

CFT2 48.0 8.00 8.00 0.228 35.1 48 6.6 98.0 67.7
CFT5 48.0 8.00 8.00 0.228 35.1 48 6.6 101.0 69.7
CFT8 58.5 10.00 10.00 0.232 43.1 48 5.9 67.0 30.0
CFT6 58.5 10.00 10.00 0.234 42.7 48 5.9 70.0 31.4

Reference Specimen H/t

Shakir-Khalil 
1993b

Parsley et al. 
2000
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are presented in Table 5.3 for RCFTs and Table 5.4 for CCFTs. Where reported, measured 
material and geometric properties are listed, otherwise nominal properties are listed. 

Table 5.4. CCFT Push-Out Tests with Shear Tabs 

 
The failure mode of the all of the RCFT specimens was slip. A typical load-slip 

relationship shows a high initial stiffness up to the peak load. Many specimens showed a sharp 
decrease in strength following the peak load, while others maintained a load near the peak load. 
Two specimens (G2 and G3) displayed a steadily increasing load following a reduction in 
stiffness near the peak load of other similar specimens. In all cases, Papplied was taken as the peak 
load attained during the test. The average bond stress, Fin, for the full set of RCFT tests is 93 psi. 
The average bond stress for specimens where the shear tabs were located near mid-height of the 
column is 118 psi while it is 53 psi for specimens with shear tabs near the column ends.  

Only some of the CCFT specimens failed due to slip. Specimens D1a, D1b, F1a, and F1b 
(Shakir-Khalil 1993b), achieved higher than expected strengths and the shear tabs failed prior to 
slip. In an analysis of one of these specimens, Johansson (2003) identified the rotation of the 
shear tabs and the increased contact forces to be the cause of the unexpectedly high bond 
strength. The failure mode of specimens H2 and H3 was slip, however, no peak load was 
observed, as the load was seen to steadily increase. One specimen, H4, failed through slip and 
displayed a peak load. Again, in all cases, Papplied was taken as the peak load attained during the 
test. The bond stress for CCFTs is much larger than for RCFTs, with an average applied bond 
stress, Fin, of 556 psi. However, this value is unreasonably high for design purposes, since it was 
achieved only for a few similarly proportioned tests and may not be indicative of expected 
behavior for the variety of configurations expected in practice.  

5.3.3 Nominal Bond Stress 

Push-out tests, whether with or without shear tabs, provide a direct means of assessing 
the bond stress. Trends in the push-out test results that have been identified include the 
dependence of the bond stress on factors not typically known at the time of design (e.g., the 
condition of the steel-concrete surface and the shrinkage/expansive potential of the concrete). 
For a bond stress formula intended for design, these factors should thus be included in an 
average sense rather than explicitly. Among the strongest trends identified is the dependence of 
the bond stress on tube dimensions. Roeder et al. (1999) proposed a formula for bond stress of 
CCFTs based on the D/t ratio. Parsley et al. (2000) proposed a formula for bond stress of RCFTs 
based on t/H2. The ratio t/H2 was selected based on a mechanistic analysis; it is proportional to 
the radial stiffness of cylindrical thin-walled pressure vessels.  

L D t F y f' c P applied F in

(in) (in) (in) (ksi) (ksi) (kips) (psi)
D1a 15.7 6.63 0.197 33.7 Mild Steel 5.8 186.6 605.2
D1b 15.7 6.63 0.197 33.7 Grade 43 5.8 182.1 593.5
F1a 15.8 6.63 0.197 33.7 - 5.4 212.9 688.7
F1b 15.6 6.63 0.197 33.7 - 5.9 218.3 715.1
H2 15.8 6.63 0.197 33.7 - 5.7 172.0 556.4
H3 15.9 6.63 0.197 33.7 - 5.7 167.0 537.7
H4 15.7 6.63 0.197 33.7 - 5.7 60.5 196.1

D/tSpecimenReference

Shakir-Khalil 
1993b
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It is noted that there is insufficient experimental evidence to determine which of the two 
transverse dimensions of an RCFT cross sections, i.e., the width or the height, should be used for 
determining bond stress since most of the RCFT push-out tests (Table 5.1 and Table 5.3) had 
square sections. The height, defined here as the longer transverse dimension, was selected as the 
conservative choice, but further investigation is appropriate for sections with a high aspect ratio 
(H/B). 

The results of push-out tests are plotted in Figure 5.4 against both of these parameters. 
All push-out tests from Table 5.1 through Table 5.4 were included. The bond stress is typically 
higher for push-out tests with shear tabs, showing the beneficial effects rotation of the shear tab 
has on bond stress. As seen in Figure 5.4, there is significant variation in the bond stress, 
indicating that the constant values used in current design methodologies are insufficient, 
especially for thin tubes and large cross sections where the bond stress may be overestimated.  

 

 

 
(a) Bond stress of RCFT as a function of H/t 

 
(b) Bond stress of RCFT as a function of t/H2

 
(c) Bond stress of CCFT as a function of D/t 

 
(d) Bond stress of CCFT as a function of t/D2

Figure 5.4. Bond Stress for CFT as a Function of Tube Slenderness 
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To obtain a design formula, a least squares curve fit can be made to this data. The forms 
of the equations chosen were selected to provide a good fit to the available data, have reasonable 
bounds, and produce non-negative bond stress values. The results of the regression analysis are 
as follows: 

RCFT push-out tests without shear tabs: 

 2.906 21.15 10 / 0.69inF H t R  (5.3) 
 

 2 212800 / 0.62inF t H R  (5.4) 

RCFT push-out tests with shear tabs: 

 3.707 23.23 10 / 0.61inF H t R  (5.5) 
 

 2 221100 / 0.66inF t H R  (5.6) 

CCFT push-out tests without shear tabs: 

 1.59 227900 / 0.32inF D t R  (5.7) 
 

 2 230900 / 0.50inF t D R  (5.8) 

where,  

Fin is in psi and t, H, and D are in inches.  

A curve fit was not performed for CCFT push-out tests with shear tabs since all the 
available tests had nearly the same size tube. The two different functions for each case represent 
the two different parameters (e.g., H/t and t/H2) chosen to represent the tube dimensions. In 
addition to accuracy, quantified by the R2 value associated with each formula, the formulas can 
be judged by their usability. Based on these criteria, the formulas based on t/D2 and t/H2 are 
recommended for design. Furthermore, the formulas computed with the data from the push-out 
tests without shear tabs are recommended for design since they provide a lower bound for the 
behavior expected in typical shear connections and allow for the greatest consistency between 
tube shapes. Thus Equation 5.4 is recommended for the nominal bond stress of RCFTs and 
Equation 5.8 is recommended for CCFTs. Both of these formulas have no upper bound on the 
bond stress, though one could be implemented based on the results of the stockiest tubes for each 
shape (i.e., 100-200 psi for RCFTs and 200-400 psi for CCFTs).  

5.3.4 CFT Connection Tests 

Push-out tests have explicit boundary conditions and paths for load transfer and thus are 
well-suited for an assessment of bond stress; however, they provide little evidence of the bond 
length or bond width of typical connections. Column connection tests which are instrumented to 
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measure load transfer such as those conducted by Dunberry et al. (1987), Shakir-Khalil (1993c; 
d, 1994a; b), and Shakir-Khalil and Al-Rawdan (1995) provide a means to quantify the area over 
which a nominal bond stress acts in typical connections. A schematic of the test specimens and 
loading is presented in Figure 5.2. Shear tabs are welded to the outside of the steel tubes to 
transfer the eccentric shears through the interfaces. Load is applied at both column ends and at 
the shear connections, in a ratio described by . 

The experimental strength of all of these specimens was near the squash load, indicating 
that limit states other than cross sectional strength, including slip, either did not have a 
significant effect on the strength or did not occur. In the tests performed by Dunberry et al. 
(1987) local buckling was a typical failure mode. The local buckling occurred near the 
connection for some specimens, indicating that the loading conditions possibly had an influence 
on the strength, and away from the connection for other specimens. A strain incompatibility was 
observed in the connection region, which extended approximately three tube widths below the 
connection and one to two tube widths above the connection. The concrete load steadily rose in 
this region indicating a load was transferred along its length, although the rise was steepest in the 
bottom half of the connection, indicating that pinching due to rotation of the shear tabs played a 
significant role in transferring the load. The tests performed by Shakir-Khalil (1993c; d, 1994a; 
b) and Shakir-Khalil and Al-Rawdan (1995) displayed somewhat similar behavior. The typical 
failure mode was overall collapse of the column without indication of a detrimental effect on the 
strength from slip. The observed transfer length was shorter than that observed by Dunberry et 
al. (1987), as strains equalized within a tube width above and below the connection.  

Additional details of the experiments are shown in Table 5.5 for RCFTs and in Table 5.6 
for CCFTs. Where reported, measured material and geometric properties are listed, otherwise 
nominal properties are listed. The tabulated applied load, Papplied, is the total load applied to the 
steel tube in the connection region. This load is not necessarily indicative of the slip strength 
since many of the specimens failed away from the connection region or the strength was not 
reached due to test rig limitations. Nonetheless, these specimens were included in the table, as 
they provide a lower bound on the slip strength. The portion of the applied load that is 
transferred to the concrete core, V applied, is computed using Equation 5.9, which assumes secant 
stiffnesses based on the material strengths. Equation 5.9 is equivalent to provisions in the AISC 
Specification (AISC 2010) that specify how much load is transferred to the concrete since all of 
the specimens have compact members.  

 
2

1 s y
applied applied

s y c c

A F
V P

A F C A f  (5.9) 

where, 

C2 = 0.85 for RCFT and 0.95 for CCFT 

The nominal bond strength based on current design provisions (AISC 2010) is tabulated 
for each of the specimens and is used and along with V applied to compute the test-to-predicted 
ratio (Table 5.5 and Table 5.6). The current design provisions are seen to be very conservative 
for these specimens, with test-to-predicted ratios ranging from 1.2 to 5.1 for RCFTs and 1.8 to 
4.2 for CCFTs, especially when noting that these ratios are a lower bound because few 
specimens exhibited a failure mode that included slip.  
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5.3.5 Effective Bond Transfer Length 

The transfer length, the length along the column where significant bond stresses occur, 
varies with material and geometric properties of the CFT and increases with applied load.  The 
length used in the bond strength formula must address two types of slip limit states. The first is 
slip along the entire length of the column, where, depending on the boundary conditions, a push-
out type failure could occur. The second is slip occurring locally, near the point of load 
application. This type of slip failure is enabled by the formation of a plastic mechanism in either 
the steel tube or concrete core, allowing the relative motion. Other more localized failure modes 
that include slip (e.g., failure of one face of a CFT column where load is framing in) should be 
addressed in connection design and are not discussed here.  

The CFT connection tests provide some insight into an appropriate bond length. The 
transfer length at peak load, Ltransfer, is computed for the CFT connections tests (Table 5.5 and 
Table 5.6) using Equation 5.10, where p is the entire perimeter of the steel-concrete interface and 
Fin is the critical bond stress, as computed using Equation 5.6 for RCFTs and Equation 5.8 for 
CCFTs.   

 
applied

transfer
in

V
L

p F
 (5.10) 

Use of the formula for bond stress from push-out tests without shear tabs for RCFT (Equation 
5.4) would result in transfer lengths approximately twice as large and could be justified since 
Equation 5.4 is recommended for design. However, the formula for bond stress from push-out 
tests with shear tabs is used for RCFTs, as it is a more accurate assessment for these specimens. 
The tabulated transfer lengths are of approximately the same magnitude as the lengths over 
which slip occurred, as reported by the researchers.  

In Table 5.5 and Table 5.6, the transfer length is seen to have a strong correlation with the 
ratio of load applied at the connection to total load, Figure 5.2 . This is due to the fact that the 
specimens failed at loads near the cross section strength, thus the specimens with larger values 
had larger transferred loads at failure because a larger portion of the load was applied at the 
connection. The other specimens, with lower values, presumably could have achieved the 
similar transferred loads at failure had a greater portion of the load been applied at the 
connection. Accordingly, the transfer length in Table 5.5 and Table 5.6 should be considered a 
lower bound. The ratio of transfer length to tube width for specimens with a large proportion of 
the load applied at the connection ranges from 2.3 to 4.1 (   0.4; Table 5.5: Specimens A1, A2, 
A3, B2, C1, D1, D2, D3, and D4 by Dunberry et al. (1987); Table 5.6: Specimen A5 by Shakir-
Khalil (1993c)). Based on this data, the current provisions for bond length for the case of load 
applied to the steel tube and the CFT extending to both sides of the point of force transfer (i.e., 
Cin = 4) (AISC 2010), appear to be appropriate and safe for design.  

While the CFT connection tests provide valuable information, they are limited by a lack 
of variety in geometric and material properties and loading configurations and because most 
specimens did not exhibit a slip related failure. A mechanistic analysis allows exploration of the 
effective bond transfer length for the range of properties and configurations seen in practice. A 
suitable bond length would account for both slip limit states: slip along the entire length and 
localized slip accompanied with overstressing and formation of a plastic mechanism in the steel 
tube or concrete core.  
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The normalized length (L/H for RCFT or L/D for CCFT) of the CFT push-out tests 
examined in this work varied from 1 to 6. The CFT connections tests exhibited normalized 
transfer lengths within the same range. While no definite trends were identified in the CFT push-
out test results between the normalized length and bond stress, the bond stress as derived from 
the push-out tests may not be active along the entire length for longer columns. Thus, utilizing 
the entire length of the column to assess bond strength (i.e., Lbond = L, extending from mid-height 
of the column above the connection to mid-height of the column below the connection) may be 
inappropriate even for the case of slip occurring along the entire length of the column.   

For localized slip, the length of the column that slips is relatively small, but to enable this 
failure mode a plastic mechanism needs to develop in either the steel tube or concrete core 
depending on where the load is applied. The applied force required to develop the plastic 
mechanism assuming strengths consistent with current provisions (AISC 2010) is given in 
Equation 5.11a for the case of load applied to the steel tube and the CFT extending to both sides 
of the point of force transfer, Equation 5.11b for the case of load applied to the steel tube and the 
CFT extending to only the compressive side of the point of force transfer, and Equation 5.11c for 
the case of load applied to the concrete core regardless of which sides the CFT extends.  

 applied s cr s yP A F A F  (5.11a) 
 

 applied s crP A F  (5.11b) 
 

 2applied c cP C A f  (5.11c) 

where, 

Fcr is the critical compressive stress of the steel tube (Fcr  Fy) (AISC 2010) 

Note that when load is applied to the steel tube and the CFT extends to both sides, the 
compressive strength on one side and the tensile strength on the other side need to be met 
simultaneously to form a plastic mechanism. Thus, depending on the proportioning of the 
section, this limit state may be precluded by the cross section strength of the composite column.  

To determine an appropriate value for the bond length when a localized overstressing 
failure controls, the transfer length is computed when the applied load is equal to the limit 
(Equation 5.11). The transfer length is computed using Equation 5.12a for the case of load 
applied to the steel tube and Equation 5.12b for the case of load applied to the concrete core. 
These equations are as given in the AISC Specification (AISC 2010) with the exception that Fcr 
is used instead of Fy to determine the portion of the load supported by the steel tube. This change 
was necessary to yield realistic results for slender tubes. Note that Fcr = Fy in the controlling 
cases presented below, thus this deviation from the AISC Specification has no effect on the 
proposed recommendations.  
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 1 s cr
applied in transfer

no

A FP pF L
P

 (5.12a) 

 

 s cr
applied in transfer

no

A FP pF L
P

 (5.12b) 

where, 

Pno is the nominal compressive strength of zero length CFT (AISC 2010) 

The computed transfer length is normalized by the outside dimension of the steel tube (H 
for RCFT; D for CCFT) to be comparable with the parameter Cin. The minimum normalized 
transfer lengths for practical ranges of material parameters (Fy  36 ksi, Es = 29,000 ksi, f c  3 
ksi) and geometric parameters (H  4 in., H/B  2, B/t  10, H/t  400 for RCFT; D  4 in., 10  
D/t  400 for CCFT) and only for cases where the plastic mechanism was not precluded by the 
cross section strength are presented in Table 5.7 for RCFTs and  

Table 5.8 for CCFTs for the various configurations. Based on these results, an 
appropriate value for Cin in the bond strength equation is 4 for the case of load applied to the 
steel tube and the CFT extending to both sides of the point of force transfer and 2 otherwise. The 
value of 4 for the case of load applied to the steel tube and steel tube and the CFT extending to 
both sides of the point of force transfer is in agreement with results of the CFT connection tests 
described above; there is no experimental evidence for the other configurations. These 
recommendations regarding Cin represent a minor change from the current provisions where Cin 
= 4 when the CFT extends to both sides of the point of force transfer regardless of whether the 
load is applied to the steel or to the concrete. It is further recommended that in cases where the 
nominal bond length (Cin H for RCFTs; Cin D for CCFTs) of adjacent connection regions 
overlaps (e.g., columns with a low length-to-depth ratio or with beams framing in a staggered 
pattern), the bond length should be taken as a reduced value computed such that no overlap 
occurs.  

 
 

Table 5.7. RCFT Minimum Transfer Lengths from Mechanistic Analysis 

 

H B t F y f' c L transfer

(in) (in) (in) (ksi) (ksi) (in)
Load On Steel, Column 

Extends Both Sides
4.00 4.00 0.067 59.5 36.0 3.0 45.78 11.45

Load On Steel, Column 
Extends Below Only

4.00 4.00 0.132 30.3 36.0 3.0 18.12 4.53

Load On Concrete 4.00 4.00 0.132 30.3 36.0 3.0 18.12 4.53
Load On Steel, Column 

Extends Both Sides
4.00 4.00 0.067 59.5 36.0 3.0 45.78 11.45

Load On Steel, Column 
Extends Below Only

7.16 4.00 0.400 17.9 36.0 3.0 23.12 3.23

Load On Concrete 7.16 4.00 0.400 17.9 36.0 3.0 23.12 3.23

Case H/t L transfer /H

Sq
ua

re
 C

FT
R

C
FT
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Table 5.8. CCFT Minimum Transfer Lengths from Mechanistic Analysis 

 
An alternative form of the bond length could include the height of the shear tab. This 

form would have the advantage of being more consistent with the definition of the load transfer 
region used for detailing shear connectors in composite columns (AISC 2010). If such a form 
was chosen, the value of Cin would need to be adjusted accordingly.  

5.3.6 Effective Bond Transfer Width 

Current design provisions in the AISC Specification allow only a portion of the perimeter 
of the steel-concrete interface to be used when computing the transfer strength (AISC 2010). 
This is unique among the existing and proposed design provisions examined in this paper (Tomii 
1985; Roeder et al. 1999; Parsley et al. 2000; CEN 2004). Based on observations of friction 
marks on tested and disassembled push-out specimens, Shakir-Khalil (1993a) noted that for 
CCFTs the entire perimeter is engaged in bond transfer whereas for RCFTs only the corner 
regions participate. There is limited evidence regarding the portion of the width that is active 
when various numbers of girders frame into either a CCFT or a RCFT column since the majority 
of test have been completed with two girders. The CFT connection tests conducted by Shakir-
Khalil and Al-Rawdan (1995) with only one girder framing in had experienced lower transfer 
loads than the other specimens (Table 5.5), but it is important to note that the specimen did not 
suffer a bond failure and would likely have resisted higher transfer loads if the specimen were 
designed to mitigate non-slip related failure. The experimental bond stress for push-out tests, 
including those with shear tabs, is computed assuming the full perimeter is engaged in slip. All 
of the push-out tests with shear tabs in Table 5.3 and Table 5.4 have two girders framing on 
opposite sides. This implies that, for columns with at least two girders framing in on opposite 
sides, the bond stress can be achieved for the entire perimeter. For the cases of edge and corner 
columns where one girder or two girders on adjacent sides frame in, it is unclear whether or not 
the entire perimeter is engaged. However, these configurations will induce bending moments into 
the columns, thus increasing the bond strength. Thus, using the entire perimeter for corner 
columns is likely justified and is proposed for use in this work.  

5.4 Proposed Design Formula 

Based on the preceding analyses of critical bond stress, longitudinal bond transfer length, 
and circumferential bond transfer width, the formula for nominal bond strength is proposed as: 

(a) For RCFT: 

 2n bond inR B H L F  (5.13a) 
 

D t F y f' c L transfer

(in) (in) (ksi) (ksi) (in)
Load On Steel, Column 

Extends Both Sides
4.00 0.075 53.5 36.0 3.0 19.00 4.75

Load On Steel, Column 
Extends Below Only

4.00 0.104 38.4 36.0 3.0 7.92 1.98

Load On Concrete 4.00 0.104 38.4 36.0 3.0 7.92 1.98

D/t L transfer /DCase
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 bond inL C H  (5.13b) 
 

 212.8 0.1inF t H  (5.13c) 

 

(b) For CCFT: 

 n bond inR DL F  (5.14a) 
 

 bond inL C D  (5.14b) 
 

 230.9 0.2inF t D  (5.14c) 

where, 

Rn = nominal bond strength, kips 
Fin = nominal bond stress, ksi 
t = design wall thickness of steel section, in. 
B = overall width of rectangular steel section (B  H), in. 
H = overall height of rectangular steel section (H  B), in. 
D = outside diameter of round steel section, in. 
Lbond = length of the bond region (the bond region of adjacent connections shall 

not overlap)  
Cin = 4 if load is applied to the steel tube and the CFT extends to both sides of the 

point of force transfer 
      = 2 otherwise 

For simplicity in design, the perimeter of the steel-concrete interface is approximated 
using the outside dimensions of the steel tube (i.e., p = 2(B+H) for RCFT and p = D for CCFT). 
The error introduced from this simplification is small in comparison to the scatter in the results.  

An upper bound is placed on the bond stress based on the bond stress observed in 
experimental results of the stockiest tubes for each shape. For very large cross sections and thin 
steel tubes, the bond stress approaches zero, essentially requiring an alternate force transfer 
mechanism when significant loads are applied.  

The proposed formula differs from the current formula (AISC 2010) in the bond strength, 
bond length, and bond width. In the proposed equation the bond width is the entire perimeter of 
the interface, regardless of the number of girders framing in. The resulting strength should be 
compared against the force transfer demand from all girders framing in, as opposed to checking 
each girder individually as implied by the current design formula (AISC 2010).  

The proposed formula for bond stress is based on geometric properties of the tube only. It 
is noted that concrete quality (e.g., the shrinkage/expansive potential) also affects the bond 
stress. This was not included in the proposed formula since the concrete quality is not typically 
known at the time of design. However, higher and more reliable bond strengths could be 
obtained if there were requirements placed on the quality of the concrete (Roeder et al. 1999).  



224 
 

To compute a resistance factor for load and resistance factor design, the 
recommendations of Ravindra and Galambos (1978) are used. The proposed formula for the 
resistance factor (Equation 5.15) depends on the desired reliability index, ; coefficient of 
variation of the resistance, VR; and the mean test-to-predicted ratio, Rm/Rn.  

 
( 0.55 )e o RVm

n

R
R  (5.15) 

Unfortunately, no suitable set of tests exist to compute reliable statistics on the resistance 
or test-to-predicted ratio for the bond strength. The CFT connection tests results have unnaturally 
high variation because the peak applied loads do not always reflect bond failures (i.e., other 
failure modes govern the peak strength). An approximate result can be obtained by computing 
the resistance factor for the bond stress. The nominal bond stress given by Equations 5.13b and 
5.14b is compared to the experimentally observed bond stress for the specimens in Table 5.1 and  

Table 5.2. The resulting mean and coefficient of variation of the test-to-predicted ratio 
are presented in Table 5.9. In this case, only uncertainty from the bond stress will be included. 
Assuming a reliability index of 3.0, as is recommended for members (Ravindra and Galambos 
1978), the resistance factor is computed as 0.50 for RCFT and 0.56 for CCFT. A value of 0.50 is 
recommended for both shapes. The corresponding safety factor for allowable stress design is 
computed as 3.00 (  = 1.5/ ). These values are near the current values ( ) 
listed in AISC Specification (2010).  

Table 5.9. Computation of Resistance and Safety Factors 

 

 

5.5 Distribution of Bond Stress along Column Height 

The current (AISC 2010) and the proposed design equations assume that the bond stress 
is uniform over a given height of the column. However, distribution of bond stress is known to 
vary both along the perimeter of the interface and along the height of the columns. This complex 
three-dimensional behavior is most accurately analyzed using detailed continuum finite element 
models (Roeder et al. 1999; Johansson 2003). One-dimensional analysis, assuming constant 
behavior around the perimeter of the interface, complements the more detailed analyses and 
provides a valuable link between the complex three-dimensional behavior and simple design 
equations. The derivation presented here is essentially a simple case of the bond model 
developed by Hajjar et al. (1998), applicable only to concentrically loaded columns with 
negligible geometric nonlinearity. This section thus assesses the nonlinear distribution of bond 
stress using one-dimensional analysis and justifies the use of a uniform bond stress in design 
calculations. 

 The distribution of bond stress along the height of the column depends on the response 
of the steel tube, the concrete core, as well as the interface between the two. A differential 

Type Number of 
Experiments

R m/R n V R

RCFT 17 0.94 0.39 0.50 3.02
CCFT 126 1.27 0.50 0.56 2.70
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equation can be formed to describe the slip behavior by assessing equilibrium on an infinitesimal 
length of a CFT column. A free-body diagram of the CFT segment is shown in Figure 5.5. 
Equilibrium can be assessed for the steel and concrete components (Equation 5.16). 

 
Figure 5.5. Free Body Diagram of CFT Section 

 0concrete c c c cF A x A x dx pdx x  (5.16a) 
 

 0steel s s s sF A x A x dx pdx x  (5.16b) 

where,  

As = cross sectional area of the steel tube, 
Ac = cross sectional area of the concrete core, 
p = perimeter of the steel-concrete interface, 
x = variable defined by the length along the CFT, 
dx = length of the segment of CFT analyzed (Figure 5.5), 

s(x) = longitudinal stress in the steel tube, 
c(x) = longitudinal stress in the concrete core, 
(x) = bond stress. 

Dividing both sides of Equation 5.16 by dx and taking the limit as dx approaches zero yields 
Equation 5.17 

 s s c cp x A x A x  (5.17) 

where,  

 indicates derivative with respect to x 

An analytical solution can be achieved if elastic behavior is assumed. The steel and 
concrete stresses are linear functions of strain, whereas the bond stress is a function of slip 
(Equation 5.18a). The first derivative of the steel and concrete relations (Equation 5.18b) and the 
second derivative of the slip relation (Equation 5.18c) are also computed. 

 ( ) ( ) ( ) ( ) ( ) ( )s s s c c cx E x x E x x s x  (5.18a) 

s(x+dx)

s(x)

s(x+dx)

s(x)

dx

c(x+dx)

c(x)

(x) (x)
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 ( ) ( ) ( ) ( )s s s c c cx E x x E x  (5.18b) 

 
 ( ) ( )x s x  (5.18c) 

 
where,  

Es = elastic modulus of the steel tube, 
Ec = elastic modulus of the concrete core, 
s(x) = slip, 

 = elastic stiffness of the bond-slip relation. 

Substituting the relations of Equation 5.18b into Equation 5.17 and solving for the derivative of 
strain yields Equation 5.19 

 c
c c

px x
E A  (5.19a) 

 

 s
s s

px x
E A  (5.19b) 

Slip is defined as the difference between the displacement of the steel tube and the concrete core 
(Equation 5.20a), consistent with the direction of bond stress shown in Figure 5.5. Computing 
the first and second derivatives of slip yields Equations 5.20b and 5.20c. 

 s cs x d x d x  (5.20a) 
 

 s c s cs x d x d x x x  (5.20b) 
 

 s cs x x x  (5.20c) 

Substituting Equations 5.18c, 5.19a, and 5.19b into Equation 5.20c yields a differential equation 
that characterizes bond stress along the length of a column assuming elastic behavior (Equation 
5.21). 

 2( )
c c s s

p px x C x
E A E A

  (5.21) 

 
 
where, 
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c c s s

p pC
E A E A  

The general solution of this differential equation is Equation 5.22.  

 1 2
Cx Cxx Ce C e  (5.22) 

where, 

C1 and C2 = constants that depend on boundary conditions 

The specific solution depends on the boundary conditions of the column. One representative 
case, one side of a shear connection where the peak bond stress is just reached and the column is 
of sufficient length to completely transfer the load, will be examined further. The boundary 
conditions for this case can be described by Equation 5.23. 

 0 0inF  (5.23) 

Solving for the constants, the distribution of the bond stress is described by Equation 5.24. The 
equation indicates that the bond stress exponentially decays away from the point of load 
applications. The force transfer between materials persists along the full length of the column, 
although after a relatively short distance the bond stress is negligibly small. This behavior has 
been noted previously in analyses performed by Roeder et al. (1999). 

 Cx
inx F e  (5.24) 

The load transferred can be computed by integrating along the length of the column and is found 
to be pFin/C.  

Examining the elastic behavior gives insight into the distribution of bond stress; however, 
nonlinearity in the steel tube, concrete core, and bond behavior is expected at the ultimate limit 
state. A material nonlinear analysis was conducted using existing structural analysis formulations 
noting that the governing differential equations can be modeled with two strands of linked truss 
elements. The steel tube and concrete core are modeled with truss elements and the interface is 
modeled with zero length springs located at the nodes. This configuration is shown schematically 
in Figure 5.6. Typically 200 elements along the length of the column were used in the analyses; 
the large number of elements provided for smooth results along the length of the column. When 
elastic materials are used, the analytical results (Equation 5.24) are captured exactly by this 
computational model. Suitable uniaxial material models have been developed in previous studies 
for RCFT and CCFT as described in Chapter 3. An elastic-perfectly plastic model is used to 
describe the load-slip relationship with peak stress computed by Equation 5.13b for RCFT and 
Equation 5.14b for CCFT and the initial stiffness taken as 66 kip/in3, based on recommendations 
by Hajjar et al. (1998).  
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Figure 5.6. Schematic of FEM Mesh 

Analyses were performed on column segments representing half the story height above 
and below a simple connection. Slip was constrained to be zero at the top and bottom of the 
column segment so that the introduction of load at the connection could be investigated without 
any influence of slip elsewhere in the column. The columns were subjected to a load applied at 
the top representing load in the column from upper stories and a load applied at the connection 
(mid-height of the segment) equal to the nominal bond strength (Equation 5.13a for RCFTs and 
Equation 5.14a for CCFTs). Results include the distribution of slip, bond stress, and axial load in 
the steel tube and concrete core along the height of the column. Sample results from one analysis 
are shown in Figure 5.7 for a 10 ft. long segment of a CCFT column constructed from an HSS
7.500×0.250 (Fy = 42 ksi, tdesign = 0.233 in, Fin = 128 psi) and normal strength concrete (f c = 4 
ksi). A load of 74.2 kips (0.2Pno) was applied at the top and a load of 213.2 kips was applied at 
the connection.  

The horizontal dashed lines denote the nominal bond length (CinD) in which the bond 
stress is assumed active in the design formulation. The nonlinear analysis confirms that the 
majority of the force transfer occurs in this region, although not all, with some slip extending 
both above and below this region. The distribution of slip is not symmetric about the connection, 
with the equilibrium achieved in a shorter length below the connection than above. This is due to 
the gradual decrease in stiffness of the steel tube and concrete core as loads are increased. The 
variation in stiffness with loading is also seen in the load sharing in the equilibrium regions. 
Above the connection the steel carries 52% of the axial load, while below the connection the 
steel carries 60% of the axial load. The percentage below the connection is in agreement with the 
AISC Specification (Equation 5.9) but since the percentage above is lower, the transferred load is 
slightly underpredicted. The magnitude of slip at the nominal bond strength is rather small (on 
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the order of one hundredth of an inch), confirming that natural bond strength should not be 
superimposed with other force transfer mechanisms which may not develop their full strength at 
these low levels of deformation.  

 

Figure 5.7. Sample Results of Nonlinear Bond Analysis 

5.6 Conclusions

Current design provisions for the natural bond strength are overly simple and are found to 
be conservative for the cases examined. A new formula for nominal bond strength of CFT 
structures is proposed in this paper. The critical bond stress, given as a function of tube 
dimensions, is derived from results of push-out test and varies between RCFT and CCFT. The 
effective bond transfer area is determined based on an examination of experimental observations 
and results from specially instrumented connection tests. The resistance factor, , is computed as 
0.50 and the safety factor, , is computed as 3.00, based on the bond stress formula.  Using a 
one-dimensional model the behavior of the connection region of a column was examined. The 
distribution of bond stress and the load deformation response at the joint both indicate that the 
proposed design formula is safe.  

Finally, it is noted that since the proposed formula is based on experimental results that 
do not generally exhibit a bond slip failure, there is a degree of conservatism in the design 
recommendations. Thus, future experimental and analytical research is warranted to explore the 
behavior of CFT columns subjected large transfer forces.  
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Chapter 6 
 

STABILITY ANALYSIS AND DESIGN OF 
COMPOSITE STRUCTURES 

6.1 Introduction

The Direct Analysis method provides a straightforward and accurate way of addressing 
frame in-plane stability considerations (White et al. 2006). In this method, required strengths are 
determined with a second-order elastic analysis where members are modeled with a reduced 
rigidity and initial imperfections are either directly modeled or represented with notional lateral 
loads. The method allows for the computation of available strength based on the unsupported 
length of the column, eliminating the need to compute an effective length factor. The validity of 
this approach has been established through comparisons between fully nonlinear analyses and 
elastic analyses (Surovek-Maleck and White 2004a; b; Deierlein 2003; Martinez-Garcia 2002). 
However, to date, no appropriate reduced elastic rigidity values have been developed nor has the 
methodology in general been thoroughly validated for composite members. 

Among the challenges to validation of the Direct Analysis method for composite 
members is the lack of guidance on the value of elastic flexural rigidity (EI) that should be used 
for analysis of composite members. An estimation of the flexural rigidity is necessary for first- 
and second-order static and dynamic analyses, as well as eigenvalue analyses. When used for this 
purpose the flexural rigidity is denoted as EIelastic. Such a value could be used:  1) in conjunction 
with Direct Analysis rigidity reductions to perform strength checks; 2) to compute deflections 
used in story drift checks; 3) to compute fundamental periods and mode shapes (including for 
response spectrum analysis); and 4) as the elastic component of a concentrated plasticity beam-
column element. 

The elastic flexural rigidity is also used in the determination of the elastic critical 
buckling load when computing axial compressive strength. When used for this purpose the 
flexural rigidity is denoted as EIeff. The AISC Specification (2010b) provides expressions for EIeff 
for steel reinforced concrete (SRC) columns (Equation 6.1) for concrete-filled steel tube (CFT) 
columns (Equation 6.3) based on an examination of experimental research (Leon et al. 2007).  

 

 10.5 (SRC)eff s s s sr c cEI E I E I C E I  (6.1) 
 

 1 0.1 2 0.3s

c s

AC
A A

 (6.2) 

 
 3 (CFT)eff s s s sr c cEI E I E I C E I  (6.3) 
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 3 0.6 2 0.9s

c s

AC
A A

 (6.4) 

Since concrete experiences nonlinearity a relatively low load levels, one value or 
expression for the elastic rigidity is generally insufficient. For example, EIeff should be 
representative of axial dominant behavior near incipient buckling whereas it may be more 
appropriate for EIelastic used to determine story drift to be representative of combined axial and 
bending behavior at lower load levels. This is in contrast to structural steel where EIeff = EIelastic = 
EsIs is widely considered safe and accurate for nearly all of these purposes as they relate to 
common design procedures. 

In order to address these current needs in design, a large parametric study has been 
conducted. The study focuses on two related aspects of stability design. First is the development 
of an effective elastic rigidity, EIelastic, for use in frame analyses with composite beam-columns. 
Second is the development and validation of Direct Analysis recommendations for stability 
design of composite systems. This chapter describes the parametric study and main results; a 
comprehensive reporting of all key results is presented in Appendix A.  

6.2 Benchmark Frames 

The parametric study described in this work generally consists of comparisons between 
results from fully nonlinear analyses and elastic analyses on a set of benchmark frames. In order 
to ensure broad applicability of the recommendations, the benchmark frames are selected to 
cover a wide range of material and geometric properties. Similar studies for structural steel 
(Kanchanalai 1977; Surovek-Maleck and White 2004a; b) have used a set of small non-
redundant frames and a W8×31 section in both strong and weak axis. For this work, this set of 
frames was expanded and a variety of composite cross sections were selected. In the parametric 
study, a complete matrix is laid out whereby each cross section is used within each benchmark 
frame to provide a comprehensive set of results. 

6.2.1 Sections  

The cross sections chosen for investigation in this work are segregated into four groups 1) 
Circular CFT (CCFT), 2) Rectangular CFT (RCFT), 3) SRC subjected to strong axis bending, 
and 4) SRC subjected to weak axis bending. Within these groups, sections were selected to span 
practical ranges of concrete strength, steel ratio, and for the SRC sections, reinforcing ratio (only 
CFTs without longitudinal reinforcing bars are analyzed in this work). Other section properties 
(e.g., steel yield stress, aspect ratio) were taken as typical values. Steel yield strengths were 
selected as Fy = 50 ksi for W shapes, Fy = 42 ksi for round HSS shapes, Fy = 46 ksi for 
rectangular HSS shapes, and Fyr = 60 ksi for reinforcing bars. Three concrete strengths were 
selected: 4, 8, and 16 ksi.   

There is no prescribed upper limit of steel ratio for composite sections; however, practical 
considerations and the dimensions commonly produced steel shapes impose an upper limit of 
approximately 25% for CFT and 12% for SRC. The AISC Specification (2010b) sets a lower 
limit of steel ratio for composite sections as 1%. However, maximum permitted width-to-
thickness ratios provide a stricter limit for CFT members. For the selected steel strengths, the 
width-to-thickness limits (Equation 6.5) correspond to steel ratio limits of 1.86% for CCFT and 
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3.16% for RCFT. For SRC members, the AISC Specification (2010b) prescribes a minimum 
reinforcing ratio of 0.4% and no maximum. The ACI Code prescribes a maximum reinforcing 
ratio of 8%. 

 

0.31 (CCFT)

5.00 (RCFT)

s

y

s

y

ED
t F

Eh
t F

 (6.5) 

Noting these limitations 5 round HSS shapes were selected for the CCFT sections, 5 
rectangular HSS shapes were selected for the RCFT sections, and outside dimensions of 28 in. × 
28 in., 4 wide-flange shapes, and 3 reinforcing configurations were selected for the SRC sections 
(Table 6.1). Altogether, 5 (steel shapes) × 3 (concrete strengths) = 15 total sections were selected 
each for RCFTs and CCFTs and 4 (steel shapes) × 3 (reinforcing configurations) × 3 (concrete 
strengths) = 36 total sections were selected each for strong and weak axis bending of SRCs.   

 
 

Table 6.1. Selected steel shapes and reinforcing configurations 
Index Steel Shape s

A HSS 7.000×0.500 24.82% 
B HSS 10.000×0.500 17.70% 
C HSS 12.750×0.375 10.65% 
D HSS 16.000×0.250 5.72% 
E HSS 24.000×0.125* 1.93% 

* Not in the AISC Steel Construction Manual (2011) 
(a) CCFT 

 

Index Steel Shape s

A HSS 6×6×1/2 27.63% 
B HSS 9×9×1/2 19.06% 
C HSS 8×8×1/4 11.13% 
D HSS 9×9×1/8 5.05% 
E HSS 14×14×1/8* 3.27% 

* Not in the AISC Steel Construction Manual 
(b) RCFT 

Index Steel Shape s

A W14×311 11.66% 
B W14×233 8.74% 
C W12×120 4.49% 
D W8×31 1.16% 

(c) SRC (steel shapes) 

 
Index Reinforcing sr

A 20 #11 3.98% 
B 12 #10 1.94% 
C 4 #8 0.40% 

(d) SRC (reinforcing configurations) 
 

 
 
The naming convention of the sections consists of three components separated by dashes. 

The components are section type (i.e., CCFT, RCFT, SRCs, or SRCw), section shape and 
reinforcing (using the indices listed in Table 6.1), and concrete strength. For example, CCFT-A-
4 denotes a CCFT constructed with a HSS 7.000×0.500 and f c = 4 ksi concrete; and SRCw-CB-
16 denotes a SRC bent in the weak axis constructed with a W12×120, 12 #10 reinforcing bars, 
and f c = 16 ksi concrete. Scale drawings of the sections are shown in Figure 6.1.  
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Figure 6.1. Scale Drawings of Sections 
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6.2.2 Frames

A set of 23 small non-redundant frames were described and used in previous stability 
studies on structural steel members (Kanchanalai 1977; Surovek-Maleck and White 2004a; b). 
The set includes both sidesway inhibited and sidesway uninhibited frames, a range of 
slenderness, end constraints, and leaning column loads. The set of frames was expanded and the 
frame parameters were generalized for use with composite sections in this study. The frames are 
shown schematically in Figure 6.2. The sidesway uninhibited frame is defined by a slenderness 
value, oe1g, pair of end restraint parameters, Gg,top and Gg,bot, and leaning column load ratio, . 
The sidesway inhibited frame is defined by a slenderness value, oe1g, and end moment ratio, . 
The values of these parameters selected for the frames are described in Table 6.2, a total of 84 
frames are selected. The “g” in the end restraint parameters and slenderness value denotes that 
these values are defined with respect to gross section properties.  

 

Figure 6.2. Schematic of the benchmark frames 

 

Table 6.2. Benchmark frame variations 

Frame Slenderness End Restraint 
Leaning 

Column Load 
Ratio 

End Moment 
Ratio 

Number of 
Frames 

Sidesway 
Uninhibited 

4 values 
oe1g = {0.22, 

0.45, 0.67, 0.90} 

4 value pairs 
(Table 6.3) 

4 values 
 = {0, 1, 2, 3} n/a 64 

(= 4 × 4 × 4) 

Sidesway 
Inhibited 

4 values 
oe1g = {0.45, 

0.90, 1.35, 1.90} 
n/a n/a 

5 values  
 = {–1.0, –0.5, 
0.0, 0.5, 1.0} 

20 
(= 4 × 5) 

 

L = oe1g
EIgross

Pno,gross

k top =  
6 EIgross
Gg,top L

k bot =  
6 EIgross
Gg,bot L

P P P

H
M

M

EIelasticEIelastic

x

EIgross = EsIs + EsIsr + EcIc
Pno,gross = AsFy + AsrFysr + Acf c
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Table 6.3. End Restraint Value Pairs 
Pair Gg,top Gg,bot

A 0 0 
B 1 or 3* 1 or 3* 
C 0  
D 1 or 3*  

*3 when  = 0; 1 otherwise 

The naming convention of the frames consists of components separated by dashes. For 
the sidesway uninhibited frames, the components are end restraint (using the indices listed in 
Table 6.3), slenderness and leaning column load ratio. For example, UC-45-g2 denotes a 
sidesway uninhibited frame with end restraint pair C (Gg,top = 0, Gg,bot = ), slenderness oe1g = 
0.45, and leaning column load ratio  = 2. For the sidesway inhibited frames, the components are 
slenderness and end moment ratio (where the numbers 1 through 5 represent  = –1.0 through  
= 1.0 in increments of 0.5). For example, I-135-b4 denotes a sidesway inhibited frame with 
slenderness oe1g = 1.35 and end moment ratio  = 0.5.  

6.2.3 Second-Order Elastic Analysis of Benchmark Frames 

The second-order elastic results described in this work were obtained from the solution of 
the governing differential equation (Equation 6.6) using the appropriate boundary conditions 
(Table 6.4). Closed form solutions were obtained for displacement and moment along the length 
of column using a computer algebra system. This approach is computationally quick and 
accurate for moderate displacements; however, axial deformations are neglected. Where 
necessary, the effective length factor, K, for the benchmark frames was computed using the same 
differential equation.  

 0
elastic

Pv x v x
EI

 (6.6) 

Table 6.4. Boundary conditions for the benchmark frames 
Boundary 
Condition Sidesway Uninhibited Sidesway Inhibited 

1 0 0v  0 0v  

2 0 0elastic botEI v k v  0elasticEI v M  

3 elastic
PEI v L Pv L H v L
L

0v L  

4 elastic topEI v L k v L  elasticEI v L M  

6.3 Fully Nonlinear Analysis of Benchmark Frames 

In order to provide results against which the proposed elastic design methodologies may 
be evaluated, the fully nonlinear analysis formulation introduced in Chapter 3 using the 
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“Proposed for Design” model is used to perform analyses on the benchmark frames. Key aspects 
of the model are summarized here.  

6.3.1 Mixed Beam Finite Element Formulation 

The mixed beam finite element formulation is implemented in the OpenSees  framework 
(McKenna et al. 2000). It is a Total Lagrangian formulation assuming small strains and moderate 
rotations in the corotational frame and coupled with an accurate geometric transformation. With 
multiple elements along the length of a column, large displacement and rotation behavior is 
captured accurately.  

The “Proposed for Design” constitutive relations were developed to better correspond to 
assumptions common in the development of design recommendations (e.g., neglecting steel 
hardening and concrete tension strength). Local buckling of the steel tube and other steel 
components was also neglected. This simplification allows for the investigation of the full range 
of steel ratios without the complexity of modeling local buckling, and is consistent with the 
validations conducted when developing Direct Analysis for steel structures (Surovek-Maleck and 
White 2004a; b). It is thus assumed that when combined with existing local buckling provisions 
in the AISC Specification (2010b), the proposed design provisions are applicable to composite 
members with non-compact or slender sections.  

As in the prior work on the Direct Analysis method (Surovek-Maleck and White 2004b) 
wide-flange shapes are modeled with elastic-perfectly plastic constitutive relations (Figure 6.3c) 
and the Lehigh residual stress pattern (Galambos and Ketter 1959) (Figure 6.3a). Reinforcing 
steel was assumed to have negligible residual stress and was also modeled with an elastic-
perfectly plastic constitutive relation. Residual stresses in cold formed steel tubes vary through 
thickness. To allow a reasonable fiber discretization of the CFT sections, residual stresses are 
included implicitly in the constitutive relation. A multilinear constitutive relation (Figure 6.3b) 
was used in which the stiffness decreases at 75% of the yield stress and again at 87.5% of the 
yield stress to approximate the gradual transition into plasticity observed in cold-formed steel 
(Abdel-Rahman and Sivakumaran 1997). In addition, the yield stress in the corner region of the 
rectangular members is increased to account for the additional work hardening in that region 
(Abdel-Rahman and Sivakumaran 1997).   

The Popovics concrete model (Figure 6.3d) was selected and the modulus of elasticity of 
concrete is given by Equation 6.7; this is equivalent to expression in the ACI Code (2011) for 
normalweight concrete and to the expression in the AISC Specification (2010b) for wc = 148.1 
lbs/ft3.  

 ksi 1802 ksic cE f  (6.7) 
 

All frame analyses were performed with six elements along the length of the member, 
each with three integration points. Since the analyses were two-dimensional, strips were used for 
the fiber section; the nominal height of the strips was 1/30th of the section depth (e.g., for a 
CCFT section, approximately 30 steel and 30 concrete strips of near equal height were used).  
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(a) Lehigh residual stress pattern  

(b) Abdel-Rahman and Sivakumaran cold formed 
steel model  

 
(c) Elastic-perfectly plastic model 

 
(d) Popovics concrete model 

Figure 6.3. Steel and Concrete Constitutive Relations 
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6.3.2 Initial Geometric Imperfections 

Nominal geometric imperfections equal to the fabrication and erection tolerations in the 
AISC Code of Standard Practice (AISC 2010a) were modeled explicitly. An out-of-plumbness 
of L/500 was included for the sidesway uninhibited frames and a half sine wave out-of-
straightness with maximum amplitude of L/1000 was included for all frames. The initial out-of-
plumbness and initial out-of-straightness were applied in the same direction (Figure 6.5a) as this 
produced the greatest destabilizing effect for these frames.  

Figure 6.4. Initial Geometric Imperfections 

6.3.3 Axial Compression-Bending Moment Interaction Diagrams

Through a series of fully nonlinear analyses, axial compression-bending moment 
interaction diagrams for each section and frame were constructed. One analysis was performed 
with axial load only to obtain the critical axial load, then a series analyses applying a constant 
axial load and increasing lateral load were performed. For the case of zero applied axial load, a 
cross section analysis was performed in lieu of the frame analysis. In each analysis, the limit 
point was identified as when the lowest eigenvalue reached zero; in cases where this did not 
occur, the limit point was defined as when the maximum longitudinal strain within any section in 
the member reached 0.05. At the limit point, both the applied loads and internal forces were 
recorded allowing for the construction of the first-order applied load interaction diagram and the 
second-order internal force interaction diagram, respectively. A sample of the results for two 
RCFT sections [RCFT-B-4 ( s = 19.06%, f c = 4 ksi) and RCFT-E-4 ( s = 3.27%, f c = 4 ksi)] and 
one frame [UA-67-g1 (sidesway uninhibited, fixed-fixed, K=1, oeg = 0.67, leaning column load 
ratio = 1)] is shown in Figure 6.5. These two sections and one frame were selected primarily to 
illustrate the methodology. While the results from these sections and frame are typical and show 
variation between members with high and low steel ratios, they are not comprehensively 
representative of the wide range of material and geometric properties explored in this study. 
Detailed results, showing the behavior of each section, are presented in Appendix A.  

(b) Sidesway Uninhibited
o and o in opposite directions

(a) Sidesway Uninhibited
o and o in same direction (c) Sidesway Inhibited

o

Member 
Chord
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Figure 6.5. Example Results: Fully Nonlinear Applied Load and Internal Force Interaction 
Diagrams

6.4 Flexural Rigidity for Elastic Analyses 

Because inelastic response in the concrete initiates at low load levels, an appropriate 
flexural rigidity for elastic analysis should be taken as a secant value. In order to assess the 
elastic flexural rigidity, EIelastic, a parametric study was performed recording peak deformations 
from inelastic analyses and determining the value of EIelastic that, when used in an elastic 
analysis, would result in the same peak deformations. One value of EIelastic was determined for 
each frame and section and for different pairs of applied axial load and moment.  

The pairs of applied axial load and moment were selected to be evenly spaced within the 
applied load interaction computed as described above. Secondary fully nonlinear analyses were 
performed to obtain the target peak deformations. The secondary fully nonlinear analyses differ 
from the fully nonlinear analyses described previously in that no initial geometric imperfections 
were included and tension strength was included in the concrete constitutive relation, since for 
this study the average behavior rather than lower bound behavior is of interest. For each load 
pair, EIelastic was determined through an iterative process such that the peak deformation from the 
elastic analysis was equal to the target peak deformation. A sample of the results for the sections 
and frame shown previously is shown in Figure 6.6 (similar plots for the same frame and all 
sections are presented in Appendix A). Each of the points represents one applied axial load and 
moment pair, the color corresponds to the value of EIelastic that was obtained as described above, 
normalized with respect to the gross flexural rigidity. 
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Figure 6.6. Example Results: EIelastic

Figure 4 shows that the flexural rigidity varies with load level. At low loading, the gross 
flexural rigidity is a good estimate of the elastic rigidity (EIelastic  EIgross). As the load increases, 
the elastic rigidity decreases, with greater decreases for moment dominate loading and lesser 
decreases for axial dominant loading.  

A linear regression analysis was performed on the data obtained in this study at or below 
the serviceability load level (as defined in Figure 6.6) to build expressions for EIelastic. The 
strongest variations in EIelastic and thus the most accurate expressions depend on the loading. The 
resulting expressions are given in Equations 6.8 and 6.9 for SRCs and in Equations 6.10 and 6.11 
for CFTs. The coefficients of determination from the linear regreassion are given in Table 6.5. 
Similar, load-dependent formulas have been developed for the flexural rigidity of reinforced 
concrete members (Khuntia and Ghosh 2004). Unfortunately, when EIelastic depends on the 
loading, the elastic analysis becomes iterative, making this type of formula cumbersome for 
design. More practical alternatives are discussed later in the context of the Direct Analysis 
method.   
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 5 0.99 0.73 1 3.47 1.00 (CCFT)
n no

M PC
M P

 (6.11a) 

 

 5 1.01 0.90 1 3.39 1.00 (RCFT)
n no

M PC
M P

 (6.11b) 

 
 

Table 6.5. Coefficients of Determination 
 Section Type  Coefficient of Determination 

CCFT 0.55 
RCFT 0.71 

SRC (strong axis) 0.54 
SRC (weak axis) 0.52 

 

6.5 Nominal Axial Strength of Composite Columns 

In the AISC Specification (2010b), the same column curve is used to predict the nominal 
axial compressive strength for both structural steel and composite columns (Equation 6.12), 
where the slenderness, oe, is given by Equation 6.13, the effective rigidity, EIeff, is given by 
Equation 6.1 for SRCs and by Equation 6.3 for CFTs, and the nominal zero-length compressive 
strength, Pno, is given by Equation 6.14 for SRCs and by Equation 6.15 for CFTs (C2 = 0.85 for 
RCFTs and C2 = 0.95 for CCFTs), noting that in this study local buckling is neglected and only 
CFTs without longitudinal reinforcement are investigated.  

 
2

2

0.658 for 1.5
0.877 for 1.5

oe
n oe

no oe oe

P
P

 (6.12) 

 

 no
oe

eff

PKL
EI

 (6.13) 

 
 0.85 (SRC)no y s ysr sr c cP F A F A f A  (6.14) 

 
 2 (CFT)no y s c cP F A C f A  (6.15) 

 

The critical axial load obtained from the fully nonlinear analyses, Pn,analysis, for each 
frame and section is compared to the design strength in Figure 6.7. For CFTs, the design axial 
strength is generally accurate. In the low and intermediate slenderness range ( oe<2), the axial 
compressive strength of concrete dominant sections (low values of s) tends to be 
underpredicted. However, the strength tends to be overpredicted for these sections in the high 
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slenderness range ( oe>2) by as much as 15%. For CCFTs, the strength steel dominant sections 
in the intermediate slenderness range (0.5< oe<2) is underpredicted by as much as 15%.  

For SRCs, the design axial strength is inaccurate, underpredicting the strength by a 
significant margin, especially for concrete dominant sections. Based on these results, a new 
expression for the effective rigidity of SRC columns is presented (Equation 6.16-6.17). An 
alternative  expression where C1 = 0.75 for all sections was found to be accurate for axially 
loaded columns but is not recommended because it performed poorly when used to compute 
beam-column strength due to the concavity of the applied load interaction diagrams as described 
later. A comparison between the critical axial load obtained from the fully nonlinear analyses 
and the strength computed using the proposed expression is shown in Figure 6.8.  

 
(a) CCFT 

 

 
(b) RCFT 

 
(c) SRC (strong axis) 

 
(d) SRC (weak axis) 

Figure 6.7. Comparison of Axial Strength: AISC (2010b)

 , 1, (SRC)eff proposed s s s sr proposed c cEI E I E I C E I  (6.16) 
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 (6.17) 

 

The values of EIeff computed with the proposed equation (Equation 6.16) will be larger 
than those computed with the existing equation (Equation 6.1), resulting in larger axial 
compressive strengths as seen in Figure 6.8a and b compared to Figure 6.7c and d. In order to 
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verify the accuracy of this new formula, a comparison is made with concentrically loaded SRC 
columns experiments. Axial compressive strengths of a representative subset (Anslijn and Janss 
1974; Chen et al. 1992; Han and Kim 1995; Han et al. 1992; Roderick and Loke 1975) of the 
database used in the original calibration of C1 (Leon et al. 2007) were computed using the 
proposed formulas (Equations 6.12-6.14 and 6.16-6.17) and compared against the experimental 
axial compressive strengths in Figure 6.9. For this set of 52 columns (which fail predominantly 
about the weak axis), the section depths range from 6.3 in. to 14 in., concrete strengths range 
from 2.9 ksi to 9.5 ksi, measured steel yield strengths range from 39 ksi to 73 ksi, and the length-
to-depth ratios range from 3.1 to 17.8; see Leon et al. (2007) for the geometric, material, and 
boundary condition details of these experiments. The computed axial strength compares well for 
a majority of the tests, although some fall below the column curve. The current resistance factor 
and safety factors ( c = 0.75 and c = 2.00) were found to be suitable and somewhat 
conservative with the proposed formulas following the recommendations by Ravindra and 
Galambos (1978) and a reliability index of 3.0.    

 

 
(a) SRC (strong axis) 

 
(b) SRC (weak axis) 

Figure 6.8. Comparison of Axial Strength: Proposed

 

Figure 6.9. Comparison of Experimental Axial Strength: Proposed 
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Alternative expressions for EIeff where the concrete contribution ratio is held at a constant 
value (Equation 6.3 with C3 = 0.9 for CFT and Equation 6.16 with C1,proposed = 0.7 for SRC) were 
found to result in acceptably good predictions of the axial strength (Figure 6.10). These 
expressions are simpler, however, they are not recommended for use in design since the 
underestimation of axial strength for concrete dominant sections can help reduce unconservative 
errors in the beam-column design methodology. An example is shown in Figure 6.11 (which was 
generated in the same manner as Figure 6.16 described later). For this frame and section pair, the 
axial strength from the analysis is shown to drop quickly with small bending moments (solid 
blue line), the design strength (solid green line) cannot reflect this concavity but remains safe 
because of the underprediction of the axial strength.  

 
 
 
 

 
(a) CCFT 

 

 
(b) RCFT 

 
(c) SRC (strong axis) 

 
(d) SRC (weak axis) 

Figure 6.10. Comparison of Axial Strength: Constant Concrete Contribution  
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Figure 6.11. Example Interaction Diagrams 

 

6.6 Nominal Flexural Strength of Composite Sections 

The AISC Specification (2010b) allows for the flexural strength of composite columns to 
be computed by the plastic stress distribution method. In this method, the steel components are 
assumed to have reached a stress of Fy in either tension or compression and the concrete 
components are assumed to have reached a stress of 0.85f c in compression (or 0.95 f c for CCFT 
to account for confinement).  

The flexural strength obtained from the fully nonlinear analyses, Mn,analysis, for each 
section is compared to the design strength obtained from the AISC Specification (2010b) in 
Figure 6.12. For CFTs and SRCs in strong axis bending, the design strength is either accurate or 
conservative. For SRCs in weak axis bending, the design strength is unconservative for some 
sections, particularly steel dominant sections, overpredicting the strength by as much as 8%. This 
unconservative error is observed again in the evaluation of the beam-column design 
methodology (Section 6.7.3) and warrants further investigation and possible changes to the 
methodology for determining the nominal flexural strength.    
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(a) CCFT 

 
(b) RCFT 

 
(c) SRC (strong axis) 

 
(d) SRC (weak axis) 

Figure 6.12. Comparison of Nominal Flexural Strength of Composite Sections 
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6.7 Direct Analysis Method 

Cross section strength curves for composite members are quite convex, especially for 
concrete dominant members. Beam-column strength curves are much less convex (and often 
concave) due to the fact that material nonlinearity (primarily concrete cracking but also concrete 
crushing and steel yielding) initiates at low load levels and severely reduces flexural rigidity. 
This effect is greater for more slender columns since the second-order effects are greater but also 
because the ratio of bending moment to axial load is greater, a condition which leads to greater 
reductions in effective slenderness (as seen in Section 4). An example of this variation with 
slenderness is shown in Figure 6.13 and Figure 6.14 where a series of interaction diagrams 
constructed with the fully nonlinear analyses are plotted. These figures correspond to section 
RCFT-E-4 ( s = 3.27%, f c = 4 ksi) and a cantilever column with different lengths (i.e., sidesway 
uninhibited, fixed-free, K=2, leaning column load ratio = 0). Similar plots for all sections are 
presented in Appendix A.  

For design methodologies in which the effective slenderness of the member is computed, 
it is possible for this variation to be accounted for directly in the shape of the design interaction 
diagram. For the Direct Analysis method, the effective slenderness is never computed, as the 
unsupported length of the member is used instead. Thus, unless the concave shape is accounted 
for otherwise, the strength of members with high effective length factors will be overestimated. 
Rigidity reductions that depend on both axial load and bending moment could potentially help 
account for the shape, but would be cumbersome in design. The proposed design methodology 
presented below accounts for these effects with modifications to the design interaction curve and 
is shown to be safe and accurate for all beam-columns with practical effective length factors 
(K<3). For beam-columns with large effective length factors, the unconservative error can 
sometimes exceed 5%, particularly for concrete dominant sections.  
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(a) 

 
(b) 

 
(c) 

Figure 6.13. Variation of First-Order Interaction Strength with Slenderness 
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(a) 

 
(b) 

 
(c) 

Figure 6.14. Variation of Second-Order Interaction Strength with Slenderness 
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6.7.1 Calculation of Required Strength 

As prescribed in the Direct Analysis method, internal forces must be determined using a 
second-order elastic analysis with reduced elastic rigidity and consideration of initial 
imperfections. The reduced rigidity, EIDA, for structural steel members is described by Equation 
6.18 where b depends on the required axial strength, Pr (Equation 6.19).  

 0.8DA b elasticEI EI  (6.18) 
 

 
1.0 for 0.5

4 1 for 0.5
r no

b
r no r no r no

P P
P P P P P P

 (6.19) 

For simplicity in design and compatibility with the existing Direct Analysis procedure for 
steel members, it is beneficial to maintain the 0.8 b factor and have differences in rigidity 
between steel and composite members manifest only in EIelastic. There are several important 
considerations in the determination of an appropriate value of EIelasitc. Even at loading levels 
below typical service load levels (e.g., those identified in Figure 4), this rigidity must account for 
the cracking and initial damage that accrues in the member at under combined axial load and 
bending moment. Additional load-based terms (beyond b) in the expression for EIDA (e.g., as 
seen in Equations 6.8-6.11 for a possible variation on EIelastic) would be cumbersome and thus 
load-independent expressions roughly representative of EIelastic for members with high-moment 
low-axial service loads were selected. It is also important that the ratio of EIeff to EIDA is 
approximately equal to 0.877 c (where c is the resistance factor for axial compression (AISC 
2010b)) for slender members in certain configurations so that the axial strength is not 
overestimated when performing the Direct Analysis method (Surovek-Maleck and White 2004a). 
A proposed expression for EIelastic for use with the Direct Analysis method is given by Equation 
6.20 for SRCs and Equation 6.21 for CFTs. The factors C1 and C3 are the same as those in 
computation of EIeff and are given in Equation 6.17 and 6.4 respectively. The validity of this 
expression for use in the Direct Analysis method is confirmed though the comparisons presented 
later in this section. It is likely that this expression is also valid for other purposes (e.g., those 
described in Section 1) but comprehensive studies have not been performed to confirm such a 
wide applicability.  

 10.75 (SRC)elastic s s s sr c cEI E I E I C E I  (6.20) 
 

 30.75 (CFT)elastic s s c cEI E I C E I  (6.21) 
 

Initial imperfections can either be directly modeled (as was done in the fully nonlinear 
analyses) or represented with notional loads. For these comparisons the notional load approach 
was used in the design methodology, applying an additional lateral load of 0.2% of the vertical 
load in each analysis. The AISC Specification (AISC 2010b sec. C2.2b(4)) allows the notional 
load to be taken as a minimum load when the ratio of maximum second-order drift to maximum 
first-order drift is less than or equal to 1.7. However, for this study the notional load was additive 
for all analyses.  
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6.7.2 Calculation of Available Strength 

The commentary of the AISC Specification (2010b) describes a method of determining 
the design interaction curve based on the plastic stress distribution method. Three specific points 
on the section interaction diagram are computed: Point A, the pure axial strength; Point B, the 
pure bending strength; and Point C, a point with combined loading where the moment is equal to 
the pure bending strength. The axial strength of each of these points is then reduced by a factor  
= Pn/Pno to obtain the beam-column interaction diagram (Figure 6.15a). For the Direct Analysis 
method, Pn is computed using K=1. 

The commentary methodology performs well for short and moderate length columns; 
however, it becomes less accurate for slender and concrete dominant columns, where the applied 
load interaction curve is noticeably concave as seen in Figure 6.13. Proposed modifications to 
this methodology are illustrated in Figure 6.15b. The same section strength is used as the basis, 
but points C and B are moved inward by factors that depend on the slenderness. The factor c 
(Equation 6.22) ranges from PC/PA for stocky columns, resulting in the same axial load for point 
C as in the existing method, and 0.2 for slender columns, resulting in an interaction diagram 
equivalent to that for structural steel columns (AISC 2010b). The factor B (Equation 6.23) is not 
meant to represent a physical reduction in the flexural strength but rather it is a practical option 
for accounting for the low axial strength of slender columns under large bending loads where the 
rigidity is severely reduced due to concrete cracking.  

 
(a) AISC 2010 

 
(b) Proposed 

Figure 6.15. Computation of the Design Strength Interaction  
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6.7.3 Evaluation of the Proposed Design Methodology 

To evaluate the validity of the proposed beam-column design methodology, interaction 
diagrams based on the proposed recommendations are constructed. Sample results for two RCFT 
sections and one frame are shown in Figure 6.16 along with the interaction diagrams from the 
fully nonlinear analyses (blue lines) as described in Section 6.3.3. The second-order internal 
force interaction diagram (green dashed lines) is constructed directly from the design equations 
(Figure 6.15b). The first-order applied load interaction diagram (green solid lines) is constructed 
by determining the applied loads that, when applied in a second-order elastic analysis with 
stiffness reduction (Equations 6.18-6.21) and notional load, result in peak internal forces that lay 
on the internal force interaction diagram. The comparisons are performed at the nominal strength 
level and thus neither resistance factors nor safety factors were used in the computation of the 
interaction diagrams. Similar plots showing a range of behavior for all sections are presented in 
Appendix A. 

Figure 6.16. Example Results: Fully Nonlinear and Design Applied Load and Internal 
Force Interaction Diagrams 

Error is computed between the fully nonlinear analysis interaction diagrams and the 
Direct Analysis interaction diagrams using a radial measure (Equation 6.24), where rFN is the 
distance from the origin to the interaction diagram constructed from the fully nonlinear analyses 
and rdesign is the distance along the same line to the interaction diagram constructed from the 
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design methodology. For the first-order applied load interaction diagram unconservative error is 
negative (e.g., when the green curve lies outside the blue curve in Figure 6.16).   

 

FN design

FN

r r
r  (6.24) 

Using the radial error, interaction diagrams for different pairs of sections and frames can 
be compared. An example of this is shown in Figure 6.17 where the design applied load 
interaction diagrams for the two RCFT sections shown previously and all 84 frames are 
compared. The black line (a circle with a radius of one) represents the applied load interaction 
diagram from the fully nonlinear analyses. The colored lines were constructed by computing the 
error (Equation 6.24) for a sweep of angles and for the same angles plotting points with a 
distance of 1 –  from the origin. The colors correspond to the effective length factor of the 
frame. A colored line outside the black line represents unconservative error and 5% 
unconservative error is noted by the red dashed line. Similar plots for all sections are presented 
in Appendix A.  

In Figure 6.17, the effect of the effective length factor on the accuracy of the design 
methodology for these particular cross sections can be seen. Frames with low effective length 
factors (cyan lines) tend to be more conservative while frames with high effective length factors 
(magenta lines) tend to be less conservative. For the more concrete dominant section (Figure 
6.17b) the frames with high effective length factors are sometimes greater than 5% 
unconservative. In the Direct Analyses, the effective length factor is never computed and thus it 
is difficult to properly account for these extreme cases without being unduly conservative in 
more common cases.  

Figure 6.17. Example Results: Normalized Fully Nonlinear and Design Applied Load 
Interaction Diagrams 

Histograms for each section type showing the relative frequency of the radial error from 
the first-order applied load interaction diagrams from all sections and frames and through a 
sweep of angles are shown in Figure 6.18 (conservative is shown as positive). A total of 84 
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(frames) × 15 (sections) = 1,260 sets of interaction diagrams are generated each for RCFTs and 
CCFTs, and 84 (frames) × 36 (sections) = 3,024 sets of interaction diagrams are generated each 
for strong and weak axis bending of SRCs. The median error (shown as a vertical dashed line in 
Figure 6.18) and the worst unconservative error for each of the section types are listed in Table 
6.6.  

Table 6.6. Summary Error Statistics 
Section Type Median Error Worst Unconservative Error 

CCFT 10.8% –28.9% 
RCFT 12.1% –18.3% 

SRC (strong axis) 17.4% –23.6% 
SRC (weak axis) 15.1% –27.0% 

 
(a) CCFT 

 

 
(b) RCFT 

 
(c) SRC (strong axis) 

 
(d) SRC (weak axis) 

Figure 6.18. Summary Error Statistics 

A maximum of 5% unconservative error is desired (ASCE 1997). The proposed design 
methodology achieves this for most cases. Exceptions are: 

 Members with high effective length factors (e.g., an effective length factor, K, greater 
than approximately 3). An example of this error is shown in Figure 6.19. 
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 Steel dominant CCFT members where the axial compressive strength, Pn, is 
overpredicted by the design equations, as shown in Figure 6.7a. 

 Steel dominant weak axis SRC members where the flexural strength, Mn, is overpredicted 
by the design equations, as shown in Figure 6.12b 
 

Figure 6.19. Example Results: Unconservative Error for High Effective Length Factor 
Cases

6.8 Alternative Methods of Design 

The AISC Specification (2010b) allows variations on the Direct Analysis method as well 
as alternative methods of design including the effective length method. These methods are 
investigated in this study by treating each variation as a separate design methodology and 
evaluating them as described previously against the fully nonlinear solutions (Section 6.7.3).   

The alternative methods of design investigated in this work are summarized in Table 6.7. 
The Direct Analysis method evaluated previously in Section 6.7 is denoted as “Method A”. Two 
additional methods are investigated. 

Table 6.7. Description of Alternative Methods of Design 
Method 
Index EIelastic

Stiffness
Reduction 

Imperfections/ 
Notional Loads 

Interaction 
Diagram K

A Proposed 
(Equations 6.20 and 6.21) 0.8 b 

Ni = 0.002Yi 
(Additive) 

Proposed 
(Figure 6.15b) 1.0 

B Proposed 
(Equations 6.20 and 6.21) 0.8 Ni = 0.003Yi 

(Additive) 
Proposed 

(Figure 6.15b) 1.0 

C Proposed 
(Equations 6.20 and 6.21) None Ni = 0.002Yi 

(Minimum) 
Proposed 

(Figure 6.15b) K 
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Use of the b factor (Equation 6.19) in elastic analyses is somewhat cumbersome. The 
AISC Specification recognizes this and allows it to be taken as unity for all cases (i.e., EIDA = 
0.8EIelastic) if an additional notional load of 0.001 of the gravity load is applied (AISC 2010b). 
This variation is denoted as “Method B” (Table 6.7). For the vast majority of composite frame 
and section pairs studied in this work, this methodology does not result in a maximum 
unconservative error greater than that obtained for “Method A”, indicating that it is safe. The few 
cases in which the maximum unconservative error is larger than that of “Method A” are CFTs of 
intermediate slenderness in the high axial load range.  Detailed results, including interaction 
diagrams, for these cases are given in Appendix A.   

 The effective length method was the primary method of design in the AISC Specification 
prior the Direct Analysis method, and is still allowed as an option to the engineer for cases where 
the ratio of maximum second-order drift to maximum first-order drift is less than or equal to 1.5. 
The effective length method (“Method C”, Table 6.7) differs from the Direct Analysis method in 
that no stiffness reduction is used, notional loads are minimum lateral loads rather than additive 
lateral loads and the compressive strength is based on the effective length, KL. For the vast 
majority of composite frame and section pairs studied in this work, this methodology does not 
result in a maximum unconservative error greater than that obtained for “Method A”, indicating 
that it is safe. The few cases in which the maximum unconservative error is larger than that of 
“Method A” and exceed the 5% unconservative limit are sidesway inhibited CFTs of 
intermediate to high slenderness. It is noted that in this comparison, all frame and sections pairs 
were included without regard to the drift limit on the effective length method described above. 
Detailed results, including interaction diagrams, for these cases are given in Appendix A. 

6.9 Aspects of Design Not Directly Addressed in this Study 

6.9.1 Elastic Rigidities Other than EI

Only flexural deformations were considered in the elastic analyses performed in this 
study, thus only the flexural rigidity, EI, was directly addressed. However, in the general case 
other rigidities contribute to the stability of the structure and their values should be carefully 
selected.  

In the ACI Code (ACI 2011), the axial rigidity, EA, for reinforced concrete columns is 
taken as EcAg. Similarly, Schiller, Hajjar, and Gourley (1994) recommend using the gross section 
properties when determining EA for RCFT members (i.e., EA = EsAs + EcAc). Based on these 
existing recommendations, EAelastic should be taken as the gross section properties (Equation 6.25
). For the Direct Analysis method, that rigidity should be reduced by a factor of 0.8 (Equation 
6.26). 

 elastic s s c c s srEA E A E A E A  (6.25) 
 

 0.8DA elasticEA EA  (6.26) 

The torsional rigidity, GJ, is necessary for three-dimensional analyses. For CCFT and 
RCFT members, project collaborators (Perea 2010) developed recommended expressions for the 
torsional rigidity based on the full scale slender beam-column tests described in Chapter 2. For 
SRC members, no suitable expressions for GJ have been found in the literature, so it is 
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recommended to use the torsional rigidity of either the steel or concrete sections alone. For the 
Direct Analysis method, the rigidity should be reduced by a factor of 0.8. 

The shear rigidity, GA, is necessary when shear deformations are included in the elastic 
model (i.e. Timoshenko beam theory). Tomii and Sakino (1979) performed experiments on 
RCFT members and recommended an expression for GA. For CCFT and SRC members, no 
suitable expressions for GA have been found in the literature, so it is recommended to use the 
shear rigidity of either the steel or concrete sections alone. For the Direct Analysis method, the 
rigidity should be reduced by a factor of 0.8. 

6.9.2 Suitability of EIelastic for General Use 

In this study, expressions for EIelastic were developed and recommended for design. A 
range of uses for EIelastic are noted in Section 6.1, but these expressions (Equation 6.20 for SRCs 
and Equation 6.21 for CFTs) were only explicitly validated for use in the execution of strength 
checks. However, the expressions may still be appropriate for the other uses.  

The recommended expressions for EIelastic represent a practical lower bound on the elastic 
stiffness. This can be seen by comparing the recommended expressions for EIelastic (Equation 
6.20 for SRCs and Equation 6.21 for CFTs) the more detailed expressions for EIelastic that depend 
on the loading level (Equations 6.8 and 6.9 for SRCs and Equations 6.10 and 6.11 for CFTs). 
The recommended and more detailed expressions result in the same value along lines in axial 
load-bending moment space as shown in Figure 6.20. The black dashed lines in Figure 6.20 are 
intended to schematically represent the current simplified A-C-B strength interaction diagram as 
described in the commentary of the AISC Specification (2010b); the ratio of axial compression at 
point A and point C was selected arbitrarily. The recommended expressions underestimate 
EIelastic with respect to the more detailed expressions in only a small region of the interaction 
diagram with high bending moments and low axial loads.  

Being a practical lower bound, the recommended expressions can be considered 
conservative for the assessment of quantities such as drift. Nonetheless, a more detailed study is 
warranted to examine the accuracy the recommended expression for EIelastic for other uses in 
design.  

6.9.3 Long-Term Effects Due to Creep and Shrinkage 

The contribution of creep and shrinkage to structural instability was not addressed in this 
study. The ACI Code (ACI 2011) combines and addresses these effects with the use of beta 
factors when determining the elastic rigidities. A similar approach could be taken for composite 
columns, applying the beta factor to the concrete contribution to the elastic rigidities. However, a 
more detailed study is warranted to examine long-term effects. 
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(a) CCFT 

 

 
(b) RCFT 

 
(c) SRC (strong axis) 

 
(d) SRC (weak axis) 

Figure 6.20. Comparison of Expressions for EIelastic

6.9.4 Biaxial Bending 

Biaxial bending was not specifically included in this study, but recommendations can be 
made by extrapolating current design provisions. The strength of composite members subjected 
to flexure and axial compression may be evaluated by Equation 6.27. 
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When r c AP P  

 
0.1 1.0ryrxr

C A B Bx B By

MMP
P M M

 (6.27b) 

where, 

Pr = required axial strength 
Mrx = required flexural strength in the strong axis 
MBx = available flexural strength at point B in the strong axis  
Mry = required flexural strength in the weak axis 
MBy = available flexural strength at point B in the weak axis  

The parameters , C and B should be computed for both the strong and weak axes and 
the minimum of each should be used.  

These recommendation imply a diamond shaped Mx-My interaction curve at any given 
axial load, this is conservative when compared to the results of the slender beam-column tests 
conducted by project collaborators (Perea 2010) which indicate that the shape is more convex.  

6.10 Conclusions

This chapter presents the results of a large parametric study undertaken to assess the in-
plane stability behavior of steel-concrete composite members, evaluate current design provisions, 
and develop and validate new design recommendations.  This research has developed new elastic 
flexural rigidities for elastic analysis of composite members; new effective flexural rigidities for 
calculating the axial compressive strength of SRC members; and new recommendations for the 
construction of the interaction diagram for composite members.  

The new recommendations provide a smooth transition between steel-concrete composite 
design and structural steel design for increasingly steel dominant members. Ideally, a smooth 
transition would also exist between steel-concrete composite design and reinforced concrete 
design for increasingly concrete dominant members; however, the different assumptions and 
simplifications employed by the AISC Specification (2010b) and ACI Code (2011) make such 
continuity challenging.  

The proposed beam-column design methodology is safe and accurate for the vast 
majority of common cases of composite member behavior, although further research is 
recommended to continue to investigate the axial compressive strength of steel dominant CCFTs, 
the weak axis flexural strength of steel dominant SRCs, and members with very high effective 
length factors, so as to improve the recommendations. Detailed results, including representative 
figures for each section, are presented in Appendix A.  
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Chapter 7 

EXPERIMENTAL EVALUATION AND 
EVOLUTION OF BEAM-COLUMN INTERACTION 

STRENGTH

A series of full-scale slender concrete-filled steel tube beam-column tests have been 
conducted at the NEES MAST Laboratory at the University of Minnesota (Figure 7.1), led by 
project collaborators (Perea 2010). These tests were introduced in Chapter 2; this chapter 
contains comparative computational results using the mixed formulation and detailed data 
interpretation focusing on the beam-column interaction strength.  

Figure 7.1. Specimen 2C12-18-5 in the MAST Laboratory 
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7.1 Full-Scale Slender Concrete-Filled Steel Tube Beam-Column Tests 

The specimens consisted of one CFT column with base plates welded on either end. 
Eighteen specimens were tested with variations in length, concrete strength, tube shape, tube 
size, bending axis. A text matrix showing measured material and geometric properties as well as 
measured out-of-plumbness is given in Table 7.1.  The bases of the specimens were bolted to the 
strong floor, providing a rigid constraint. The tops of the specimens were bolted to the crosshead 
which, for the specimens and loading discussed in this chapter, was controlled so as to 
approximate a free boundary condition.  

The loading protocol for each specimen is divided into several load cases. In the first load 
case, LC1, the specimens were subjected to concentric axial loading; cycles were performed in 
displacement control up the peak strength or load capacity of the actuators. In the second load 
case, LC2, the specimens were subjected to constant axial compression plus uniaxial flexure 
imposed by controlling the top in a prescribed displacement pattern. The third load case, LC3, is 
the same as LC2 but the prescribed displacement pattern imposed biaxial flexure on the beam-
column. The biaxial load patterns used are shown schematically in Figure 7.2. Additional load 
cases were performed but are not described in this work. Details of the loading protocol for each 
specimen, including number of cycles for LC1 and axial load levels for LC2 and LC3 are given 
in Table 7.2. 

Figure 7.2. Displacement Patterns Used in Load Case 3 

A variety of instruments were used to record the behavior of the specimens (Perea 2010). 
Of primary importance to these studies were the three-dimensional forces, moments, 
displacements, and rotations recorded at the top of the column. From these measurements, the 
three-dimensional forces and moments at the base are be computed by the principles of statics 
(Equation 7.1). 

base top

base top top

F F

M M r F
 (7.1) 

x xx

yyy

(a) Probe Pattern (b) Probe/Subprobe Patten (c) Incremental Biaxial 
(Figure Eight) Pattern
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where,

, , ,x base y base z baseF F FbaseF

, , ,x top y top z topF F FtopF

, , ,x base y base z baseM M MbaseM

, , ,x top y top z topM M MtopM

, , ,x top y top z topD D L Dr
× represents the cross product

In LC1 and LC2, the specimen was loaded uniaxially, but for the CCFT specimens, not 
necessarily along one of the coordinate axes. In these cases, a uniaxial response is obtained by 
projecting the biaxial response on a plane in the direction of motion (Equation 7.2) . 

cos sinx x yD D D  (7.2a) 

cos sinx x yF F F  (7.2b) 

2 2cos sinx x yM M M  (7.2c) 

where,

 = Angle of the direction of motion (Table 7.2) 
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7.2 Comparison of Experimental and Computational Results

A comparison of experimental and computational results serves to validate both the 
experiments and the analytical model. Analyses were performed using the mixed finite element 
formulation of load cases LC1, LC2, and LC3 for all specimens with the exception of 1C5-18-5 
and 18C5-26-12 (which were held in a different configuration than the others).  

The specimens were analyzed using the “Proposed for Behavior” model (described in 
Chapter 3) with two elements along the length, each with three integration points. This mesh 
density was selected because for cases where the specimen exhibits hardening behavior little 
accuracy will be gained with additional elements or integration points and for cases where the 
specimen exhibits softening behavior additional elements or integration points would result in 
less accurate results because of localization. With this mesh density, the integration weight for 
the section located at the specimen base corresponds to 8.3% of the specimen length. This value 
is somewhat less than the plastic hinge length indicated by cross section analysis (Chapter 3). A 
dense fiber discretization was used, with nominal size of the fibers equal to 1/30th of the width of 
the section in each direction. The specimens were modeled as perfectly straight but out-of-plumb 
by the measured amount (Table 7.1). The base was fully fixed against translation and rotation for 
the entirety of the loading. The top was controlled to replicate the loading from the experiment.  

The analysis of the first load case, consisting of concentric loading, was completed in 
displacement control, up to the displacements experienced experimentally by the specimen. Or, 
for the specimens which reached actuator load limits, the analyses were conducted in load 
control up to the applied axial load. To ensure that the direction of motion in the analysis was the 
same as that of the specimen, a stiff spring was introduced perpendicular to the observed 
direction of motion. This spring was removed upon completion of the first load case. The later 
load cases, including both uniaxial cyclic and biaxial cyclic loading, used the same control as in 
the experiment:  the horizontal DOFs were under displacement control while the vertical DOF 
was under force control.

Observations of the experimental data indicate that non-negligible friction existed in the 
crosshead. The crosshead friction is most clearly evident at the reversals in LC2, where a very 
stiff response is seen, resulting in a jump in transverse load of approximately 8.9 kN (2 kips). To 
account for this friction, zero length springs were added at the top of the column in the transverse 
(X and Y) directions as shown schematically in Figure 7.3. The constitutive model associated 
with the zero length springs was elastic-perfectly plastic with a yield force of 4.45 kN (1 kip, half 
of the value in transverse load observed in friction-related response in the experimental data). 
The stiffness of the elastic portion was selected such that the transition from positive to negative 
yielding occurred at a displacement less than the displacement step size used in the analysis, thus 
minimizing the influence of the spring on the nonlinear solution. Also, these springs were not 
used in the first load case. While friction in the crosshead is presumed to still be significant in the 
first load case, it is not modeled since the zero length springs described above, which are 
appropriate for the later load cases, lead to inappropriate results for the first load case, and a 
more accurate model is not readily attainable. For the first load case, the control of the specimen 
in the transverse directions was different as compared to the remainder of each experiment (i.e., 
for the first load case, the transverse directions were in force control rather than displacement 
control).  These forces were controlled to be zero, and thus the spring force provided an artificial 
constraint that inappropriately dominated the results. Other than not being present in the first 
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load case of each specimen, the springs modeling crosshead friction were included throughout 
the loading history and for all specimens.  

Figure 7.3. Schematic Representation of Friction Model 

Experimental and analytical results are presented in Figure 7.4 through Figure 7.19 for 
specimens 2C12-18-5 through 17Rs-26-12. The main results (e.g., load, deformation, and 
moment) values for each load case are shown as separate plots. The following observations are 
made regarding the comparison between the experimental and analytical results: 

An overall excellent correlation is seen between the experimental and analytical results.
Some specimens (4Rw-18-5, 10C12-26-5, 12Rw-26-5, 14C12-26-12, and 16Rw-26-12) 
exhibited a much greater strength in the experiment as compared to the analysis. These 
high loads have been noted elsewhere (Perea et al. 2012) and are likely due to friction in 
the crosshead. 
The experimental results of LC1 exhibit much greater hysteresis than the analysis results. 
This is likely due to friction in the crosshead. 
The analytical results of LC2 and LC3 for some specimens (4Rw-18-5, 5Rs-18-5, 9Rs-
18-12, 12Rw-26-5, 13Rs-26-5) show earlier peaks and fuller hysteresis than the 
experimental results. The cause of these discrepancies is not known, but they could be 
related to discrepancies in the level of damage of the specimen at the time of the load 
case, because often later results compare well. Also, the elastic stiffness is typically 
captured well.  
For other specimens (10C12-26-5, 14C12-26-12, and 16Rw-26-12) the experimental and 
computational results of LC2 and LC3 also do not compare well, however, the magnitude 
of the force at the top is small (~2 kips) and differences could be due to limitations in the 
control of the experiments.  

Zero Length Spring 
Friction Model

Beam Elements
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Figure 7.4. Comparison Results – Specimen 2C12-18-5 
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Figure 7.4. Comparison Results – Specimen 2C12-18-5 (continued) 
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Figure 7.4. Comparison Results – Specimen 2C12-18-5 (continued) 

−4 −2 0 2 4
−4

−3

−2

−1

0

1

2

3

Displacement at the Top, D
x
 (in)

D
is

pl
ac

em
en

t a
t t

he
 T

op
, D

y (i
n)

−150 −100 −50 0 50 100 150
−150

−100

−50

0

50

100

150

200

Moment at the Base, M
x
 (k−ft)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−4 −2 0 2 4
−6

−4

−2

0

2

4

Displacement at the Top, D
x
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x (k
)

−4 −2 0 2 4
−6

−4

−2

0

2

4

6

Displacement at the Top, D
y
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F y (k
)

−4 −2 0 2 4
−150

−100

−50

0

50

100

150

200

Displacement at the Top, D
x
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−4 −2 0 2 4
−150

−100

−50

0

50

100

150

Displacement at the Top, D
y
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x (k
−f

t)

Specimen 2−C12−18−5, Load Case LC3a (Axial Load = 250 k)
Experiment

Analysis



270

Figure 7.4. Comparison Results – Specimen 2C12-18-5 (continued) 
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Figure 7.5. Comparison Results – Specimen 3C20-18-5 
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Figure 7.5. Comparison Results – Specimen 3C20-18-5 (continued) 
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Figure 7.5. Comparison Results – Specimen 3C20-18-5 (continued) 

−5 0 5
−5

0

5

Displacement at the Top, D
x
 (in)

D
is

pl
ac

em
en

t a
t t

he
 T

op
, D

y (i
n)

−1000 −500 0 500 1000
−800

−600

−400

−200

0

200

400

600

Moment at the Base, M
x
 (k−ft)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−5 0 5
−30

−20

−10

0

10

20

30

Displacement at the Top, D
x
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x (k
)

−5 0 5
−20

−15

−10

−5

0

5

10

15

20

Displacement at the Top, D
y
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F y (k
)

−5 0 5
−800

−600

−400

−200

0

200

400

600

Displacement at the Top, D
x
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−5 0 5
−800

−600

−400

−200

0

200

400

600

Displacement at the Top, D
y
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x (k
−f

t)

Specimen 3−C20−18−5, Load Case LC3a (Axial Load = 1250 k)
Experiment

Analysis



274

Figure 7.5. Comparison Results – Specimen 3C20-18-5 (continued) 
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Figure 7.5. Comparison Results – Specimen 3C20-18-5 (continued) 
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Figure 7.6. Comparison Results – Specimen 4Rw-18-5 
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Figure 7.6. Comparison Results – Specimen 4Rw-18-5 (continued) 
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Figure 7.6. Comparison Results – Specimen 4Rw-18-5 (continued) 
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Figure 7.6. Comparison Results – Specimen 4Rw-18-5 (continued) 
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Figure 7.6. Comparison Results – Specimen 4Rw-18-5 (continued) 
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Figure 7.7. Comparison Results – Specimen 5Rs-18-5 
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Figure 7.7. Comparison Results – Specimen 5Rs-18-5 (continued) 
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Figure 7.7. Comparison Results – Specimen 5Rs-18-5 (continued) 
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Figure 7.7. Comparison Results – Specimen 5Rs-18-5 (continued) 
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Figure 7.8. Comparison Results – Specimen 6C12-18-12 
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Figure 7.8. Comparison Results – Specimen 6C12-18-12 (continued) 
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Figure 7.8. Comparison Results – Specimen 6C12-18-12 (continued) 
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Figure 7.8. Comparison Results – Specimen 6C12-18-12 (continued) 
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Figure 7.8. Comparison Results – Specimen 6C12-18-12 (continued) 
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Figure 7.9. Comparison Results – Specimen 7C20-18-12 
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Figure 7.9. Comparison Results – Specimen 7C20-18-12 (continued) 
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Figure 7.9. Comparison Results – Specimen 7C20-18-12 (continued) 
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Figure 7.10. Comparison Results – Specimen 8Rw-18-12 
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Figure 7.10. Comparison Results – Specimen 8Rw-18-12 (continued) 

−10 −5 0 5 10 15
−25

−20

−15

−10

−5

0

5

10

15

20

Displacement at the Top, D
x′
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x′
 (k

)

−10 −5 0 5 10 15
−600

−400

−200

0

200

400

600

800

Displacement at the Top, D
x′
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x′
 (k
−f

t)

Specimen 8−Rw−18−12, Load Case LC2b (Axial Load = 300 k)
Experiment

Analysis



295

Figure 7.10. Comparison Results – Specimen 8Rw-18-12 (continued) 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 

−10 −5 0 5 10 15
−40

−30

−20

−10

0

10

20

30

40

Displacement at the Top, D
x′
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x′
 (k

)

−10 −5 0 5 10 15
−1000

−800

−600

−400

−200

0

200

400

600

800

1000

Displacement at the Top, D
x′
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x′
 (k
−f

t)

Specimen 9−Rs−18−12, Load Case LC2b (Axial Load = 400 k)
Experiment

Analysis



298

Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 

−6 −4 −2 0 2 4 6
−5

−4

−3

−2

−1

0

1

2

3

4

Displacement at the Top, D
x
 (in)

D
is

pl
ac

em
en

t a
t t

he
 T

op
, D

y (i
n)

−300 −200 −100 0 100 200 300
−800

−600

−400

−200

0

200

400

600

800

Moment at the Base, M
x
 (k−ft)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−6 −4 −2 0 2 4 6
−30

−20

−10

0

10

20

30

Displacement at the Top, D
x
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x (k
)

−6 −4 −2 0 2 4
−10

−5

0

5

10

15

Displacement at the Top, D
y
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F y (k
)

−6 −4 −2 0 2 4 6
−800

−600

−400

−200

0

200

400

600

800

Displacement at the Top, D
x
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−6 −4 −2 0 2 4
−300

−200

−100

0

100

200

300

Displacement at the Top, D
y
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x (k
−f

t)

Specimen 9−Rs−18−12, Load Case LC3b (Axial Load = 800 k)
Experiment

Analysis



300

Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 
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Figure 7.11. Comparison Results – Specimen 9Rs-18-12 (continued) 

−5 0 5 10 15
−1.5

−1

−0.5

0

0.5

1

1.5

2

Displacement at the Top, D
x
 (in)

D
is

pl
ac

em
en

t a
t t

he
 T

op
, D

y (i
n)

−150 −100 −50 0 50 100 150
−600

−400

−200

0

200

400

600

Moment at the Base, M
x
 (k−ft)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−5 0 5 10 15
−50

−40

−30

−20

−10

0

10

20

30

Displacement at the Top, D
x
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x (k
)

−2 −1 0 1 2
−5

−4

−3

−2

−1

0

1

2

3

4

Displacement at the Top, D
y
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F y (k
)

−5 0 5 10 15
−600

−400

−200

0

200

400

600

Displacement at the Top, D
x
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

y (k
−f

t)

−2 −1 0 1 2
−150

−100

−50

0

50

100

150

Displacement at the Top, D
y
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x (k
−f

t)

Specimen 9−Rs−18−12, Load Case LC3f (Axial Load = 800 k)
Experiment

Analysis



304

Figure 7.12. Comparison Results – Specimen 10C12-26-5 
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Figure 7.12. Comparison Results – Specimen 10C12-26-5 (continued) 
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Figure 7.12. Comparison Results – Specimen 10C12-26-5 (continued) 
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Figure 7.12. Comparison Results – Specimen 10C12-26-5 (continued) 
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Figure 7.13. Comparison Results – Specimen 11C20-26-5 
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Figure 7.13. Comparison Results – Specimen 11C20-26-5 (continued) 
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Figure 7.13. Comparison Results – Specimen 11C20-26-5 (continued) 
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Figure 7.13. Comparison Results – Specimen 11C20-26-5 (continued) 
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Figure 7.14. Comparison Results – Specimen 12Rw-26-5 
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Figure 7.14. Comparison Results – Specimen 12Rw-26-5 (continued) 
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Figure 7.14. Comparison Results – Specimen 12Rw-26-5 (continued) 
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Figure 7.14. Comparison Results – Specimen 12Rw-26-5 (continued) 
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Figure 7.15. Comparison Results – Specimen 13Rs-26-5 
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Figure 7.15. Comparison Results – Specimen 13Rs-26-5 (continued) 
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Figure 7.15. Comparison Results – Specimen 13Rs-26-5 (continued) 
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Figure 7.15. Comparison Results – Specimen 13Rs-26-5 (continued) 
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Figure 7.16. Comparison Results – Specimen 14C12-26-12 
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Figure 7.16. Comparison Results – Specimen 14C12-26-12 (continued) 
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Figure 7.16. Comparison Results – Specimen 14C12-26-12 (continued) 
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Figure 7.17. Comparison Results – Specimen 15C20-26-12 

0 2 4 6 8 10 12
0

200

400

600

800

1000

1200

Displacement at the Top, D
x′
 (in)

A
xi

al
 C

om
pr

es
si

on
, F

z (k
ip

s)

−5000 0 5000 10000
0

200

400

600

800

1000

1200

Moment at the Base, M
x′
 (in)

A
xi

al
 C

om
pr

es
si

on
, F

z (k
ip

s)

Specimen 15−C20−26−12, Load Case 1
Experiment

Analysis

−20 −10 0 10 20
−20

−15

−10

−5

0

5

10

15

Displacement at the Top, D
x′
 (in)

Fo
rc

e 
at

 th
e 

To
p,

 F x′
 (k

)

−20 −10 0 10 20
−800

−600

−400

−200

0

200

400

600

800

Displacement at the Top, D
x′
 (in)

M
om

en
t a

t t
he

 B
as

e,
 M

x′
 (k
−f

t)

Specimen 15−C20−26−12, Load Case LC2a (Axial Load = 400 k)
Experiment

Analysis



324

Figure 7.17. Comparison Results – Specimen 15C20-26-12 (continued) 
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Figure 7.17. Comparison Results – Specimen 15C20-26-12 (continued) 
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Figure 7.17. Comparison Results – Specimen 15C20-26-12 (continued) 
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Figure 7.18. Comparison Results – Specimen 16Rw-26-12 
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Figure 7.18. Comparison Results – Specimen 16Rw-26-12 (continued) 
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Figure 7.18. Comparison Results – Specimen 16Rw-26-12 (continued) 
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Figure 7.18. Comparison Results – Specimen 16Rw-26-12 (continued) 
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Figure 7.19. Comparison Results – Specimen 17Rs-26-12 
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Figure 7.19. Comparison Results – Specimen 17Rs-26-12 (continued) 
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Figure 7.19. Comparison Results – Specimen 17Rs-26-12 (continued) 
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Figure 7.19. Comparison Results – Specimen 17Rs-26-12 (continued) 
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7.3 Experimental Evaluation of the Beam-Column Interaction Strength

Identifying the strength limit point is an important aspect of the data reduction. Simply 
taking the maximum second-order moment would be inaccurate since the highest second-order 
moments occurred when the beam-column was being held in an unstable configuration by the 
crosshead. For this reason, the limit point is identified as when a zero slope is observed in lateral 
force-deformation response. This point also corresponds to the peak first-order moment as shown 
in Figure 7.20.

Figure 7.20. Identification of the Limit Point by First-Order Moment 
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7.4 Experimental Validation of the Proposed Beam-Column Design 
Methodology

The proposed beam-column design methodology developed in Chapter 6 was primarily 
validated against computational results. Validation against experimental results is also important. 
The specimens presented here are well suited for this purpose because they are slender, they 
were subjected a wide range of loading from axial dominant to moment dominant, and the 
instrumentation allowed for accurate measurements of first and second-order loads.  

Validation results are shown in Figure 7.21 though Figure 7.36 and were constructed as 
follows: 

Experimental limit points from LC1 and LC2 were identified. Second-order moments are 
shown in the figures as blue triangles while first-order moments are shown as red circles.
A series of fully nonlinear analyses was performed to construct interaction diagrams as 
described in Chapter 6 using the “Proposed for Design” model. These results are shown 
in the top plot of the figures. The black dashed line represents the second-order internal 
force interaction diagram and the black continuous line represents the first-order applied 
load interaction diagram. The grey continuous line is the first-order applied load 
interaction diagram from a secondary series of fully nonlinear analyses identical to the 
first except with measured out-of-plumbness in lieu of nominal out-of-plumbness  
Interaction diagrams constructed from current design provisions are shown in the middle 
plot of the figures. The black dashed line is the interaction diagram computed using the 
plastic stress distribution method (A-C-B) and assuming K = 1 in accordance with the 
Direct Analysis method (AISC 2010). The black continuous line is obtained from elastic 
analyses as the applied loads which result in internal forces on the interaction diagram. 
The flexural rigidity of the member in the elastic analyses was taken as 0.8 bEIeff, where 
0.8 b is the Direct Analysis stiffness reduction and EIeff is the effective flexural rigidity 
given in Chapter I of the AISC Specification for determining the axial compressive 
strength. A notional load was also included in the analyses. The grey continuous line was 
obtained using the same method as for the black continuous line but with a notional load 
representative of the measured out-of-plumbness.  
Interaction diagrams constructed from the proposed design provisions are shown in the 
bottom plot of the figures. The lines were constructed in the same manner as for the 
current design provisions, except the proposed strength interaction curve and proposed 
elastic flexural rigidity developed in Chapter 6 were used.

When the first-order experimental limit points (red circles) are outside the first-order 
design interaction curves (black or grey continuous lines), the specimens are exhibiting greater 
than predicted strength and the design methodology can be considered conservative and safe. 
This is the case for most of the recorded limit points. Some of the recorded limits points, 
however, fall within the design interaction curves indicating that the design methodology is 
overpredicting the strength and is unconservative for these cases. It is noted that some of the 
experimental limit points (especially those from LC2) were obtained after the specimen had 
undergone cyclic loading, potentially affecting the results.
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Figure 7.21 Interaction Diagrams – Specimen 2-C12-18-5 
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Figure 7.22 Interaction Diagrams – Specimen 3-C20-18-5 
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Figure 7.23 Interaction Diagrams – Specimen 4-Rw-18-5 
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Figure 7.24 Interaction Diagrams – Specimen 5-Rs-18-5 
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Figure 7.25 Interaction Diagrams – Specimen 6-C12-18-12 
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Figure 7.26 Interaction Diagrams – Specimen 7-C20-18-12 
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Figure 7.27 Interaction Diagrams – Specimen 8-Rw-18-12 
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Figure 7.28 Interaction Diagrams – Specimen 9-Rs-18-12 
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Figure 7.29 Interaction Diagrams – Specimen 10-C12-26-5 
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Figure 7.30 Interaction Diagrams – Specimen 11-C20-26-5 
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Figure 7.31 Interaction Diagrams – Specimen 12-Rw-26-5 
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Figure 7.32 Interaction Diagrams – Specimen 13-Rs-26-5 

−1000 −800 −600 −400 −200 0 200 400 600 800 1000
0

500

1000

1500

Bending Moment (k−ft)

Fu
lly

 N
on

lin
ea

r A
na

ly
si

s

A
xi

al
 C

om
pr

es
si

on
 (k

)

1st Order Interaction (Measured Imperf.)

1st Order Interaction (Nominal Imperf.)

2nd Order Interaction (Nominal Imperf.)

−1000 −800 −600 −400 −200 0 200 400 600 800 1000
0

500

1000

1500

Bending Moment (k−ft)

C
ur

re
nt

 D
es

ig
n 

M
et

ho
do

lo
gy

A
xi

al
 C

om
pr

es
si

on
 (k

)

1st Order Experimental Limit Points

2nd Order Experimental Limit Points

−1000 −800 −600 −400 −200 0 200 400 600 800 1000
0

500

1000

1500

Bending Moment (k−ft)

P
ro

po
se

d 
D

es
ig

n 
M

et
ho

do
lo

gy

A
xi

al
 C

om
pr

es
si

on
 (k

)

Specimen 13−Rs−26−5



349

Figure 7.33 Interaction Diagrams – Specimen 14-C12-26-12 
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Figure 7.34 Interaction Diagrams – Specimen 15-C20-26-12 
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Figure 7.35 Interaction Diagrams – Specimen 16-Rw-26-12 
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Figure 7.36 Interaction Diagrams – Specimen 17-Rs-26-12 
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7.5 Cyclic Evolution of Beam-Column Interaction Strength 

The strength of a structural member does not remain constant, but rather evolves as 
damage accumulates and the state of the member changes under loading. This behavior is well 
known at the material level and is captured in constitutive relations where the loading and 
boundary surfaces are updated, for example in the steel plasticity model used in this work (Shen 
et al. 1995). Evolution in strength has been observed at the cross section level as well. Hajjar 
(2003) documented changes in the position, size, and shape of the loading and bounding surfaces 
of steel wide-flange cross sections subjected to monotonic plastic excursions. Specimen 9-Rs-18-
12 was unique among the specimens because it was subjected to a series of probes and subprobes 
in LC3 chosen to explore the evolution of strength at the beam-column level. Specifically, to 
document the change in size, shape, and location of the interaction strength limit surfaces.  

7.5.1 Experimental Results 

After the completion of LC1 and LC2, Specimen 9-Rs-18-12 was moved to zero 
displacement and a compressive axial load of 3,560 kN (800 kips) was applied and held constant 
for the remainder of the test. A probe was completed by increasing the lateral displacements with 
a fixed ratio of X to Y displacement until a desired displacement, generally past the limit surface, 
was reached. From this position a series of subprobes were completed by increasing the 
displacements in a different fixed ratio of X to Y displacement until the critical flexural strength 
was reached, at which point the lateral displacements were reversed to the termination point of 
the main probe. The process was then repeated for several additional X/Y displacement 
combinations. Assuming that relatively little damage is sustained during the motion of the 
subprobes, this scan about the termination point of the probe determines the limit surface of the 
beam-column at that state. The process was repeated several times, with LC3a thorough LC3f 
representing six distinct probe/subprobe sets. The lateral displacement history from these load 
cases is seen in Figure 7.37a. 

Where possible, a limit point was identified for each subprobe as described earlier 
(Section 7.3). These points are shown in Figure 7.37a as black dots. Connecting the limit points 
from the various subprobes creates experimental interaction surfaces in lateral displacement 
space. Using the same limit points, corresponding experimental interaction surfaces can be 
created in moment space (Figure 7.37b). These represent a slice of the three-dimensional (P-
Mx,base-My,base) interaction surface for the applied axial load.

From Figure 7.37 it can be seen that the position, shape, and size of the limit surface 
evolve throughout the loading history. The shape of the interaction surfaces is approximate; 
however, an oblong trend is seen, with larger Y bending moments corresponding to the strong 
axis of the specimen and smaller X moments corresponding to the weak axis of the specimen. By 
comparing the relative locations of the load cases in Figure 7.37, the position of the interaction 
surfaces appears to be affected by the position of the termination point of the probe. Also, it can 
be seen that the size of the interaction surfaces decreases as the loading progresses. However, as 
the load cases progressed the distance between the termination point of the probe to the center 
location became greater, so it is unclear whether it is damage from cyclic loading or another 
factor that is diminishing the size of the interaction surface. The inelastic buckling limit state 
which defines these interaction surfaces is affected by a combination of material and geometric 
nonlinearity. As such, a wide variety of factors will influence the behavior, including material 
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strengths and section properties at the section level, to beam-column length and out-of-
plumbness at the member level. 

(a) Displacement Space 

(b) Moment Space 
Figure 7.37. Experimental Limit Surfaces, Specimen 9-Rs-18-12 
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7.5.2 Computational Study 

The full loading history of Specimen 9-Rs-18-12 was analyzed with the mixed finite 
element model (Section 7.2). A generally good correlation is seen between the experimental and 
computational results (Figure 7.11). In this section, a small parametric study is described that 
further explores and documents the evolution on the limit surface. Specimen 9Rs-18-12 is 
analyzed using the “Proposed for Behavior” model (Chapter 3), but subjected to a simpler 
loading protocol than was used in the experiments. This loading protocol retains the key features 
of the probe/subprobe loading and it significantly easier to perform and interpret. The analyses 
were performed in two dimensions with bending about the strong axis. The loading includes 
several steps, for the analyses shown here they are: 

An axial compressive load of 800 kips is applied.
The specimen is subjected to one initial full cycle of displacement with amplitude of 4 
inches. This cycle is performed to introduce cracking and some initial damage to the 
specimen as was done in LC1 and LC2 in the experiment. 
The main probe loading is performed, moving the top of the specimen in displacement 
control to a specified positive displacement.  
The subprobe loading is performed, moving the top of the specimen in displacement 
control in the opposite direction of the main probe until a limit point is reached (the 
lowest eigenvalue of the system reaching zero).  

Several separate analyses were performed with main probe loading distances ranging 
from 0 to 15 inches. The displacement pattern of the analyses is shown in Figure 7.38 where the 
different colored lines represent the separate analyses differentiated by specified main probe 
loading distance. The circular marker indicates the limit point observed in the sub-probe. The 
applied force at the top and the bending moment at the base were also recorded and shown in 
figure.

Of particular interest are two points during the loading: first, the reversal at the end of the 
main probe and second, the limit point in the sub-probe. These two points define the limit surface 
of the beam-column. Observing the displacements and moments at these two points for different 
main probe distances shows the change in the limit surface with main probe loading. This 
progression of the limit surface is shown in displacement space and moment space in Figure 7.38 
where the horizontal distance between the two black lines represents the size of the limit surface 
for the state defined by the main probe loading distance (vertical axis).  For main probe distances 
of up to approximately 10 inches, the displacement and moment at the limit point in the reversal 
do not vary significantly. For probe distances of greater than 10 inches, the limit point in the 
reversal occurs comparatively earlier. The reduction in the limit surface is not gradual, with 
relatively large changes in the limit surface occurring with relatively small changes in main 
probe loading. Examining the load deformation response, these changes correspond to the limit 
point being achieved under positive deflection, indicating that geometric nonlinear effects play a 
significant role in this behavior.

Comparable results were observed in the experiments. Figure 7.39 shows experimental 
results from Load Case LC2b of Specimen 17-Rs-26-12. The limit points are identified as red 
circles. For the first positive half cycles (i.e., moving in the positive direction) the limit points all 
occur at about the same deflection and force. However, for the final positive half cycle which 
had the largest deformation, the limit point occurred much earlier.    
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Figure 7.38. Beam-Column Probe Analysis Results 
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Figure 7.39. Experimental Results: Specimen 17-Rs-26-12, Load Case LC2b 

−15 −10 −5 0 5 10 15
−20

−15

−10

−5

0

5

10

15

20

Displacement at the Top, D
x′
 (in)

Specimen: 17−Rs−26−12, Load Case: LC2b

Fo
rc

e 
at

 th
e 

To
p,

 F x′
 (k

)

Load Deformation Path

Limit Point from 
Final Positive Half Cycle 
(Largest Deformation)

Limit Points from 
Positive Half Cycles

Limit Points from 
Negative Half Cycles



358 
 

Chapter 8 
 
 

SEISMIC PERFORMANCE FACTORS FOR 
COMPOSITE FRAMES 

8.1 Introduction  

A key component of seismic design in the United States is the allowance for inelasticity 
in structural elements subjected to severe earthquake ground motions. However, static elastic 
analysis is prevalent for seismic design in current practice. Because of this, seismic performance 
factors have been developed. The factors are: the response modification factor, R, used in 
reducing seismic forces as determined through elastic methods; the displacement amplification 
factor, Cd, used in amplifying displacements as determined through elastic methods; and the 
system overstrength factor, o, used to estimate the actual strength as compared the to the design 
strength. 

These three factors are tabulated for a variety of seismic force resisting systems in 
national codes (ASCE 2010; ICC 2012), however, they have been somewhat arbitrarily assigned. 
Many R factors were based largely on judgment and qualitative comparisons to the relatively few 
seismic force resisting systems that had known response capabilities (FEMA 2009). This is 
particularly true for composite moment and braced frames where the seismic performance factors 
were assigned based on comparisons to similar structural steel and reinforced concrete systems.  

A methodology has been developed to provide a rational basis for determining seismic 
performance factors which provide equivalent safety against collapse for buildings with different 
seismic force resisting systems (FEMA 2009). Equivalent safety is provided through an 
acceptably low probability of structural collapse common to all systems. Structural collapse in 
the methodology is defined in the context of incremental dynamic analysis, in which nonlinear 
time history analyses are performed at increasing magnitudes of seismic loading until the 
structure achieves its peak strength or predefined displacement limits. In this approach, no 
explicit modeling of collapse is included. Statistical data is generated from the analyses for a set 
of archetype models and uncertainty is approximated based on the level of knowledge of the 
particular system and accuracy of the analysis. 

This chapter presents a study to investigate the behavior of composite frames under 
seismic loading and to develop rational seismic performance factors following the methodology 
given in FEMA P-695 Quantification of Building Seismic Performance Factors (FEMA 2009).  

8.2 Seismic Force Resisting Systems 

Two separate seismic force resisting systems are analyzed in this study: composite 
special moment frames (C-SMF) and composite special concentrically braced frames (C-SCBF). 
The current seismic performance factors for these two systems are given in Table 8.1 (ASCE 
2010). 
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Table 8.1. Current Seismic Performance Factors 
System o R Cd 
C-SMF 3.0 8.0 5.5 
C-SCBF 2.0 5.0 4.5 

 

8.2.1 Composite Special Moment Frame, C-SMF 

The requirements for composite special moment frames are described in the AISC 
Seismic Specification (AISC 2010c). C-SMFs utilize fully restrained connections and consist of 
either composite or reinforced concrete columns and either structural steel, concrete-encased 
composite, or composite beams. They are expected to provide significant inelastic deformation 
capacity through flexural yielding of the beams and limited yielding of the column panel zones. 
Columns are designed to be stronger than the fully yielded and strain-hardened beams, although 
flexural yielding in columns at the base is permitted. 

8.2.2 Composite Special Concentrically Braced Frame, C-SCBF 

The requirements for composite special concentrically braced frames are described in the 
AISC Seismic Specification (AISC 2010c). C-SCBFs consist of CFT or SRC composite columns, 
structural steel or composite beams, and structural steel or CFT braces. They are expected to 
provide significant inelastic deformation capacity primarily through brace buckling and yielding 
of the brace in tension. 

8.3 Selection and Design of Archetype Frames 

To perform the methodology, it is necessary to have a suite of frames (termed index 
archetypes) for which the analyses can be performed. Ideally that suite of frames is 
representative of the range of frames seen in practice. However, it is generally recognized within 
the methodology that a practical number of frames cannot fully represent the permissible range, 
thus simplifications must be made. The selected frames are described below.  

The building layout is the same for each of the index archetype configurations: 3 bays by 
5 bays with a bay width of either 20 ft or 30 ft (Figure 8.1). The buildings are 3 or 9 stories tall 
with a story height of 13 ft. For the moment frames the columns were either RCFTs or SRCs. For 
the braced frames the columns were CCFTs and the braces were either rectangular HSS or wide 
flange in a two-story X configuration (Figure 8.1b). A composite floor system was assumed for 
all configurations, although in the beams were designed and analyzed assuming bare steel.  

Two levels of gravity load were selected: “high” which corresponded to warehouse  live 
loading (250 psf) and the interior frame and “low” which corresponded to office live loading (65 
psf) and the exterior frame. Two levels of seismic load were selected corresponding to the levels 
design earthquake associated with the maximum (Dmax) and minimum (Dmin) of seismic design 
category D. 

The methodology prescribes that Cd = R (FEMA 2009), which is contrary to current 
practice (ASCE 2010; ICC 2012) were Cd is typically less than R (Table 8.1). For deformation-
controlled structures, such as moment frames, this change results in larger member sizes. In this 
study, most frames were designed assuming Cd = R, however, a subset of the moment frames 
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were duplicated and designed with the current value (Cd = 5.5) so as to compare to the current 
state of design practice.  

In total, 60 frames were selected for this with variations of building height, column type, 
concrete strength, level of seismic load, level of gravity load, and bay width as summarized in 
Table 8.2 for C-SMFs Table 8.3 for C-SCBFs. The naming convention of the frames consists of 
three components separated by dashes. The components are column section type (i.e., CCFT, 
RCFT, or SRC), number of stories, and index identifier. The index identifier ranges from 1 to 16 
and represents a specific combination of concrete strength, level of seismic load, level of gravity 
load, and bay width. For the frames designed with the current Cd, “-Cd” is appended to the frame 
name.  

Selected material properties and highlights of the design process are presented in the 
remainder of this section. Full details of the design process and selected members for each frame 
are given in Appendix B. 

 

 
(a) C-SMF 

 
 

(b) C-SCBF 
Figure 8.1. Building Layout 

 
 

= Fully Restrained Connections

= Shear Connections
= Location of Braced Frame
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Table 8.2. Frame Information: C-SMFs 

 

Frame
V W Cs V

ksi ft s kips kips kips
1 RCFT-3-1 3 high 4 20 Dmax yes 0.437 307.8 2,462 0.125 153.9
2 RCFT-3-2 3 high 12 20 Dmax yes 0.437 307.8 2,462 0.125 153.9
3 RCFT-3-3 3 high 4 20 Dmin yes 0.468 131.5 2,462 0.053 65.7
4 RCFT-3-4 3 high 12 20 Dmin yes 0.468 131.5 2,462 0.053 65.7
5 RCFT-3-5 3 high 4 30 Dmax yes 0.437 670.3 5,363 0.125 335.2
6 RCFT-3-6 3 high 12 30 Dmax yes 0.437 670.3 5,363 0.125 335.2
7 RCFT-3-7 3 high 4 30 Dmin yes 0.468 286.3 5,363 0.053 143.2
8 RCFT-3-8 3 high 12 30 Dmin yes 0.468 286.3 5,363 0.053 143.2
9 RCFT-3-9 3 low 4 20 Dmax yes 0.437 229.0 1,832 0.125 114.5
10 RCFT-3-10 3 low 12 20 Dmax yes 0.437 229.0 1,832 0.125 114.5
11 RCFT-3-11 3 low 4 20 Dmin yes 0.468 97.8 1,832 0.053 48.9
12 RCFT-3-12 3 low 12 20 Dmin yes 0.468 97.8 1,832 0.053 48.9
13 RCFT-3-13 3 low 4 30 Dmax yes 0.437 493.1 3,945 0.125 246.6
14 RCFT-3-14 3 low 12 30 Dmax yes 0.437 493.1 3,945 0.125 246.6
15 RCFT-3-15 3 low 4 30 Dmin yes 0.468 210.7 3,945 0.053 105.3
16 RCFT-3-16 3 low 12 30 Dmin yes 0.468 210.7 3,945 0.053 105.3
17 RCFT-9-1 9 high 4 20 Dmax yes 0.996 618.6 8,216 0.075 309.3
18 RCFT-9-3 9 high 4 20 Dmin yes 1.067 192.5 8,216 0.023 96.2
19 RCFT-9-5 9 high 4 30 Dmax yes 0.996 1,343.3 17,841 0.075 671.7
20 RCFT-9-7 9 high 4 30 Dmin yes 1.067 417.9 17,841 0.023 209.0
21 RCFT-9-9 9 low 4 20 Dmax yes 0.996 428.9 5,696 0.075 214.4
22 RCFT-9-11 9 low 4 20 Dmin yes 1.067 133.4 5,696 0.023 66.7
23 RCFT-9-13 9 low 4 30 Dmax yes 0.996 916.4 12,171 0.075 458.2
24 RCFT-9-15 9 low 4 30 Dmin yes 1.067 285.1 12,171 0.023 142.6
25 SRC-3-1 3 high 4 20 Dmax yes 0.437 307.8 2,462 0.125 153.9
26 SRC-3-2 3 high 12 20 Dmax yes 0.437 307.8 2,462 0.125 153.9
27 SRC-3-3 3 high 4 20 Dmin yes 0.468 131.5 2,462 0.053 65.7
28 SRC-3-4 3 high 12 20 Dmin yes 0.468 131.5 2,462 0.053 65.7
29 SRC-3-9 3 low 4 20 Dmax yes 0.437 229.0 1,832 0.125 114.5
30 SRC-3-10 3 low 12 20 Dmax yes 0.437 229.0 1,832 0.125 114.5
31 SRC-3-11 3 low 4 20 Dmin yes 0.468 97.8 1,832 0.053 48.9
32 SRC-3-12 3 low 12 20 Dmin yes 0.468 97.8 1,832 0.053 48.9
33 RCFT-3-1-Cd 3 high 4 20 Dmax no 0.437 307.8 2,462 0.125 153.9
34 RCFT-3-3-Cd 3 high 4 20 Dmin no 0.468 131.5 2,462 0.053 65.7
35 RCFT-3-9-Cd 3 low 4 20 Dmax no 0.437 229.0 1,832 0.125 114.5
36 RCFT-3-11-Cd 3 low 4 20 Dmin no 0.468 97.8 1,832 0.053 48.9
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Table 8.3. Frame Information: C-SCBFs 

 

 
(a) C-SMF 

 
(b) C-SCBF 

Figure 8.2. Elevation View of Three Story Frames 

 

8.3.1 Material Strengths 

Two sets of material strengths are used in this study as summarized in Table 8.4. The first 
is the nominal strength which is used in the design of the archetypes. The second is the expected 
strengths which are used in the analyses of the archetypes. The nominal strengths are selected as 
typical material properties. The expected strengths for the steel materials are defined as described 
in Section A3.2 of the AISC Seismic Specification (AISC 2010c). For lack of a more appropriate 
definition, the expected strengths for the concrete materials are defined as the required average 

Frame
V W Cs V

ksi ft s kips kips kips
1 CCFT-3-1 3 high 4 20 Dmax yes 0.437 492.4 2,462 0.200 246.2
2 CCFT-3-2 3 high 12 20 Dmax yes 0.437 492.4 2,462 0.200 246.2
3 CCFT-3-3 3 high 4 20 Dmin yes 0.468 210.3 2,462 0.085 105.2
4 CCFT-3-4 3 high 12 20 Dmin yes 0.468 210.3 2,462 0.085 105.2
5 CCFT-3-5 3 high 4 30 Dmax yes 0.437 1,072.5 5,363 0.200 536.3
6 CCFT-3-6 3 high 12 30 Dmax yes 0.437 1,072.5 5,363 0.200 536.3
7 CCFT-3-7 3 high 4 30 Dmin yes 0.468 458.2 5,363 0.085 229.1
8 CCFT-3-8 3 high 12 30 Dmin yes 0.468 458.2 5,363 0.085 229.1
9 CCFT-3-9 3 low 4 20 Dmax yes 0.437 366.4 1,832 0.200 183.2
10 CCFT-3-10 3 low 12 20 Dmax yes 0.437 366.4 1,832 0.200 183.2
11 CCFT-3-11 3 low 4 20 Dmin yes 0.468 156.5 1,832 0.085 78.3
12 CCFT-3-12 3 low 12 20 Dmin yes 0.468 156.5 1,832 0.085 78.3
13 CCFT-3-13 3 low 4 30 Dmax yes 0.437 789.0 3,945 0.200 394.5
14 CCFT-3-14 3 low 12 30 Dmax yes 0.437 789.0 3,945 0.200 394.5
15 CCFT-3-15 3 low 4 30 Dmin yes 0.468 337.0 3,945 0.085 168.5
16 CCFT-3-16 3 low 12 30 Dmin yes 0.468 337.0 3,945 0.085 168.5
17 CCFT-9-1 9 high 4 20 Dmax yes 0.996 989.8 8,216 0.120 494.9
18 CCFT-9-3 9 high 4 20 Dmin yes 1.067 307.9 8,216 0.037 154.0
19 CCFT-9-5 9 high 4 30 Dmax yes 0.996 2,149.3 17,841 0.120 1074.7
20 CCFT-9-7 9 high 4 30 Dmin yes 1.067 668.7 17,841 0.037 334.3
21 CCFT-9-9 9 low 4 20 Dmax yes 0.996 686.2 5,696 0.120 343.1
22 CCFT-9-11 9 low 4 20 Dmin yes 1.067 213.5 5,696 0.037 106.7
23 CCFT-9-13 9 low 4 30 Dmax yes 0.996 1,466.3 12,171 0.120 733.1
24 CCFT-9-15 9 low 4 30 Dmin yes 1.067 456.2 12,171 0.037 228.1
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compressive strength when data are not available to establish a sample standard deviation as 
described in Section 5.3.2.2 of the ACI Code (ACI 2011).  

Table 8.4. Nominal and Expected Material Strengths 
Material Nominal Strength 

(Used for Design) 
Expected Strength 
(Used for Analysis) Notes 

Circular HSS  
(ASTM A500 Gr. B) 

Fy = 42 ksi 
Fu = 58 ksi 

Fy = 58.8 ksi 
Fu = 75.4 ksi 

Ry = 1.4 
Rt = 1.3  

Rectangular HSS 
(ASTM A500 Gr. B) 

Fy = 46 ksi 
Fu = 58 ksi 

Fy = 64.4 ksi 
Fu = 75.4 ksi 

Ry = 1.4 
Rt = 1.3  

Wide Flange 
(ASTM A992) 

Fy = 50 ksi 
Fu = 65 ksi 

Fy = 55.0 ksi 
Fu = 71.5 ksi 

Ry = 1.1 
Rt = 1.1  

Reinforcement 
(ASTM A615) 

Fyr = 60 ksi 
Fu = 90 ksi 

Fyr = 75.0 ksi 
Fu = 112.5 ksi 

Ry = 1.25 
Rt = 1.25  

Plate 
(ASTM A572 Gr. 50) 

Fy = 50 ksi 
Fu = 65 ksi 

Fy = 55.0 ksi 
Fu = 78.0 ksi 

Ry = 1.1 
Rt = 1.2  

4 ksi Concrete f c = 4 ksi f c = 5.2 ksi  
12 ksi Concrete f c = 12 ksi f c = 13.9 ksi  

 
 

8.3.2 Seismic Design 

The equivalent lateral force method (ASCE 2010) was used for the seismic design. The 
level of seismic loading is defined in terms of the seismic design category. The frames in this 
study were designed for seismic design category D at either the maximum (Dmax) or minimum 
(Dmin). Mapped values of the spectral acceleration, which define design base shear for these 
levels of seismicity, are given in Table 8.5.  

Table 8.5. Mapped Values of Spectral Acceleration by Seismic Design Category 
SDC SS Fa SMS SDS S1 Fv SM1 SD1 

 (g)  (g) (g) (g)  (g) (g) 
Dmax 1.5 1.0 1.5 1.0 0.60 1.5 0.90 0.60 

Dmin/Cmax 0.55 1.36 0.75 0.50 0.132 2.28 0.30 0.20 
Dmin/Cmax 0.33 1.53 0.50 0.33 0.083 2.4 0.20 0.133 

Bmin 0.156 1.6 0.25 0.167 0.042 2.4 0.10 0.067 

 

8.3.3 Fundamental Period 

The fundamental period of the building, T, is used to determine the design base shear and 
to define the ground motion spectral intensity for proper scaling and evaluation of the nonlinear 
response history analyses. It is defined by Equation 8.1.  

 0.25sx
u a u t nT C T C C h  (8.1) 

where, 
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T = Fundamental period in seconds 
Cu = A coefficient based on SD1 (Table 12.8-1 (ASCE 2010)) 
Ct = A coefficient based on the SFRS, equal to 0.02 for the frames studied in this 

study (Table 12.8-2 (ASCE 2010)) 
hn = Structural height in feet 
x = A factor based on the SFRS, equal to 0.75 for the frames studied in this study 

(Table 12.8-2 (ASCE 2010)) 
 

8.3.4 Effective Seismic Weight 

The effective seismic weight of the building is determined in accordance with Section 
12.7.2 of ASCE 7 (ASCE 2010). The effective seismic weight, W, is the sum of the following: 

100% of the dead load 
25% of the warehouse floor live load (which is deemed storage) 
15.4% of the office floor live load (equivalent to 10 psf for partitions) 

Live load reduction was not included when determining the seismic weight. All other 
loading, including roof live loading, does not contribute to the seismic weight.  

8.3.5 Seismic Base Shear 

The seismic base shear, V, is defined as the product of the effective seismic weight, W, 
and the seismic coefficient, Cs (Equation 8.2). The seismic coefficient is given by Equation 8.3 
based on the fundamental period.  

 sV C W  (8.2) 
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The buildings are symmetric and accidental torsion is neglected, thus the seismic load for 
each frame is equal to 50% of the seismic load for the building. The accidental torsion is 
neglected in the design because the nonlinear analyses are performed in two dimensions not 
including any torsional effects.  
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8.4 Nonlinear Analysis Model 

Analyses are performed using the distributed plasticity mixed beam finite element 
formulation described in Chapter 3. Additional details of the model specific to the frames are 
presented in this section. Details of the analyses are presented in later sections.  

Each model consisted of beam and zero length element representing the seismic force 
resisting frame and nonlinear truss elements representing the destabilizing effect of the 
remainder of the building that is tributary to the frame.  

The analyses were performed in two-dimensions. The mesh density was selected such 
that the model was refined enough to obtain accurate results, but not so dense as to introduce the 
ill-effects of localization. The nominal length of the column elements was one-third of the story 
height. The nominal length of the girder elements was one-third of the bay width for the C-SMFs 
and one-fourth of the bay width for the C-SCBFs corresponding to the beam spacing (Figure 
8.1). The actual length of the elements depended on the modeling of the connection region. The 
constitutive relations used for the braces do not include softening so there was no potential for 
localization and eight elements were used along the length of each brace. Three integration 
points were used for all beam elements. Nominal size of the strips in the fiber discretization was 
1/20th of the section depth, with the number of fibers in each component defined based on this 
fixed ratio and rounded up to the nearest integer.  

The braces in the C-SCBFs are assumed to be physically oriented such that weak axis 
buckling is out-of-plane of the frame. However, in the model the brace is oriented such that weak 
axis buckling is in-plane to allow for the use of a two-dimensional model. Correspondingly, the 
moment releases at the brace ends represent the relatively weak out-of-plane rotational strength 
of the gusset plate. 

As prescribed in the methodology (FEMA 2009), prior to application of the lateral load, 
gravity load equal to 105% of the dead load plus 25% of the live load and roof live load (1.05 D 
+ 0.25 L + 0.25Lr) was applied and held constant for the remainder of the analysis. All gravity 
loads were applied as nodal loads based on tributary areas. This load case is contrasted against 
the load cases used in the design in Table 8.6. 

Table 8.6. Gravity Load and Mass in Design and Analysis 
 Design Analysis 

Gravity Load 

 
1.4 D 

1.2 D + 1.6 L + 0.5Lr 
1.2 D + 0.5 L + 1.6Lr 

etc., including live load reduction 
 

Section 2.3 (ASCE 2010) 

 
 
 

1.05 D + 0.25 L + 0.25 Lr 
 
 

Equation 6-1 (FEMA 2009) 

Mass 

 
D + 25% storage live load + 10 psf 

for partitions 
 

Section 12.7.2 (ASCE 2010) 

Same as for design 

 
The methodology (FEMA 2009) does not explicitly define the mass to be used in the 

analyses. Thus, mass was assigned to the structure based on the effective seismic weight 
computed for design (Section 8.3.4) as described in Table 8.6. For nodes with gravity load, the 
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two translational DOFs were assigned equal masses equivalent to the dead load plus a percentage 
of the live load (Section 8.3.4 and Table 8.6). Additionally, for numerical stability, a minimum 
nominal mass was assigned to all degrees-of-freedom. The value of the minimum nominal mass 
was 1×10-6 kip s2/in for the translational DOFs and 1×10-6 kip in s2 for the rotational DOFs. 

Additional modeling details specific to this study are: 

An additional elastic stiffness of EA = 300 and EI = 3000 was added to each brace section 
for numerical stability (e.g., in the event of significant yielding along the full length of 
the member).  
Rayleigh damping was used, defined as 2.5% in the 1st and 3rd modes based on 
recommendations from the methodology (FEMA 2009). 

The model accurately captures member plasticity, local buckling, global buckling, and 
panel zone behavior as demonstrated through validation studies presented in Chapter 4. 
However, some aspects of behavior and failure modes have not been modeled.  

Fracture is not included in the model. While fracture is expected during structural 
collapse, this study is not explicitly modeling collapse. Fracture is not anticipated to 
control the behavior of well-designed C-SMF, where ductile yielding of the beams in 
flexure is expected to dominate the response, or C-SCBF, where ductile yielding of the 
braces and buckling of the braces is expected to dominate the response. 
Connection regions are modeled as described in Chapter 3. Failure or degradation of the 
connecting elements is not included in these models. Experimental testing has shown that 
with proper design and detailing the connecting elements inelasticity can be confined to 
the member.   
In the design of the frames it was assumed that the beams were provided with lateral 
bracing sufficient to ensure the full plastic moment capacity could be achieved. 
Correspondingly, lateral torsional buckling was not included in the model 

8.5 Static Pushover Analyses 

Static pushover analyses were performed on each frame. Lateral loads were applied at 
each story in fixed ratios described by Equation 8.4 based on the story mass and the mode shape 
of the structure. Thus, an eigenvalue analysis was performed prior to the application of lateral 
load (but after gravity load was applied). The loading was conducted in displacement control 
until at least a 20% drop in strength after the peak (V80) was observed.  

 1,

1,

x x
x N

i i
i

m
F

m
 (8.4) 

where, 

Fx = lateral load applied at story x 
 = load factor 

mx = mass as story x 
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1,x = ordinate of the fundamental mode at story x 

8.5.1 Analysis Results 

Key results from these analyses are tabulated in Table 8.7 for C-SMFs and in Table 8.8 
for C-SCBFs. These results include: 

The fundamental period from the model, T1 
The maximum base shear capacity, Vmax 
The overstrength factor,  = Vmax/V 
The ultimate roof displacement (the displacement at V80), u 
The effective yield roof drift displacement, u,eff, Equation 8.4 (FEMA 2009) 
The period-based ductility, T = u / u,eff (where the ultimate roof displacement was 
unable to be determined from the analyses, the largest achieved displacement was used in 
lieu of u) 
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Detailed results for each frame are shown in Appendix C illustrating the overall behavior 
of the frames as well as the distribution of inelasticity within the frames as the loading 
progresses. These results include 1) the base shear vs. roof drift response; 2) distribution of 
applied lateral loads; and 3) story drift ratios at V, Vmax, and V80.  

For the C-SMFs, an initially linear response is observed followed by gradual stiffness 
reduction up to the peak lateral capacity of the frame then near linear post peak degradation until 
the analysis was stopped after at least a 20% drop in capacity was observed. For the 3 story 
frames an even distribution of deformation is seen among the stories with the exception of the 
roof story of some frames where lower deformations were observed at the V80 level. For the 9 
story frames, the distribution of deformation was even among the stories at the design base shear 
level, however, at the maximum base shear and after a 20% drop in capacity, the deformation 
was concentrated in ranges of 4 to 6 stories forming a multi-story mechanism (Krishnan and 
Muto 2012). The story groups where the inelasticity was concentrated were either located at the 
top, middle, or bottom of the structure. No fundamental behavioral differences were observed 
between the frames with RCFT columns and those with SRC columns owing to the fact that 
flexural yielding of the beams controlled the response.  

For the C-SCBFs, the response was initially linear, however, in contrast to the C-SMFs, 
sharp changes in stiffness including drops in capacity were observed in the response 
corresponding to yielding and buckling of the individual braces. These jumps are exacerbated by 
the fact that only one bay of bracing was modeled; had multiple bays been included with slightly 
different loading or material properties, the response would likely have been smoother. Also in 
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contrast to the C-SMFs, for the 3 story frames the deformation was often concentrated into one 
story. The 9 story frames showed a similar response to the C-SMFs in that multi-story 
mechanisms were developed where the deformation was concentrated in 4 to 6 consecutive 
stories.  

Further discussion of the observed overstrength from these analyses is presented in 
Section 0. 

 

Table 8.7. Static Pushover Analysis Results: C-SMFs 

 
 

T T1 V Vmax y,eff u
s s kips kips in in

1 RCFT-3-1 0.437 0.638 153.9 879.3 5.71 4.0 50.8 12.75
2 RCFT-3-2 0.437 0.622 153.9 885.7 5.76 3.8 49.9 12.97
3 RCFT-3-3 0.468 0.997 65.7 416.7 6.34 4.4 38.5 8.71
4 RCFT-3-4 0.468 0.985 65.7 417.6 6.35 4.3 37.7 8.73
5 RCFT-3-5 0.437 0.633 335.2 1842.8 5.50 3.8 61.3 16.27
6 RCFT-3-6 0.437 0.632 335.2 1777.8 5.30 3.6 59.1 16.29
7 RCFT-3-7 0.468 0.789 143.2 1291.6 9.02 4.0 49.2 12.20
8 RCFT-3-8 0.468 0.774 143.2 1289.8 9.01 3.9 45.2 11.65
9 RCFT-3-9 0.437 0.671 114.5 707.0 6.18 4.5 51.1 11.38
10 RCFT-3-10 0.437 0.678 114.5 670.0 5.85 4.3 58.9 13.56
11 RCFT-3-11 0.468 0.972 48.9 367.6 7.52 4.8 49.4 10.33
12 RCFT-3-12 0.468 0.946 48.9 373.3 7.63 4.6 53.3 11.56
13 RCFT-3-13 0.437 0.685 246.6 1438.2 5.83 4.4 74.9 17.02
14 RCFT-3-14 0.437 0.690 246.6 1342.1 5.44 4.2 67.9 16.25
15 RCFT-3-15 0.468 1.058 105.3 707.2 6.71 5.2 63.3 12.24
16 RCFT-3-16 0.468 1.064 105.3 695.8 6.61 5.1 53.5 10.40
17 RCFT-9-1 0.996 1.278 309.3 1656.4 5.36 9.5 44.4 4.65
18 RCFT-9-3 1.067 1.924 96.2 865.1 8.99 11.2 65.6 5.88
19 RCFT-9-5 0.996 1.278 671.7 3506.1 5.22 9.2 66.7 7.22
20 RCFT-9-7 1.067 1.682 209.0 2260.1 10.82 10.1 89.0 8.83
21 RCFT-9-9 0.996 1.349 214.4 1190.9 5.55 10.6 51.9 4.89
22 RCFT-9-11 1.067 2.430 66.7 429.6 6.44 12.4 49.2 3.96
23 RCFT-9-13 0.996 1.328 458.2 2501.5 5.46 10.1 85.1 8.42
24 RCFT-9-15 1.067 2.436 142.6 925.6 6.49 12.5 52.0 4.15
25 SRC-3-1 0.437 0.864 153.9 1028.4 6.68 8.1 40.8 5.05
26 SRC-3-2 0.437 0.802 153.9 1011.1 6.57 6.9 50.2 7.27
27 SRC-3-3 0.468 1.243 65.7 495.2 7.53 8.1 45.4 5.62
28 SRC-3-4 0.468 1.184 65.7 482.1 7.33 7.2 38.9 5.42
29 SRC-3-9 0.437 0.867 114.5 785.9 6.86 8.1 44.7 5.51
30 SRC-3-10 0.437 0.827 114.5 802.4 7.01 7.6 34.1 4.51
31 SRC-3-11 0.468 1.275 48.9 397.3 8.12 8.8 32.8 3.72
32 SRC-3-12 0.468 1.215 48.9 404.1 8.26 8.2 25.4 3.10
33 RCFT-3-1-Cd 0.437 0.799 153.9 642.9 4.18 4.5 54.4 11.98
34 RCFT-3-3-Cd 0.468 1.049 65.7 374.1 5.69 4.5 46.3 10.19
35 RCFT-3-9-Cd 0.437 0.806 114.5 499.9 4.37 4.6 52.6 11.50
36 RCFT-3-11-Cd 0.468 1.239 48.9 260.5 5.33 5.6 42.3 7.51

T
Frame 

#
Name
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Table 8.8. Static Pushover Analysis Results: C-SCBFs 

 

 

8.6 Dynamic Response History Analyses 

In the methodology, collapse is assessed in the context of incremental dynamic analyses 
(IDA) (Vamvatsikos and Cornell 2002). Dynamic response history analyses are performed, 
subjecting each frame to a suite of ground motions scaled at different intensities.  

8.6.1 Ground Motions 

The set of 22 earthquake records described in the methodology (FEMA 2009) was used 
for this study. Details of the records are given in Table 8.9. Each record has a pair of horizontal 
components, both of which were utilized, giving a total of 44 ground motions. Details of the 
ground motions are given in Table 8.10. 

Three layers of ground motion scaling were employed as described in Equation 8.4.  

 , 1 2 ,g scaled g recordedx t NF SF SF x t  (8.4) 

where, 

,g recordedx t = recorded ground motion 

,g scaledx t  = scaled ground motion used in the analyses 

T T1 V Vmax y,eff u
s s kips kips in in

1 CCFT-3-1 0.437 0.413 246.2 519.6 2.11 1.1 18.6 16.94
2 CCFT-3-2 0.437 0.410 246.2 519.5 2.11 1.1 15.0 13.65
3 CCFT-3-3 0.468 0.503 105.2 360.9 3.43 1.0 4.2 4.18
4 CCFT-3-4 0.468 0.515 105.2 305.6 2.91 0.9 15.9 17.97
5 CCFT-3-5 0.437 0.419 536.3 1090.7 2.03 1.1 16.1 15.18
6 CCFT-3-6 0.437 0.426 536.3 1092.9 2.04 1.0 13.2 12.53
7 CCFT-3-7 0.468 0.536 229.1 574.5 2.51 0.8 20.3 25.34
8 CCFT-3-8 0.468 0.535 229.1 571.1 2.49 0.8 19.5 24.63
9 CCFT-3-9 0.437 0.459 183.2 319.2 1.74 0.9 18.5 19.70
10 CCFT-3-10 0.437 0.458 183.2 310.3 1.69 0.9 18.9 20.89
11 CCFT-3-11 0.468 0.551 78.3 185.7 2.37 0.8 12.8 16.04
12 CCFT-3-12 0.468 0.565 78.3 181.8 2.32 0.8 15.8 19.60
13 CCFT-3-13 0.437 0.449 394.5 732.2 1.86 1.0 15.1 15.61
14 CCFT-3-14 0.437 0.444 394.5 729.3 1.85 0.9 12.1 12.82
15 CCFT-3-15 0.468 0.568 168.5 379.3 2.25 0.8 11.8 14.90
16 CCFT-3-16 0.468 0.590 168.5 400.9 2.38 0.9 13.1 14.48
17 CCFT-9-1 0.996 1.063 494.9 1007.2 2.04 4.1 32.8 7.94
18 CCFT-9-3 1.067 1.510 154.0 411.0 2.67 3.3 27.6 8.33
19 CCFT-9-5 0.996 1.058 1074.7 1956.7 1.82 3.6 49.3 13.65
20 CCFT-9-7 1.067 1.438 334.3 905.2 2.71 3.0 27.1 9.02
21 CCFT-9-9 0.996 1.094 343.1 573.6 1.67 3.5 34.7 9.91
22 CCFT-9-11 1.067 1.704 106.7 228.3 2.14 3.3 15.9 4.80
23 CCFT-9-13 0.996 1.092 733.1 1208.8 1.65 3.4 44.0 13.10
24 CCFT-9-15 1.067 1.591 228.1 519.9 2.28 3.1 --- 7.40

Frame 
#

Name T
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NF = normalization factor, Equation 8.4 
SF1 = scaling factor 1, Equation 8.4 
SF2 = scaling factor 2 

The first layer of ground motion scaling is normalization by peak ground velocity to 
remove unwarranted variation between records due to differences in event magnitude, distance to 
source, source type, and site conditions. One normalization factor was computed for each record 
(pair of components) by Equation 8.4 with values given in Table 8.9.  

 PEER ,

PEER ,

median PGV
PGV

i
i

i

NF  (8.4) 

where, 

PGVPEER = peak ground velocity of the ground motion from the PEER database 
(PEER 2006) 

The second layer of ground motion scaling was to adjust the geometric mean of the 5% 
damped spectral intensity at the fundamental period ( ˆ

NRTS ) to be equal to the intensity of the 
maximum considered earthquake ( MTS , Equation 8.5). One scaling factor, SF1, was computed 
for each frame by Equation 8.4. Values of ˆ

NRTS  and SF1 are given in Table 8.11 based on the 
fundamental period.  
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The third layer of ground motion scaling was to obtain ground motions of different 
intensities for the response history analyses. This scaling factor, SF2, varied among the analyses. 
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Table 8.9. Earthquake Record Data 

 

PGV
(cm/s)

1 Northridge 1994 6.69 Beverly Hills - Mulhol USC 953 54.22 0.694
2 Northridge 1994 6.69 Canyon Country-WLC USC 960 43.33 0.869
3 Duzce, Turkey 1999 7.14 Bolu ERD 1602 59.68 0.631
4 Hector Mine 1999 7.13 Hector SCSN 1787 34.21 1.101
5 Imperial Valley 1979 6.53 Delta UNAMUCSD 169 29.75 1.266
6 Imperial Valley 1979 6.53 El Centro Array #11 USGS 174 38.41 0.980
7 Kobe, Japan 1995 6.9 Nishi-Akashi CUE 1111 35.73 1.054
8 Kobe, Japan 1995 6.9 Shin-Osaka CUE 1116 32.82 1.147
9 Kocaeli, Turkey 1999 7.51 Duzce ERD 1158 55.32 0.681
10 Kocaeli, Turkey 1999 7.51 Arcelik KOERI 1148 28.45 1.323
11 Landers 1992 7.28 Yermo Fire Station CDMG 900 36.89 1.021
12 Landers 1992 7.28 Coolw ater SCE 848 34.64 1.087
13 Loma Prieta 1989 6.93 Capitola CDMG 752 34.51 1.091
14 Loma Prieta 1989 6.93 Gilroy Array #3 CDMG 767 43.11 0.873
15 Manjil, Iran 1990 7.37 Abbar BHRC 1633 43.78 0.860
16 Superstition Hills 1987 6.54 El Centro Imp. Co. CDMG 721 45.16 0.834
17 Superstition Hills 1987 6.54 Poe Road (temp) USGS 725 30.88 1.219
18 Cape Mendocino 1992 7.01 Rio Dell Overpass CDMG 829 47.95 0.785
19 Chi-Chi, Taiw an 1999 7.62 CHY101 CWB 1244 87.47 0.430
20 Chi-Chi, Taiw an 1999 7.62 TCU045 CWB 1485 38.89 0.968
21 San Fernando 1971 6.61 LA - Hollyw ood Stor CDMG 68 18.15 2.074
22 Friuli, Italy 1976 6.5 Tolmezzo -- 125 25.06 1.502

Median: 37.65

ID #
Name Year Magnitude Name

Earthquake
Record 
Number

Normalization 
FactorOwner

Recording Station PEER Database
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Table 8.10. Earthquake Ground Motion Data 

 
 
 
 

PGA PGV PGA PGV
(g) (cm/s) (g) (cm/s) (s) (s)

01a NORTHR/MUL009 0.416 58.95 0.694 0.289 40.93 30.0 0.01
01b NORTHR/MUL279 0.516 62.77 0.694 0.359 43.59 30.0 0.01
02a NORTHR/LOS000 0.410 42.98 0.869 0.356 37.35 20.0 0.01
02b NORTHR/LOS270 0.482 44.92 0.869 0.419 39.03 20.0 0.01
03a DUZCE/BOL000 0.728 56.44 0.631 0.459 35.60 55.9 0.01
03b DUZCE/BOL090 0.822 62.09 0.631 0.519 39.17 55.9 0.01
04a HECTOR/HEC000 0.266 28.55 1.101 0.292 31.43 45.3 0.01
04b HECTOR/HEC090 0.337 41.74 1.101 0.371 45.94 45.3 0.01
05a IMPVALL/H-DLT262 0.238 26.00 1.266 0.301 32.90 99.9 0.01
05b IMPVALL/H-DLT352 0.351 33.00 1.266 0.444 41.76 99.9 0.01
06a IMPVALL/H-E11140 0.364 34.43 0.980 0.357 33.75 39.0 0.005
06b IMPVALL/H-E11230 0.380 42.14 0.980 0.372 41.30 39.0 0.005
07a KOBE/NIS000 0.509 37.29 1.054 0.537 39.29 41.0 0.01
07b KOBE/NIS090 0.503 36.62 1.054 0.530 38.59 41.0 0.01
08a KOBE/SHI000 0.243 37.79 1.147 0.279 43.35 41.0 0.01
08b KOBE/SHI090 0.212 27.89 1.147 0.243 32.00 41.0 0.01
09a KOCAELI/DZC180 0.312 58.84 0.681 0.212 40.05 27.2 0.005
09b KOCAELI/DZC270 0.358 46.39 0.681 0.244 31.58 27.2 0.005
10a KOCAELI/ARC000 0.219 17.69 1.323 0.290 23.41 30.0 0.005
10b KOCAELI/ARC090 0.150 39.56 1.323 0.198 52.36 30.0 0.005
11a LANDERS/YER270 0.245 51.41 1.021 0.250 52.47 44.0 0.02
11b LANDERS/YER360 0.152 29.71 1.021 0.155 30.33 44.0 0.02
12a LANDERS/CLW-LN 0.283 25.64 1.087 0.307 27.87 28.0 0.0025
12b LANDERS/CLW-TR 0.417 42.34 1.087 0.453 46.02 28.0 0.0025
13a LOMAP/CAP000 0.529 35.01 1.091 0.577 38.19 40.0 0.005
13b LOMAP/CAP090 0.443 29.21 1.091 0.484 31.87 40.0 0.005
14a LOMAP/G03000 0.555 35.68 0.873 0.485 31.16 39.9 0.005
14b LOMAP/G03090 0.367 44.66 0.873 0.321 39.00 39.9 0.005
15a MANJIL/ABBAR--L 0.515 42.47 0.860 0.443 36.52 53.5 0.02
15b MANJIL/ABBAR--T 0.496 52.09 0.860 0.427 44.80 46.0 0.02
16a SUPERST/B-ICC000 0.358 46.35 0.834 0.298 38.64 40.0 0.005
16b SUPERST/B-ICC090 0.258 40.86 0.834 0.215 34.07 40.0 0.005
17a SUPERST/B-POE270 0.446 35.72 1.219 0.544 43.54 22.3 0.01
17b SUPERST/B-POE360 0.300 32.78 1.219 0.366 39.97 22.3 0.01
18a CAPEMEND/RIO270 0.385 43.81 0.785 0.303 34.40 36.0 0.02
18b CAPEMEND/RIO360 0.549 41.88 0.785 0.431 32.89 36.0 0.02
19a CHICHI/CHY101-E 0.353 70.63 0.430 0.152 30.40 90.0 0.005
19b CHICHI/CHY101-N 0.440 115.00 0.430 0.189 49.50 90.0 0.005
20a CHICHI/TCU045-E 0.474 36.69 0.968 0.459 35.52 90.0 0.005
20b CHICHI/TCU045-N 0.512 39.06 0.968 0.496 37.82 90.0 0.005
21a SFERN/PEL090 0.210 18.87 2.074 0.435 39.15 28.0 0.01
21b SFERN/PEL180 0.174 14.85 2.074 0.361 30.80 28.0 0.01
22a FRIULI/A-TMZ000 0.351 22.03 1.502 0.528 33.10 36.3 0.005
22b FRIULI/A-TMZ270 0.315 30.79 1.502 0.473 46.26 36.3 0.005

Normalization 
Factor

PEER Component 
Name

ID #
Recorded Normalized Record 

Length
dt
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Table 8.11. Geometric Mean of the Spectral Acceleration of the Normalized Record Set, 
NRT, and Scaling Factor, SF1 

 

 
 

  

s g
0.25 0.785 1.91 0.96 0.64 0.32
0.30 0.781 1.92 0.96 0.64 0.32
0.35 0.767 1.96 0.98 0.65 0.33
0.40 0.754 1.99 0.99 0.66 0.33
0.45 0.755 1.99 0.88 0.59 0.29
0.5 0.742 2.02 0.81 0.54 0.27
0.6 0.607 2.47 0.82 0.55 0.27
0.7 0.541 2.38 0.79 0.53 0.26
0.8 0.453 2.48 0.83 0.55 0.28
0.9 0.402 2.48 0.83 0.55 0.28
1.0 0.350 2.57 0.86 0.57 0.29
1.2 0.303 2.47 0.82 0.55 0.27
1.4 0.258 2.49 0.83 0.55 0.28
1.6 0.210 2.68 0.89 0.59 0.30
1.8 0.169 2.95 0.98 0.66 0.33
2.0 0.149 3.02 1.01 0.67 0.34
2.2 0.134 3.06 1.02 0.68 0.34
2.4 0.119 3.15 1.05 0.70 0.35
2.6 0.106 3.25 1.08 0.72 0.36
2.8 0.092 3.51 1.17 0.78 0.39
3.0 0.081 3.72 1.24 0.83 0.41
3.5 0.063 4.07 1.36 0.90 0.45
4.0 0.053 4.26 1.42 0.95 0.47
4.5 0.046 4.31 1.44 0.96 0.48
5.0 0.041 4.40 1.47 0.98 0.49

Scaling Factor (SF1)Period (T) NRT
SDC Dmax

SDC 
Dmin/Cmax

SDC 
Cmin/Bmax

SDC Bmin
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8.6.2 Analysis Results 

Explicit modeling of the collapse of structures is a challenging task and the subject of 
current research (Bažant and Verdure 2007; Khandelwal et al. 2009; McAllister et al. 2012; 
Szyniszewski and Krauthammer 2012). The FEMA (2009) methodology has avoided the need to 
explicitly model collapse by defining collapse in the context of incremental dynamic analyses. In 
incremental dynamic analyses, a frame is analyzed under different ground motions and at 
different intensities. The resulting curve shows a response value (typically peak story drift) 
versus an intensity measure. Typical results would show an initially high slope, gradually 
transitioning to a low slope; however, in practice a wide variety of behavior is seen.  

Determination of “collapse” is necessary for the methodology and thus approximate 
definitions are adopted. In this work, collapse is defined when a prescribed maximum story drift 
of 10% is observed in the incremental dynamic analysis results. This is an approximate method 
since collapse is not associated with any particular drift limit (Krawinkler et al. 2003); however, 
some justification of the 10% limit exists. Generally, little hardening response is seen 
incremental dynamic analysis results beyond 10% drift.  Also, the nonlinear models were not 
validated for deformations beyond this range (Chapter 4) and nonlinear effects that are not being 
modeled directly in this work, such as fracture, lateral torsion buckling, or connection 
degradation may occur at these higher drift levels.  

Key results from the dynamic response history analyses are tabulated in Table 8.12 for C-
SMFs and in Table 8.13 for C-SCBFs. These results include: 

The specific scale factor, SF1, used in the analyses 
The median collapse intensity, CT, determined as the intensity, ST, at which half of the 
ground motions cause maximum story drifts of greater than 10% 
The collapse margin ratio, CMR = CT/SMT 
Additional results used in the performance evaluation describe later (Section 8.7.3) 

Detailed results for each frame are shown in Appendix C, including full incremental 
dynamic analysis curves that illustrate the overall behavior of the frames under the different 
ground motions and distributions of maximum story drift ratios at the maximum considered 
earthquake intensity (i.e., ST = SMT).  

For both the C-SMFs and C-SCBFs, the majority of incremental dynamic analysis curves 
exhibit the typical response with an initial relatively high slope followed by a relatively low 
slope at higher intensities. The initial slope of the curves for each frame varies, owing to inherent 
differences between the 44 ground motions. In general, at the maximum considered earthquake 
intensity (i.e., ST = SMT), the distribution of story drifts is relatively uniform along the height of 
the building. An exception is the 9 story C-SCBFs where often the top story exhibits 
deformations several times greater than that of the other stories.  

Further discussion of the results of these analyses with regard to the response 
modification factor and deflection amplification factor is presented in Section  0. 
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Table 8.12. Dynamic Response History Analysis Results: C-SMFs 

 
 
 
 
 
 
 
 
 
 

T SMT CT Pass/
s g g Fail

1 RCFT-3-1 0.437 1.987 1.500 5.720 3.813 12.75 1.330 5.071 0.525 1.556 Pass
2 RCFT-3-2 0.437 1.987 1.500 5.588 3.725 12.97 1.330 4.955 0.525 1.556 Pass
3 RCFT-3-3 0.468 0.854 0.641 3.784 5.905 8.71 1.140 6.731 0.525 1.556 Pass
4 RCFT-3-4 0.468 0.854 0.641 3.879 6.054 8.73 1.140 6.902 0.525 1.556 Pass
5 RCFT-3-5 0.437 1.987 1.500 6.147 4.098 16.27 1.330 5.451 0.525 1.556 Pass
6 RCFT-3-6 0.437 1.987 1.500 5.549 3.699 16.29 1.330 4.920 0.525 1.556 Pass
7 RCFT-3-7 0.468 0.854 0.641 5.181 8.086 12.20 1.140 9.218 0.525 1.556 Pass
8 RCFT-3-8 0.468 0.854 0.641 5.167 8.064 11.65 1.140 9.193 0.525 1.556 Pass
9 RCFT-3-9 0.437 1.987 1.500 6.009 4.006 11.38 1.330 5.328 0.525 1.556 Pass
10 RCFT-3-10 0.437 1.987 1.500 5.989 3.992 13.56 1.330 5.310 0.525 1.556 Pass
11 RCFT-3-11 0.468 0.854 0.641 4.247 6.628 10.33 1.140 7.556 0.525 1.556 Pass
12 RCFT-3-12 0.468 0.854 0.641 4.325 6.750 11.56 1.140 7.694 0.525 1.556 Pass
13 RCFT-3-13 0.437 1.987 1.500 6.262 4.174 17.02 1.330 5.552 0.525 1.556 Pass
14 RCFT-3-14 0.437 1.987 1.500 6.065 4.043 16.25 1.330 5.377 0.525 1.556 Pass
15 RCFT-3-15 0.468 0.854 0.641 3.953 6.169 12.24 1.140 7.032 0.525 1.556 Pass
16 RCFT-3-16 0.468 0.854 0.641 4.286 6.689 10.40 1.140 7.625 0.525 1.556 Pass
17 RCFT-9-1 0.996 2.567 0.904 2.259 2.500 4.65 1.335 3.338 0.525 1.556 Pass
18 RCFT-9-3 1.067 0.841 0.281 1.724 6.132 5.88 1.221 7.485 0.525 1.556 Pass
19 RCFT-9-5 0.996 2.567 0.904 2.580 2.855 7.22 1.432 4.088 0.525 1.556 Pass
20 RCFT-9-7 1.067 0.841 0.281 2.113 7.518 8.83 1.263 9.499 0.525 1.556 Pass
21 RCFT-9-9 0.996 2.567 0.904 2.294 2.539 4.89 1.345 3.415 0.525 1.556 Pass
22 RCFT-9-11 1.067 0.841 0.281 1.853 6.591 3.96 1.175 7.747 0.525 1.556 Pass
23 RCFT-9-13 0.996 2.567 0.904 2.685 2.971 8.42 1.459 4.336 0.525 1.556 Pass
24 RCFT-9-15 1.067 0.841 0.281 1.461 5.197 4.15 1.180 6.134 0.525 1.556 Pass
25 SRC-3-1 0.437 1.987 1.500 4.619 3.079 5.05 1.252 3.854 0.525 1.556 Pass
26 SRC-3-2 0.437 1.987 1.500 5.031 3.354 7.27 1.312 4.400 0.525 1.556 Pass
27 SRC-3-3 0.468 0.854 0.641 3.682 5.746 5.62 1.114 6.403 0.525 1.556 Pass
28 SRC-3-4 0.468 0.854 0.641 3.786 5.909 5.42 1.111 6.566 0.525 1.556 Pass
29 SRC-3-9 0.437 1.987 1.500 4.948 3.298 5.51 1.265 4.173 0.525 1.556 Pass
30 SRC-3-10 0.437 1.987 1.500 4.695 3.130 4.51 1.235 3.867 0.525 1.556 Pass
31 SRC-3-11 0.468 0.854 0.641 4.002 6.246 3.72 1.087 6.791 0.525 1.556 Pass
32 SRC-3-12 0.468 0.854 0.641 3.566 5.566 3.10 1.081 6.016 0.525 1.556 Pass
33 RCFT-3-1-Cd 0.437 1.987 1.500 5.256 3.504 11.98 1.330 4.660 0.525 1.556 Pass
34 RCFT-3-3-Cd 0.468 0.854 0.641 3.722 5.809 10.19 1.140 6.623 0.525 1.556 Pass
35 RCFT-3-9-Cd 0.437 1.987 1.500 4.816 3.211 11.50 1.330 4.271 0.525 1.556 Pass
36 RCFT-3-11-Cd 0.468 0.854 0.641 3.748 5.850 7.51 1.135 6.640 0.525 1.556 Pass

ACMR20%
Frame 

#
Name SSFCMR ACMR totalTSF1
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Table 8.13. Dynamic Response History Analysis Results: C-SCBFs 

 

 
 

  

T SMT CT Pass/
s g g Fail

1 CCFT-3-1 0.437 1.987 1.500 3.929 2.619 16.94 1.330 3.484 0.525 1.556 Pass
2 CCFT-3-2 0.437 1.987 1.500 3.758 2.505 13.65 1.330 3.332 0.525 1.556 Pass
3 CCFT-3-3 0.468 0.854 0.641 2.980 4.651 4.18 1.093 5.083 0.525 1.556 Pass
4 CCFT-3-4 0.468 0.854 0.641 2.838 4.429 17.97 1.140 5.049 0.525 1.556 Pass
5 CCFT-3-5 0.437 1.987 1.500 3.655 2.436 15.18 1.330 3.240 0.525 1.556 Pass
6 CCFT-3-6 0.437 1.987 1.500 3.750 2.500 12.53 1.330 3.325 0.525 1.556 Pass
7 CCFT-3-7 0.468 0.854 0.641 2.915 4.548 25.34 1.140 5.185 0.525 1.556 Pass
8 CCFT-3-8 0.468 0.854 0.641 2.877 4.490 24.63 1.140 5.119 0.525 1.556 Pass
9 CCFT-3-9 0.437 1.987 1.500 3.013 2.008 19.70 1.330 2.671 0.525 1.556 Pass
10 CCFT-3-10 0.437 1.987 1.500 2.845 1.897 20.89 1.330 2.523 0.525 1.556 Pass
11 CCFT-3-11 0.468 0.854 0.641 2.243 3.500 16.04 1.140 3.990 0.525 1.556 Pass
12 CCFT-3-12 0.468 0.854 0.641 2.232 3.483 19.60 1.140 3.971 0.525 1.556 Pass
13 CCFT-3-13 0.437 1.987 1.500 3.083 2.055 15.61 1.330 2.734 0.525 1.556 Pass
14 CCFT-3-14 0.437 1.987 1.500 3.034 2.023 12.82 1.330 2.691 0.525 1.556 Pass
15 CCFT-3-15 0.468 0.854 0.641 2.237 3.491 14.90 1.140 3.979 0.525 1.556 Pass
16 CCFT-3-16 0.468 0.854 0.641 1.841 2.874 14.48 1.140 3.276 0.525 1.556 Pass
17 CCFT-9-1 0.996 2.567 0.904 1.059 1.172 7.94 1.457 1.708 0.525 1.556 Pass
18 CCFT-9-3 1.067 0.841 0.281 1.258 4.476 8.33 1.263 5.655 0.525 1.556 Pass
19 CCFT-9-5 0.996 2.567 0.904 1.833 2.029 13.65 1.459 2.961 0.525 1.556 Pass
20 CCFT-9-7 1.067 0.841 0.281 1.129 4.018 9.02 1.263 5.076 0.525 1.556 Pass
21 CCFT-9-9 0.996 2.567 0.904 2.023 2.239 9.91 1.459 3.267 0.525 1.556 Pass
22 CCFT-9-11 1.067 0.841 0.281 0.843 3.000 4.80 1.195 3.586 0.525 1.556 Pass
23 CCFT-9-13 0.996 2.567 0.904 1.617 1.789 13.10 1.459 2.611 0.525 1.556 Pass
24 CCFT-9-15 1.067 0.841 0.281 0.875 3.114 7.40 1.251 3.897 0.525 1.556 Pass

total ACMR20%
Frame 

#
Name CMR T SSF ACMRSF1
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8.7 Evaluation of Seismic Performance Factors 

8.7.1 Performance Groups 

For the purposes of evaluation, the methodology requires the archetype frames be 
categorized into performance groups based on the design gravity load level, design seismic load 
level, and period domain. The categorization is shown in Table 8.14 for C-SMFs and Table 8.15 
for C-SCBFs. Select analysis results are shown along with mean results for each performance 
group in Table 8.16 for C-SMFs and Table 8.17 for C-SCBFs. 

 
 
 
 

Table 8.14. Performance Groups: C-SMFs 

 
 

Table 8.15. Performance Groups: C-SCBFs 

 

Gravity Seismic
PG-1 High SDC Dmax Short 6 RCFT-3-1, RCFT-3-2, RCFT-3-5, RCFT-3-6, SRC-3-1, SRC-3-2
PG-2 High SDC Dmax Long 2 RCFT-9-1, RCFT-9-5
PG-3 High SDC Dmin Short 6 RCFT-3-3, RCFT-3-4, RCFT-3-7, RCFT-3-8, SRC-3-3, SRC-3-4
PG-4 High SDC Dmin Long 2 RCFT-9-3, RCFT-9-7
PG-5 Low SDC Dmax Short 6 RCFT-3-9, RCFT-3-10, RCFT-3-13, RCFT-3-14, SRC-3-9, SRC-3-10
PG-6 Low SDC Dmax Long 2 RCFT-9-9, RCFT-9-13
PG-7 Low SDC Dmin Short 6 RCFT-3-11, RCFT-3-12, RCFT-3-15, RCFT-3-16, SRC-3-11, SRC-3-12
PG-8 Low SDC Dmin Long 2 RCFT-9-11, RCFT-9-15

Group 
Number

Period 
Domain

Design Load Level Number of 
Frames

Archetype Frames

Gravity Seismic
PG-1 High SDC Dmax Short 4 CCFT-3-1, CCFT-3-2, CCFT-3-5, CCFT-3-6
PG-2 High SDC Dmax Long 2 CCFT-9-1, CCFT-9-5
PG-3 High SDC Dmin Short 4 CCFT-3-3, CCFT-3-4, CCFT-3-7, CCFT-3-8
PG-4 High SDC Dmin Long 2 CCFT-9-3, CCFT-9-7
PG-5 Low SDC Dmax Short 4 CCFT-3-9, CCFT-3-10, CCFT-3-13, CCFT-3-14
PG-6 Low SDC Dmax Long 2 CCFT-9-9, CCFT-9-13
PG-7 Low SDC Dmin Short 4 CCFT-3-11, CCFT-3-12, CCFT-3-15, CCFT-3-16
PG-8 Low SDC Dmin Long 2 CCFT-9-11, CCFT-9-15

Group 
Number

Design Load Level Period 
Domain

Number of 
Frames

Archetype Frames
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Table 8.16. Performance Group Results: C-SMFs 

 

 
  
 
 
 

Frame T CMR ACMR ACMR10% Pass/Fail
Performance Group: PG-1

RCFT-3-1 5.71 12.75 3.81 5.07
RCFT-3-2 5.76 12.97 3.73 4.95
RCFT-3-5 5.50 16.27 4.10 5.45
RCFT-3-6 5.30 16.29 3.70 4.92
SRC-3-1 6.68 5.05 3.08 3.85
SRC-3-2 6.57 7.27 3.35 4.40

mean 5.92 11.77 3.63 4.77 1.96 Pass
Performance Group: PG-2

RCFT-9-1 5.36 4.65 2.50 3.34
RCFT-9-5 5.22 7.22 2.86 4.09

mean 5.29 5.93 2.68 3.71 1.96 Pass
Performance Group: PG-3

RCFT-3-3 6.34 8.71 5.90 6.73
RCFT-3-4 6.35 8.73 6.05 6.90
RCFT-3-7 9.02 12.20 8.09 9.22
RCFT-3-8 9.01 11.65 8.06 9.19
SRC-3-3 7.53 5.62 5.75 6.40
SRC-3-4 7.33 5.42 5.91 6.57

mean 7.60 8.72 6.63 7.50 1.96 Pass
Performance Group: PG-4

RCFT-9-3 8.99 5.88 6.13 7.48
RCFT-9-7 10.82 8.83 7.52 9.50

mean 9.90 7.35 6.83 8.49 1.96 Pass
Performance Group: PG-5

RCFT-3-9 6.18 11.38 4.01 5.33
RCFT-3-10 5.85 13.56 3.99 5.31
RCFT-3-13 5.83 17.02 4.17 5.55
RCFT-3-14 5.44 16.25 4.04 5.38
SRC-3-9 6.86 5.51 3.30 4.17
SRC-3-10 7.01 4.51 3.13 3.87

mean 6.20 11.37 3.77 4.93 1.96 Pass
Performance Group: PG-6

RCFT-9-9 5.55 4.89 2.54 3.42
RCFT-9-13 5.46 8.42 2.97 4.34

mean 5.51 6.66 2.76 3.88 1.96 Pass
Performance Group: PG-7

RCFT-3-11 7.52 10.33 6.63 7.56
RCFT-3-12 7.63 11.56 6.75 7.69
RCFT-3-15 6.71 12.24 6.17 7.03
RCFT-3-16 6.61 10.40 6.69 7.62
SRC-3-11 8.12 3.72 6.25 6.79
SRC-3-12 8.26 3.10 5.57 6.02

mean 7.48 8.56 6.34 7.12 1.96 Pass
Performance Group: PG-8

RCFT-9-11 6.44 3.96 6.59 7.75
RCFT-9-15 6.49 4.15 5.20 6.13

mean 6.47 4.05 5.89 6.94 1.96 Pass
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Table 8.17. Performance Group Results: C-SCBFs 

 

 

  

Frame T CMR ACMR ACMR10% Pass/Fail
Performance Group: PG-1

CCFT-3-1 2.11 16.94 2.62 3.48
CCFT-3-2 2.11 13.65 2.51 3.33
CCFT-3-5 2.03 15.18 2.44 3.24
CCFT-3-6 2.04 12.53 2.50 3.33

mean 2.07 14.57 2.52 3.35 1.96 Pass
Performance Group: PG-2

CCFT-9-1 2.04 7.94 1.17 1.71
CCFT-9-5 1.82 13.65 2.03 2.96

mean 1.93 10.79 1.60 2.33 1.96 Pass
Performance Group: PG-3

CCFT-3-3 3.43 4.18 4.65 5.08
CCFT-3-4 2.91 17.97 4.43 5.05
CCFT-3-7 2.51 25.34 4.55 5.19
CCFT-3-8 2.49 24.63 4.49 5.12

mean 2.83 18.03 4.53 5.11 1.96 Pass
Performance Group: PG-4

CCFT-9-3 2.67 8.33 4.48 5.66
CCFT-9-7 2.71 9.02 4.02 5.08

mean 2.69 8.67 4.25 5.37 1.96 Pass
Performance Group: PG-5

CCFT-3-9 1.74 19.70 2.01 2.67
CCFT-3-10 1.69 20.89 1.90 2.52
CCFT-3-13 1.86 15.61 2.06 2.73
CCFT-3-14 1.85 12.82 2.02 2.69

mean 1.79 17.26 2.00 2.65 1.96 Pass
Performance Group: PG-6

CCFT-9-9 1.67 9.91 2.24 3.27
CCFT-9-13 1.65 13.10 1.79 2.61

mean 1.66 11.50 2.01 2.94 1.96 Pass
Performance Group: PG-7

CCFT-3-11 2.37 16.04 3.50 3.99
CCFT-3-12 2.32 19.60 3.48 3.97
CCFT-3-15 2.25 14.90 3.49 3.98
CCFT-3-16 2.38 14.48 2.87 3.28

mean 2.33 16.25 3.34 3.80 1.96 Pass
Performance Group: PG-8

CCFT-9-11 2.14 4.80 3.00 3.59
CCFT-9-15 2.28 7.40 3.11 3.90

mean 2.21 6.10 3.06 3.74 1.96 Pass
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8.7.2 System Overstrength Factor, o 

According to the methodology, the system overstrength factor, o, should not be taken as 
less than the largest average value of overstrength, , from any performance group, however, 
upper limits of 1.5R and 3.0 are applied (FEMA 2009).  

For the C-SMFs, the average overstrength for the performance groups ranges from 5.3 for 
PG-2 (high gravity load, SDC: Dmax, long period) to 9.9 for PG-4 (high gravity load, SDC: Dmin, 
long period). These values are quite high and reflect the displacement controlled design of these 
structures (Appendix B). Other studies on steel special moment frames (NIST 2010) have also 
shown high overstrength. Several factors have led to particularly high overstrength values seen in 
this study. The use of Cd = R in the design of the frames reduced the allowable story drifts thus 
increasing member sizes. In the model, the plastic hinges were forced to a location 2d/3 away 
from the column face. This distance was the assumed length of the connection. Selection of this 
distance resulted in higher frame strengths as compared to shorter connections. Additionally, 
reduced beam section connections were not used for these structures; if they had been used, 
lower overstrength would have been observed. For the results shown, all of the performance 
groups exceed the practical upper limit of 3.0, so it is recommended that the systems 
overstrength factor remain unchanged from its current value ( o = 3.0).  

For the C-SCBFs, the average overstrength for the performance groups ranges from 1.7 
for PG-5 (high gravity load, SDC: Dmin, short period) to 2.8 for PG-3 (low gravity load, SDC: 
Dmax, short period). These results are in contrast to the C-SMFs where high overstrength was 
observed and reflect the strength controlled design of these structures (Appendix B). Other 
studies on steel special concentrically frames (NIST 2010) have shown similar overstrength 
results. In light of these results (   = 2.8 for PG-3), an increase the system overstrength factor 
for C-SCBFs could be warranted, although the current value ( o = 2.0) is likely sufficient.  

8.7.3 Response Modification Factor, R  

According to the methodology, the response modification factor that was used to design 
the archetype frames is acceptable if the probability of collapse for maximum considered 
earthquake ground motions is approximately 20% or less for each index archetype and 10% or 
less on average for each performance group (FEMA 2009). To evaluate these conditions, 
adjusted collapse margin ratios are computed and compared against reference values (Equations 
8.5a and 8.5b). 

 20%iACMR ACMR  (8.5a) 
 

 10%mean iACMR ACMR  (8.5b) 

where,  

ACMRi = adjusted collapse margin ratio for each index archetype, i 
ACMR20% = acceptable value of the adjusted collapse margin ratio for 20% 

collapse probability 
ACMR10% = acceptable value of the adjusted collapse margin ratio for 10% 

collapse probability 
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The adjusted collapse margin ratio is the product of the collapse margin ratio, CMR, as 
determined from the response history analyses and a spectral shape factor, SSF, given in FEMA 
P695 (2009). The spectral shape factor depends on the fundamental period, T, and period based 
ductility, T, and accounts for the frequency content of the selected ground motion record set.  

 i i iACMR SSF CMR  (8.6) 

The acceptable values of the adjusted collapse margin ratio are derived from the 
lognormal distribution and depend on the desired collapse probability (10% or 20%) and a 
measure of the total system collapse uncertainty. Uncertainty in the system collapse assessment 
comes from a number of sources.  

Uncertainty due to the variability between ground motions records is characterized by 
RTR [Equation 8.7 (FEMA 2009)] 

 0.1 0.1 0.4RTR T  (8.7) 

Uncertainty in the design requirements, test data, and nonlinear modeling are 
characterized by qualitative quality ratings.  

For both of systems, the design requirements have been well-vetted and provide 
extensive safeguards against unanticipated failure modes. The hierarchy of yielding and failure 
of components is well established. However, construction practices are comparatively less 
mature than for either structural steel or reinforced concrete structures. For these reasons, a 
quality rating of good (B) is given to the design requirements for both C-SMFs and C-SCBFs. 

Numerous tests on composite members, connections, and frames have been conducted 
and reported in the literature. The tests span most of the important parameters which affect 
design requirements and the behavior is generally well understood. For these reasons, a quality 
rating of good (B) is given to the test data for both C-SMFs and C-SCBFs. 

The nonlinear models directly simulate all predominate inelastic effects and have been 
extensively validated against experimental results. The sets of archetype frames provide a 
reasonably broad representation of the design space. However, fracture is not included in the 
modeling and the frames were assumed to be properly designed to preclude connection 
deterioration and lateral torsional buckling. For these reasons, a quality rating of good (B) is 
given to the nonlinear modeling for both C-SMFs and C-SCBFs. 

The quality ratings are assigned lognormal standard deviation parameters (Table 8.18) 
and the total system collapse uncertainty is computed with Equation 8.8 then rounded to the 
nearest 0.025. The value depends on the period based ductility but is constant for T  3, this 
value is given in Table 8.18. 

 2 2 2 2
total RTR DR TD MDL  (8.8) 
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Table 8.18. Quality Ratings 
System Quality of Design 

Requirements Quality of Test Data Quality of Nonlinear 
Modeling 

Total System Collapse 
Uncertainty for T  3 

C-SMF B (Good) 
DR = 0.2 

B (Good)  
TD = 0.2 

B (Good)  
MDL = 0.2 total = 0.525 

C-SCBF B (Good)  
DR = 0.2 

B (Good)  
TD = 0.2 

B (Good)  
MDL = 0.2 total = 0.525 

 
Values of SSF, ACMR, total, ACMR20%, and a Pass/Fail evaluation for each frame are 

presented in Table 8.12 for C-SMFs and in Table 8.13 for C-SCBFs. Values of mean ACMR,  
ACMR10%, and a Pass/Fail evaluation for each performance group are presented in Table 8.16 for 
C-SMFs and Table 8.17 for C-SCBFs. 

For the C-SMFs, all of the evaluations pass and thus the current response modification 
factor is deemed acceptable. In fact, all frames pass by a significant margin. Many of the IDA 
curves retain a significant positive slope even at the high levels of earthquake ground motion 
used in this study (up to 5-7 times MCE intensity). This is indicative of the excellent 
performance of C-SMFs subjected to earthquake ground motions. For the C-SCBFs, all of the 
evaluations pass and thus the current response modification factor is deemed acceptable. The 
margin of passing is not as great as for the C-SMFs, nonetheless, the C-SCBFs exhibit excellent 
performance. It should be noted that these results are only strictly applicable to well designed 
and detailed frames where connection deterioration will not occur and sufficient lateral bracing is 
provided.  

8.7.4 Deflection Amplification Factor, Cd 

According to the methodology, for systems with typical levels of damping, including the 
systems studied here, the deflection amplification factor, Cd, is equal to the response 
modification factor (FEMA 2009). For C-SCBFs this represents a minor change as the current 
difference between R and Cd is small and there structures are typically not displacement 
controlled. For C-SMFs this represents a significant change. Setting Cd = R results in a 45% 
increase in Cd from the current value. Additionally, Cd plays a central role in the design of 
moment frames since they are often displacement-controlled.  

In this study, four frames were designed with the current Cd value. These frames had 
smaller members than their counterparts designed with Cd = R = 8.0. Differences in performance 
were also noted. The average overstrength of the frames designed with the current Cd was 4.9 
while it was 6.4 for their counterparts. The average adjusted collapse margin ratio of the frames 
designed with the current Cd was 5.5 while it was 6.2 for their counterparts. These results 
indicate that the frames designed with the current Cd value have acceptable performance and that 
setting Cd = R for this system would serve to only in increase the overstrength.  

All in all, further study is needed to determine the ramifications of setting Cd = R and 
whether such a change is necessary. Further study should include the possibility of a 
corresponding increase in the deformation limits should Cd = R. 
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8.8 Conclusions 

A study was conducted following recommendations in FEMA P695 (2009) to determine 
the seismic performance factors (i.e., R, Cd, and o) for composite special moment frames (C-
SMF) and composite special concentrically braced frames (C-SCBF). A suite of 60 archetype 
frames was selected and designed according to current design specifications. Nonlinear static 
pushover analyses and dynamic response history analyses were performed on the frames to 
characterize the behavior and generate statistical data to be used in evaluation of the seismic 
performance factors. Both systems exhibited excellent seismic behavior and current seismic 
performance factors were found to be acceptable. In particular, it was noted that frames designed 
with the current deflection amplification factor, Cd, were found to be acceptable and thus a 
potential change to set Cd = R should be studied further and perhaps accompanied by a 
corresponding change to the drift limits to such that future seismic drift requirements are 
equivalent to the current seismic drift requirements.  
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Chapter 9 

CONCLUSIONS 

Properly designed and detailed steel-concrete composite framing systems take advantage 
of the strengths of the constituent materials resulting in efficient structures that exhibit excellent 
performance. A wide range of synergistic effects are possible in steel-concrete composite 
members. Confinement provided by the steel will enhance the strength and ductility of the 
concrete. The concrete will delay or prevent local buckling of the steel. The steel can be designed 
to support construction loads, allowing the steel to be framed several floors above the concrete 
pouring.  Despite the potential advantages, the use of composite systems in practice is limited 
compared to the traditional alternatives: structural steel and reinforced concrete. This is due, in 
part, because the behavior of composite members and frames is less understood and 
correspondingly gaps exist in the design provisions.

A consistent and transparent reasoning should be applied in the development of design 
provisions. Analysis and experimentation should serve as fundamental sources of knowledge on 
behavior, neither taking a primary role but rather each reinforcing the other, leading to better 
understanding. Inconsistencies from different experiments and different levels of analyses need 
to be acknowledged and reconciled. Then to ensure the design provisions are practical, judicious 
simplifications are necessary. The research described in this dissertation has followed this path, 
starting from the fundamentals of structural mechanics (equilibrium, kinematics, and constitutive 
relations), buttressed by experimental results, leading to characterization of behavior and finally 
distillation into practical design recommendations.

9.1 Modeling of Composite Members and Frames 

A mixed finite element formulation was developed for the analysis of composite 
members and frames. Two- and three-dimensional mixed beam finite elements developed in 
prior work are used. The mixed formulation, meaning that both displacements and forces are 
taken as primary variables, was selected to achieve accurate results for both geometric and 
material nonlinearity. The element is derived in the corotational frame, with small strain and 
moderate rotation assumptions. When accompanied with an exact transformation between the 
corotational and global frames the element is capable of capturing large displacement and 
rotation behavior. 

Material inelasticity is tracked with fiber cross sections located at integration points along 
the length of the element. Comprehensive uniaxial cyclic constitutive relations were developed 
for concrete and steel. These models account for the salient features of each material and the 
interaction between the two, including: cracking and confinement of the concrete and yielding 
and local buckling of the steel.

A rule-based approach is used for the cyclic behavior of the concrete. Either Popovics’ 
equation or Tsai’s equation is used for the monotonic backbone response. Mander’s confinement 
model is used to determine the increase in compressive strength and ductility given confinement 
pressures. Tension is included and a comprehensive set of rules define any unloading/reloading 
path with a continuous smooth response.
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A bounding surface plasticity formulation is used for the cyclic behavior of the steel. The 
model accounts for various effects including: reduction in size of the elastic range, combined 
kinematic and isotropic hardening, shifting of the bounding lines.  Local buckling was 
incorporated into the uniaxial response. Under monotonic load local buckling is triggered by a 
strain limit, at which point the response from the plasticity formulation is overridden by a linear 
degradation curve followed by a constant residual stress. Under cyclic loading, a combined stress 
and strain limit triggers local buckling and degradation in the elastic range and plastic modulus 
for reloading back to tension is included.

Models for CFT and SRC beam-column cross sections were developed. The models take 
as input only material and geometric properties known at the time of design and define the fiber 
discretization and the specific parameters to be used in the steel and concrete uniaxial materials. 
Included in these models are assessments of the level of confinement in the concrete and 
susceptibility of steel to local buckling.

Secondary, simpler cross section models were also defined following assumptions 
common in the development of design recommendations. These models neglect concrete tension, 
utilize simpler relations for the post-peak response of concrete in compression, and use multi-
linear constitutive relations for the steel.  

Composite cross sections, particularly those under high axial load, can exhibit softening 
behavior, thus localization is a potential issue affecting the results of the finite element 
formulation. Efforts were taken in the analyses to select mesh densities such that the integration 
weight associated with the critical integration point was representative of the physical plastic 
hinge length. The plastic hinge length was assessed from cross section analyses based on the 
yield and ultimate moments.  

Models were also developed for wide flange steel beams and wide flange or rectangular 
hollow structural steel braces. Flange and web local buckling was included in the beam model 
based on an assessment of three-point bending tests. Connection region models for moment 
frames and braced were defined based on prior research.

The formulation was validated against a wide range of monotonic and cyclic 
experiments, including short columns, beams, and proportionally and non-proportionally loaded 
beam-columns. Over 250 individual specimens were analyzed. Quantitative comparisons are 
made using various metrics computed from the resulting load deformation response. These 
metrics include initial stiffness, peak load, deformation at peak load, and area under the curve. 
The studies showed the strengths and weakness of the models. Over all it was shown that 
accurate results can be obtained under a variety of loading conditions. 

9.2 Behavior of Composite Members and Frames 

A series of experiments on full-scale CFT beam-columns has been completed by project 
collaborators. The tests explore several aspects of the behavior of composite columns, including 
the multi-dimensional interaction surface, biaxial cyclic seismic behavior, and evolution of 
damage. Comparative analyses were performed in this work based on the formulations 
developed herein and detailed data interpretation focusing on the beam-column interaction 
strength was conducted.

The specimens were modeled using the mixed finite element formulation and subjected to 
the same loading history as in the experiment. Detailed comparison of results was presented 
demonstrating the accuracy of the formulation.  
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Interaction strength limit points were identified in the experimental results. These points 
were used to further validate the proposed-beam column design methodology developed in this 
work. The limit points were compared against interaction diagrams developed from fully 
nonlinear analyses and from elastic design provisions. The results indicate that the proposed 
methodology is safe and accurate. 

The experimental results of one specimen were examined in detail. The specimen was 
subjected to a series of probes and subprobes to determine experimental interaction surfaces. 
These surfaces were shown to evolve in size, position, and shape as the loading progressed. 
Corresponding computational results were presented, which showed a good correspondence with 
the experimental results, indicating that the finite element formulation is capable of predicting 
the complex behavior observed in CFT members. 

9.3 Design of Composite Members and Frames 

9.3.1 Natural Bond Behavior of CFTs 

Available experimental results on load transfer by natural bond in CFTs were reviewed, 
including simple push-out and push-off test as well as connection tests. Trends in the data were 
identified, notably the variation of bond stress with the size of the steel tube and the beneficial 
effects of the rotation of the shear tab on the bond strength.

Existing design provisions were evaluated against the experimental results. Comparing to 
push-out tests, the prescribed bond stress was found to be overly simple and in the case of large 
and thin steel tubes unconservative. Comparing to connection tests, the bond strength was found 
to be conservative. Thus, a new formula for nominal bond strength of CFT connections was 
developed. The critical bond stress was derived from results of push-out test and is given as a 
function of tube dimensions. The effective bond transfer area was determined based on an 
examination of experimental observations and results from specially instrumented connection 
tests. The resistance factor was computed as 0.45 based on the bond stress formula.   

The distribution of bond stress along the length of a column was derived analytically for 
the elastic case. For the nonlinear case, it was assessed using a one-dimensional linked truss 
model and uniaxial constitutive relations. The analyses confirm that the majority of the force 
transfer occurs within the region assumed in the design provisions.  They also indicate that the 
distribution of slip is not symmetric about the connection, with equilibrium achieved in a shorter 
length below the connection than above

9.3.2 Stability Analysis and Design of Composite Frames 

The Direct Analysis method provides a straightforward and accurate way of addressing 
frame in-plane stability considerations. However, no appropriate reduced elastic rigidity values 
have been developed nor has the methodology in general been thoroughly validated for 
composite members. To address these needs a large parametric study was conducted.  

Sets of cross sections and frames were defined to be representative of the range of 
properties seen in design. Four groups of cross sections were defined 1) CCFT, 2) RCFT, 3) SRC 
subjected to strong axis bending, and 4) SRC subjected to weak axis bending. Within these 
groups of sections, properties were selected to range practical extremes of steel ratio, concrete 
strength, and for SRCs reinforcing ratio. The frames were either sidesway uninhibited with 
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variations of slenderness, end restraint, and leaning column ratio, or sidesway inhibited with 
variations of slenderness and end moment ratio. 

Interaction diagrams were constructed through a series of nonlinear analyses for each 
frame and section pair. The pure axial strength and pure bending strength from the analyses were 
examined in detail. The current design provisions for the axial strength of SRC columns were 
found to be overly conservative and a new formula for the effective flexural rigidity was 
recommended.  

Elastic rigidity was evaluated for specific frames as the EI, which, when used in a 
second-order elastic analysis, results in the same peak lateral deformation as recorded from a 
fully nonlinear analysis at the same applied loads. This elastic rigidity was shown to reduce with 
increased loading, with more severe reductions for moment dominant loading. Based on these 
results and other strength design considerations, new elastic flexural rigidities for elastic analysis 
of composite members were developed.  

Design interaction curves were constructed based on the proposed Direct Analysis 
method. These curves were compared against those computed from the fully nonlinear analyses. 
Assessment of the error between the two sets of interaction diagrams indicated that the proposed 
design methodology is safe and accurate for the majority of practical design cases. However 
three cases that exceed the targeted error limit were noted: 1) members with very high effective 
length factors, 2) steel dominant CCFT members where the axial compressive strength is 
overpredicted by the design equations, and 3) steel dominant weak axis SRC members where the 
flexural strength is overpredicted by the design equations. 

9.3.3 Seismic Performance Factors for Composite Frames 

Seismic behavior of composite braced and moment frames was assessed in the context of 
FEMA P695 Quantification of Building Seismic Performance Factors (2009). A suite of 60 
archetype frames was selected to be representative of the typical frames seen in practice. The 
frames included variations in column section type, number of stories, design gravity load, design 
seismic load, concrete strength, and bay width. Member sizes for the frames were selected 
according to current design specifications.  

Nonlinear static pushover and dynamic response history analyses were performed on the 
frames using the mixed beam finite element formulation developed in this work. Connections 
were assumed to be strong; however, panel zone behavior for the moment frames and bond-slip 
behavior for SRC columns were included in the model.

The composite special moment frames exhibited excellent behavior. Significant ductility 
in the overall frame response and good distribution of deformations among stories was observed 
from the pushover results. Collapse was defined as when the peak story drift reached 10%. The 
probabilities of collapse determined from the results of the incremental dynamic analyses were 
found to be well within acceptable values indicating that the current response modification factor 
is adequate. The composite special concentrically braced frames also exhibited excellent 
behavior. Results of the pushover analyses typically showed significant ductility although, the 
overall frame response showed drops in capacity associated with buckling of individual braces 
and deformations were often concentrated into one story in the three story frames.  

9.4 Further Research Needs 

Additional research needs were identified throughout this work and are summarized here: 
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There is a strong need for beam finite element formulations that comprehensively and 
accurately account for softening in the section response without placing restrictions on 
mesh density.  
The proposed formula for natural bond strength developed in Chapter 5 is based on 
experimental results that do not generally exhibit a bond slip failure. Experimental and 
analytical research to explore the behavior of CFT columns subjected large transfer 
forces would be helpful to understand the behavior, particularly the limit states  
An evaluation of the moment strength provisions for composite members in the AISC 
Specification (AISC 2010) is needed, particularly for steel dominant SRC sections in 
weak axis bending. The parametric studies presented in Chapter 6 indicated that the 
current provisions may overestimate the strength in some cases.  
The elastic stiffness recommendations developed in Chapter 6 were only explicitly shown 
to be acceptable for use in the Direct Analysis method for strength design. The accuracy 
of these recommendations should be assessed for determination of deformations and 
fundamental periods of vibration.  
The studies presented in Chapter 6 were two-dimensional dealing only explicitly with the 
in-plane behavior of composite frames. Further study on the three-dimensional behavior 
of composite frames to assess current design recommendations would be valuable.
The contribution of creep and shrinkage to structural instability was not addressed in the s 
studies presented in Chapter 6. Such effects should be investigated.
Further evaluation of the evolution of the beam-column limit surface is warranted. Of 
particular interest is an evaluation of the ability of simpler stress-resultant plasticity 
formulations to capture this behavior.  
The behavior of ordinary and intermediate composite moment and braced frames will be 
more dependent on the behavior of the columns than the special moment and braced 
frames investigated in Chapter 8. Ordinary and intermediate frames should be studied 
further and seismic performance factors should be developed. 
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Appendix A 
 

DETAILED BENCHMARK STUDY RESULTS 

This appendix presents detailed results from the parametric study described in Chapter 6.  

A.1 Evaluation of the Proposed Design Methodology 

For each cross section analyzed in the study, a set of six plots are shown. The plots are 
selected to illustrate the overall performance of the proposed beam-column design methodology, 
best and worst cases, as well as typical elastic stiffness results. The arrangement of the plots is 
the same for each figure and follows the layout described in Table A.1. The top left and bottom 
left plots in each figure correspond to one frame, UA-67-g1. These plots are intended to show the 
variation between the different sections, the frame was selected since because of its average 
properties (e.g., intermediate slenderness). 

Table A.1. Layout of Section Results Figures  

EIelastic results for frame UA-67-g1 

Three dimensional (M-P- oe) plot 
showing first-order applied load 

interaction diagrams from 
sidesway uninhibited frames with 

oe  3 

Normalized interaction diagrams 
for the frame with the smallest 

mean absolute error and no 
unconservative error greater than 

5% (the “best” frame) 

Normalized interaction diagrams 
for the frame with the greatest 

unconservative error  
(the “worst” frame) 

Normalized interaction diagrams 
for frame UA-67-g1 Error diagram showing all frames 
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Figure A.1. Detailed Results for Section CCFT-A-4 
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Figure A.2. Detailed Results for Section CCFT-A-8 
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Figure A.3. Detailed Results for Section CCFT-A-16 
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Figure A.4. Detailed Results for Section CCFT-B-4 
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Figure A.5. Detailed Results for Section CCFT-B-8 
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Figure A.6. Detailed Results for Section CCFT-B-16 
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Figure A.7. Detailed Results for Section CCFT-C-4 
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Figure A.8. Detailed Results for Section CCFT-C-8 
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Figure A.9. Detailed Results for Section CCFT-C-16 
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Figure A.10. Detailed Results for Section CCFT-D-4 
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Figure A.11. Detailed Results for Section CCFT-D-8 
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Figure A.12. Detailed Results for Section CCFT-D-16 
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Figure A.13. Detailed Results for Section CCFT-E-4 
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Figure A.14. Detailed Results for Section CCFT-E-8 

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Normalized Bending Moment (M/M
n
)

Section 14: CCFT−E−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 1 2 3

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 14: CCFT−E−8

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.5 1 1.5
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Normalized Bending Moment (M/M
n
)

Section 14: CCFT−E−8, Frame 52: UD−90−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

Normalized Bending Moment (M/M
n
)

Section 14: CCFT−E−8, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 1 2 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 14: CCFT−E−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 14: CCFT−E−8

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

419 
 

Figure A.15. Detailed Results for Section CCFT-E-16 
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Figure A.16. Detailed Results for Section RCFT-A-4 
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Figure A.17. Detailed Results for Section RCFT-A-8 
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Figure A.18. Detailed Results for Section RCFT-A-16 
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Figure A.19. Detailed Results for Section RCFT-B-4 
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Figure A.20. Detailed Results for Section RCFT-B-8 
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Figure A.21. Detailed Results for Section RCFT-B-16 
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Figure A.22. Detailed Results for Section RCFT-C-4 
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Figure A.23. Detailed Results for Section RCFT-C-8 

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 8: RCFT−C−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 0.5 1 1.5

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 8: RCFT−C−8

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.5 1
0

0.01

0.02

0.03

0.04

0.05

0.06

Normalized Bending Moment (M/M
n
)

Section 8: RCFT−C−8, Frame 64: UD−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Normalized Bending Moment (M/M
n
)

Section 8: RCFT−C−8, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 8: RCFT−C−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 8: RCFT−C−8

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

428 
 

Figure A.24. Detailed Results for Section RCFT-C-16 

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 9: RCFT−C−16, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 0.5 1 1.5

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 9: RCFT−C−16

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.5 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Normalized Bending Moment (M/M
n
)

Section 9: RCFT−C−16, Frame 60: UD−90−g2

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Normalized Bending Moment (M/M
n
)

Section 9: RCFT−C−16, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 9: RCFT−C−16, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 9: RCFT−C−16

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

429 
 

Figure A.25. Detailed Results for Section RCFT-D-4 
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Figure A.26. Detailed Results for Section RCFT-D-8 
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Figure A.27. Detailed Results for Section RCFT-D-16 
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Figure A.28. Detailed Results for Section RCFT-E-4 
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Figure A.29. Detailed Results for Section RCFT-E-8 
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Figure A.30. Detailed Results for Section RCFT-E-16 
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Figure A.31. Detailed Results for Section SRCs-AA-4 

0 0.2 0.4 0.6 0.8 1 1.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Normalized Bending Moment (M/M
n
)

Section 1: SRCs−AA−4, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 0.5 1 1.5

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 1: SRCs−AA−4

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.2 0.4 0.6 0.8 1 1.2
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Normalized Bending Moment (M/M
n
)

Section 1: SRCs−AA−4, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.01

0.02

0.03

0.04

0.05

Normalized Bending Moment (M/M
n
)

Section 1: SRCs−AA−4, Frame 64: UD−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 1: SRCs−AA−4, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 1: SRCs−AA−4

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

436 
 

Figure A.32. Detailed Results for Section SRCs-AA-8 
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Figure A.33. Detailed Results for Section SRCs-AA-16 
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Figure A.34. Detailed Results for Section SRCs-AB-4 
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Figure A.35. Detailed Results for Section SRCs-AB-8 
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Figure A.36. Detailed Results for Section SRCs-AB-16 
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Figure A.37. Detailed Results for Section SRCs-AC-4 
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Figure A.38. Detailed Results for Section SRCs-AC-8 

0 0.2 0.4 0.6 0.8 1 1.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 8: SRCs−AC−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 0.5 1 1.5

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 8: SRCs−AC−8

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.2 0.4 0.6 0.8 1 1.2
0

0.01

0.02

0.03

0.04

0.05

0.06

Normalized Bending Moment (M/M
n
)

Section 8: SRCs−AC−8, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.01

0.02

0.03

0.04

0.05

0.06

Normalized Bending Moment (M/M
n
)

Section 8: SRCs−AC−8, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 8: SRCs−AC−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 8: SRCs−AC−8

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

443 
 

Figure A.39. Detailed Results for Section SRCs-AC-16 
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Figure A.40. Detailed Results for Section SRCs-BA-4 
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Figure A.41. Detailed Results for Section SRCs-BA-8 
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Figure A.42. Detailed Results for Section SRCs-BA-16 
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Figure A.43. Detailed Results for Section SRCs-BB-4 
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Figure A.44. Detailed Results for Section SRCs-BB-8 
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Figure A.45. Detailed Results for Section SRCs-BB-16 
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Figure A.46. Detailed Results for Section SRCs-BC-4 
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Figure A.47. Detailed Results for Section SRCs-BC-8 
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Figure A.48. Detailed Results for Section SRCs-BC-16 
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Figure A.49. Detailed Results for Section SRCs-CA-4 
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Figure A.50. Detailed Results for Section SRCs-CA-8 

0 0.2 0.4 0.6 0.8 1 1.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 20: SRCs−CA−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

)

EIelastic
EIgross

0

0.2

0.4

0.6

0.8

1

1
2

30 0.5 1 1.5

0

0.2

0.4

0.6

0.8

1

1.2

λ
oe

Normalized Bending Moment (M/M
n
)

Section 20: SRCs−CA−8

N
or

m
al

iz
ed

 A
xi

al
 L

oa
d 

(P
/P

no
)

0 0.2 0.4 0.6 0.8 1 1.2
0

0.01

0.02

0.03

0.04

0.05

0.06

Normalized Bending Moment (M/M
n
)

Section 20: SRCs−CA−8, Frame 63: UC−90−g3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n
)

Section 20: SRCs−CA−8, Frame 1: UA−22−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Normalized Bending Moment (M/M
n
)

Section 20: SRCs−CA−8, Frame 37: UA−67−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
DA

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

1.2

Normalized Bending Moment (M/M
n,analysis

)
Section 20: SRCs−CA−8

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
n,

an
al

ys
is
)

K

1

1.5

2

2.5

3

3.5

4



 

455 
 

Figure A.51. Detailed Results for Section SRCs-CA-16 
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Figure A.52. Detailed Results for Section SRCs-CB-4 
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Figure A.53. Detailed Results for Section SRCs-CB-8 
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Figure A.54. Detailed Results for Section SRCs-CB-16 
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Figure A.55. Detailed Results for Section SRCs-CC-4 
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Figure A.56. Detailed Results for Section SRCs-CC-8 
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Figure A.57. Detailed Results for Section SRCs-CC-16 
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Figure A.58. Detailed Results for Section SRCs-DA-4 
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Figure A.59. Detailed Results for Section SRCs-DA-8 
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Figure A.60. Detailed Results for Section SRCs-DA-16 
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Figure A.61. Detailed Results for Section SRCs-DB-4 
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Figure A.62. Detailed Results for Section SRCs-DB-8 
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Figure A.63. Detailed Results for Section SRCs-DB-16 
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Figure A.64. Detailed Results for Section SRCs-DC-4 
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Figure A.65. Detailed Results for Section SRCs-DC-8 
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Figure A.66. Detailed Results for Section SRCs-DC-16 
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Figure A.67. Detailed Results for Section SRCw-AA-4 
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Figure A.68. Detailed Results for Section SRCw-AA-8 
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Figure A.69. Detailed Results for Section SRCw-AA-16 
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Figure A.70. Detailed Results for Section SRCw-AB-4 
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Figure A.71. Detailed Results for Section SRCw-AB-8 
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Figure A.72. Detailed Results for Section SRCw-AB-16 
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Figure A.73. Detailed Results for Section SRCw-AC-4 
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Figure A.74. Detailed Results for Section SRCw-AC-8 
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Figure A.75. Detailed Results for Section SRCw-AC-16 
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Figure A.76. Detailed Results for Section SRCw-BA-4 
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Figure A.77. Detailed Results for Section SRCw-BA-8 
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Figure A.78. Detailed Results for Section SRCw-BA-16 
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Figure A.79. Detailed Results for Section SRCw-BB-4 
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Figure A.80. Detailed Results for Section SRCw-BB-8 
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Figure A.81. Detailed Results for Section SRCw-BB-16 
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Figure A.82. Detailed Results for Section SRCw-BC-4 
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Figure A.83. Detailed Results for Section SRCw-BC-8 
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Figure A.84. Detailed Results for Section SRCw-BC-16 
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Figure A.85. Detailed Results for Section SRCw-CA-4 
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Figure A.86. Detailed Results for Section SRCw-CA-8 
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Figure A.87. Detailed Results for Section SRCw-CA-16 
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Figure A.88. Detailed Results for Section SRCw-CB-4 
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Figure A.89. Detailed Results for Section SRCw-CB-8 
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Figure A.90. Detailed Results for Section SRCw-CB-16 
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Figure A.91. Detailed Results for Section SRCw-CC-4 
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Figure A.92. Detailed Results for Section SRCw-CC-8 
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Figure A.93. Detailed Results for Section SRCw-CC-16 
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Figure A.94. Detailed Results for Section SRCw-DA-4 
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Figure A.95. Detailed Results for Section SRCw-DA-8 
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Figure A.96. Detailed Results for Section SRCw-DA-16 
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Figure A.97. Detailed Results for Section SRCw-DB-4 
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Figure A.98. Detailed Results for Section SRCw-DB-8 
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Figure A.99. Detailed Results for Section SRCw-DB-16 
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Figure A.100. Detailed Results for Section SRCw-DC-4 
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Figure A.101. Detailed Results for Section SRCw-DC-8 
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Figure A.102. Detailed Results for Section SRCw-DC-16 
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A.2 Alternative Methods of Design 

For each alternative method of design analyzed in Chapter 6, all frame and section pairs 
where the maximum unconservative error was larger than that of Method A by more than 0.5% 
were identified and are presented here. Tabular listings of the frame and section pairs are given 
followed by figure with interaction diagrams that compare the fully nonlinear analyses, Method 
A, and the alternative method of design. Descriptions of the different methods are presented and 
details of the analyses are presented in Chapter 6. 

 

A.2.1 Method B 

 

Table A.2. Maximum Unconservative Error Results for Method B 

 

 
 

Method A Method B
UC-45-g0 RCFT-A-16 0.00% -0.85%
UC-45-g0 RCFT-B-16 0.00% -0.53%
UC-22-g1 CCFT-A-8 -0.94% -3.10%
UD-22-g1 CCFT-A-8 -1.08% -2.61%
UC-45-g0 CCFT-A-8 -5.16% -6.59%
UD-22-g0 CCFT-A-16 0.00% -0.55%
UC-22-g1 CCFT-A-16 -3.26% -6.65%
UD-22-g1 CCFT-A-16 -3.79% -6.73%
UC-22-g2 CCFT-A-16 -7.72% -9.53%
UC-45-g0 CCFT-A-16 -12.64% -15.85%
UA-45-g1 CCFT-A-16 -0.18% -0.83%
UC-22-g1 CCFT-C-16 0.00% -1.45%
UD-22-g1 CCFT-C-16 0.00% -1.34%
UC-22-g2 CCFT-C-16 0.00% -2.93%
UC-45-g0 CCFT-C-16 -0.49% -4.42%

Maximum Unconservative Error
SectionFrame
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Figure A.103. Detailed Results for Method B 

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 3: RCFT−A−16, Frame 19: UC−45−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 6: RCFT−B−16, Frame 19: UC−45−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

Normalized Bending Moment (M/M
n
)

Section 2: CCFT−A−8, Frame 7: UC−22−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Normalized Bending Moment (M/M
n
)

Section 2: CCFT−A−8, Frame 8: UD−22−g1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Bending Moment (M/M
n
)

Section 2: CCFT−A−8, Frame 19: UC−45−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B

0 0.5 1 1.5
0

0.2

0.4

0.6

0.8

1

Normalized Bending Moment (M/M
n
)

Section 3: CCFT−A−16, Frame 4: UD−22−g0

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method B



 

509 
 

Figure A.103. Detailed Results for Method B (continued) 
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Figure A.103. Detailed Results for Method B (continued) 
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A.2.2 Method C 
 

Table A.3. Maximum Unconservative Error Results for Method C 
 

 
 

Method A Method C
I-135-b1 RCFT-A-4 0.00% -2.49%
I-135-b2 RCFT-A-4 0.00% -2.49%
I-135-b3 RCFT-A-4 0.00% -2.49%
I-135-b4 RCFT-A-4 0.00% -2.49%
I-135-b5 RCFT-A-4 0.00% -2.49%
I-135-b1 RCFT-A-8 0.00% -1.47%
I-135-b2 RCFT-A-8 0.00% -1.47%
I-135-b3 RCFT-A-8 0.00% -1.47%
I-135-b4 RCFT-A-8 0.00% -1.47%
I-135-b5 RCFT-A-8 0.00% -1.47%
I-135-b1 RCFT-A-16 0.00% -2.55%
I-135-b2 RCFT-A-16 0.00% -2.55%
I-135-b3 RCFT-A-16 0.00% -2.55%
I-135-b4 RCFT-A-16 0.00% -2.55%
I-135-b5 RCFT-A-16 0.00% -2.55%
I-90-b5 RCFT-B-4 0.00% -0.76%
I-135-b1 RCFT-B-4 0.00% -2.93%
I-135-b2 RCFT-B-4 0.00% -2.93%
I-135-b3 RCFT-B-4 0.00% -2.93%
I-135-b4 RCFT-B-4 0.00% -2.93%
I-135-b5 RCFT-B-4 0.00% -2.93%
I-90-b5 RCFT-B-8 0.00% -0.62%
I-135-b1 RCFT-B-8 0.00% -1.38%
I-135-b2 RCFT-B-8 0.00% -1.38%
I-135-b3 RCFT-B-8 0.00% -1.38%
I-135-b4 RCFT-B-8 0.00% -1.38%
I-135-b5 RCFT-B-8 0.00% -1.38%
I-135-b1 RCFT-B-16 0.00% -2.55%
I-135-b2 RCFT-B-16 0.00% -2.55%
I-135-b3 RCFT-B-16 0.00% -2.55%
I-135-b4 RCFT-B-16 0.00% -2.55%
I-135-b5 RCFT-B-16 0.00% -2.55%
I-90-b5 RCFT-C-4 -0.22% -2.74%
I-135-b1 RCFT-C-4 0.00% -1.31%
I-135-b2 RCFT-C-4 0.00% -1.31%
I-135-b3 RCFT-C-4 0.00% -1.31%
I-135-b4 RCFT-C-4 0.00% -1.31%
I-135-b5 RCFT-C-4 0.00% -1.31%
I-90-b5 RCFT-D-4 0.00% -1.15%
I-90-b5 CCFT-A-4 -2.64% -4.82%
I-135-b1 CCFT-A-4 0.00% -5.65%
I-135-b2 CCFT-A-4 0.00% -5.65%
I-135-b3 CCFT-A-4 0.00% -5.65%
I-135-b4 CCFT-A-4 0.00% -5.65%
I-135-b5 CCFT-A-4 0.00% -5.65%
I-90-b5 CCFT-A-8 -6.98% -8.03%
I-135-b1 CCFT-A-8 0.00% -7.25%
I-135-b2 CCFT-A-8 0.00% -7.25%
I-135-b3 CCFT-A-8 0.00% -7.25%
I-135-b4 CCFT-A-8 0.00% -7.25%
I-135-b5 CCFT-A-8 -0.96% -7.25%
UA-67-g0 CCFT-A-16 0.00% -0.91%
UA-90-g0 CCFT-A-16 0.00% -2.74%
I-45-b5 CCFT-A-16 0.00% -0.61%

Frame Section
Maximum Unconservative Error
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Table A.3. Maximum Unconservative Error Results for Method C (continued) 
 

 
 

Method A Method C
I-135-b1 CCFT-A-16 0.00% -10.68%
I-135-b2 CCFT-A-16 0.00% -10.68%
I-135-b3 CCFT-A-16 0.00% -10.68%
I-135-b4 CCFT-A-16 0.00% -10.68%
I-135-b5 CCFT-A-16 -2.38% -10.68%
I-190-b1 CCFT-A-16 0.00% -0.56%
I-190-b2 CCFT-A-16 0.00% -0.56%
I-190-b3 CCFT-A-16 0.00% -0.56%
I-190-b4 CCFT-A-16 0.00% -0.56%
I-190-b5 CCFT-A-16 0.00% -0.56%
I-90-b5 CCFT-B-4 -3.45% -7.00%
I-135-b1 CCFT-B-4 0.00% -6.52%
I-135-b2 CCFT-B-4 0.00% -6.52%
I-135-b3 CCFT-B-4 0.00% -6.52%
I-135-b4 CCFT-B-4 0.00% -6.52%
I-135-b5 CCFT-B-4 -0.13% -6.52%
I-190-b1 CCFT-B-4 0.00% -1.30%
I-190-b2 CCFT-B-4 0.00% -1.30%
I-190-b3 CCFT-B-4 0.00% -1.30%
I-190-b4 CCFT-B-4 0.00% -1.30%
I-190-b5 CCFT-B-4 0.00% -1.30%
I-135-b1 CCFT-C-16 0.00% -5.28%
I-135-b2 CCFT-C-16 0.00% -5.28%
I-135-b3 CCFT-C-16 0.00% -5.28%
I-135-b4 CCFT-C-16 0.00% -5.28%
I-135-b5 CCFT-C-16 0.00% -5.28%
UA-22-g1 CCFT-D-4 0.00% -0.50%
UA-22-g2 CCFT-D-4 0.00% -1.36%
UA-22-g3 CCFT-D-4 0.00% -1.55%
I-45-b5 CCFT-D-4 -0.33% -2.86%
I-90-b5 CCFT-D-4 -3.30% -6.06%
I-135-b5 CCFT-D-4 0.00% -3.12%
UA-22-g0 CCFT-D-8 0.00% -1.53%
UA-22-g1 CCFT-D-8 0.00% -1.13%
UA-22-g2 CCFT-D-8 0.00% -0.71%
UA-22-g3 CCFT-D-8 0.00% -1.39%
I-45-b4 CCFT-D-8 0.00% -1.00%
I-45-b5 CCFT-D-8 0.00% -2.36%
I-135-b5 CCFT-D-8 0.00% -0.87%
UA-22-g0 CCFT-D-16 0.00% -1.30%
UA-22-g1 CCFT-D-16 0.00% -0.66%
UA-22-g2 CCFT-D-16 0.00% -1.65%
UA-22-g3 CCFT-D-16 0.00% -1.08%
UA-22-g0 CCFT-E-4 0.00% -0.80%
UA-22-g1 CCFT-E-4 0.00% -1.38%
UA-22-g2 CCFT-E-4 0.00% -2.08%
UA-22-g3 CCFT-E-4 0.00% -2.86%
I-190-b5 CCFT-E-4 0.00% -2.66%
I-190-b5 CCFT-E-8 0.00% -0.85%
I-90-b4 SRCw -AA-4 -5.05% -6.05%
I-90-b5 SRCw -AA-4 -5.51% -8.64%
I-135-b1 SRCw -AA-4 0.00% -1.76%
I-135-b2 SRCw -AA-4 0.00% -1.76%
I-135-b3 SRCw -AA-4 0.00% -1.76%
I-135-b4 SRCw -AA-4 0.00% -1.76%
I-135-b5 SRCw -AA-4 0.00% -1.85%

Maximum Unconservative Error
Frame Section
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Table A.3. Maximum Unconservative Error Results for Method C (continued) 
 

 

 

Method A Method C
I-45-b5 SRCw -AA-8 -3.99% -5.30%
I-90-b5 SRCw -AA-8 -3.99% -5.76%

UA-45-g3 SRCw -AB-4 -5.61% -6.39%
I-45-b5 SRCw -AB-4 -5.67% -7.45%
I-90-b4 SRCw -AB-4 -5.61% -9.27%
I-90-b5 SRCw -AB-4 -6.68% -11.72%
I-135-b4 SRCw -AB-4 0.00% -1.86%
I-135-b5 SRCw -AB-4 0.00% -3.56%
UC-22-g2 SRCw -AC-4 -7.80% -9.23%
UA-22-g3 SRCw -AC-4 -7.80% -9.95%
UC-22-g3 SRCw -AC-4 -7.80% -10.71%
UA-45-g2 SRCw -AC-4 -7.80% -9.43%
UA-45-g3 SRCw -AC-4 -7.80% -10.85%
UA-67-g1 SRCw -AC-4 -7.80% -8.47%
I-45-b5 SRCw -AC-4 -9.45% -11.47%
I-90-b4 SRCw -AC-4 -9.02% -13.60%
I-90-b5 SRCw -AC-4 -10.02% -15.84%
I-135-b4 SRCw -AC-4 0.00% -4.85%
I-135-b5 SRCw -AC-4 -0.82% -6.52%
UA-22-g0 SRCw -AC-8 -4.79% -5.36%
UA-22-g1 SRCw -AC-8 -4.79% -5.61%
UA-22-g2 SRCw -AC-8 -4.79% -5.87%
UA-22-g3 SRCw -AC-8 -4.79% -6.18%
I-45-b5 SRCw -AC-8 -4.79% -6.63%
I-90-b4 SRCw -AC-8 -4.50% -5.24%
I-90-b5 SRCw -AC-8 -4.50% -7.06%

UD-90-g3 SRCw -AC-16 -4.98% -5.51%
I-45-b5 SRCw -BA-4 -3.99% -4.55%
I-90-b4 SRCw -BA-4 -3.99% -5.94%
I-90-b5 SRCw -BA-4 -4.43% -8.34%

UA-22-g3 SRCw -BA-8 -2.55% -3.28%
I-90-b5 SRCw -BA-8 -2.55% -3.59%

UA-22-g3 SRCw -BB-4 -4.27% -4.80%
UA-45-g3 SRCw -BB-4 -4.27% -5.00%
I-45-b5 SRCw -BB-4 -4.27% -6.00%
I-90-b4 SRCw -BB-4 -3.97% -6.24%
I-90-b5 SRCw -BB-4 -4.10% -8.39%
I-90-b5 SRCw -BB-8 -1.64% -2.35%

UA-22-g2 SRCw -BC-4 -6.32% -7.05%
UA-22-g3 SRCw -BC-4 -6.32% -7.69%
UC-22-g3 SRCw -BC-4 -6.32% -7.53%
UA-45-g2 SRCw -BC-4 -6.32% -6.84%
UA-45-g3 SRCw -BC-4 -6.32% -7.69%
I-45-b5 SRCw -BC-4 -7.96% -11.13%
I-90-b4 SRCw -BC-4 -4.82% -9.17%
I-90-b5 SRCw -BC-4 -5.79% -10.94%
I-135-b5 SRCw -BC-4 0.00% -0.61%
I-90-b5 SRCw -BC-8 -0.80% -1.43%
I-90-b5 SRCw -CA-4 -1.56% -4.41%
I-90-b5 SRCw -CB-4 0.00% -2.86%
I-90-b5 SRCw -CC-4 0.00% -2.85%

UD-90-g3 SRCw -CC-16 -8.27% -9.47%
UD-90-g3 SRCw -DC-8 -17.05% -17.82%

Frame Section
Maximum Unconservative Error
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Figure A.104. Detailed Results for Method C 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 5: RCFT−B−8, Frame 77: I−135−b3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 5: RCFT−B−8, Frame 78: I−135−b4

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 5: RCFT−B−8, Frame 79: I−135−b5

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 6: RCFT−B−16, Frame 75: I−135−b1

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 6: RCFT−B−16, Frame 76: I−135−b2

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

Normalized Bending Moment (M/M
n
)

Section 6: RCFT−B−16, Frame 77: I−135−b3

N
or

m
al

iz
ed

 A
xi

al
 C

om
pr

es
si

on
 (P

/P
no

) FN
Method A
Method C



 

519 
 

Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Figure A.104. Detailed Results for Method C (continued) 
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Appendix B 
 

DESIGN OF ARCHETYPE FRAMES 

The parametric studies performed in Chapter 8 require a suite of frames that are 
reasonably representative of the range of permissible configurations of two seismic force 
resisting systems: composite special moment frame (C-SMF) and composite special 
concentrically braced frame (C-SCBF). Selection of the suite of prototypical buildings, termed 
index archetype configurations, was discussed in the Chapter 8 while details of the design 
process and final designs, termed index archetype designs, are presented here. These designs 
build off of previous studies that have included the design of frames with concrete-filled steel 
tubes (La Fore and Hajjar 2005; Gartner and Hajjar 2006; Ata Rafi 2009). 

Loads were determined for the entire structure and members were selected for the seismic 
force resisting systems. The frames were designed in accordance with the relevant design codes: 
Minimum Design Loads for Buildings and Other Structures (referred to as ASCE 7-10) (ASCE 
2010), The 2012 International Building Code (referred to as IBC 2012) (ICC 2012), the AISC 
Specification for Structural Steel Buildings (referred to as the AISC Specification or AISC 360-
10) (2010b) and the AISC Seismic Provisions for Structural Steel Buildings (referred to as the 
AISC Seismic Specification or AISC 341-10) (2010c). Additionally, the frames were designed to 
comply with requirements and recommendations in Quantification of Building Seismic 
Performance Factors (referred to as FEMA P695) (FEMA 2009). 

B.1 Index Archetype Configurations 

The building layout is the same for each of the index archetype configurations: 3 bays by 
5 bays with a bay width of either 20 ft. or 30 ft. (Figure B.1). The buildings are 3 or 9 stories tall 
with a story height of 13 ft. All buildings have a 42 in. tall parapet on the roof that is not 
designed but included in the loading calculations. 

The C-SMF index archetype configurations have two three-bay moment frames in both 
directions. The columns are composite (RCFT or SRC). The C-SCBF index archetype 
configurations have two one-bay braced frames in both directions. The columns are composite 
(CCFT) and the braces are steel (rectangular HSS or WF) in a “two story X” configuration 
(Figure B.2b). In both sets, the floor was assumed to consist of a composite deck, although the 
girders in the seismic force resisting system were designed as bare steel. It is assumed that the 
beams are provided with sufficient lateral bracing to achieve their full plastic moment strength. 
Column splices are assumed to occur at one-third the story height above the work point.  
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(a) C-SMF 

 
 

(b) C-SCBF 
Figure B.1. Building Layout 

 

 
(a) C-SMF 

 

 
(b) C-SCBF 

Figure B.2. Elevation View of Three Story Frames 

= Fully Restrained Connections

= Shear Connections
= Location of Braced Frame
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B.2 Loads

Loading on the index archetype configurations includes gravity load (of which there are 
three cases: dead load, live load, and roof live load), live load reduction, seismic load, and wind 
load.  

B.2.1 Gravity Load 

The dead load was estimated using equivalent distributed loads. The dead load on 
horizontal surfaces (applied to the surface area of the floor or roof) is as described in Table B.1. 
The composite floor system includes the concrete plus the metal decking. The ceiling, 
fireproofing, mechanical and electrical loads for the floors and roof are from the story below. 
The dead load on vertical surfaces (applied to the surface area of the wall or parapet) was 
assumed to be 25 psf. 

 

Table B.1. Breakdown of Dead Loading on Horizontal Surfaces 

 

 
The live load was determined in accordance with ASCE 7-10 (2010). Two different 

levels of gravity load were employed to represent the practical extremes.  The lower gravity load 
corresponds to office occupancy (65 psf = 50 psf + 15 psf for partitions) and the higher gravity 
load corresponds to warehouse occupancy (250 psf). To further exacerbate the differences, the 
perimeter frame was designed and analyzed for the configurations with the office live load and 
interior frame was designed and analyzed for the configurations with the warehouse live load. 
Roof live load was assumed to be 20 psf for all index archetype configurations. Table B.2 
summarizes the distributed gravity load for all surfaces. 

Table B.2. Summary of Gravity Load 

 
 

Roof Floor
(psf) (psf)

Composite Floor System 50 50
Ceiling and Fireproofing 2 2

Flooring --- 1
Roofing 7 ---

Mechanical and Electrical 7 7
Steel/Composite Framing 20 20

Total, Dead Load 86 80

Description

Dead Live Live Roof Dead Live Live Roof
(psf) (psf) (psf) (psf) (psf) (psf)

Floor 80 250 --- 80 65 ---
Wall 25 --- --- 25 --- ---
Roof 86 --- 20 86 --- 20

Parapet 25 --- --- 25 --- ---

OfficeWarehouse
Applicable Area
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B.2.2 Live Load Reduction 

Live load reduction was computed and included in the design process following the 
recommendations of Ziemian and McGuire (1992). Upward loads are applied on the beams and 
at beam-to-column joints such that the effective live load on the beams and columns is equal to 
that computed using the applicable provisions from ASCE 7-10 (2010). 

B.2.3 Earthquake Load 

The level of seismic loading is selected for each index archetype configuration with 
respect to the seismic design categories (e.g., maximum of seismic design category D). The 
seismic base shear is computed as described in Chapter 8. The vertical distribution of seismic 
forces is as described by Equations B.1 and B.2 from Section 12.8.3 of ASCE 7-10 (2010).   

 x vxF C V  (B.1) 
 

 

1

k
x x

vx n
k

i i
i

w hC
w h

 (B.2) 

where, 

Cvx = vertical distribution factor 
V = total seismic base shear 
wi and wx = the portion of the total effective seismic weight of the structure (W) 

located at level i or x 
hi and hx = the height from the base to level i or x 
k = an exponent related to the structure period (Equation B.3). 

 

 

1 0.5
1 0.5( 0.5) 0.5 2.5

2 2.5

T
k T T

T
 (B.3) 

 

B.2.4 Wind and Snow Load 

Wind and snow are assumed to be environmental effects that vary independently from the 
seismic loading (FEMA 2009), as such, minimum wind loads of 10 psf were applied to the 
structure and snow load was neglected in the design of the archetype frames. 

 

B.3 Design Criteria

The various design criteria for the frames are summarized in Table B.3 with references to 
the applicable code provisions. Details of each of the checks are described below. 
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B.3.1 Elastic Analysis Model 

Elastic analyses of the frame are required for several of the design criteria. Two-
dimensional analyses were utilized examining the building one direction at a time. The elastic 
model of the frame included only the lateral force resisting system and a leaning column 
representing the destabilizing effect of the gravity load applied on the remainder of the building. 
The elastic analyses were performed in OpenSees (McKenna et al. 2000) using elastic beam 
elements. Six elements were used along the length of each member. 

For structural steel members, the gross section properties were used (i.e., E = Es, A = As, I 
= Is). For composite members, section properties were determined as described in Table B.4. 
Elastic section properties for composite members were developed in this work (Chapter 6), but 
the results were unavailable at the time of design. The section properties described in this section 
do not include reductions for the Direct Analysis method, which are described later. 

Table B.4. Section Properties for Elastic Analyses 
Parameter Symbol CFT SRC 
Modulus of 
Elasticity E sE E  sE E  

Area A eff sA E A E  
eff s s s sr c cEA E A E A E A  

e ff sA E A E  
eff s s s sr c cEA E A E A E A  

Moment of 
Inertia I 

eff sI EI E  
3eff s s c cE I E I C E I  

3 0.6 2 0.9s

c s

A
C

A A
 

eff sI EI E

 10 .5eff s s s sr c cE I E I E I C E I

 
1 0.1 2 0.3s

c s

A
C

A A
 

 

B.3.2 Member Strength 

The member strength design check was performed using the Direct Analysis method 
(AISC 2010b). Second-order elastic analyses were performed to determine the required 
strengths. The elastic analyses employed a stiffness reduction of 0.80 and a horizontal notional 
load of 0.003 times the gravity load was applied to the buildings. The additional 0.001 was used 
so that the stiffness reduction factor, b, could be taken as unity. 

The eight load cases described in Table B.5 were used, where,  

D = dead load 
L = live load 
Lr = roof live load 
W = wind load 
E = earthquake load 

The load factor on the live load in LC3a, LC4 and LC5 is 0.5 for the office loading and 
1.0 for the warehouse loading. Amplified seismic load for C-SCBF is handled in a separate 
design criteria (Section B.3.6). 

Available strength was computed for each member in accordance with Chapters D 
through I of the AISC Specification (AISC 2010b) using and effective length factor equal to 
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unity. A tolerance of 3% was used in the interaction check so that small overstresses were 
acceptable.   

Table B.5. Load Combinations Used in Design 
Index Load Combination 
LC1 1.4D  
LC2 1.2 1.6 0.5 rD L L

LC3a 1.2 1.6 (0.5 or1.0)rD L L

LC3b 1.2 1.6 0.5rD L W

LC4 1.2 1.0 (0.5 or1.0) 0.5 rD W L L

LC5 1.2 1.0 (0.5 or1.0)D E L

LC6 0.9 1.0D W  
LC7 0.9 1.0D E  

 

B.3.3 Seismic Story Drift Limit 

Story drift limits as described by ASCE 7-10 (2010) were employed. Elastic analyses 
were performed with unreduced stiffnesses for load combinations LC5 and LC7 (Table B.5). The 
story drift was computed and compared to a limiting value (Equation B.4).  

 ,
0.020 sx

limit x
d

h
C

 (B.4) 

where, 

limit,x = story drift limit for level x 
hsx  = story height below level x 
 

B.3.4 Stability Coefficient  

The stability coefficient as described by ASCE 7-10 (2010) is computed and checked 
against the maximum acceptable value. Elastic analyses were performed with unreduced 
stiffnesses for load combinations LC5 and LC7 (Table B.5). The stability coefficient was 
computed based on the story drift and column loads using Equation B.5.  

 x

x sx d

P
V h C

 (B.5) 

where, 

 = stability coefficient 
Px = total vertical design load at and above level x  

 = design story drift occurring simultaneously with Vx  
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Vx  = seismic shear force acting between levels x and x – 1 
hsx  = story height below level x 
Cd = deflection amplification factor 
Ie in Equation 12.8-16 ASCE 7-10 (2010) has been taken as unity 

 
The frames were designed such that the stability coefficient did not exceed the limiting 

value given by Equation B.6.  

 

 max
0.5 0.25

dC
 (B.6) 

where, 

max = limiting value of the stability coefficient 
 = ratio of shear demand to shear capacity for the story between levels x and x – 

1, estimated based on interaction strength ratios from the member strength 
limit check (Section B.3.2) 

 

B.3.5 Moment Ratio (Strong Column-Weak Beam) 

The moment ratio requirements in the AISC Seismic Specification (AISC 2010c) for the 
C-SMFs are given by Equation B.7 and are enforced in the design.  

 
*

*
,

1.0pcc

p exp

M
M

 (B.7) 

 
where, 

*
pccM  = sum of the moments in the composite columns above and below the joint 

at the intersection of the beam and column centerlines 
*

, ,1.1p exp p exp uvM M M  = sum of the moments in the steel beams at the 
intersection of the beam and column centerlines 

,p exp y pM R M  = expected flexural strength of the steel beam 
Muv = moment due to shear amplification from the location of the plastic hinge to 

the column centerline  

Column splices are assumed to be located one-third of the story height above the work 
point. Accordingly, the section specified for the column in the story below the joint is used when 
computing the strength of the column above the joint.  
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B.3.6 Braced Frame Capacity Design 

Member strength under load combinations that include the amplified seismic load are 
treated as a separate design criteria. Required strengths for the beams and columns are 
determined from special analyses where the elements representing the braces are removed and 
replaced with assumed self-equilibrating forces representing the brace capacity. Two cases of 
assumed forces are used. In the first, the braces are assumed to resist forces corresponding to 
their expected strength in compression or in tension. In the second, the braces in tension are 
assumed to resist forces corresponding to their expected strength and the braces in compression 
are assumed to resist their expected post-buckling strength. Expected brace strengths were 
determined in accordance with Section F2.3 of the AISC Seismic Specification (AISC 2010c). 
Fictitious lateral supports were applied at each story to prevent lateral instability in the analysis. 
The reactions at these supports are representative of the seismic loads necessary to achieve the 
assumed brace forces. Two cases of gravity loads, those from LC5 and LC7 (Table B.5), are 
applied, resulting in four separate analyses. Following the Direct Analysis method, a stiffness 
reduction of 0.8 was applied and available strengths were determined using an effective length 
factor equal to unity.  

B.3.7 Ductility Limitations 

The AISC Seismic Specification (AISC 2010c) places requirements on structural 
members to ensure the expected level of ductility can be achieved. These requirements are 
primarily width-to-thickness limitations as summarized in Table B.6. For the WF beams, the 
checks are performed assuming zero axial load.  

Additional requirements exist for composite columns to be classified as highly ductile. 
For CFT columns, the nominal shear strength must be taken as that of the steel section alone. For 
SRC columns, the requirements are given in section D1.4b(2) of the AISC Seismic Specification 
(AISC 2010c) and pertain mostly to the steel reinforcing. In the design process, these limitations 
are enforced by not selecting members that do not satisfy the requirements.  

B.3.8 Live Load Deflection Limitations 

The international building code (ICC 2012) places requirements on member stiffness to 
limit deflections to acceptable values. The evaluation of these requirements is summarized in 
Table B.7. Three simple beam configurations were identified to be sufficiently representative of 
various beams and girders in the archetype frames. For each of the simple beam configurations, 
the maximum deflections based on linear elastic beam theory were determined and an expression 
for the required moment of inertia was computed based on the deflection limit of L/360, assumed 
to be applicable to all floor and roof beams. The required minimum moment of inertia was 
computed for the floor and roof beams for each frame based on the live load and roof live load 
respectively. Only members with a moment of inertia that satisfied the requirement were 
selected.  
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B.3.9 Other Design Checks 

The panel zone shear strength was checked for the moment frames. It was determined 
that the strength was sufficient for all of the RCFT frames; however, doubler plates were 
necessary for some of the SRC frames.  

The AISC Specification (AISC 2010b) includes material limitations for composite 
members. One of the limitations is that the concrete compressive strength may not exceed 10 ksi. 
This limitation is neglected for this study.  

 
 
 
 
 

Table B.6. Width-to-Thickness Limitations 
Member Required Ductility Limitation 

CCFT Columns Highly Ductile 0.076 s

y

ED
t F

 

RCFT Columns Highly Ductile 1.4 s

y

EH
t F

 

SRC Columns Highly Ductile none 

WF Beams Highly Ductile 0.30
2

f s

f y

b E
t F

 and 2.45 s

w y

Eh
t F

 

WF Beams Moderately Ductile 0.38
2

f s

f y

b E
t F

 and 3.76 s

w y

Eh
t F

 

Rect. HSS Braces Highly Ductile 0.55 s

y

EH
t F

 

WF Braces Highly Ductile 0.30
2

f s

f y

b E
t F

 and 1.49 s

w y

Eh
t F
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Table B.7. Live Load Deflection Limitations 
Member Schematic Maximum Deflection Required Moment of 

Inertia

Beams in Exterior 
Frames 

4

max
5
384

wL
EI

 
375

16required
wLI
E

 

Beams in Interior 
Moment Frames 

3

max
23
648

PL
EI

 
2115

9required
PLI
E

 

Beams in Interior 
Braced Frames 

3

max
19
384

PL
EI

 
2285

16required
PLI
E

 

 

B.3.10 Sizing Restrictions 

With the exception of beams in C-SCBFs, members were selected such that sizes were 
not smaller than those of the stories above.  

HSS braces were used where their strength was sufficient. In cases where the required 
strength exceeded the available strength of the largest suitable HSS brace, wide flange braces 
were used. Once a wide flange brace was used, all stories below used wide flange braces.  

Often CFT columns with sizes that exceed those of the HSS shapes listed in the Steel 
Construction Manual were required. In these cases, HSS shapes were selected from available 
sections listed by manufactures. Only in rare cases were even greater sizes required. In these 
cases, sections were selected with outside dimensions in increments of 2 inches and thickness in 
increments of 1/4 inch.  

B.4 Design Process and Observations 

The design process consisted of selecting initial trial members then entering an iterative 
process of performing checks and resizing members as necessary until all criteria were satisfied 
and no members were significantly overdesigned. Different criteria controlled the design of the 
different frames as described below.  

Observations from the design of the C-SMFs 

Typically, the story drift and moment ratio limitations controlled the design.  
For the 9 story frames with lower seismic load (SDC: Dmin), the stability coefficient 
check controlled for some stories.  
Composite member strength was rarely limiting.  
The columns in the first story frame RCFT-9-5 (high gravity, high seismic, 30 ft bay 
width) were near the member strength limit.  

w

L

PP

L

PPP

L
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Observations from the design of the C-SCBFs 

Typically, the braces were controlled by the member strength criteria and the beams and 
columns were controlled by the brace capacity strength criteria.  
The member strength criteria controlled for some of the beams and columns in some of 
the frames. 
Relatively small beams were needed for the stories where the braces framed into the 
beam-to-column joints. Relatively large beams were needed for the stories where the 
braces framed in the mid-span of the beam. 

B.5 Final Designs 

The following tables describe the final member sizes. Material properties are as given in 
Chapter 8.  
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Table B.8. Member Sizes for C-SMFs 

 
 
 
 
 

Frame Story Exterior Column Interior Column Exterior Beam Interior Beam
3 RCFT14x8x5/8 RCFT20x12x5/8 W18x35 W18x35

RCFT-3-1 2 RCFT16x12x5/8 RCFT22x14x5/8 W24x76 W24x84
1 RCFT16x12x5/8 RCFT22x18x5/8 W24x84 W27x94
3 RCFT14x8x5/8 RCFT18x10x5/8 W18x35 W18x35

RCFT-3-2 2 RCFT16x8x5/8 RCFT22x14x5/8 W24x76 W24x84
1 RCFT16x12x5/8 RCFT22x16x5/8 W24x84 W27x94
3 RCFT14x8x1/2 RCFT18x10x5/8 W18x35 W18x35

RCFT-3-3 2 RCFT14x8x1/2 RCFT18x10x5/8 W21x50 W21x50
1 RCFT14x8x1/2 RCFT18x10x5/8 W21x50 W21x50
3 RCFT14x8x1/2 RCFT18x8x5/8 W18x35 W18x35

RCFT-3-4 2 RCFT14x8x1/2 RCFT18x8x5/8 W21x50 W21x50
1 RCFT14x8x1/2 RCFT18x8x5/8 W21x50 W21x50
3 RCFT20x14x5/8 RCFT26x20x3/4 W21x73 W21x73

RCFT-3-5 2 RCFT22x18x5/8 RCFT28x20x1 W33x130 W33x130
1 RCFT22x18x5/8 RCFT28x20x1 W33x130 W33x141
3 RCFT20x12x5/8 RCFT26x18x3/4 W21x73 W21x73

RCFT-3-6 2 RCFT22x14x5/8 RCFT26x22x3/4 W33x130 W33x130
1 RCFT22x14x5/8 RCFT26x24x3/4 W33x130 W33x141
3 RCFT20x12x5/8 RCFT26x16x3/4 W21x73 W21x73

RCFT-3-7 2 RCFT20x12x3/4 RCFT26x16x3/4 W30x108 W30x108
1 RCFT20x12x3/4 RCFT26x16x3/4 W30x108 W30x108
3 RCFT20x12x5/8 RCFT26x14x3/4 W21x73 W21x73

RCFT-3-8 2 RCFT20x12x5/8 RCFT26x14x3/4 W30x108 W30x108
1 RCFT20x12x5/8 RCFT26x14x3/4 W30x108 W30x108
3 RCFT12x12x5/8 RCFT18x12x5/8 W18x35 W18x35

RCFT-3-9 2 RCFT14x12x5/8 RCFT20x14x5/8 W24x76 W24x76
1 RCFT14x12x5/8 RCFT20x14x5/8 W24x76 W24x76
3 RCFT14x8x5/8 RCFT16x12x5/8 W18x35 W18x35

RCFT-3-10 2 RCFT16x8x5/8 RCFT20x12x5/8 W21x73 W24x76
1 RCFT16x10x5/8 RCFT20x12x5/8 W21x73 W24x76
3 RCFT12x12x1/2 RCFT16x12x5/8 W18x35 W18x35

RCFT-3-11 2 RCFT12x12x1/2 RCFT16x12x5/8 W21x44 W21x44
1 RCFT12x12x1/2 RCFT16x12x5/8 W21x44 W21x44
3 RCFT12x10x1/2 RCFT16x12x5/8 W18x35 W18x35

RCFT-3-12 2 RCFT12x10x1/2 RCFT16x12x5/8 W21x44 W21x44
1 RCFT12x10x1/2 RCFT16x12x5/8 W21x44 W21x44
3 RCFT18x14x5/8 RCFT24x18x3/4 W21x73 W21x73

RCFT-3-13 2 RCFT20x16x5/8 RCFT24x22x3/4 W30x124 W30x124
1 RCFT20x16x5/8 RCFT24x22x3/4 W30x124 W30x124
3 RCFT18x12x5/8 RCFT22x18x3/4 W24x62 W24x62

RCFT-3-14 2 RCFT20x12x5/8 RCFT24x20x3/4 W30x116 W30x116
1 RCFT20x12x5/8 RCFT24x20x3/4 W30x116 W30x124
3 RCFT12x12x5/8 RCFT18x14x3/4 W18x40 W21x44

RCFT-3-15 2 RCFT16x12x5/8 RCFT20x14x3/4 W24x84 W24x84
1 RCFT16x12x5/8 RCFT20x14x3/4 W24x84 W24x84
3 RCFT12x12x5/8 RCFT18x10x3/4 W18x40 W21x44

RCFT-3-16 2 RCFT14x12x5/8 RCFT20x12x3/4 W24x84 W24x84
1 RCFT14x12x5/8 RCFT20x12x3/4 W24x84 W24x84
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Table B.8. Member Sizes for C-SMFs (Continued) 

 

 
 
 

Frame Story Exterior Column Interior Column Exterior Beam Interior Beam
9 RCFT12x10x3/4 RCFT14x14x1 W18x40 W18x40
8 RCFT16x10x3/4 RCFT20x14x1 W21x73 W24x84
7 RCFT18x12x3/4 RCFT24x14x1 W27x94 W27x102
6 RCFT18x14x3/4 RCFT24x14x1 W30x108 W30x124

RCFT-9-1 5 RCFT22x14x3/4 RCFT26x16x1 W33x130 W33x130
4 RCFT22x14x3/4 RCFT26x16x1 W33x130 W33x130
3 RCFT22x14x3/4 RCFT28x16x1 W33x130 W33x141
2 RCFT24x14x3/4 RCFT28x18x1 W33x130 W33x141
1 RCFT24x14x3/4 RCFT28x18x1 W33x130 W33x141
9 RCFT10x8x5/8 RCFT12x10x3/4 W14x26 W12x22
8 RCFT14x8x5/8 RCFT16x12x3/4 W24x55 W24x55
7 RCFT14x8x5/8 RCFT18x12x3/4 W24x62 W24x62
6 RCFT14x10x5/8 RCFT18x14x3/4 W21x73 W21x73

RCFT-9-3 5 RCFT16x10x5/8 RCFT20x16x3/4 W24x76 W24x76
4 RCFT18x12x5/8 RCFT22x16x3/4 W27x94 W27x94
3 RCFT18x12x5/8 RCFT22x18x3/4 W27x94 W27x94
2 RCFT20x12x5/8 RCFT22x22x3/4 W30x108 W30x108
1 RCFT20x12x5/8 RCFT22x22x3/4 W30x108 W30x108
9 RCFT18x16x3/4 RCFT24x20x1 W21x73 W24x76
8 RCFT24x18x3/4 RCFT26x20x1 W30x124 W33x130
7 RCFT24x20x3/4 RCFT28x24x1 W33x141 W40x149
6 RCFT26x20x1 RCFT34x28x1 W40x211 W40x211

RCFT-9-5 5 RCFT26x20x1 RCFT34x28x1 W40x211 W40x211
4 RCFT26x20x1 RCFT36x28x1-1/4 W40x215 W44x230
3 RCFT26x22x1 RCFT36x28x1-1/4 W40x215 W44x230
2 RCFT26x22x1 RCFT36x28x1-1/4 W44x230 W44x230
1 RCFT26x22x1 RCFT36x28x1-1/4 W44x230 W44x230
9 RCFT18x12x3/4 RCFT24x18x3/4 W24x62 W24x62
8 RCFT20x12x3/4 RCFT26x18x3/4 W30x108 W30x108
7 RCFT20x14x3/4 RCFT26x20x1 W30x116 W33x130
6 RCFT20x16x3/4 RCFT26x24x1 W30x124 W33x141

RCFT-9-7 5 RCFT22x16x3/4 RCFT30x24x1 W33x141 W33x141
4 RCFT22x18x1 RCFT30x24x1 W40x167 W40x167
3 RCFT22x20x1 RCFT32x26x1 W40x167 W40x183
2 RCFT24x20x1 RCFT32x26x1 W40x183 W40x211
1 RCFT24x20x1 RCFT32x26x1 W40x183 W40x211
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Table B.8. Member Sizes for C-SMFs (Continued) 
Frame Story Exterior Column Interior Column Exterior Beam Interior Beam

9 RCFT12x8x3/4 RCFT14x14x3/4 W18x35 W18x35
8 RCFT14x10x3/4 RCFT18x14x3/4 W24x76 W24x76
7 RCFT14x10x3/4 RCFT22x14x1 W24x76 W27x94
6 RCFT18x12x3/4 RCFT22x14x1 W24x84 W30x116

RCFT-9-9 5 RCFT18x12x3/4 RCFT24x14x1 W27x102 W30x116
4 RCFT18x12x3/4 RCFT24x14x1 W30x108 W30x124
3 RCFT18x14x3/4 RCFT24x16x1 W30x108 W30x124
2 RCFT18x14x3/4 RCFT24x16x1 W30x108 W30x124
1 RCFT18x14x3/4 RCFT24x16x1 W30x108 W30x124
9 RCFT8x8x5/8 RCFT10x10x3/4 W12x22 W12x22
8 RCFT10x8x5/8 RCFT12x10x3/4 W18x40 W18x40
7 RCFT12x8x5/8 RCFT14x10x3/4 W21x50 W21x50
6 RCFT12x8x5/8 RCFT16x12x3/4 W21x50 W24x55

RCFT-9-11 5 RCFT14x8x5/8 RCFT16x12x3/4 W24x55 W24x62
4 RCFT14x10x5/8 RCFT18x14x3/4 W24x62 W24x62
3 RCFT14x10x5/8 RCFT18x14x3/4 W24x62 W24x62
2 RCFT14x10x5/8 RCFT18x14x3/4 W24x62 W24x62
1 RCFT14x10x5/8 RCFT18x14x3/4 W24x62 W24x62
9 RCFT16x12x3/4 RCFT22x14x1 W24x62 W24x62
8 RCFT18x14x3/4 RCFT24x16x1 W30x116 W30x124
7 RCFT20x14x3/4 RCFT28x18x1 W33x130 W40x167
6 RCFT24x16x3/4 RCFT30x22x1 W33x141 W40x167

RCFT-9-13 5 RCFT24x16x3/4 RCFT32x26x1 W40x149 W40x183
4 RCFT24x16x3/4 RCFT32x26x1 W40x149 W40x211
3 RCFT24x20x3/4 RCFT32x26x1 W40x183 W40x211
2 RCFT24x20x3/4 RCFT32x26x1 W40x183 W40x211
1 RCFT24x20x3/4 RCFT32x26x1 W40x183 W40x211
9 RCFT12x10x5/8 RCFT14x14x3/4 W18x35 W18x35
8 RCFT12x12x5/8 RCFT18x14x3/4 W24x62 W24x76
7 RCFT16x12x5/8 RCFT20x14x3/4 W24x84 W24x84
6 RCFT18x12x3/4 RCFT22x16x3/4 W27x94 W27x94

RCFT-9-15 5 RCFT18x12x3/4 RCFT22x18x3/4 W27x102 W27x102
4 RCFT18x12x3/4 RCFT22x18x1 W30x108 W30x108
3 RCFT18x14x3/4 RCFT22x18x1 W30x108 W30x108
2 RCFT18x14x3/4 RCFT22x20x1 W30x108 W30x108
1 RCFT18x14x3/4 RCFT22x20x1 W30x108 W30x108
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Table B.8. Member Sizes for C-SMFs (Continued) 

 

Frame Story Exterior Column Interior Column Exterior Beam Interior Beam
3 RCFT12x8x5/8 RCFT16x12x5/8 W16x31 W16x31

RCFT-3-1-Cd 2 RCFT16x10x5/8 RCFT20x12x5/8 W21x73 W21x73
1 RCFT16x10x5/8 RCFT20x12x5/8 W21x73 W21x73
3 RCFT12x8x1/2 RCFT14x10x5/8 W14x26 W14x26

RCFT-3-3-Cd 2 RCFT14x8x1/2 RCFT18x10x5/8 W21x44 W21x44
1 RCFT14x8x1/2 RCFT18x10x5/8 W21x50 W21x44
3 RCFT10x10x5/8 RCFT16x10x5/8 W16x31 W16x31

RCFT-3-9-Cd 2 RCFT12x10x5/8 RCFT20x10x5/8 W24x55 W24x62
1 RCFT12x10x5/8 RCFT20x10x5/8 W24x55 W24x62
3 RCFT10x6x1/2 RCFT12x8x5/8 W12x22 W12x22

RCFT-3-11-Cd 2 RCFT10x8x1/2 RCFT14x10x5/8 W18x40 W21x44
1 RCFT10x8x1/2 RCFT14x10x5/8 W18x40 W21x44
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Table B.9. Member Sizes for C-SCBFs 

 
 
 
 
 

Frame Story Column Beam Brace
3 CCFT6.625x0.250 W30X99 HSS4x4x5/16

CCFT-3-1 2 CCFT16.000x0.375 W21X50 HSS5x5x3/8
1 CCFT16.000x0.375 W30X90 HSS6x6x1/2
3 CCFT5.563x0.258 W30X99 HSS4x4x5/16

CCFT-3-2 2 CCFT14.000x0.375 W21X50 HSS5x5x3/8
1 CCFT14.000x0.375 W30X99 HSS6x6x1/2
3 CCFT6.000x0.250 W30X90 HSS3-1/2x3-1/2x1/4

CCFT-3-3 2 CCFT14.000x0.375 W21X50 HSS3-1/2x3-1/2x3/8
1 CCFT14.000x0.375 W24X76 HSS5x5x3/8
3 CCFT5.500x0.258 W30X90 HSS3-1/2x3-1/2x1/4

CCFT-3-4 2 CCFT10.000x0.375 W21X50 HSS4x4x5/16
1 CCFT10.000x0.375 W24X84 HSS5x5x3/8
3 CCFT8.625x0.250 W40X167 HSS5-1/2x5-1/2x3/8

CCFT-3-5 2 CCFT20.000x0.500 W30X116 HSS7x7x1/2
1 CCFT20.000x0.500 W40X183 HSS8x8x5/8
3 CCFT6.625x0.250 W40X167 HSS5-1/2x5-1/2x3/8

CCFT-3-6 2 CCFT20.000x0.500 W30X116 HSS6x6x1/2
1 CCFT20.000x0.500 W40X183 HSS8x8x5/8
3 CCFT7.500x0.250 W40X149 HSS4-1/2x4-1/2x3/8

CCFT-3-7 2 CCFT22.000x0.500 W30X116 HSS4-1/2x4-1/2x3/8
1 CCFT22.000x0.500 W40X167 HSS6x6x1/2
3 CCFT6.625x0.250 W40X149 HSS4-1/2x4-1/2x3/8

CCFT-3-8 2 CCFT20.000x0.500 W30X116 HSS4-1/2x4-1/2x3/8
1 CCFT20.000x0.500 W40X167 HSS6x6x1/2
3 CCFT6.000x0.250 W30X90 HSS3-1/2x3-1/2x3/8

CCFT-3-9 2 CCFT10.750x0.375 W16X26 HSS4-1/2x4-1/2x5/16
1 CCFT10.750x0.375 W21X44 HSS5x5x3/8
3 CCFT5.500x0.258 W30X90 HSS3-1/2x3-1/2x3/8

CCFT-3-10 2 CCFT9.625x0.312 W16X26 HSS4-1/2x4-1/2x5/16
1 CCFT9.625x0.312 W21X44 HSS5x5x3/8
3 CCFT5.000x0.250 W24X68 HSS3x3x1/4

CCFT-3-11 2 CCFT10.000x0.250 W14X22 HSS3-1/2x3-1/2x5/16
1 CCFT10.000x0.250 W16X31 HSS3-1/2x3-1/2x3/8
3 CCFT5.000x0.188 W24X76 HSS3x3x1/4

CCFT-3-12 2 CCFT8.625x0.250 W12X19 HSS3-1/2x3-1/2x1/4
1 CCFT8.625x0.250 W18X50 HSS3-1/2x3-1/2x3/8
3 CCFT6.875x0.250 W40X149 HSS5x5x3/8

CCFT-3-13 2 CCFT14.000x0.375 W24X62 HSS6x6x1/2
1 CCFT14.000x0.375 W24X62 HSS7x7x1/2
3 CCFT6.000x0.250 W33X141 HSS5x5x3/8

CCFT-3-14 2 CCFT12.750x0.375 W24X62 HSS6x6x1/2
1 CCFT12.750x0.375 W24X62 HSS7x7x1/2
3 CCFT6.625x0.250 W30X116 HSS4x4x5/16

CCFT-3-15 2 CCFT12.750x0.375 W18X40 HSS4-1/2x4-1/2x3/8
1 CCFT12.750x0.375 W24X68 HSS4-1/2x4-1/2x1/2
3 CCFT5.500x0.258 W30X116 HSS4x4x5/16

CCFT-3-16 2 CCFT10.000x0.250 W21X44 HSS4-1/2x4-1/2x3/8
1 CCFT10.000x0.250 W21X44 HSS5x5x3/8
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Table B.9. Member Sizes for C-SCBFs (Continued) 

 
 
 
 
 
 
 
 
 
 

Frame Story Column Beam Brace
9 CCFT6.625x0.250 W30X90 HSS3-1/2x3-1/2x5/16
8 CCFT16.000x0.375 W21X50 HSS5x5x3/8
7 CCFT16.000x0.375 W30X108 HSS6x6x1/2
6 CCFT24.000x0.625 W24X62 HSS6x6x1/2

CCFT-9-1 5 CCFT24.000x0.625 W30X108 HSS7x7x5/8
4 CCFT34.000x0.750 W24X68 HSS7x7x5/8
3 CCFT34.000x0.750 W24X55 HSS7x7x5/8
2 CCFT40.000x0.875 W24X55 HSS7x7x5/8
1 CCFT40.000x0.875 W27X84 HSS8x8x5/8
9 CCFT6.625x0.250 W30X90 HSS3x3x5/16
8 CCFT14.000x0.375 W21X50 HSS4x4x5/16
7 CCFT14.000x0.375 W24X55 HSS4-1/2x4-1/2x5/16
6 CCFT18.000x0.500 W21X50 HSS4-1/2x4-1/2x5/16

CCFT-9-3 5 CCFT18.000x0.500 W24X76 HSS5x5x3/8
4 CCFT24.000x0.500 W21X50 HSS5x5x3/8
3 CCFT24.000x0.500 W24x76 HSS5x5x1/2
2 CCFT28.000x0.625 W21X50 HSS5x5x1/2
1 CCFT28.000x0.625 W21X50 HSS5x5x1/2
9 CCFT8.625x0.250 W36X160 HSS5x5x3/8
8 CCFT22.000x0.500 W30X116 HSS6x6x1/2
7 CCFT22.000x0.500 W40X183 HSS8x8x5/8
6 CCFT30.000x0.625 W30X116 HSS8x8x5/8

CCFT-9-5 5 CCFT30.000x0.625 W40X149 W10x77
4 CCFT38.000x0.875 W30X116 W10x77
3 CCFT38.000x0.875 W40X183 W12x96
2 CCFT42.000x1.125 W30X116 W12x96
1 CCFT42.000x1.125 W30X116 W12x96
9 CCFT7.500x0.250 W33X130 HSS4x4x5/16
8 CCFT22.000x0.500 W30X116 HSS4x4x5/16
7 CCFT22.000x0.500 W36X182 HSS6x6x1/2
6 CCFT24.000x0.500 W30X116 HSS6x6x1/2

CCFT-9-7 5 CCFT26.000x0.625 W33X130 HSS7x7x1/2
4 CCFT30.000x0.625 W30X116 HSS7x7x1/2
3 CCFT32.000x0.750 W30x116 HSS7x7x1/2
2 CCFT36.000x0.750 W30X116 HSS7x7x1/2
1 CCFT36.000x0.750 W36X135 HSS7x7x5/8
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Table B.9. Member Sizes for C-SCBFs (Continued) 
Frame Story Column Beam Brace

9 CCFT6.000x0.250 W27x84 HSS3-1/2x3-1/2x5/16
8 CCFT12.750x0.375 W16x26 HSS4-1/2x4-1/2x5/16
7 CCFT12.750x0.375 W24x62 HSS5x5x3/8
6 CCFT20.000x0.500 W18x40 HSS5x5x1/2

CCFT-9-9 5 CCFT20.000x0.500 W21x50 HSS6x6x1/2
4 CCFT28.000x0.625 W16x31 HSS6x6x1/2
3 CCFT28.000x0.625 W21x44 HSS6x6x1/2
2 CCFT36.000x0.750 W14x30 HSS6x6x1/2
1 CCFT36.000x0.750 W14x30 HSS6x6x1/2
9 CCFT5.500x0.258 W24x76 HSS3x3x1/4
8 CCFT9.625x0.250 W14x22 HSS3x3x5/16
7 CCFT10.000x0.250 W14x26 HSS3-1/2x3-1/2x5/16
6 CCFT12.750x0.375 W14x22 HSS3-1/2x3-1/2x5/16

CCFT-9-11 5 CCFT12.750x0.375 W14x26 HSS4x4x5/16
4 CCFT16.000x0.500 W14x22 HSS4x4x5/16
3 CCFT16.000x0.500 W16x26 HSS4-1/2x4-1/2x5/16
2 CCFT20.000x0.500 W14x22 HSS4-1/2x4-1/2x5/16
1 CCFT20.000x0.500 W14x22 HSS4-1/2x4-1/2x5/16
9 CCFT6.875x0.250 W36x135 HSS4-1/2x4-1/2x3/8
8 CCFT16.000x0.375 W24x68 HSS6x6x1/2
7 CCFT16.000x0.375 W24x68 HSS7x7x1/2
6 CCFT24.000x0.625 W24x68 HSS7x7x5/8

CCFT-9-13 5 CCFT24.000x0.625 W24x76 HSS7x7x5/8
4 CCFT32.000x0.750 W24x62 HSS7x7x5/8
3 CCFT32.000x0.750 W27x84 HSS8x8x5/8
2 CCFT38.000x0.875 W24x62 HSS8x8x5/8
1 CCFT38.000x0.875 W27x84 HSS9x9x5/8
9 CCFT6.625x0.250 W30x99 HSS3-1/2x3-1/2x1/4
8 CCFT10.750x0.375 W14x34 HSS4x4x5/16
7 CCFT12.750x0.375 W24x62 HSS4-1/2x4-1/2x3/8
6 CCFT16.000x0.375 W21x44 HSS5x5x3/8

CCFT-9-15 5 CCFT18.000x0.375 W24x76 HSS5x5x1/2
4 CCFT22.000x0.500 W21x50 HSS5x5x1/2
3 CCFT22.000x0.500 W21x50 HSS5x5x1/2
2 CCFT24.000x0.625 W21x50 HSS5x5x1/2
1 CCFT24.000x0.625 W21x68 HSS6x6x1/2
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Appendix C 

DETAILED ARCHETYPE STUDY RESULTS 

This appendix presents detailed results from the study described in Chapter 8 showing the 
seismic behavior of each frame. 

C.1 Static Pushover Analysis Results 

Results of the static pushover analyses for each frame are shown in the following figures. 
The results include: 

The base shear vs. roof drift response, showing the overall response of each frame 
The distribution of lateral loads applied at each story in the analysis.  
Story drift ratios at the design base shear, V, the maximum base shear, Vmax, and after a 
20% in shear strength, V80, showing the distribution of inelasticity within each frame.  
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Figure C.1. Static Pushover Analysis Results: Frame RCFT-3-1 
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Figure C.2. Static Pushover Analysis Results: Frame RCFT-3-2 
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Figure C.3. Static Pushover Analysis Results: Frame RCFT-3-3 
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Figure C.4. Static Pushover Analysis Results: Frame RCFT-3-4 
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Figure C.5. Static Pushover Analysis Results: Frame RCFT-3-5 
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Figure C.6. Static Pushover Analysis Results: Frame RCFT-3-6 
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Figure C.7. Static Pushover Analysis Results: Frame RCFT-3-7 
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Figure C.8. Static Pushover Analysis Results: Frame RCFT-3-8 
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Figure C.9. Static Pushover Analysis Results: Frame RCFT-3-9 
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Figure C.10. Static Pushover Analysis Results: Frame RCFT-3-10 
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Figure C.11. Static Pushover Analysis Results: Frame RCFT-3-11 
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Figure C.12. Static Pushover Analysis Results: Frame RCFT-3-12 

0 10 20 30 40 50 60
0

50

100

150

200

250

300

350

400

Roof Displacement (in)

B
as

e 
S

he
ar

 (k
ip

s)
V

max
 = 373.3 kips

V
80

 = 298.7 kips

V = 48.9 kips

δ u =
 5

3.
3 

in

SFRS: C−SMF, Frame: RCFT−3−12

1

2

3

Vertical Distribution of
Lateral Load

S
to

ry

16.69%

37.96%

45.35%

0% 2% 4% 6% 8% 10% 12% 14%
Story Drift

at V at V
max

at V
80

SFRS: C−SMF, Frame: RCFT−3−12



575

Figure C.13. Static Pushover Analysis Results: Frame RCFT-3-13 
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Figure C.14. Static Pushover Analysis Results: Frame RCFT-3-14 
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Figure C.15. Static Pushover Analysis Results: Frame RCFT-3-15 
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Figure C.16. Static Pushover Analysis Results: Frame RCFT-3-16 
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Figure C.17. Static Pushover Analysis Results: Frame RCFT-9-1 
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Figure C.18. Static Pushover Analysis Results: Frame RCFT-9-3 
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Figure C.19. Static Pushover Analysis Results: Frame RCFT-9-5 

0 10 20 30 40 50 60 70
0

500

1000

1500

2000

2500

3000

3500

4000

Roof Displacement (in)

B
as

e 
S

he
ar

 (k
ip

s)

V
max

 = 3506.1 kips

V
80

 = 2804.9 kips

V = 671.7 kips

δ u =
 6

6.
7 

in

SFRS: C−SMF, Frame: RCFT−9−5

1

2

3

4

5

6

7

8

9

Vertical Distribution of
Lateral Load

S
to

ry

1.66%

4.11%

6.81%

9.55%

12.24%

14.82%

17.51%

20.23%

13.07%

0% 1% 2% 3% 4% 5% 6% 7% 8% 9%
Story Drift

at V at V
max

at V
80

SFRS: C−SMF, Frame: RCFT−9−5



582

Figure C.20. Static Pushover Analysis Results: Frame RCFT-9-7 
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Figure C.21. Static Pushover Analysis Results: Frame RCFT-9-9 
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Figure C.22. Static Pushover Analysis Results: Frame RCFT-9-11 
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Figure C.23. Static Pushover Analysis Results: Frame RCFT-9-13 
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Figure C.24. Static Pushover Analysis Results: Frame RCFT-9-15 
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Figure C.25. Static Pushover Analysis Results: Frame SRC-3-1 
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Figure C.26. Static Pushover Analysis Results: Frame SRC-3-2 
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Figure C.27. Static Pushover Analysis Results: Frame SRC-3-3 
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Figure C.28. Static Pushover Analysis Results: Frame SRC-3-4 
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Figure C.29. Static Pushover Analysis Results: Frame SRC-3-9 
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Figure C.30. Static Pushover Analysis Results: Frame SRC-3-10 
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Figure C.31. Static Pushover Analysis Results: Frame SRC-3-11 
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Figure C.32. Static Pushover Analysis Results: Frame SRC-3-12 
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Figure C.33. Static Pushover Analysis Results: Frame RCFT-3-1-Cd 
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Figure C.34. Static Pushover Analysis Results: Frame RCFT-3-3-Cd 
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Figure C.35. Static Pushover Analysis Results: Frame RCFT-3-9-Cd 
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Figure C.36. Static Pushover Analysis Results: Frame RCFT-3-11-Cd 
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Figure C.37. Static Pushover Analysis Results: Frame CCFT-3-1 
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Figure C.38. Static Pushover Analysis Results: Frame CCFT-3-2 
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Figure C.39. Static Pushover Analysis Results: Frame CCFT-3-3 
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Figure C.40. Static Pushover Analysis Results: Frame CCFT-3-4 
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Figure C.41. Static Pushover Analysis Results: Frame CCFT-3-5 
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Figure C.42. Static Pushover Analysis Results: Frame CCFT-3-6 
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Figure C.43. Static Pushover Analysis Results: Frame CCFT-3-7 

0 5 10 15 20
0

100

200

300

400

500

600

Roof Displacement (in)

B
as

e 
S

he
ar

 (k
ip

s)
V

max
 = 574.5 kips

V
80

 = 459.6 kips

V = 229.1 kips

δ u =
 2

0.
3 

in

SFRS: C−SCBF, Frame: CCFT−3−7

1

2

3

Vertical Distribution of
Lateral Load

S
to

ry

20.78%

44.73%

34.49%

0% 1% 2% 3% 4% 5% 6% 7% 8%
Story Drift

at V at V
max

at V
80

SFRS: C−SCBF, Frame: CCFT−3−7



606

Figure C.44. Static Pushover Analysis Results: Frame CCFT-3-8 
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Figure C.45. Static Pushover Analysis Results: Frame CCFT-3-9 
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Figure C.46. Static Pushover Analysis Results: Frame CCFT-3-10 

0 5 10 15 20
0

50

100

150

200

250

300

350

Roof Displacement (in)

B
as

e 
S

he
ar

 (k
ip

s)
V

max
 = 310.3 kips

V
80

 = 248.2 kips

V = 183.2 kips

δ u =
 1

8.
9 

in

SFRS: C−SCBF, Frame: CCFT−3−10

1

2

3

Vertical Distribution of
Lateral Load

S
to

ry

15.46%

37.47%

47.06%

0% 2% 4% 6% 8% 10% 12%
Story Drift

at V at V
max

at V
80

SFRS: C−SCBF, Frame: CCFT−3−10



609

Figure C.47. Static Pushover Analysis Results: Frame CCFT-3-11 
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Figure C.48. Static Pushover Analysis Results: Frame CCFT-3-12 
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Figure C.49. Static Pushover Analysis Results: Frame CCFT-3-13 
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Figure C.50. Static Pushover Analysis Results: Frame CCFT-3-14 
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Figure C.51. Static Pushover Analysis Results: Frame CCFT-3-15 
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Figure C.52. Static Pushover Analysis Results: Frame CCFT-3-16 
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Figure C.53. Static Pushover Analysis Results: Frame CCFT-9-1 

0 5 10 15 20 25 30 35 40 45
0

200

400

600

800

1000

Roof Displacement (in)

B
as

e 
S

he
ar

 (k
ip

s)

V
max

 = 1007.2 kips

V
80

 = 805.8 kips

V = 494.9 kips

δ u =
 3

2.
8 

in

SFRS: C−SCBF, Frame: CCFT−9−1

1

2

3

4

5

6

7

8

9

Vertical Distribution of
Lateral Load

S
to

ry

1.74%

3.90%

6.27%

8.84%

11.54%

14.76%

17.90%

21.23%

13.82%

0% 0.5% 1% 1.5% 2% 2.5% 3% 3.5% 4% 4.5%
Story Drift

at V at V
max

at V
80

SFRS: C−SCBF, Frame: CCFT−9−1



616

Figure C.54. Static Pushover Analysis Results: Frame CCFT-9-3 
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Figure C.55. Static Pushover Analysis Results: Frame CCFT-9-5 
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Figure C.56. Static Pushover Analysis Results: Frame CCFT-9-7 
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Figure C.57. Static Pushover Analysis Results: Frame CCFT-9-9 
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Figure C.58. Static Pushover Analysis Results: Frame CCFT-9-11 
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Figure C.59. Static Pushover Analysis Results: Frame CCFT-9-13 
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Figure C.60. Static Pushover Analysis Results: Frame CCFT-9-15 
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C.2 Dynamic Response History Analysis Results 

Results of the dynamic response history analyses for each frame are shown in the 
following figures. The results include: 

Incremental dynamic analysis curves, showing peak story drift ratios obtained from 
individual time history analyses for different ground motions (each line) and different 
scale factors (each point).    
Identification of the median collapse intensity, CT, computed as described in Chapter 8 
as the intensity, ST , at which half of the ground motions cause peak story drift ratios of 
5%.
Identification of the maximum considered earthquake intensity, SMT , computed as 
described in Chapter 8 and used as the basis for determining the collapse margin ratio, 
CMR = CT/SMT.
Maximum story drift ratios for each ground motion scaled to the maximum considered 
earthquake intensity (i.e. SF2 = 1.0).
The median and 84th percentile of the maximum story drifts ratios, showing the 
distribution of inelasticity within each frame.  



624

Figure C.61. Dynamic Response History Analysis Results: Frame RCFT-3-1 
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Figure C.62. Dynamic Response History Analysis Results: Frame RCFT-3-2 
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Figure C.63. Dynamic Response History Analysis Results: Frame RCFT-3-3 
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Figure C.64. Dynamic Response History Analysis Results: Frame RCFT-3-4 
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Figure C.65. Dynamic Response History Analysis Results: Frame RCFT-3-5 
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Figure C.66. Dynamic Response History Analysis Results: Frame RCFT-3-6 
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Figure C.67. Dynamic Response History Analysis Results: Frame RCFT-3-7 
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Figure C.68. Dynamic Response History Analysis Results: Frame RCFT-3-8 
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Figure C.69. Dynamic Response History Analysis Results: Frame RCFT-3-9 
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Figure C.70. Dynamic Response History Analysis Results: Frame RCFT-3-10 
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Figure C.71. Dynamic Response History Analysis Results: Frame RCFT-3-11 
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Figure C.72. Dynamic Response History Analysis Results: Frame RCFT-3-12 
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Figure C.73. Dynamic Response History Analysis Results: Frame RCFT-3-13 
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Figure C.74. Dynamic Response History Analysis Results: Frame RCFT-3-14 
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Figure C.75. Dynamic Response History Analysis Results: Frame RCFT-3-15 
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Figure C.76. Dynamic Response History Analysis Results: Frame RCFT-3-16 
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Figure C.77. Dynamic Response History Analysis Results: Frame RCFT-9-1 
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Figure C.78. Dynamic Response History Analysis Results: Frame RCFT-9-3 
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Figure C.79. Dynamic Response History Analysis Results: Frame RCFT-9-5 
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Figure C.80. Dynamic Response History Analysis Results: Frame RCFT-9-7 
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Figure C.81. Dynamic Response History Analysis Results: Frame RCFT-9-9 
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Figure C.82. Dynamic Response History Analysis Results: Frame RCFT-9-11 
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Figure C.83. Dynamic Response History Analysis Results: Frame RCFT-9-13 
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Figure C.84. Dynamic Response History Analysis Results: Frame RCFT-9-15 
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Figure C.85. Dynamic Response History Analysis Results: Frame SRC-3-1 
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Figure C.86. Dynamic Response History Analysis Results: Frame SRC-3-2 
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Figure C.87. Dynamic Response History Analysis Results: Frame SRC-3-3 
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Figure C.88. Dynamic Response History Analysis Results: Frame SRC-3-4 
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Figure C.89. Dynamic Response History Analysis Results: Frame SRC-3-9 
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Figure C.90. Dynamic Response History Analysis Results: Frame SRC-3-10 
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Figure C.91. Dynamic Response History Analysis Results: Frame SRC-3-11 
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Figure C.92. Dynamic Response History Analysis Results: Frame SRC-3-12 

0% 5% 10% 15%
0

1

2

3

4

5

6

7

8

Maximum Story Drift

S
T =

 S
M

TS
F 2 (g

)
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Figure C.93. Dynamic Response History Analysis Results: Frame RCFT-3-1-Cd 
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Figure C.94. Dynamic Response History Analysis Results: Frame RCFT-3-3-Cd 
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Figure C.95. Dynamic Response History Analysis Results: Frame RCFT-3-9-Cd 
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Figure C.96. Dynamic Response History Analysis Results: Frame RCFT-3-11-Cd 
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Figure C.97. Dynamic Response History Analysis Results: Frame CCFT-3-1 
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Figure C.98. Dynamic Response History Analysis Results: Frame CCFT-3-2 
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Figure C.99. Dynamic Response History Analysis Results: Frame CCFT-3-3 
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Figure C.100. Dynamic Response History Analysis Results: Frame CCFT-3-4 
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Figure C.101. Dynamic Response History Analysis Results: Frame CCFT-3-5 
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Figure C.102. Dynamic Response History Analysis Results: Frame CCFT-3-6 
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Figure C.103. Dynamic Response History Analysis Results: Frame CCFT-3-7 
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Figure C.104. Dynamic Response History Analysis Results: Frame CCFT-3-8 
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Figure C.105. Dynamic Response History Analysis Results: Frame CCFT-3-9 

0% 5% 10% 15%
0

1

2

3

4

5

6

7

8

9

Maximum Story Drift

S
T =

 S
M

TS
F 2 (g

)
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Figure C.106. Dynamic Response History Analysis Results: Frame CCFT-3-10 

0% 5% 10% 15%
0

1

2

3

4

5

6

7

8

9

Maximum Story Drift

S
T =

 S
M

TS
F 2 (g

)
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Figure C.107. Dynamic Response History Analysis Results: Frame CCFT-3-11 
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Figure C.108. Dynamic Response History Analysis Results: Frame CCFT-3-12 
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Figure C.109. Dynamic Response History Analysis Results: Frame CCFT-3-13 
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Figure C.110. Dynamic Response History Analysis Results: Frame CCFT-3-14 
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Figure C.111. Dynamic Response History Analysis Results: Frame CCFT-3-15 
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Figure C.112. Dynamic Response History Analysis Results: Frame CCFT-3-16 
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Figure C.113. Dynamic Response History Analysis Results: Frame CCFT-9-1 
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Figure C.114. Dynamic Response History Analysis Results: Frame CCFT-9-3 
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Figure C.115. Dynamic Response History Analysis Results: Frame CCFT-9-5 
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Figure C.116. Dynamic Response History Analysis Results: Frame CCFT-9-7 

0% 5% 10% 15%
0

0.5

1

1.5

2

2.5

Maximum Story Drift

S
T =

 S
M

TS
F 2 (g

)
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Figure C.117. Dynamic Response History Analysis Results: Frame CCFT-9-9 
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Figure C.118. Dynamic Response History Analysis Results: Frame CCFT-9-11 
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Figure C.119. Dynamic Response History Analysis Results: Frame CCFT-9-13 
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Figure C.120. Dynamic Response History Analysis Results: Frame CCFT-9-15 
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