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This study develops and experimentally validates an innovative technique for enhancing the seismic perfor-
mance of steel beam to columnmoment connections. The technique involves reducing the strength of specified
regions of the beam flanges by exposing them to high temperatures followed by slow cooling. Analogous to the
reduced beam section (RBS) connection, yielding and plastic hinge formation is promoted in the heat-treated
beam section (HBS). Moreover, because the elastic and inelastic modulus of the steel is unmodified by the
heat-treatment and the beam cross section is not altered, an HBS connection does not sacrifice elastic stiffness
or buckling resistance as does the RBS. Design of the HBS connection was performed through detailed finite
element analysis andmaterial testing. Two large scale connectionsmodifiedwith the HBS techniquewere tested
in this study. The test program showed that the proposed heat-treatment techniquewas successful in the promo-
tion of yielding and plastic hinge development in the heat-treated regions with specimens attaining interstory
drifts as high as 6% without weld or near weld fracture. Strength degradation due to beam buckling within the
HBS was the observed failure mechanism in both specimens. Detail analyses of strain and beam deformation
data are presented to explain the HBS connection plastic hinge formation and gradual strength degradation.
Broader applications of the technique to other structural components are identified.

© 2015 Elsevier Ltd. All rights reserved.

1. Overview of steel moment connection advances since
Northridge earthquake

Extensive damage to steel moment resisting frame connections
during the 1994 Northridge earthquake instigated a comprehensive
research effort led by the SAC joint venture intended to develop a
broad and fundamental understanding of the seismic performance of
moment frame connections [1]. A multitude of failure modes were ob-
served in moment connections following the earthquake, the most
common of whichwere fractures originating at or near the beam flange
CJP welds which accounted for approximately 80% of the damage to
welded steel moment frames [2]. In many cases these fractures propa-
gated to other areas of the connection for example, column flanges,
column web and beam web [3].

Initially, poor qualitywelds stemming from improperworkmanship,
use of welding electrodes which deposit weld metal with inherently
low toughness, and a lack of careful inspection practice were thought
to be the main causes for these brittle failures. However, studies that
incorporated weld fracture mitigation measures alone showed that im-
provements in welding, inspection practice and weld metal are insuffi-
cient to guarantee adequate performance of these connections in high

seismic areas [4–6]. One of these studies, performed by Stojadinovic
et al. [4], evaluated thewelded unreinforced flange-bolted web connec-
tion (WUF-B), which was one of the most commonly used moment
resisting connections (prior to Northridge) due to their perceived duc-
tility and economy [7,8]. As a part of the study, moment connections
were fabricated to pre-Northridge standards and tested to in an effort
to recreate the brittle failures discovered after Northridge and in doing
so confirm the reasons for these failures. Subsequently, connections fab-
ricated using “notch tough” weld metal, improved welding procedure,
improved welding inspection and more careful connection detailing
were evaluated. The study showed the pre-Northridge connections to
be brittle as was also shown by Engelhardt and Husain [9] and Popov
et al. [3]. The WUF-B connections exhibited little to no ductility with
fractures emanating from the beam flange to column flange CJP weld
root or toe and propagating along different paths. Among the failures
were divot pull outs of theweld and column flangematerial, crack prop-
agation through the column flange andweb, crack propagation through
the beam web, beam flange gross section fractures at the weld toe and
weld root [4].

The so called ‘SACpost-Northridge’ connections tested by Stojadinovic
et al. [4] displayed improved performance, however none of these
connections were able to attain the required 0.03 radians plastic rotation
in the standard proof test defined in the FEMA interim guidelines and the
1997 AISC Seismic provisions for steel buildings [4]. Careful examination
of these connections through experimental and analytical studies,
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suggested that beam flangeswere “overstressed” due to stress redistribu-
tion and stress risers imposed by the configuration of the connection
which ultimately limited connection plastic rotation capacity [10]. How-
ever, a study conducted by Xue et al. [11] showed evidence, albeit with
a limited number of tests, that weld fracture mitigation strategies
combined with a fully welded beam web could produce plastic rotations
larger than 0.03 rads. Nonetheless, Stojadinovic et al. [4] concluded that
weld fracture mitigation strategies alone are insufficient and that in
future, moment connections intended for use in special moment frames
(SMF) should incorporate both “weld mitigation measures as well as
overstress mitigation measures”. As such, many subsequent research
studies focused on lowering these stress and strain demands through var-
ious means. The fundamental change in the design philosophy of these
moment connections to that of the pre-Northridge connection is the
development of a plastic hinge away from the beam end intended to act
as a reliable and ductile seismic fuse. In most of these connections the re-
location of the plastic hinge is accomplished through strengthening and
stiffening the connection by adding endplates with stiffeners [12], cover
plates [13], castings [14], haunches [15] etc. to encourage plastic hinging
in the beam just beyond the strengthened region. The intent being that
the strengthened connectionwould primarily remain elasticwhile plastic
hinging of the beam takes place, thereby reducing the plastic strain
demands and stress concentrations in the critical connection region.

Studies conducted by Sumner and Murray [12] demonstrated the
use of extended end plate (EEP) connections with and without stiff-
eners to enhance the ductility of moment connections. Schneider and
Teeraparbwong [16] and Sato et al. [17] demonstrated that carefully
designed bolted flange plate (BFP) connections were successful in caus-
ing hinging of the beam section beyond theflange plate and that this led
to a ductile and reliable failuremechanism. Adan and Gibb [14] evaluat-
ed proprietary cast high strength steel “Kaiser” bolted brackets (KBB)
whichwere either bolted or welded to the beam flange and then bolted
to the column flange. In this study it was demonstrated that similar to
stiffened extended end plate and bolted flange plate connections the
KBB strengthens the beam column connection region and forces plastic
hinging, buckling and eventually fracture of the beam flange just
beyond the end of the bracket.

Fig. 1 shows experimental backbone curves for selected EEP, BFP and
KBB connections from these studies. Moments have been normalized
based on plastic moment capacities reported in the respective studies.
Both moments and rotations were computed with respect to the
column centerline. Note in Fig. 1 that all these connections were suc-
cessful in achieving their plastic moment capacity and exceeded the
2010 ANSI/AISC 341 Seismic Provisions [18] performance criteria for
use in SMF's. As a result, they are now included in the 2010 ANSI/AISC
358 Prequalified Connections for Special and Intermediate Moment

Fig. 1.Moment-rotation experimental backbone curves (in positive bending) of stiffened connections.
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Fig. 2. Sketch of (a) reduced beam section (RBS) and (b) heat-treated beam section (HBS).
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Frames for Seismic Applications [19]. It is also important to note that in
the case of the BFP and to a lesser extent the KBB, plastic rotation is
achieved through various mechanisms, for example beam flange and
web yielding, panel zone yielding, small amounts of flange plate or
Kaiser Bracket yielding and slip of beam flange and column flange
bolts. This slip produces pinching of the hysteresis curves which can
be identified in the backbone curve for the BFP connection by a reduc-
tion in stiffness at a rotation angle of about 0.01 rad followed by an in-
crease of stiffness at approximately 0.015 rad. Slip can be a favorable
energy dissipation mechanism but if excessive, p-δ effects may become
significant due to large interstory drifts. Therefore, careful design and
detailing of bolt holes is important to allow for both ease of field erec-
tion and preventing excessive rotations from slip. Note also that some
of these strengthened connections displayed a variety of failure modes
in laboratory experiments [14,16]. As a result, in some cases limit state
design may be tedious and the predictability of failure mechanisms is
questionable.

Another ‘overstress’ mitigation technique is to weaken the beam
adjacent to the connection so as to create a fuse for damage and energy
dissipation in this weakened region. The reduced beam section (RBS)
shown in Fig. 2a employs such a strategy and has been widely tested
and adopted in the ANSI/AISC 358 [19]. When combined with an all
welded connection (welded flange and web) the RBS successfully de-
velops plastic hinging of the beam in the reduced section and as a result
relives the high inelastic strain demands at the beam flange groove
welds, thereby reducing the likelihood of weld or near weld failures

[20]. Experimental studies by Plumier [21], Engelhardt et al. [22], Chi
and Uang [23] along with several others have demonstrated this
improved ductility.

A consequence of the flange area reductions is the decrease in the
elastic stiffness of frames employing such connections and as such, in-
creases in maximum interstory drifts when subjected to lateral loads.
Kim and Engelhardt [24] reported that flange reductions between 40%
and 50% resulted in increased story drifts of 4.5% to 8%. In design prac-
tice this problem is suitably overcome by the use of larger beam sizes
than would otherwise be necessary. An advantage of the RBS is that
the flange width reduction may delay local flange buckling, but the
consequential disadvantage is that the reduced flange stiffness lowers
resistance to local web buckling and lateral torsional buckling [7]. How-
ever strength degradation associated with this reduced buckling resis-
tance has been shown to be delayed in RBS connections tested with
concrete slabs [25] and in bare steel connections with lateral bracing
at the reduced section [26]. Despite these drawbacks the RBS is widely
considered to provide an attractive combination of performance, econ-
omy and simplicity (both in design and construction) when compared
to strengthened connections, making it one of the most widely used
connections in SMF's.

Studies conducted by Ricles et al. [6] and Lee et al. [27] showed that
welded unreinforced flange-welded web connections (WUF-W) which
combine the use of fracture tough weld metal, a modified access hole
design, a CJP welded web and reinforcing filet welds between the
beam web and the shear tab could also successfully meet the

Fig. 3.Moment-rotation experimental backbone curves (in positive bending) of welded unreinforced connections.
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Fig. 4. (a) Temperature history of A992 heat-treatment. (b) Engineering stress–strain response of A992 and heat-treated A992 steel.
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aforementioned AISC performance criteria. It is noted that the WUF-W
makes use of a stiffenedweb connectionwhich in effect redirects stress-
es away from the beam flanges. This concept was previously validated
on free flange moment connections by Choi et al. [28]. The WUF-W
has also been prequalified in the 2010 ANSI/AISC 358 [19] for use in
SMFs. Fig. 3 shows experimental backbone curves for selected WUF-B,
WUF-W and RBS connections from the studies mentioned above [6,22,
30]. Again, moments have been normalized based on plastic moment
capacities reported in the respective studies. Both moments and rota-
tions were computed with respect to the column centerline. In Fig. 3,
significant performance improvements derived from almost two de-
cades of research following Northridge are evident. The above overview
of special moment connections is not exhaustive as proprietary connec-
tions such as the Side Plate™ and Slotted Web™ have met ANSI/AISC
performance specifications and have foundwidespread use in buildings
in high seismic areas [29].

As previously stated the performance (ductility), simplicity and
economy offered by the RBS when compared to strengthened connec-
tions make it especially attractive for new construction. This study pro-
poses an alternative connection strategy through beam weakening
which offers comparable ductility to the RBS without the loss of elastic
stiffness and buckling resistance as discussed in the following.

2. Introduction to the novel connection concept

The proposed connection utilizes a similar ‘fusing’ mechanism to
that of the RBS, however, weakening of the beam is achieved through
a reduction in material strength as opposed to a reduction in flange
area. This material strength reduction is achieved through high temper-
ature heat-treatment (annealing) of the beam flanges in the areas
highlighted red in Fig. 2b. The temperature history used in the heat-
treatment process is shown in Fig. 4a (details provided later) and the
resulting softening of the A992 steel is shown in Fig. 4b. As a conse-
quence of this softening, plastic hinging of the beam takes place in the
heat-treated beam section (HBS). In a similar manner to the RBS, this
connection provides a ductile seismic fuse through weakening, but
because the elastic modulus of the HBS is unchanged, a connection
modified with such a technique does not sacrifice elastic stiffness as
does the RBS. Also, since the cross section of the beam is unaltered
and the inelastic portion of the stress strain curve is not significantly
modified (note the downward shift of the stress–strain curve in Fig. 4)
the buckling resistance of this connection remains similar to that of a
beam section before heat-treatment. Another advantage of the HBS
connection is that the reduction of plastic hinge moments without the
sacrifice of elastic stiffness may lead to more economical columns as
panel zone shear demands are lowered. In addition, lower beam flexural
strength may lead to reduced column sizes without violating strong
column weak beam (SCWB) criteria. The objective of this study was to
experimentally validate the HBS concept. Two full scale experiments

were conducted and the results are presented below along with details
of the heat-treatment method and its development.

3. Heat-treatment thermal process

Annealing heat-treatment of steels is used in the processing and
manufacturing of a wide variety of tools, components and equipment.
It usually involves heating the steel to a particular temperature followed
by a “soak” period and subsequent cooling at a prescribed rate (Fig. 4a).
The parameters of the annealing cycle are determined primarily based
on the chemical, mechanical and metallographic properties of the
alloy prior to annealing and the desired post anneal properties [31].
The body centered cubic to face centered cubic phase transformation
that iron undergoes above the lower critical temperature results in the
nucleation and growth of new crystal grains upon heating and cooling.
Careful control of the heating and subsequent slow cooling typically
leads to a courser (larger grain size) grain structure from the annealing
process. This coarsening of the grain structure through annealing is pri-
marily responsible for the reduction in strength of A992 steel2 (Fig. 4b)
which is consistent with the well-established Hall–Petch relationship
[32]. Optical microscopy images of A992 steel samples before and
after annealing are shown in Fig. 5, where coarsening of the grain struc-
ture can be seen.

As previously noted weakening of the beam flanges is achieved
through a high temperature heat-treatment/annealing process in
which the steel is raised to a temperature of 1050 °C and slow cooled
to 500 °C afterwhich the steel is left cool in still air to room temperature
(Fig. 4a). This process has been designed to reduce the yield and tensile
strength of A992 steel by approximately 35% and 25%, respectively. This
strength reduction is reflected in the stress strain curves shown in
Fig. 4b and summarized along with other material properties in
Table 1. Design of this thermal cycle was aided by a parametric study
conducted to determine the effect of peak temperature, soak time and
cooling rate on the tensile properties of A992. This studywas conducted
by heat-treating coupons machined from the flange of a W8X39 wide
flange member. The heat-treatment was performed in an electric fur-
nace and tested in uniaxial tension in accordance with ASTM A370
[33]. The results are plotted in Fig. 6a and b where it is observed that
peak temperature and cooling rate had significant influence on the
stress–strain response. It can be seen from both these figures that
with higher peak annealing temperatures and slower cooling rates the
tensile response is softened (yield strength and tensile strength are
lowered). It is also observed that for the ranges of temperatures and
cooling rates considered there is no effect on the elastic modulus or
the strain at maximum stress (uniform elongation). The effect of the

2 In this study full annealing is the technique utilized as opposed to recrystallization an-
nealing which is typically used to reduce hardness and recover ductility by reducing the
defect density in parts which have been heavily cold worked.

(a) (b)

Fig. 5. Optical micro graphs of A992 Steel (a) before heat-treatment and (b) after heat-treatment at 1050 °C cooled at 20 °C/h to 500 °C followed by air cooling. Nital etch. Original
magnification: 100×.
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heat-treatment on fracture strain or material ductility is also insignifi-
cant as can be seen in Fig. 6. The sensitivity of strength to peak temper-
ature is explained by the fact that upon austenizing (heating above the
upper critical temperature) the growth rate of austenite grains is a
thermally activated process so an increase in austenizing temperature
(with all other parameters unchanged) results in larger austenite grains.

Austenite grain boundaries tend to be favorable nucleation sites for
allotriomorphic ferrite during phase transformation, and so larger aus-
tenite (parent phase) grains tend to lead to larger ferrite grains (product
phase) [34]. Also grain growth suppressing alloying elements such asni-
obium, vanadium and aluminumwhich are often used in A992 steel are
less effective at inhibiting growth of austenite grains with increasing
temperature. These elements form submicroscopic carbides, nitrides
and carbon nitrides which remain undissolved in austenite at high tem-
peratures. These precipitates segregate to grain boundaries during high
temperature processing of steels and suppress grain growth through a
process known as Zener pining. However, if the temperature is raised
above the ‘grain-coursing temperature’ these precipitates dissolve into
austenite and no longer resist grain growth. At this stage there is an
abrupt increase in the austenite grain growth rate [32].

Slow cooling during phase transformation facilitates the nucleation
and growth of course grained equiaxed ferrite and pearlite with course
inter-lamellar spacing from the austenite parent phase. Analogous to
dendritic growth during solidification, slower cooling rates during
solid state phase transformation tends to yield larger grain sizes due
to the available thermodynamic driving force for grain growth (reduc-
tion in grain boundary energy) [32]. Careful control of the cooling rate
was found to be essential in facilitating purely diffusional phase trans-
formations and promoting the formation of polygonal ferrite and pearl-
ite microstructures. Coupons cooled in still air from high annealing
temperatures were observed to form widmanstatten ferrite and banite
microstructures which led to higher tensile strength and lower ductility
when compared to nonheat-treated coupons.

4. HBS connection design development

Similar to the RBS, three parameters are needed for design of the
HBS connection (see Fig. 2), the distance from the column flange to
the start of the HBS (dimension a), the length of the HBS (dimension
b) and the desired tensile properties of the beam flanges in the HBS.
The results of the afore-mentioned parametric study were paired with
finite element analysis (FEA) carried out using ANSYS Mechanical
ADPL. The FEA was used to evaluate the three main input parameters
(dimension a, dimension b and the tensile stress–strain properties of
the HBS). The FEA utilized quadratic shell elements (shell 281) and
accounted for material nonlinearities through the Chaboche non-
linear kinematic hardening model for the beam and column material
and a bilinear kinematic hardeningmodel for the E71T-8 weldmaterial.
Geometric non-linearities were accounted for using a large-
displacement formulation. The beam flanges and web were assumed
to be welded to the column flange in these simulations. The numerical
model was first validated against the RBS connection experimental
responses from the literature [22]. Subsequently analysis of the HBS
connection was performed in order to determine parameters “a”, “b”
and the desired material strength reduction of the beam flanges in the
HBS, for performance evaluation as discussed below. More detail
descriptions on the finite element modeling and the constitutive
model used are presented in Ref. [35].

The FEA study revealed that dimensions similar to those specified in
2010 ANSI/AISC 358 for RBS parameters “a” and “b” provides desirable
performance for the HBS connection. Distance “a” was kept as small as
possible to maximize moment reductions at the face of the column
without causing high strain demands at the beam flange complete
joint penetration (CJP) welds. While dimension “b” was proportioned
so as to provide a large region over which yielding of the beam flange
is promoted. This allows a wide distribution of plasticity which helps
to provide high energy dissipation, stable hysteretic behavior and
lowers strain demands in the HBS region. When combined with the
same dimensions for “a” and “b”, the tensile properties of heat-treated
A992 steel shown in Fig. 4b were found to provide similar strength
(moment capacity) reduction to RBS flange area reductions of 40%.

Results of these FEA analysis are shown in Fig. 7 in which compari-
sons are made between the global and local responses of RBS and HBS
connections having the same beam and column sizes and the same
dimensions for parameters “a” and “b” along with similar reductions
in moment capacity in the weakened section. Fig. 7b shows the
moment-rotation envelop (in positive bending) comparison in which
it is observed that the HBS connection provides improved elastic stiff-
ness (~7% increase) and delayed onset of strength degredation as
compared to the RBS. In this figure moments have been nomrmalized

Table 1
Summary of material properties of A992 before and after heat-treatment.

Material property A992 Heat-treated A992

Average grain diameter (μm)
(ASTM Size Description)

22.1 (Fine) 56.5 (Medium)

σy (ksi) 52.5 32.4
σu (ksi) 73.8 54.1
Average Charpy V Notch
Toughness @ 70 °F (ft-lb)

72 69

Average HV (Vickers Hardness #) 180 125

Material was obtained from the flange of a W30x148 member.

(a) (b)

Fig. 6. Uniaxial stress strain responses of heat-treated A992 Steel: (a) effect of peak temperature and (b) effect of cooling rate.
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to the plastic moment capacity of the unweakened crossection adjacent
to the column face and rotations are computed at the face of the column.
Note also that the HBS connection provides relocation of the plastic
hinge similar to that of the RBS connection as indicated in Fig. 7c and
d which shows a contour plot of the equivalent plastic strain responses
for both connections.

From comparison of Fig. 7e and f it is observed that though both the
RBS andHBS create a fuse throughweakening, in a strict sense, there is a
difference in the local stress and strain state within the weakened
region in both connections. For example at 2% drift the longitudinal
stresses and strains in the RBS are higher than those in the HBS as can
be observed by comparing these figures. This can be explained by
considering that in the case of the RBS yielding is promoted in the
reduced flange section due to higher effective stresses in this area
(relative to the unreduced section adjacent to the column) resulting
from the area reduction. However, in the HBS, stresses in the weakened
region are lowered due to the reduction inmaterial strength. This stress
reduction provides added benefit in terms of local buckling resistance,

especially if this technique is applied to flanges and webs of sections
with slender elements. Further, it is noted that the HBS provides a con-
stant reduction of material strength over the entire weakened region
while the strength reduction in the RBS is concentrated in the center
of trimmedflange. As a result of this, inelastic action in the formof yield-
ing is distributed over a larger flange area in the HBS as compared to the
RBS (Fig. 7c and d); this reduces strain demands despite providing a
similar ‘fuse’ mechanism through weakening.

5. Heat-treatment method for full scale beams

In the current study heat-treatment of the beam flanges was
performed after fabrication of the beam was complete but prior to
field welding the beam to column. Heat-treatment was accomplished
via the use of electric surface heating pads which were attached to
both the outside and inside surfaces of the beam flanges as shown in
Fig. 8a and c. These heating pads are constructed from a nickel-iron
alloy electric resistance heating wire woven through ceramic beads

(a)

(e) (f)

(c) (d)

(b)

Fig. 7. Finite element analysis of RBS and HBS connections: (a) comparison of experimental and analytical results for specimen DB 3 Engelhardt et al. [22]; (b) comparison of M-θ envelop
(Moments are normalized to the plasticmoment capacity of the beam at the face of the column); (c) equivalent plastic strain solution of RBS@ 4.5% story drift; (d) equivalent plastic strain
solution of HBS @ 4.5% story drift; (e) longitudial stress and strain at the center of the RBS @ 2% story drift; (f) longitudial stress and strain at the center of the HBS @ 2% story drift.
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which were sized based on the dimensions of the heat-treated region.
Power is supplied to the heating pads via a portable power console
and type K thermocouples were used to measure temperatures and
provide continuous feedback to the power console controller. The
heat-treatment set-up was completed by enclosing the beam flange
and part of the beam web with two layers of 2″ high density ceramic
fiber insulation blankets as shown in Fig. 8b.

No heat sinks were needed to prevent heat conduction to regions of
the beam outside of the HBS. FEA was used to perform thermal simula-
tions to analyze temperature distribution during heating and cooling
[36]. These analyses predict that regions outside the HBS remain at tem-
peratures below 500 °C during the heat-treatment process (see Fig. 8d)
and as a result, no significant change in strength is expected in these
areas. This can be deduced from the results of tensile tests conducted
on coupons subjected to peak temperatures of 500 °C and 600 °C
shown in Fig. 6a. This was also confirmed via tensile testing of coupons
taken from the beam flange adjacent to the HBS during the development
of the full scale heat-treatment process. Thermal analysis predictions
were later confirmed by temperature measurements made using type K
thermocouples and infrared thermometers during the heat-treatment
of beam specimens. No distortion of the beam sections were observed
after the completion of the full scale heat-treatment process.

6. Connection design and experimental setup

Two identical large scale specimens (HBS 5 and HBS 7) were tested
to validate the HBS concept. See Fig. 9a and c for the test setup. In
these specimens the HBS was combined with an all welded connection
in which the beam flanges and web were connected to the column
flange using complete joint penetration welds. These details are consis-
tent with current design and construction practice for RBS connections
utilized in SMFs. The beam and column sections and lengths were

chosen to be similar to those of specimen DB5 studied by Engelhardt
et al. [22]. However, the column panel zone was reinforced with two-
12.7 mm (1/2 inch) doubler plates which were designed to promote
strong panel zone behavior and ensure that most of the inelastic action
was obtained from the beam. By doing this, large plastic rotation
demands are placed on the beam which allows better evaluation of
the ductility and energy dissipation provided by the HBS. These connec-
tion details are shown in Fig. 9b.

Connection welding was performed outdoors with the column
oriented vertically by awelder qualified in accordancewith the require-
ments of AWS D1.1-10 and AWS D1.8-09. Welding was accomplished
with self-shielded flux cored arc welding (FCAW) process. E70-T6 elec-
trodes were used for beam flange welds, while E71-T8 electrodes were
used for the beam web weld and the reinforcing fillet welds. Both of
these electrodes were specified by the manufacturer to deposit metal
with a minimum Charpy V-notch toughness of 27 J (20 ft.-lbs.) at
−28 °C (−20 °F). The bottom flange backing bar was removed and a
reinforcing weld was placed at the root of the grove weld.

The top flange backing bar was left in place, however a fillet weld
was provided between the backing bar and the column flange. Weld
tabs from the top and bottom beam flange groove welds were removed
by carbon air arc gouging. No vertical weld tabs were used for the beam
web CJPwelds. Finally, all CJPweldswere ultrasonically (UT) tested by a
certified welding inspector (CWI) in conformance with AWS D1.1-10
and AWS D1.8-09.

7. Instrumentation

Each specimen was equipped with strain gauges along the beam
flanges to monitor longitudinal flange strains, at various locations in-
cluding the weld toe and HBS region. String and linear potentiometers
were used to monitor displacements and rotations in the column,

Heating Pads Ceramic fiber 
insulation blankets

(a) (b)

(c) (d)

Fig. 8.Heat-treatment setup: (a) photograph showing electric surface heating pads during installation on a beam flange, (b) photograph showing insulation of beam flange for well con-
trolled heating and cooling, (c) schematic showing section view of heat-treatment setup, and (d) contour plot from thermal finite element analysis [36] of temperature (absolute scale)
distribution during heating of the beam.
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beam and panel zone. A calibrated load cell in the hydraulic actuator
provided readings of force response during the experiment. All speci-
mens were painted with hydrated lime prior to testing to visually indi-
cate regions of yielding.

The Optotrak Certus HD three-dimensional (3D) position system
produced by Northern Digital Incorporated was used to capture the
positions of markers placed along the beam flanges and web as shown
in Fig. 10. Two Optotrak cameras were used whichwere able to capture

the motion of markers placed on the top and sides of the beam top
flange, the beam web and the side of the beam bottom flange. Position
time history data obtained from this system was post processed to
calculate displacements and strains in areas of interest. Accuracy of
the Optotrak system was illustrated by Goodnight et al. [37] where
the strain measurements obtained from the Optotrak system were
found to closely match those measured by traditional instruments
(strain gage and extensometer) for a tensile test of a steel bar. The

(a) (b)

(c) (d)

Fig. 9.HBS test setup and connection details: (a) sketch of the test setup, (b) sketch of the connection details, (c) photograph showing test setup, and (d) photograph of HBS 5 connection
prior to testing.

LED Markers spaced   

51mm x 77mm-c

on beam flange
LED Markers spaced 

51mm x 102 mm c-c 

on beam web

(a) (b)

Fig. 10. Instrumentation of HBS 5: (a) LED markers placed on beam web and the sides of beam top and bottom flanges, and (b) LED markers placed on beam top flange.
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Optotrak system provides the advantage of being able to record large
cyclic inelastic strainswhile electrical resistance strain gagesmay either
exhibit gradual strain drift or fail to remain adhered.

8. Test results

8.1. Global response of HBS connections

Testing was conducted at the North Carolina State University Con-
structed Facilities Laboratory (CFL) on an exterior type sub-assemblage

(single cantilever). Loads were applied at the beam tip in accordance
with the2010ANSI/AISC 341 [18] seismic provisionsAppendix S loading
protocol consisting of quasi-static increasing amplitude displacement
cycles. Fig. 11 shows the moment-rotation response of both specimens.
These global responses of HBS connections show wide hysteresis
loops indicating good energy dissipation. Both specimens exceeded the
2010 AISC Seismic Provisions (ANSI/AISC 341-10) SMF qualifying 4%
interstory drift angle without significant strength loss. Strength degra-
dation due to local flange, web and lateral torsional buckling initiated
during the 2nd cycle of loading at 4% drift (see Fig. 11a) and continued

(a) (b)

Fig. 11.Moment-rotation responses of HBS connections: (a) HBS 5 and (b) HBS 7.

(a) (b)

(c) (d)

Fig. 12. Plastic rotation contributions by components of HBS 7: (a) total connection plastic rotation, (b) panel zone shear plastic rotation, (c) column flexural plastic rotation and, (d) beam
plastic rotation.
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during later loading cycles. Loading of HBS 5 was terminated after sus-
taining two loading cycles at 5% drift due to a fracture in the location
of significant flange buckling. Loading of HBS 7 was terminated before
starting the 2nd loading cycle at 6% story drift (see Fig. 11b) due to
significant strength loss as a result of lateral buckling and twisting of
the beam.

The response of the HBS 7 is further analyzed by plotting the
moment-plastic rotation curves for each component of the connection
assembly which were calculated using data measured by instrumenta-
tion during the test and equations proposed by Popov et al. [38]. These
graphs as shown in Fig. 12 indicate that panel zone shear and column
flexural deformations contributed only to the elastic behavior of the
sub-assemblage and as a result, inelastic action was entirely confined
to the beam. The contributions of panel zone shear and column flexural
deformations to the total rotation of the connection are observed to
diminish as loading amplitudes are increased.

This is illustrated in Fig. 13 which presents bar graphs of the total
rotation contributions (elastic + plastic) of each component to the
total connection rotation for both specimens. The trends observed in
both graphs confirm the expectation for beam hinge rotations to domi-
nate the deformations by a continuously greater magnitude as imposed
drift angles are increased in ductile connectionswith strong panel zones
designed to satisfy strong column weak beam criteria.

8.2. Plastic hinge formation in HBS connection

Fig. 14 illustrates the progression of inelastic action along the beam
flange via bar graphs in which the distribution of longitudinal tensile
strains (normalized by the yield strain) along the centerline of the
beam flange at various stages of the loading history are plotted. Bars
highlighted in red represent the strains in the heat-treated (weakened)
regions. Strains were calculated by post processing data obtained from

(a) (b)

Fig. 13. Total rotation contributions of HBS connections: (a) HBS 5 and (b) HBS 7.

(a) (b)

(c) (d)

Fig. 14. Recorded longitudinal strains along the center of top flange of the beam from HBS 5.
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3D noncontact spatial displacementmeasurement sensors placed along
the beam flange as shown in Fig. 10. These plots demonstrate proof of
the HBS concept and the following observations have been made:

1. Flexural yielding of the beam flange initiated within the HBS as
evidenced by strains recorded at 1% interstory drift (Fig. 14a) and
flaking of white wash observed during testing (Fig. 15a).

2. As loading amplitudes were increased, strains within the HBS and
near the column face increased and the distribution of strain within
the heat-treated areas were influenced by the moment gradient. It
is of note that the beam tested had a length of 3.4m (134 inches) cor-
responding to a moment frame with a clear span of approximately
6.8 m (22 feet). This relatively short span results in a large moment
gradient which when combined with the strain hardening of the
heat-treated material results in some limited yielding near the col-
umn face. However this was not observed to have a detrimental ef-
fect on the performance of the HBS connections as no weld or near
weld failures were observed.

3. As the loading progresses from 2% to 4% drift, strains within the HBS
increase significantly while strains adjacent to the column face grow
slightly (see Fig. 14b–d). Also at 4% drift large strains are distributed
over a significant length of the HBS region. These indicate that large
displacements imposed at the beam tip are mostly accommodated
by inelastic flexural action in the HBS through gradual formation of
the plastic hinge.

8.3. Failure mechanism of HBS connections

As previously stated, strength degradation of both specimens began
during the 2nd cycle of loading at 4% drift when significant local beam
web, flange and lateral torsional buckling was observed (see Figs. 11
and 15c). To demonstrate the progressive strength degradation mecha-
nism, beam cross-sections located at 406 mm away from the column

(a) (b)

(c) (d)

Fig. 15. Yielding and plastic hinge formation of HBS 7: (a) view of beam bottom flange at 1% drift, (b) connection at 3% drift, (c) connection at 4% drift and (d) connection at 6% drift.

(a) (b)

(c) (d)

Fig. 16. HBS 5 progression of beamweb and flange buckling recorded 406 mm away from
the column flange at interstory difts of (a) 2%, (b) 3%, (c) 4% and (d) 5% (beam is in positive
bending i.e. top flange in compression).
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flange (within the HBS) are plotted using the recorded vertical and
horizontal positions of Optotrak markers of HBS 5 at various peak drift
rotations as shown in Fig. 16. Dotted lines have been traced between
data points to make evident the progressive buckling of the beam.

In this figure it is observed that the degradationmechanism appears
to have been initiated by slight local buckling of the beam web in the
plastic hinge during loading cycles at 3% interstory drift (Fig. 16b).
This local web buckling was soon followed by local flange buckling
and twisting of the beam as the loading amplitude was increased
(Fig. 16c). The amplitudes of flange and web buckling gradually in-
creased with the rotation amplitude resulting in the observed strength
degradation (Figs. 11 and 16). This progressive strength degradation
mechanism was observed in both test specimens. Testing of HBS 7
was stopped as a result of this significant strength loss. In the case of
HBS 5, rupture of the beam flange at the region of largest buckling am-
plitude is believed to be a result of large strain due to localized bending
of the beam flange resulting from the afore described degradation
mechanism rather than an axial stress effect. This was also observed in
extended end plate (EEP) and welded unreinforced flange-bolted web
(WUF-B) connections modified with the HBS technique [39,40].

Fig. 17 shows a series of similar beam cross-section plots of markers
located 106 mm away from the column flange (between the column
flange and the HBS). Comparison of beam cross-sections in Fig. 17 to
those in Fig. 16 with the same drift reveals that in addition to reducing
strain demands near the column face as previously discussed (Fig. 14),
the HBS was also successful in shifting large deformations due to
beam web and flange buckling away from the beam flange CJP welds.
Inspection of Figs. 16d and 17c shows that at 5% drift only very slight

lateral deformations are evident close to the column flangewhile signif-
icant lateral displacement and twisting of the beam are observed in
the plastic hinge. Post-test measurements (Fig. 18) showed flange
buckling amplitudes between 114 mm (4.5 inches) and 152 mm
(6 inches) and web buckling amplitudes between 80 mm (3 inches)
and 127 mm(5 inches) in the two specimens. These large buckling am-
plitudes were located approximately 420 mm (16.5 inches) from the
column flange.

8.4. Comments on a possible design method of HBS connections

The limited number of tests conducted in this program is insufficient
to develop a design method for HBS connections. However, analysis of
the available experimental data shows that a design methodology sim-
ilar to that currently used for RBS connections may be adopted. Table 2
presents data on the magnitudes of bending moments developed in
both specimen beams. These were compared to the estimated plastic
moment capacity of the un-weakened beam section adjacent to the
column flange calculated from measured tensile coupon data. Bending
moments developed in themiddle of the HBS were compared to the es-
timated plastic moment capacity based on estimated tensile properties
obtained from prior tensile testing of coupons extracted from undam-
aged heat-treated beam flanges.

Maximum bending moments at the face of the column were 5–8%
higher than the plastic moment capacity while bending moments at
the center of the HBS were 26–29% higher that the plastic moment ca-
pacity of the weakened section indicating significant work hardening.
These results are comparablewith RBS test data presented in Engelhardt
et al. [22].Therefore a design methodology in which the parameters of
the HBS are selected so as to limit the bending moments at the column
face to a desired factor of the plastic moment capacity can be developed.
Note that the proposed heat-treatmentmay also be applied to the beam
web in addition to the flanges if design scenarios require larger reduc-
tion of moments at the column flange.

9. Conclusion

The experimental validationof an innovative seismic performance en-
hancing technique for welded steel moment connections has been pre-
sented. The technique involves weakening regions of the beam flanges
away from the welded joint by exposing them to high temperatures
followedby slowcooling. Consequently, under simulated seismic loading,
plastic hinging of the beam takes place in the heat-treated beam section
(HBS). All welded connections enhanced with the HBS displayed ductile
seismic response, which exceeded the 2010 AISC Seismic Provisions
(ANSI/AISC 341-10) SMF qualifying 4% interstory drift angle without

(a) (b) (c)

Fig. 17. HBS 5 progression of beamweb and flange buckling recorded 106 mm away from the column flange of HBS 5 at interstory drifts of (a) 3%, (b) 4% and, (c) 5% (beam is in positive
bending i.e. top flange in compression).

Fig. 18. Photograph showing post-test local flange buckling amplitude of HBS 7 (after one
cycle of 6% drift).
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much strength loss. Test data also shows that the HBS was successful in
shifting the majority of inelastic action and lateral deformation due to
local flange and web buckling away from the welded joint.

Based on the results of this preliminary study theHBS concept shows
promise as a means of providing a simple, ductile, seismic fuse without
sacrificing elastic stiffness or buckling resistance. As a result, other appli-
cations of this concept may appear fruitful where these characteristics
are desired. For example, this concept has also been successfully used
to enhance the seismic performance of extended end plate (EEP) and
welded unreinforced flange bolted web (WUF-B) moment connections
[39,40]. This technique may also prove useful in enhancing the seismic
performance of link to column connections in eccentrically braced
frames or providing low yield strength steel for use in steel plate shear
walls. Given the wide scope of possible applications of this technique,
future studies are needed to implement it to end uses where it may
provide the optimal combination of performance and economy.

Despite, the promising results presented in this study, more analyt-
ical and experimental investigation is needed for further development
and eventual industry implementation of HBS moment connections.
Experimental studies are needed to evaluate the suitability of this
technique for a range of beam and column sections, especially larger
and heavier sections which experience more severe strain concentra-
tions during seismic loading [41]. Numerical and analytical parametric
studiesmay be pairedwith such experimental investigations to develop
reliable design methods for accurately predicting strength and perfor-
mance limit states of HBS moment connections.
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Table 2
Bending moments developed in HBS test specimens.

Specimen
Beam

Fy⁎

(Mpa)
Mp

(kN-m)
Mp-HBS

(kN-m)
Mmax

(kN-m)
Mmax-HBS

(kN-m)
Mmax/Mp Mmax-HBS/Mp-HBS

HBS 5 W30x148 362 2966 2109 3118 2664 1.26 1.05
HBS 7 W30x148 344 2819 2005 3037 2595 1.29 1.08

Mp = plastic moment of beam based on flange tensile coupon data.
Mp-HBS = plastic moment at center of HBS region based on estimated flange yield stress.
Mmax = maximummoment developed at column face.
Mmax-HBS = maximummoment developed at center of HBS region.
⁎ Flange yield strength determined from tensile coupons tested in accordance with ASTM A370.
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