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ABSTRACT 
 

An innovative technique for enhancing seismic performance of steel building 
beam-column connections is proposed in this paper. The novel technique involves 
heat treating specified sections of beam flanges by exposing these sections to a 
very high temperature (> 1000oC) for a short duration before slow air cooling. 
Such a heat treatment process reduces the strength of steel in the heat treated areas 
of the flange. Consequently, under seismic loading plastic hinge develops at the 
heat treated beam section (HBS). A connection enhanced by the proposed 
technique will have the advantages of the reduced beam section (RBS) 
connection, but the heat treated connection will have better energy dissipation 
than the RBS connection. In the RBS connection, “weakening” of the beam 
flanges induces plastic hinge in the beam. In the HBS connection, plastic hinge 
develops at the heat treated section because of the reduced strength of steel. In the 
HBS connection, as the beam flange remains intact and inelastic modulus of steel 
is not altered by heat treatment, the lateral and torsional buckling resistances of 
the HBS connection will be higher than those of the RBS connection. 
Consequently, the HBS connection will dissipate a larger amount of energy with a 
minimum loss of strength or stiffness compare to the RBS connection. This novel 
seismic performance enhancement technique is validated through finite element 
analysis, results of which are presented and discussed to demonstrate the potential 
of the novel HBS connection.    
 
 

Introduction 
 

A decade of research activities after the Northridge earthquake have developed modified 
designs of welded steel moment connections (WSMCs) with improved ductility (FEMA-350, 
FEMA-353, FEMA-355D). The modified design recommendations include removing the 
backing bar, back gouging and depositing fillet weld in place of the backing bar, using high 
toughness weld materials, modifying the weld access hole, strengthening the panel zone with 
continuity and doubler plates, and improving quality assurance procedure (FEMA-350, FEMA-
353, FEMA-355D, Stojadinovic et al. 2000, SAC/BD-00/01, SAC/BD-00/24, Lee et al. 2005, 
and others). These improvements, however, introduced a new mode of low-cycle fatigue failure   
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at the beam flange weld toe (SAC/BD-99/23, SAC/BD-00/22, Uang et al. 2000, Lee et al. 2005, 
and others). The failure analysis of the post-Northridge connection tests demonstrated a number 
of cases with fatigue cracks at the beam flange weld toe (SAC/BD-99/23). The European 
Community research program also demonstrated similar localized low-cycle fatigue failures of 
the new WSMCs (Chapter 3 in Moazzolani 2000). Connection failures in Japanese tests also 
occurred due to fracture at the beam flange weld toe (Nakashima et al. 1998, see Table 4 in the 
reference). 
 

The three moment resisting connections prequalified for simplified moment connections 
(SMFs) and Intermediate moment connections (IMFs) by the AISC 358 standards (AISC 2005a) 
are the reduced beam section (RBS), bolted unstiffened extended end plate (BUEP) and bolted 
stiffened extended end plate (BSEP) connections. These connections are shown to improve 
seismic performance over older connection details (Engelhardt et al. 1998, 1999, SAC/BD-
00/17, Adey et al. 2000, SAC/BD-00/21, Roeder 2002, and others). However, these connections 
are expensive compared to, for example, welded unreinforced flange bolted web (WUF-B) 
connections. Moreover, similar to WUF-B connections the prequalified connections also 
demonstrated a verity of failure modes. For example, RBS connections demonstrated lateral and 
torsional buckling of beam, column twisting, and beam web buckling (Uang and Fan 2001, Chi 
and Uang 2002, Roeder 2002, Zhang and Ricles 2006). The extended end plate connections 
demonstrated fracture of end plates or stiffener near welded joints (Adey et al. 2000, SAC/BD-
00/21, Guo et al. 2006). 

 
With the current state of the modified connections, it is not guaranteed that surprises 

similar to the Northridge and Kobe earthquakes would not be repeated in the future. According 
to the SEAoC committee, the weld interface and low-cycle fatigue failure mechanisms are 
needed to be understood towards developing fully rational design guidelines (SEAoC 2002). 
This recommendation has not drawn much attention probably because of the complexity 
involved. Also, addressing such an extensive problem could not be achieved in a short period of 
time. Until such rational design guidelines become available, developing seismic performance 
enhancement techniques for improving ductility of existing WSMCs is more attractive and 
feasible approach. A number of enhancement techniques, such as, RBS, slotted web, reduced 
web, welded flange plate and others are proposed to enhance the seismic performance of the steel 
building connections. Among these, the RBS connection is the most popular because of its 
seismic performance and cost effectiveness. The proposed HBS connections will have the 
advantages of the RBS connections but the earlier is anticipated to have better energy dissipation 
than the latter. The proposed technique and its analytical validation are presented below. 

 
The Proposed Seismic Performance Enhancement Technique 

 
The proposed technique involves heating specified beam flange areas (highlighted red in 

Fig. 1a) to a temperature, Tm, above 1000oC and maintain the peak temperature for certain 
duration of time, th, before slow air cooling as shown in Fig. 1b. Finite element analysis 
demonstrated that the beam does not distortion at the end of the heating and cooling processes. 
Examples of exterior and interior building connections with the proposed HBS are shown in 
Figs. 1c and 1d, respectively. The proposed high temperature heat treatment will reduce the 
strength of steel in the heat treated areas of the flanges (discussed later). Consequently, under 



  

seismic loading “plastic hinge” will develop at the HBS which is away from the weld. This will 
result in reduced stresses near the weld and increased ductility capacity of the connections. 

 

Figure 1.  Heat treatment of steel building beam-column connections for seismic performance 
enhancement 

In the RBS connections, “weakening” of the beam flanges induces plastic hinge away 
from the welds. The plastic hinge in the HBS connections develop at the heat treated beam 
section because of the reduced strength of steel. As the inelastic modulus of steel is not altered 
by the heat treatment (demonstrated later) and as the beam cross-section remains intact in the 
HBS connections, the lateral and torsional buckling resistance of HBS connections will be higher 
than those of the RBS connections. Consequently, HBS connections are anticipated to dissipate 
larger amount of energy with a minimum loss of strength or stiffness compare to RBS 
connections. The degree of seismic performance enhancement of the HBS connections will 
primarily depend on the parameters “a” and “b” of the heat treated flange section (see Fig. 1e), 
Tm and th of the heat treatment temperature history (see Fig. 1b), and cooling conditions adjacent 
to heat treated areas during heat treatment. Research will be needed to optimize all these 
parameters. Other advantages of the proposed method are: i) the condition for satisfying the 
uniform building code requirement of “strong column-weak beam” is enhanced because of the 
reduced strength of HBS steel, ii) HBS connections will not rely on panel zone yielding for 
ductility, and iii) for new constructions the proposed heat treatment can be performed at the 
fabricators’ shop before shipping the beams to the construction site. 
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Induction Heating for the Proposed Heat Treatment 
Induction heating process may precisely heat electrically conducting materials. It is a clean, 

fast and repeatable process which can be automated. The process induces eddy currents within 
the material to produce heat. The basic components needed for an induction heating system are 
AC power supply, induction coil, and coil cooling system. One of the many induction coil design 
options which can be used for beam flange heat treatment is shown in Fig. 2 (Bausch, 2008). 
Note in Fig. 2b that no contact is required between the flange section to be heated and the coil. 
Using a cooling system, heat treatment can be restricted to a specified flange area, which will be 
essential for seismic performance enhancement of connections. For providing flexibility to the 
induction coil for using to different size beams, coil can be designed with L and U type 
connectors for easy dismantling and reassembling to different sizes. The cost of an induction coil 
system for simultaneous heat treatment of both flanges of a plastic hinge section is around 
$237,000. If the whole heat treatment process is compared to the RBS fabrication process 
(thermal cutting, grinding, rounding, etc.), it can be realized that the labor cost for HBS will be 
cheaper than that for RBS, and quality assurance and quality control for HBS will be simpler 
than that for RBS.  

 
Figure 2.  Induction coil design for heat treating beam flanges (Bausch, 2008) 

 
Analytical Validation of the HBS Seismic Performance Enhancement Technique 

 
For determining material parameters of constitutive models used in the finite element 

analysis, a set of monotonic tension and cyclic tests of beam flange steel coupons (ASTM A992), 
heat treated by different maximum temperatures with a 5 minutes hold were conducted (see the 
inset in Fig. 3a). The stress-strain responses from the monotonic tension tests are shown in Fig. 
3a. It is observed in this figure that as the maximum temperature of heat treatment increases both 
the yield and ultimate stresses of the beam steel gradually decreases by downward shift of the 
stress-strain curves. The reduction in yield stress by heat treatment with maximum temperature 
1050oC is about 30%. It is also important to note in Fig. 3a that the inelastic modulus of the 
beam flange steel is not altered much by the heat treatment process. These two observations were 
instrumental in developing the proposed seismic performance enhancement technique as 
discussed earlier. Multilinear fits of monotonic stress-strain curves as shown in Fig. 3b were 
performed to determine the parameters of the multilinear model in ANSYS 11.0. To perform 
finite element simulation for 1150oC heat treatment temperature, the model parameters were 
extended to this temperature through curve fitting of the recorded yield and ultimate strengths as 
a function of maximum temperature. The parameters obtained from the multilinear stress-strain 

Induction coil 

(a) Top view of the beam  (b) Side view of the beam 



  

fit were used for simulating the monotonic moment-rotation responses of WSMCs by ANSYS 
11.0 finite element software package. 

 

  
(a)   Tension test of  heat treated beam flange 

steel coupons 
(b)   Multilinear fit of stress-strain curves for 

finite element analysis 

Figure 3.  Influence of heat treatment on ASTM A992 steel and multilinear fit for ANSYS 11.0 
multilinear model parameter determination 

 
Specimen geometry, beam and column size, and boundary conditions of Englehardt et al. 

(1998) test set up (Fig. 4a) were used for developing finite element mesh and analysis model (see 
Fig. 5). Dimensions of the heat treated flange section (see Fig. 1e and the inset in Fig. 4b) were 
kept the same as those of the RBS in Englehardt et al. (1998). Finer mesh size determined using 
convergence analyses was used in the RBS are HBS areas, and kept the same in the WUF-W 
mesh for the corresponding area (see Fig. 5a). The monotonic, moment-inelastic rotation 
simulation responses of WUF-W, heat treated WUF-W (WUF-WH), and RBS connections are 
shown in Fig. 4b. It is observed in this figure that as the peak heat treatment temperature 
increases from room temperature (WUF-W) to 800oC (HBS800) to 1050oC (HBS1050) to 
1150oC (HBS1150) the connection moment capacity gradually decreases. If the moment-rotation 
responses of WUF-W and RBS are compared to those of HBS1050 or HBS1150, the potential of 
HBS connection in enhancing ductility of beam-column connections can be realized. Note also in 
Fig. 4b that the degradation of RBS started around 0.02 radians, whereas that for HBS1050 
started around 0.05 radians. Also, stiffness of HBS1050 connection before degradation is higher 
than that of RBS connection. The better degradation and stiffness properties of the HBS 
connection compare to that of the RBS connection is because of the fact that the RBS flanges 
were weakened whereas the HBS flanges remained intact. The enhanced behavior of HBS can 
also be attributed to the fact that the heat treatment process does not alter the inelastic modulus 
of the monotonic stress-strain curve much. Simulations of connections with a different heat 
treatment length (75% of b, HBS1050-75b) and full web depth heat treatment in addition to its 
flanges (HBS1050-FW) shown in Fig. 4b demonstrates that the influences of these parameters 
are small.  
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Tp = 1050oC
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(a)   Engelhardt et al (1998) RBS test set-up 

considered for the simulation study 
(b)   Moment-inelastic rotation simulations of 

WSMCs 

Figure 4.   WSMC and its monotonic response simulations for various conditions 
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(a)   WUF-W connection finite element mesh 
used in the simulations 

(b)   RBS connection finite element mesh used 
in the simulations 

Figure 5.   Finite element mesh used in the simulations with ANSYS 11.0 
 

The finite element analysis scheme used in the WSMC seismic response simulation was 
first evaluated by comparing against the RBS experimental response from Engelhardt et al. 
(1998) as shown in Figs. 6a, b. Figure 6a is showing the moment-inelastic rotation hysteretic 
response obtained by prescribing the incremental, simulated seismic loading cycle, and Fig. 6b 
the 1st peak envelope of the responses in Fig. 6a. As mentioned earlier, the test set up and 
specimen geometry of Engelhardt et al. (1998), as shown in Fig. 4a, was considered in the 
simulations. Seismic response simulation for the RBS connection using the multilinear model 
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(a) Moment-inelastic rotation response of RBS (b)  Moment-inelastic rotation envelopes of 

various WSMCs 

  

(c)   Fitted ASTM A992 beam flange steel 
hystersis curve for determining Chaboche 
(1998) model parameters 

(d)   Simulated seismic response of HBS1050 
connection 

Figure 6. Seismic response simulation for WSMCs under various conditions by ANSYS 11.0 
 
in ANSYS 11.0 was found unsatisfactory. Hence, the advanced, non-linear kinematic hardening 
model of Chaboche (1989) in ANSYS 11.0 was used. Readers are referred to Rahman et al. 
(2008) for a detailed discussion on the Chaboche model and its parameter determination 
methodology. For Chaboche model parameter determination, stable hysteresis loops obtained 
from single amplitude, strain-controlled cycle were fitted as shown in Fig. 6c. The same finite 
element meshes (see Fig. 5a, b) used for the monotonic response simulations also were used for 
seismic response simulations. The moment-inelastic rotation simulation of the RBS connection 
obtained using ANSYS 11.0 and its Chaboche model is compared to the corresponding 
experimental responses in Figs. 6a, b. These comparisons validate the ANSYS simulation 
scheme used. Moment-inelastic rotation hysteresis response simulation of HBS1050 connection 
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RBS (Simulation) 
WUF-W 
HBS800 
HBS1050 

HBS1050 



  

shown in Fig. 6d seems reasonable. All the 1st peak envelopes from simulations of various 
connections are compared to the experimental RBS envelop in Fig. 6b. This comparison 
demonstrates the potential of the proposed HBS technique in enhancing seismic performance of 
WSMCs. By increasing the peak heat treatment temperature, the seismic performance of HBS 
connections can be enhanced further. This novel technique will be validated through a systematic 
experimental study support by the NSF-NEES program.  
 

Conclusions 
 

A novel technique for enhancing seismic performance of WSMCs is proposed in this 
paper.  The application potential of the technique is demonstrated through monotonic and 
seismic response simulations of WSMCs under various conditions. The novel technique involves 
heat treating specified sections of beam flanges by exposing these sections to a very high 
temperature (> 1000oC) for a short duration before slow air cooling. Such a heat treatment 
process reduces the strength of steel in the heat treated areas of the flange. Consequently, under 
seismic loading plastic hinge develops at the heat treated beam section (HBS). A connection 
enhanced by the proposed technique will have the advantages of the reduced beam section (RBS) 
connection, but the former will have better energy dissipation than the latter connection. The 
finite element analysis scheme developed for WSMC response simulations was validated by 
comparing the simulation and experimental responses of RBS. Both monotonic and seismic 
response simulations of the heat treated WUF-W connection demonstrated that as the maximum 
heat treatment temperature increases the moment-inelastic rotation response of the connection 
gradually softens. Comparison of the RBS and HBS connection simulations demonstrated that 
the seismic performance of these two connections is comparable. In fact, the HBS connections 
are anticipated to be seismically more ductile compare to the RBS connections because the 
earlier connections would be more resistant to torsional or lateral buckling than the latter 
connections.  According to AISC 341, Appendix P (AISC, 2005b), full-scale test results 
demonstrating seismic performance of a connection will be needed to prequalify a connection for 
SMFs and IMFs. Hence, a systematic set of full scale, exterior beam-column connection tests 
will be conducted in the near future. This test program is supported by the NSF-NEES program. 
The test program will allow validation of the novel HBS technique, as well as, development of a 
rational application methodology of the technique.  
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