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A bstract: This study describes the development of innovative connections between steel beams and concrete-filled tube 
columns that utilize a combination of low-carbon steel and super-elastic shape memory alloy components. The intent is 
to combine the recentering behavior provided by the shape memory alloys to reduce building damage and residual drift 
after a major earthquake with the excellent energy dissipation of the low-carbon steel. The analysis and design of 
structures requires that simple yet accurate models for the connection behavior be developed. The development of a 
simplified 2D spring connection model for cyclic loads from advanced 3D FE monotonic studies is described. The 
implementation of those models into non-linear frame analyses indicates hat the recentering systems will provide 
substantial benefits for smaller earthquakes and superior performance to all-welded moment frames for large earthquakes. 
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1. INTRODUCTION

In recent years, concrete filled steel tube (CFT) 
columns have become widely accepted and used in 
multistory buildings as well as bridges. These elements 
provide the synergetic advantages of ductility and 
toughness associated with steel structures and high 
compressive strength associated with confined concrete 
components. The advantages of CFT columns over 
other so-called mixed or hybrid systems (fully encased 
or partially encased systems) include the fact that the 
concrete prevents local buckling of the steel tube wall 

and the confinement action of the steel tube extends 
the usable strain of the concrete. In addition, CFT 
columns have improved fire resistance and significant 
cost reductions in comparison with traditional steel 
construction. Composite CFT columns are especially 
efficient as the vertical elements in moment resisting 
frames located in high seismic areas because they have 
a high strength to weight ratio, provide excellent 
monotonic and dynamic resistance under biaxial 
bending plus axial force, and improve damping 
behavior (Tsai et al. 2004). 
 

Recently, work at Georgia Tech on shape memory 
alloys (SMA) has explored the applications of these 
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materials to the design of connections in steel 
structures subjected to large cyclic loads. SMA 
materials can undergo large deformations with little 
permanent residual strain through either the shape 
memory effect or the super-elastic effect. The 
deformations can be recovered with changes in either 
temperature or stress as shown in Figure 1. In this 
research, the recentering properties of flag-shaped 
super-elastic SMA will be combined with the large 
energy dissipation of conventional low-carbon steels to 
develop a new type of connection for use in low-rise 
structures with CFT columns. 

The proposed new connections are shown in Figure 
2. These connections use three types of conventional 
PR connections (end plates, T-stubs and clip angles) 
but incorporate SMA and steel bars as the primary 
yielding elements. It is hypothesized that such 
combinations of CFT columns and SMA connections 
will achieve excellent ductility, upgraded energy 
dissipation and recentering capabilities. 

Fig. 2 Proposed New Connections to Rectangular CFT 
Columns

This paper is divided into two parts: (1) the 
development of a simplified 2D joint model suitable 
for numerical analyses using an open-source program, 
and (2) studies of the non-linear behavior of 
prototype 4 and 6-story composite moment frames 
using the OPENSEES program (Mazzoni 2006).

2. SMA PR-CFT CONNECTION DESIGN 
AND JOINT MODEL

All connections in this study were designed as full 
strength (FS), meaning that they can transfer the full 
plastic beam moment calculated according to the LRFD 
Standard (AISC 2001). The connection design, however, 
did not aim to achieve full restraint (FR or full end 
rigidity); it intended to utilize PR behavior to obtain 
ductile connection behavior. Joint components such as 
tension bars, shear/web bolts, welded stiffeners, and 
end-plates were designed with the intent of preventing 
or reducing loss of stiffness and strength due to brittle 
failure modes. Therefore, the dominant modes of the 
steel or SMA components will be ductile ones, ranging 
from very ductile such as tensile yielding of steel to 
moderately ductile such as minor local bucking. The 
connection selected for discussion in this paper is an 
end plate one (Figure 3). The connections were 
fabricated with an assembly of various steel members 
cut from standard shapes available in the current design 
specification (AISC 2001). A572 Grade 50 steel was 

Fig. 1 Characteristics of Shape Memory Alloys (Penar 2005)
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Fig. 3 End Plate SMA PR-CFT Connection

used for all members and joint components. A490 high 
strength bolt material was used for steel bars, with 
matching materials for washers and nuts. Super-elastic 
(SE) Nitinol bars, with the characteristics shown in 
Figure 1, were located where the largest deformations 
were likely to occur and where their recentering effect 
would be maximized. Extended stiffener plates welded 
between the connected beam flange and the end-plate 
were required to maintain stiffness.

The ABAQUS Version 6.6-1 (ABAQUS, 2006) finite 
element code was used to analyze the proposed 
PR-CFT connections. These numerical 3D, symmetric 
models consisted of refined 3D solid elements 
incorporating the full nonlinear material/ geometric 
properties, contact elements, surface interaction with 
friction, constraint conditions using equation points, 
concrete crack conditions and elastic foundation springs. 
These advanced modeling methods were intended to 
provide a detailed and accurate understanding of the 
overall behavior of the connections, including the stress 
distributions on the contact surfaces in spite of the 
high computational cost typically associated with this 
type of approach. The results of a typical analysis are 
shown in Fig. 4. These results were used to verify that 
the end plate was thick enough to behave as a rigid 
element, that prying forces could be accurately 
measured, and that the transition points in the load 

deformation curves for individual components could be 
modeled by simple springs.
After careful calibration of the 3D models to test data 
from SAC tests (FEMA 2000) and investigation of 
local behavior such as concrete crushing under the 
heads of the tension bars, the data from these 
monotonic studies was used to develop simplified 2D 
joint elements for use in OPENSEES. This program 
allows the implementation of user-defined elements 
such as the one proposed here (Figure 5). This element 
includes four equivalent spring elements (S1) to 
reproduce the behavior of the tension bars, four 
internal spring elements (S2) to reproduce the axial 
deformation of the CFT column, four internal shear 
springs (S3) to reproduce the shear deformation of the 
CFT column and the beam, and one shear panel 
element (C) which is intended to reproduce the failure 
of the panel zone under severe loading. End-plates are 
modeled as rigid-plates in the joint element, and the 
beam and CFT columns are modeled as a nonlinear 
beam-column element with 2D fiber sections attached 
to the joint element.
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Fig. 4 Results of 3D FE Analysis Showing Deflected Shapes and Behavior of both SMA and Steel Tension Bars

(a) Elements near the connection (b) Connection Model

Fig. 5 Connection Model and Joint Element
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Force-deformation characteristics for these components 
were modeled by equivalent spring elements (such as 
S1, Figure 5) installed in the joint element. Each 
component bar was modeled as individual component, 
as shown in Figure 5, with the cyclic behavior 
bounded by the monotonic FE results and material 
properties. The cyclic behavior does not incorporate 
large strength and stiffness degradation because the 
designs were meant to result in connections that 
exhibited good hysteretic behavior. The 3D FE studies 
had shown that attempting to model large loss of 
strength and stiffness would lead to numerical problems 
and the need for sophisticated damage accumulation 
models in order to accurately predict the connection 
behavior. That type of model would not have been 
suitable for the 2D simplifications desired here.
 

Because the deformation of the panel zone often 
contributes significantly to the drift of moment frames, 
care was taken to include in the model a reasonable 
composite panel zone component. The required 
information for this model, such as initial stiffness, 
yield shear, and ultimate shear strength were generated 
by using the equations proposed by Wu (Wu et al. 
2007). The theoretical equations for this behavioral 
property consider both strengthened shear stiffness due 
to composite action and stiffness loss due to bar holes. 
The shear strength of the composite panel zone is 
taken the superposition of shear strengths between a 
steel tube and inside concrete core and was modeled 
using the hardening material model in OPENSEES
Initially, and for calibration purposes, the 2D joint 
models were subjected to loads applied to the tip of 
the beam corresponding to the position of a loading 
actuator (Fig. 3). A comparison between the monotonic 
results from the 3D FE model and the cyclic results of 
the joint element model is given in Figure 6. The data 
corresponds to the case of an end plate with 4 SMA 
and 4 steel bars top and bottom. The curves show 

good agreement in terms of initial stiffness, ultimate 
strength, and envelopes for the force-displacement 
behavior curves. In general, the 3D monotonic curves 
show less available strain because of numerical 
problems associated with the concrete model. For the 
cyclic behavior, the recentering effect can be observed 
during unloading due to the super-elastic (SE) SMA 
materials. 
Results for the recentering effect depending on the 
types of bar materials are given in Figure 7 for the 
same type connection as shown in Figure 6. The joint 
element model equipped only with the component 
model of SE-SMA tension bars (Fig. 7(a)) shows 
excellent recentering ; however, plastic deformation of 
the beam causes some growing residual displacements 
in the moment vs. rotation curve. On the other hand, 
the behavior of the connection with steel tension bars 
only (Fig. 7(b)) shows much fatter hysteresis loops. 
Thus, steel tension bars can increase the energy 
capacity and provide improved resistance. The joint 
equipped with both steel tension bars and SE-SMA 
tension bars (Fig. 6) takes advantage of both effects; 
full recentering behavior requires that the lower shelf 
of the stress-strain for the flag-shaped superelastic SMA 
provide enough restoring force to yield the steel bars 
in compression. Finally, a comparison of connection 
behavior for two different connection types (a fully 
welded (FR/FS) connection and one with steel and 
SMA tension bars) is given in Figure 8. For the static 
monotonic curves, the initial slope of the welded 
connection is steeper than that of the smart PR-CFT 
connection. However, the welded connection evidences 
smaller hardening after yielding. The welded connection 
also shows much more permanent deformation during 
unloading. 

Fig. 6 Properties of Typical Equivalent Springs
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  Fig. 7 Comparison of Monotonic and Cyclic Results

3. NUMERICAL MODELS FOR COMPOSITE 
MOMENT FRAMES

This section describes the building configuration, the 
numerical modeling attributes, and nonlinear frame 
analyses conducted for composite moment frames. The 
design dead and live loads for composite moment 
frames and the companion steel FR frames designed 
for comparison, are assumed as 100 psf and 80 psf, 
respectively. A seismic design category (SDC) of D 
was assigned to the buildings, based upon the 
occupancy class and the seismicity of the site (LA and 
Seattle areas). All composite moment frames are 
designed in accordance with the ASCE 7-02 and AISC 
2005 Seismic Provisions (AISC 2005) for gravity loads 
and lateral loads, respectively. 
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The configurations of 6 story composite building are 
illustrated in Figure 9 (b) and (c). The total height is 
78 ft., with uniform 13 ft. floor heights. This building 
has 3 bays by 5 bays, with perimeter moment frames 
in the EW direction and interior moment frame sin the 
NS direction. Except for moment resisting frames, all 
beams to column connections are assumed as pinned 
connections. The panel zones were designed in 
accordance with AISC 2005 for the steel FR frames 
and by the Wu et al. (Wu, 2007) procedure for the 
SMA PR-CFT connections. SMA PR-CFT connections 
were modeled using the joint element corresponding to 
the connection details shown in Figure 4. 

Both monotonic and cyclic pushover analysis using 
equivalent lateral loads and nonlinear dynamic analysis 
under a set of 20 ground motions (10 ground motions 
for the Los Angeles (LA) area and 10 ground 
motions for the Seattle (SE) area) were performed. 
For the nonlinear pushover analyses, load factors 
and combinations conform to the ASCE7-02 and 
LRFD (AISC2001) specification. Load combination 5 
(LC 5: 1.2DD + 1.0LL + 1.0E) dominated over 
other load combinations. The resulting 
monotonic/cyclic pushover curves plotted as the 
interstory drift ratio (ISDR) at the roof level vs. the 
normalized base shear force (VBase/VDesign) are shown 
in Figure 10. Note that in Figure 8(a), both the FR 

Fig. 10 Modeling of the Composite Frame Structure for Nonlinear Frame Analyses
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and FR connections have similar strength but 
different stiffnesses. Current design specification do 
not recognize the lengthening of the period due to 
PR connections and thus the design base shears for 
both types of frames was similar. The rapid 
deterioration of the welded frames is attributable to 
the relatively low ductility assumed for the WUF-B 
connections in the FR frames. In addition, the 
degradation is tied to the larger loss of stiffness in 
the columns in these frames due to yielding and the 
consequent larger effect of P-D moments. 

The nonlinear dynamic analyses were performed by 
using two suites of 20 earthquake ground motions with 
2% probability of exceedance in 50 years for the 
western area (LA21to LA30 and SE21 to SE30, 
Somerville et al., 1997). In addition to dead loads and 

live loads, a combination of masses corresponding to 
1.0DD+0.2 LL were applied to generate the inertial 
force due to the acceleration; 2.5 % Rayleigh damping 
was used in the first mode. Both geometric and 
material nonlinearities were considered during all 
nonlinear analyses. Figure 11 shows a typical result of 
these analyses, which indicate a significant reduction of 
the maximum drift for PR frames under a large 
pulse-type earthquake (LA21), but a similar level of 
residual deformation; the latter is due to the large 
amount of yielding at the column bases, which the 
SMA cannot overcome. More distinct differences in 
dynamic characteristics after first damage are shown for 
the LA26 ground motion.
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CONCLUSIONS

The smart PR-CFT connections developed in this study 
are an innovative structural element that takes advantage 
of the synergistic characteristics of the composite 
system, flexible PR connections, and use of new 
materials. The structural advantages and characteristics 
for these composite moment frame were verified by the 
nonlinear analyses performed on the numerical frame 
models with joint elements. The effective evaluations 
for seismic performance and structural damage were 
also presented in this study.
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