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This study develops two (2) simple but effective techniques for enhancing buckling resistance of welded steel
moment connections (WSMCs). The ANSI/AISC 358-10 prequalified connections satisfy the 4% interstory drift re-
quirement, however experimental studies have shown that their strength degradationmay initiate as early as 3%
drift. This strength degradation has been observed to be initiated by buckling of the beamwebwhich is followed
by buckling of the beam flange and twisting of the beam. Consequently, buildings with the prequalified connec-
tions may sustain significant buckling damages under severe earthquakes and it is questionable as to whether
these connections are capable of resisting gravity loads or lateral loads from strong aftershocks following a severe
earthquake. To improve upon these shortcomings, two (2) performance enhancing techniques are proposed and
investigated through finite element analysis (FEA). Themore promising of the two involves reinforcing the beam
web in the expected plastic hingewith aweb reinforcement plate. Finite element analysis demonstrated that this
reinforcement enhances the beam buckling resistance of WSMCs and thereby significantly reduces the beam
buckling damages even at 5% interstory drift. The potential of this technique is analytically and experimentally
demonstrated for the recently developed heat-treated beam section (HBS) WSMC. Test results confirm that
the web reinforcement plate was effective in reducing local buckling damage and associated strength degrada-
tion, thereby improving the performance of HBS WSMCs. Areas for application and future development of the
proposed techniques are identified.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

More than a decade of research activities after the Northridge and
Kobe earthquakes has developed modified designs of welded steel mo-
ment connections (WSMCs)with improved ductility [1]. By eliminating
premature weld or near weld failures the current moment connections
prequalified for special and intermediate moment frames (SMF and
IMF) by the ANSI/AISC 358-10 [2] have demonstrated the ability to at-
tain at least 4% interstory drift while sustaining 80% of the nominal flex-
ural strength (Mp). However, the ANSI/AISC 314-10 Seismic Provisions
[3] notes that while connection qualification emphasizes plastic rota-
tion capacity, the tendency for connections to experience strength deg-
radation is of concern as this strength degradation can increase
rotational demands from P-delta effects and adversely affect frame sta-
bility. In reported studies [4–8], prequalified connections such as the
welded unreinforced flange–weldedweb (WUF-W), reduced beam sec-
tion (RBS), extended end plate (EEP), bolted flange plate (BFP) and Kai-
ser bolted bracket (KBB) experience severe strength loss due to beam
buckling prior to the termination of loading. Due to this rapid strength
loss, frame stability may be jeopardized in a severe earthquake and it

is questionablewhether these connections are capable of resisting grav-
ity loads or strong aftershocks following such an event.

The majority of research efforts on the seismic performance of
WSMCs have focused on circumventing weld or near weld failures
which limited the attainable plastic rotation of these connections during
the Northridge Earthquake [1]. However some research has been con-
ducted on local beam buckling failures and the associated strength
loss during seismic loading [9–11,13,15–17]. The following is a brief re-
view of the findings of research studies conducted to either improve un-
derstanding of the local buckling failure modes of WSMCs or to
prescribe and evaluate techniques to improve the resistance of
WSMCs to such failures.

Yu et al. [9] collected experimental data on the local bucklingmodes
that result in strength loss in RBS connections. Selected results from
their test of an all welded RBS connection with a W30 × 99 beam con-
nected to a W14 × 176 column are shown in Fig. 1a. For details of the
experimental setup, loading history, instrumentation etc. the reader is
referred to the research report from the study [9]. In Fig. 1a, the enve-
lope of the applied load and measured buckling amplitudes are shown
to illustrate the progression of local beambuckling and its effect on con-
nection strength loss. These results indicate that web local buckling
(WLB) and lateral torsional buckling (LTB) are initiated early in the
loading history (between 1 and 2% drift in the RBS region). It is noted
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that in RBS connections, the beam flanges are trimmed to relocate plas-
tic hinging of the beam away from the column face to the reduced sec-
tion and as a result, the largest bending stresses in the beamweb occur
in the reduced section. In this region, the beamweb experiences less ro-
tational restraint along its vertical edge (adjacent to the column flange)
and along its horizontal edge (adjacent to the beam flange). Therefore,
although trimming of the beam flanges improves flange compactness
at the center of the reduced section, it increases the susceptibility of
the beam to WLB. Yu et al. [9] also evaluated the effect of a near fault
loading history and the addition of lateral bracing near the reduced sec-
tion on the response of RBS moment connections through full scale ex-
periments. The study showed that additional lateral bracing near the
RBS region did not delay the onset of strength degradation but did
slow the rate of strength degradation. Finally, finite element analysis re-
ported in this study showed that axial restraining effects from the col-
umns in a frame system can also reduce strength degradation rates for
RBS moment connections.

Uang and Fan [10,11] examined the stability criteria for steel mo-
ment connections with reduced beam sections through nonlinear re-
gression based on the test results of 55 full-scale RBS moment
connections. In their study, connection resistance to buckling induced
strength degradation was quantified by

1. The plastic rotation capacity (θpc), defined as the total plastic rotation
beyond which a connection starts to degrade below 80% of the peak
strength (Fig. 1b). Plastic rotation is calculated by dividing the plastic
component of the beam tip displacement by the distance from the
beam tip to the column centerline.

2. The strength degradation rate (SDR) defined as the ratio of connec-
tion resistance (bending moment) at 0.03 and 0.02 rad plastic rota-
tion (Fig. 1b).

By studying the statistical influence of flange slenderness ratio (bf/
2tf), web slenderness ratio (h/tw), slenderness associated with LTB (Lb/
ry), and yield strength (Fy) on connection plastic rotation capacity
(θpc), the following equation was developed by Uang and Fan [10,11]
to describe the relationship between these parameters:

θpc ¼ 5:8 b f

.
2t f

� �1=8 h
.

tw

� �1=2

Fye
� �1=2 ð1Þ

where bf is the beam flange width, tf is the beam flange thickness, h is
the clear distance between beam flanges less the fillet radius for rolled
shapes, tw is the beam web thickness, Lb is the unbraced beam length,
ry is the radius of gyration about the y-axis, and Fye is the expected
yield stress defined as:

Fye ¼ Ry Fy ð2Þ

where Ry is the ratio of expected yield stress to specifiedminimumyield
stress.

Eq. (1) was developed using the unreduced section properties. This
equation does not include the LTB slenderness ratio (Lb/ry), as LTB was
not found to havemuch effect on the plastic rotation capacity of connec-
tions in the data set examined [10,11]. Note the relatively stronger influ-
ence of the web slenderness ratio (h/tw), as compared to flange

Fig. 1. (a)Measured local bucklingmodes and strength degradation of a RBSbeam to columnmoment connection (Data fromYu et al. [9]) (b)Definition of plastic rotation capacity byUang
and Fan [10] (c) Definition of strength degradation ratio by Uang and Fan [10] (d) Limiting Slenderness Surfaces for RBS beam to column moment connections (Fy=345 MPa) [10] (e)
Limiting Slenderness Surfaces for RBS beam to column moment connections (Fy=223 MPa) [10].
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slenderness ratio (bf/2tf) predicted by the equation. This strong influ-
ence of web slenderness ratio on plastic rotation capacity was discussed
in detail by Uang and Fan [10,11]who recommended aweb slenderness
limit of1100=

ffiffiffiffiffiffi
Fy

p
to ensure that connections are capable of achieving at

least 0.03 rad plastic rotation. This limit was later adopted in the ANSI/
AISC 341-02 Seismic Provisions [12].

The limiting surfaces for various plastic rotation capacities based on
Eq. (1) assuming grade 50 steel Fy=345MPa and Ry=1.1 are plotted in
Fig. 1d, while the corresponding limiting surfaces assuming Fy=
223 MPa and Ry=1.1 are plotted in Fig. 1e. (Fig. 1e will be discussed
in more detail later). The limiting flange and web slenderness ratios

for highly ductilemembers given in the ANSI/AISC 341-10 Seismic Provi-
sions are shown in vertical and horizontal dashed lines in Fig. 1d. As
shown in the figure, conformance with these limits results in a connec-
tion capable of attaining a plastic rotation capacity of 0.03 rad for grade
50 steel. Assuming an elastic connection rotation of 0.01 rad, connec-
tions that satisfy these slenderness ratio limits should be capable of
achieving 0.04 rad total rotation or 4% drift with no greater than 20%
strength loss which is the prequalification criteria for connection use
in special moment frames [3]. Uang and Fan [10,11] also showed that
the concrete slab reduces the rate of strength degradation due to
beam buckling under positive bending but not under negative bending.

Fig. 2. (a) Sketch of heat-treated beam section (HBS) connection [20] (b) engineering stress-strain response of A992 and heat-treated A992 steel [20].

Fig. 3. Test results of HBS 5 and HBS 7WSMCs, (a) HBS 5 moment-rotation response [20] (b) HBS 7 moment-rotation response [20] (c) photograph showing HBS 5 beam flange buckling
and fracture at the crest of flange buckle (d) photograph showing plastic hinge formation and significant beam flange buckling of HBS 7.
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Fig. 4. Progression of buckling in beam web of HBS 5 at various stages of loading history (a) initial position (b) 2.0% drift (c) 3.0% drift (d) 4.0% drift (e) 5.0% drift (Beam is in positive
bending i.e. top flange in compression).

Fig. 5. Progression of HBS 5 beam cross-section buckling at interstory drifts, (a) 3%, (b) 4%, and (c) 5%. Cross-section is located 406 mm from the column face, the beam is in positive
bending and FE simulation predictions are plotted against recorded data from test.

80 M.L. Morrison, T. Hassan / Journal of Constructional Steel Research 127 (2016) 77–91



Therefore, additional bracing from the concrete slab cannot be relied
upon to effectively mitigate strength degradation due to local beam
buckling under load reversals.

Okazaki et al. [13] combined finite element analysis (FEA) with the
nonlinear regression techniques used by Uang and Fan [10,11] to
study lateral torsional and local buckling of beams subjected to cyclic
loads. The results of their study showed there to be an interaction be-
tween both flange and web slenderness parameters on the strength
loss of moment connections due to buckling. The study also found that
the stability requirements of the AISC 341-05 Seismic Provisions [14]
were adequate to maintain 80% of the nominal beam plastic moment
(Mp) at a story drift of 0.04 rad.

The afore described studies have mainly focused on improving the
understanding of the local buckling failure modes of beam to column
moment connections during seismic loading, however, some attempts
have also been made to delay the onset and slow the rate of strength
degradation due to buckling by various reinforcing methods. Kim et al.
[15] identified web local buckling as a trigger for strength degradation
in their cyclic tests of welded cover plate connections. As a result, they
tested one welded cover plate specimen in which two pairs of horizon-
tal stiffeners were welded to the beam web approximately one quarter
of the beam depth from the top and bottom flanges in the expected
plastic hinge region. While this may seem in concept to be a relatively
simple and economical method to delay the onset of strength degrada-
tionwithout significantly increasing the strength of the connection, test
results showed that the stiffeners did not delay the initiation of strength
degradation. As a result, Kim et al. [15] recommended reduction of web
slenderness limits for beams designed for seismic use as opposed to
adding web stiffeners.

Wang et al. [16] also used horizontal web stiffeners on all-welded
(welded flange-welded web) built-up non compact beams to delay
the onset of strength degradation due to buckling. These stiffeners
were shop welded to the beam web and column flange on both sides
of the beam web in the anticipated plastic hinge region. Improvement
in delaying the onset of strength degradation was obtained when two
pairs of stiffeners located one third of the beam depth from the top
and bottom flanges were used in lieu of one stiffener attached at the
beam centerline. However, this method is not suitable for typical
WSMC construction practice in the United States where beams are usu-
ally field welded to columns with bolted shear tabs because the bolted
shear tabs obstruct the attachment of the horizontal stiffeners on one
side of the beam web.

Li et al. [17] evaluated the local buckling of moment connections
with RBS beams subjected to cyclic loading using FEA. The study
showed that, similar to the findings of Yu et al. [9] supplemental lateral
bracing near the reduced beam section provided only a modest im-
provement in local buckling resistance. Therefore, the use of vertical
stiffeners attached to the beam web and beam flanges in the reduced
section was investigated as a local buckling mitigation technique. This

investigation revealed that the use of two or three stiffeners placed
equidistant from each other in the reduced section delayed the onset
and slowed the rate of strength degradation. However, it was also dis-
covered that themaximum stresswithin reduced sectionwas increased
by 25% due to the addition of the stiffeners. This was found to be the re-
sult of stress concentrations that tend to accompany the attachment of
transverse stiffeners. In previous studies [18,19] stress concentrations
from the attachment of vertical stiffeners were found to be the cause
of premature fractures when placed in regions that experience large in-
elastic strains. Hence, despite its attractive features (effective in reduc-
ing strength degradation due to buckling, while being relatively
simple to fabricate and install) transverse stiffeners may not be a feasi-
ble option.

In several of the afore-described studies [10,11,13,15], WLB in the
plastic hinge has been observed to play a strong role in the initiation
and progression of connection strength degradation. This has been
found to be the case especially when connections are designed for
beam plastic hinging (as opposed to panel zone shear distortion) to
dominate the inelastic behavior. This form of instability (WLB) is ex-
pected due to the deep beams (with slender webs) tested in lab exper-
iments and is more closely related to the geometry of the beam rather
than the connection method and details. This strong influence of WLB
on strength degradation has also been observed during testing of a re-
cently developedWSMCs involving a novel concept called heat-treated
beam section (HBS) [20,21]. The study presented in this article will ex-
amine local buckling and the associated strength degradation mecha-
nism observed during full scale testing of HBS connections. From this
analysis, two (2) strategies to enhance the buckling resistance of all-
welded HBS connections are proposed and studied numerically through
finite element analysis (FEA). The more promising strategy is experi-
mentally validated through full scale simulated seismic testing. The ex-
perimental results from testing of the prototype specimen are analyzed
and compared to experimental results of otherwise identical HBS con-
nections to demonstrate the enhanced performance obtained from the
proposed technique. Details of the experimental study are presented
and areas for future development and application of the proposed tech-
niques are identified.

2. Buckling of recently developed seismically resilient WSMCs

The heat-treated beam section (HBS) WSMC has been recently de-
veloped and validated in other studies [20,21], however, for conve-
nience a brief description of the HBS concept and application is
presented here. This brief description is followed by a presentation of
experimental data from recently tested HBS WSMCs demonstrating
HBS seismic performance and local buckling strength degradation
mechanism.

In HBS connections, specific locations of the top and bottom beam
flanges are heated to a temperature in the range of 1050–1100 °C for

Fig. 6. Proposed enhanced connections (a) HBS with web reinforcement plate (HBS-WR) (b) HBS applied to beam flanges and beam web (HBS-W).

81M.L. Morrison, T. Hassan / Journal of Constructional Steel Research 127 (2016) 77–91



15 min followed by slow cooling [20]. The heat-treated areas are
highlighted red in Fig. 2a which show the HBS applied to an all-welded
connection. This heat treatment reduces the strength of A992 steel as
shown in Fig. 2b. As a consequence of this strength reduction, plastic
hinging of the beam takes place in the heat-treated beam section
(HBS). In a similarmanner to the RBS, this connection provides a ductile
seismic fuse throughweakening, but because the elastic modulus of the
heat-treated steel is unchanged, a connection modified with such a
technique does not sacrifice elastic stiffness as does the RBS [20]. Note
that HBS geometric parameters “a” which corresponds to the distance
from the face of the column flange to the beginning of the HBS and
“b”which corresponds to the length of the HBS (Fig. 2a) may be chosen
similar to RBS parameters “a” and “b” [20].

Themoment-rotation responses shown in Fig. 3a and b demonstrate
the seismic performance of identical all-weldedHBS connections (HBS5
and HBS 7 respectively) which exceeds current AISC 341-10 seismic
provision [3] requirements for use in SMFs. These global responses of
HBS connections show wide hysteresis loops indicating good energy
dissipation. Strength degradation due to excessive local web, flange
and lateral torsional buckling initiated during the 2nd cycle of loading
at 4% drift and continued during later loading cycles (see Fig. 3a and
b). Loading of HBS 5 was terminated after sustaining 2 loading cycles
at 5% drift due to a fracture in the location of significant flange buckling
(see Fig. 3c) while loading of HBS 7 was terminated due to significant
strength loss resulting from beam buckling (see Fig. 3d).

To demonstrate the progressive strength degradationmechanism of
HBS WSMCs 3-dimensional and 2 dimensional plots (Figs. 4 and 5) of
displacement measurements from LED sensors placed on the beam
flange and web of HBS 5 [20] are presented. In Fig. 5, FE simulations
are compared to the experimental responses and will be discussed in

more detail later. From these plots, local buckling of the beamwebwith-
in the HBS is clearly noticeable at 3% drift (Figs. 4c and 5a). This beam
web bucklingwas also visually observed at this stage in the loading his-
tory. At this same point in the loading history, flange buckling was nei-
ther observed visually nor detected by LED sensor displacement
measurements (Fig. 5a) [20]. This indicates that similar to the RBS con-
nection tested by Yu et al. [9] (Fig. 1a), web buckling precedes flange
buckling in HBS connections with this geometric configuration. During
the first excursion to 4% drift, beam flange buckling became noticeable
(Fig. 5b). As loading progressed, beam flange and web buckling ampli-
tudes continued to increase as shown in Fig. 4d, by 5% drift, severe twist-
ing of the beam web is noticeable (Figs. 4e and 5c) as well as double
curvature from buckling during loading in the opposite direction (neg-
ative bending).

This buckling damage is similar to those observed in previously
studied WSMCs like the RBS and WUF-W [9,4] and have also been ob-
served in other connections modified with the HBS [21]. In other
words, the buckling damage discussed above for HBS beams is not in-
duced because of the material strength reduction from the heat treat-
ment or by the connection method, but it is a characteristic behavior
of the wide flange cross section.

3. Proposed techniques for enhancing beam buckling resistance of
WSMCs

Based on the observed influence of WLB on the initiation of the
strength degradation mechanism of HBS (and other WSMCs), two (2)
techniques to improve the local buckling resilience of HBS WSMCs
under seismic loading are proposed and evaluated through FE analysis.
The first involves the attachment of a steel plate to the beam web and

Fig. 7. (a) FE mesh and boundary coditions of HBS-WR (b) Close up view of mesh showing multi-point displacement constraints used to simulate welding attachment of the web
reinforcement plate to beam web (c) fitted ASTM A992 hystersis curve (d) comparison of experiment and simulated moment-plastic rotation responses of HBS 5.
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column flange in the anticipated plastic hinge region. This “web rein-
forcement” (shown in Fig. 6a) is designed to reduce the slenderness of
the beamweb in the region of anticipated buckling and provide greater
resistance toflexural buckling and twisting. By combining theweb rein-
forcement with the HBS, plastic hinging of the beam still takes place
away from the welded joint, however strength degradation is delayed
and the rate of strength loss is reduced. The combination of these two
features (HBS andweb reinforcement) creates a connection that is resil-
ient to both local buckling and weld fatigue failures. This connection is
referred to as HBS-WR in the forthcoming discussion.

As an alternative to web reinforcement, reduction of the material
strength of the beam web in the plastic hinge is proposed. This reduc-
tion of the material strength simply involves extending the HBS to the
beam web as shown in Fig. 6b. As a consequence, flexural (and shear)
stresses are reduced in the beamweb without making any adjustments
to the geometry. The heat treatment does not reduce the plastic modu-
lus of A992 steel (note the downward shift of the stress-strain curve
shown in Fig. 2b1), therefore, with reduced bending stresses acting on
the beam web in the plastic hinge, and no deterioration of the material
plasticmodulus, less buckling damage and strength degradation is likely
as a result.

By extending the heat treatment to the web of the beam, the cross
section of the beam in the plastic hinge is made homogeneous with re-
spect to material yield strength. Based on Eq. (1) and Fig. 1c and d, with
all else being equal, a reduction of material yield strength as shown in
Fig. 2bmay significantly improve plastic rotation capacity. The proposed
connection involving the extension of the HBS to the beam web is re-
ferred to as HBS-W in the forthcoming discussion.

It is important to note that the primary goal of the proposedmodifi-
cations is to delay the onset and slow the rate of connection strength
degradation due to local beam buckling and not necessarily to increase
themoment capacity of the beam.While strength increase may accom-
pany the primary objectives, a significant increase in connection
strength is generally unnecessary as the design of moment resisting
frames tends to be governed by the serviceability and not the strength
limit state [22]. In addition, significant strength increase may require
additional strengthening of the column in order to avoid violating
strong-column-weak-beam (SCWB) criteria and excessive panel zone
shear distortions.

3.1. Finite element modeling of enhanced connections

Three dimensional (3D) nonlinear finite element models were de-
veloped for the proposed connections using the commercial finite ele-
ment analysis software ANSYS Mechanical ADPL [23]. Geometric and
material nonlinearities were incorporated in the finite element models.
An example of the finite element mesh and boundary conditions is
shown in Fig. 7a and b. Displacement boundary conditionswere applied
so as to simulate typical experiment support conditions [20], therefore
hinge supports were applied to the columns ends while roller supports
were applied to the beam flanges close to the loading point (to provide
lateral bracing). Displacements were applied to the beam tip in accor-
dance with the standard ANSI/AISC 341–10 [3] loading protocol for
SMF connections.

The beam, column, web reinforcement and continuity plates were
modeled with 8 noded solid hexahedral elements (SOLID185) with se-
lective reduced integration scheme. Welding attachment of the web re-
inforcement plate to the beamweb and columnflangewas simulated by
prescribing multi-point displacement constraints between the nodes of
theweb reinforcement plate, column flange and beamweb as shown in
Fig. 7b. Thismethodhas been used inprevious studies [4] to simulate re-
inforcing fillet welds between the beam web and shear tab in WUF-W
connections. The weld pattern shown in Fig. 7b is intended to simulate

attachment of the web reinforcement plate through slot welds on the
interior portion of the plate andfillet welds around the edges. The thick-
ness of the web reinforcement plate and its weld attachment to the
beam web was decided through trial and error. It was found that for
the W30 × 148 beam section studied, a plate thickness matching or
slightly greater (3.2 mm or 1/8 in.) than the beam web thickness pro-
duced optimal results. The web reinforcement plate is intended to be
shop welded to the beam web and then field welded to the shear tab.

Finite element models accounted for material nonlinearity through
rate-independent metal plasticity theory based on additive strain de-
composition, the Von Mises yield criterion, associated flow rule and
Chaboche non-linear kinematic hardening rule [24]. The distinctive fea-
ture of the Chabochemodel is the superposition of non-linear kinematic
hardening rules according to Eqs. (6) and (7). This allows for accurate
simulation of hysteric loop shape over a wide strain range. A brief de-
scription of the Chaboche [24] model is given below.

Additive decomposition of each strain increment into elastic and
plastic parts is considered:

dε ¼ dεe þ dεp ð3Þ

The elastic strain increment (dεe) is calculated by the generalized
Hooke's law. The Von-Mises yield criterion is expressed as:

f σ−αð Þ ¼ 3
2

s−að Þ � s−að Þ
� �1

2

¼ σ0 ð4Þ

whereσ is the stress tensor,α is the current center of the yield surface in
the total stress space, s is the deviatoric stress tensor, a is the current
yield surface center in the deviatoric space, and σ0 is the radius of the
yield surface.

The plastic strain increment (dεp) is calculated using the associated
flow rule:

dεp ¼ dλ
∂ f
∂σ

¼ 3
2
dps−a

σ0
ð5Þ

Where the dλ is the plastic strainmultiplier and dp is the scalar plas-
tic strain increment.

The superimposed kinematic hardening rule is given by:

da ¼
Xn
i¼1

da
i

ð6Þ

dai ¼ 2	
3Cidεp−γiaidp ð7Þ

Each of the superposed kinematic hardening rules has a strain hard-
ening term (1st term in Eq. (7)) and a dynamic recovery term (2nd term
in Eq. (7)). C and γ are material parameters obtained from fitting a sta-
ble single amplitude stress-strain curve from a uniaxial cyclic material
test as shown in Fig. 7c for A992 steel.

Geometric nonlinearities were accounted for via a large deformation
formulation. During the development of these finite element models it
was found that with the cyclic displacement loading history applied to
the beam-column connections, local buckling of the beam is predicted
without the introduction of any eccentricities either from initial geo-
metric imperfections or small lateral loads. This observation has also
beenmade byMyers [25]. Despite the symmetry of themesh, boundary
conditions and applied loads, small eccentricities accumulate during cy-
clic loading. These eccentricities provide perturbation for local buckling
simulation and in some cases produces results of reasonable accuracy.
However, the same is not true of monotonic simulations; in fact, a
monotonic FE simulation of a beam to column moment connection
with symmetric geometry, boundary conditions and loads will highly

1 In fact the work hardening rate of A992 steel increases as a consequence of heat treat-
ment. The yield strength is reduced by 38%, but the tensile strength is reduced by 25%.
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over predict the connection capacity and fail to accurately predict local
buckling.

In general, accurate numerical prediction of experimentally ob-
served local buckling is challenging partly because the actual geometric
imperfections of the structure can be quite complex and difficult to
measure and model. Cyclic simulations in which buckling is perturb
by accumulated eccentricities can be viewed as anupper bound solution
and may in some instances make un-conservative predictions. There-
fore, in this study initial geometric imperfections were imposed by
first conducting an eigenvalue analysis of the perfect structure and
then prescribing a scaled value of the first eigenmode displacement
field as the initial configuration of the structure. The scaling was chosen
to represent realistic values of W-shape “out of squareness” based on
ASTM A6 [26] tolerances. Similar approaches have been used in other
studies [27,28].

To validate the FE model, the moment-plastic rotation response of
HBS 5 is simulated and compared to the experiment in Fig. 7d. In addi-
tion, the simulation of the cross-section displacementswith progressive
localweb andflange buckling of HBS 5 at a section 406mmfrom the col-
umn face is compared to the experimentallymeasured displacements in
Fig. 5. The calculated connection plastic rotation during each loading
cycle aswell as the peakmoments shows good comparisonwith the ex-
perimental responses (Fig. 7d). In addition, the cross-section displace-
ment predictions (Fig. 5) show very good correlation with the
measured values and appear to accurately capture the initiation and
progression of local buckling of HBS 5.

3.2. Finite element analysis results and discussion

In order to quantify and analyze the effectiveness of the proposed
methods, response parameters used by Uang and Fan [10] namely, plas-
tic rotation capacity (θpc) and strength degradation rate (SDR) (which
were introduced earlier) are adopted in this study with one minor
change. The SDR is redefined as the ratio of connection resistance
(bending moment) at the plastic rotation corresponding to the maxi-
mum strength θpMn

to the connection resistance (bending moment) at
0.01 rad plastic rotation greater than θpMn

, i.e. θpMn
+0.01.

SDR ¼ M@θPMn

M@θPMnþ0:01
ð8Þ

This definition attempts to quantify the rate of strength loss immedi-
ately following the initiation of strength degradation regardless of the
plastic rotation at which the onset of strengthen degradation occurs.
This redefinition of the SDR was deemed appropriate for this study
since in some cases connections may not experience strength loss be-
tween 0.02 and 0.03 rad plastic rotation as was assumed by Uang and
Fan [10,11]. Response parameters were computed for both positive
and negative bending and the average values are reported.

Proposed connections HBS-WR and HBS-Wwere subjected to cyclic
loading prescribed according to theANSI/AISC 341-10 [3] loading proto-
col for SMF connections. In the simulations the applied beam tip dis-
placements were increased in accordance with the loading protocol
until the connection strength had degraded below 80% of its maximum
value. The moment-plastic rotation envelops for the proposed connec-
tions are compared to the earlier presented HBS 5 andHBS 7 connection
experimental and simulation responses in Fig. 8. It is noted that while
the geometry of HBS 5 and HBS 7 was identical, their material yield
strengths varied [20]. This accounts for the noticeable variation in
their moment responses. The moment-plastic rotation envelops in Fig.
8 were used to determine the plastic rotation capacities and strength
degradations rates tabulated in Table 1. In addition, the accumulated
equivalent plastic strain contour plots at 5% story drift for HBS, HBS-W
and HBS-WR simulations are presented in Fig. 9. Note that in the simu-
lations the beamand column sections, dimensions, boundary conditions
and loading history for HBS-WR andHBS-W connections are identical to

that used for the HBS connection. Analysis of Table 1 and Figs. 8 and 9
have led to the observations discussed in the following.

The addition of the web reinforcement plate increases post yield
connection stiffness and strength (see Fig. 8). It also delays the onset
of buckling, increases the plastic rotation capacity by 50%, and gives a
mild improvement in the strength degradation rate (see Table 1). As a
result, energy dissipation is improved significantly and buckling dam-
ages are also reduced (compare Fig. 9a and b with e and f).

As an alternative, extending heat-treatment to the beamweb (HBS-
W) reduces connection strength (Fig. 8). Though it does not delay the
onset of strength loss, it significantly reduces the rate of degradation
(Fig. 8) and the associated local buckling damage in the plastic hinge
(compare Fig. 9a and b with c and d). As a result, extending heat-treat-
ment to the beamweb improves theplastic rotation capacity by 40% and
also contributes to a significant improvement in the SDR (see Table 1).

In addition to improving buckling resilience, the proposed strategies
are also fatigue resilient as in both cases most of the yielding and dam-
age takes place away from the welded joint (see Fig. 9). Although being
more involved from a fabrication standpoint, beam web reinforcement
(HBS-WR) does seem to provide greater improvements in seismic per-
formance. Based on these results, full scale testingwas conducted to val-
idate the web reinforcement technique as described in the following.

4. Experimental validation

One large scale exterior moment frame sub-assemblage specimen
(HBS 8)was tested to evaluate the performance enhancement provided
by the web reinforcement. The test setup and details of the test speci-
men are shown in Fig. 10. The beam and column section sizes, lengths,
and support conditions were chosen to be identical to those of HBS 5
and HBS 7. In addition, the welding details for the attachment of the
beam flange and beam web to the column flange (shown in Fig. 10b)
remained identical to those of HBS 5 and 7. This allowed for direct com-
parisons to be made between the performance of otherwise identical
connections with and without web reinforcement.
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Fig. 8. Moment-plastic rotation backbone curves for HBS connections (experiment and
simulation).

Table 1
Plastic rotation capacity and strength degradation ratios of HBSWSMCs.

Connectiona θpc (radians) SDR

HBS 5 0.039 0.91
HBS 7 0.041 0.88
HBS-WR 0.061 0.92
HBS-W 0.056 0.99

a All connections have the same beam (W30 × 148) and column (W14 × 148) cross-
sections.
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The web reinforcement plate was fabricated in the shop with hori-
zontal and vertical slots as shown in Fig. 10b and d. Shop welding of
the web reinforcement plate to the beam web was accomplished
using gas shielded metal arc welding (GMAW) with E71T-1C-H8 elec-
trodes which are specified tomeet the requirements of AWSD1.8. Fillet
welds were used to connect the perimeter of web reinforcement plate
to the beam web and were also placed in the vertical and horizontal
slots to provide added reinforcement to the beam web. This design
(length and pattern of welds) was determined using the FE modeling
presented earlier (see Section 3).

Upon completion of beam fabrication, heat treatment was per-
formed using electrical resistance ceramic mat heating pads as shown
in Fig. 11a. Heating pads were sized according to the required dimen-
sions of the HBS and were installed on the inner and outer surface of
the beam flanges. The heating pads were connected to a power supply
and type K thermocouples were used tomonitor temperatures and pro-
vide continuous feed back to the power supply. Three (3) layers of
50 mm (2 in.) high density ceramic fiber insulation blankets were
wrapped around the beam flanges as shown in Fig. 11b to provide
well controlled heating and cooling. More details about the heat treat-
ment setup and procedure are provided in [20,29].

Connection welding was performed outdoors with the column ori-
ented vertically (similar to actual field conditions) by a welder qualified
in accordancewith the requirements of AWSD1.1-10 andAWSD1.8-09.
Welding was accomplished with self-shielded flux cored arc welding
(FCAW)process. E70-T6 electrodeswere used for beamflange complete
joint penetration (CJP) welds whichwere made in the down hand posi-
tion, while E71-T8 electrodes were used for the beamweb CJPweld and

reinforcing fillet welds which were made in the vertical and overhead
positions respectively. Both of these electrodes were specified by the
manufacturer to deposit metal with a minimum Charpy V-notch tough-
ness 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
groveweld. The top flange backing barwas 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 CJP welds were re-
moved by carbon air arc gouging. After the beam to column CJP welds
were completed, a CJP weld was installed between the shear tab and
the web reinforcement plate as shown in Fig. 10b. Finally, all CJP
welds were ultrasonically (UT) tested by a certified welding inspector
(CWI) in conformance with AWS D1.1-10 and AWS D1.8-09. More de-
tails on the welding procedures, specifications and parameters are pro-
vided in [29].

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 tomonitor displacements and rotations in the beam, column,
and panel zone. A calibrated load cell in the hydraulic actuator provided
readings of force response during the experiment. The specimen was
also painted with hydrated lime prior to testing to visually indicate re-
gions of yielding.

The Optotrak Certus HD three-dimensional (3D) position system
was used to capture the positions of markers placed along the beam
flanges and web (Fig. 3). Position time history data obtained from this
system was post processed to calculate displacements and strains in
areas of interest.

Fig. 9. Equivalent Plastic strain contours at 5% story drift for moment connecitons (a) HBS (isometric) (b) HBS (elevation) (c) HBS-W (isometric) (d) HBS-W (elevation) (e) HBS-WR
(isometric) (f) HBS-WR (elevation).
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5. Test results

5.1. Global response of HBS 8

Testing was conducted at the North Carolina State University Con-
structed Facilities Laboratory (CFL). Loads were applied at the beam tip
in accordance with the 2010 ANSI/AISC 341-10 [3] loading protocol
consisting of quasi-static increasing amplitude displacement cycles. Fig.
12a shows the moment-rotation response of HBS 8. This global response
showswide and stable hysteresis loops. HBS 8met the 2010 AISC Seismic
Provisions (ANSI/AISC 341-10) SMF qualifying 4% interstory drift angle
without strength loss. Slight strength degradation due to a fracture

sustained in the fillet weld of the vertical slot in the center of the web re-
inforcement plate, was observed during the 1st cycle of loading at 5%
story drift. Photographs of this fracture are shown in Fig. 16 and will be
discussed more later. Loading of HBS 8 was terminated after completing
1 cycle at 5% story drift as a result of this failure.

5.2. Comparative analysis of HBS 8

5.2.1. Global response
The peakmoment-plastic rotation response of HBS 8 is compared to

those of HBS 5 and HBS 7 in Fig. 14. As anticipated frompretest analysis,
HBS 8 displays increased strength and stiffness compared to HBS 5 and

Fig. 10.HBS 8 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 8 connection
prior to testing.

Fig. 11.Heat-treatment setup (a) photograph showing electric surface heating pads during installation on a beam flange [20], (b) photograph showing insulation of beam flange for well
controlled heating and cooling [20]
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Fig. 13. Recorded longitudinal strains along the center of the beam top flange (a–d) HBS 5 and (e–h) HBS 8.

Fig. 12. (a) Moment-rotation response of HBS 8 (b) Moment-plastic rotation backbone curves for HBS 5, HBS 7 and HBS 8.
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HBS 7. The onset of strength degradation was also delayed in HBS 8
which validates the concept of improving buckling resistance of wide
flange beam to column HBS moment connections through web
reinforcement.

5.2.2. Plastic hinge formation
Fig. 13 compares the progression of flexural strains along the beam

top flange for HBS 5 and HBS 8. These bar graphs show 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.

Bars highlighted in red represent the strains in the heat-treated (weak-
ened) regions. Strains were calculated by post processing data obtained
from the Optotrak Certus HD (3D) position system sensors placed along
the beam top flange. Comparison of the strain responses show that the
combination of the web reinforcement plate and HBS results in more
widely (less concentrated) distributed beam flange flexural strains
over the plastic hinge region. As a result, at comparable drift angles,
strain demands are lowered in the heat treated region in HBS 8. This ef-
fect leads to a favorable condition both in terms of fatigue resistance and
delay of beam flange local buckling.

Fig. 14. Progression of beam web and flange buckling recorded 406 mm away from the column flange (a–c) HBS 5 and (d–f) HBS 8 (Beams are in positive bending i.e. top flange in
compression).
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5.2.3. Local buckling
Fig. 14 compares planar displacements of the beam cross-section lo-

cated 406 mm away from the column flange of HBS 5 and HBS 8 at 3%,
4% and 5% interstory drift. Dotted lines have been traced between data
points to make evident the progressive buckling of the beam. Fig. 15
compares photographs of HBS 5 and HBS 8 at corresponding stages of
the loading history. These two figures provide validation of the web re-
inforcement plate technique in significantly reducing FLB, WLB and LTB
for HBS beam to column moment connections. Note that even though
no reinforcement of the flanges was provided, flange local buckling is
significantly reduced by the presence of the web reinforcement plate
(compare Fig. 15c and f). This supports the findings of Uang and Fan
[10,11] and Okazaki et al. [13] who both demonstrated the interaction
between non dimensional web and flange slenderness parameters
through nonlinear regression analysis. Evidence from the experimental
results presented in this article suggests that WLB and FLB are at least
weakly coupled. Reduced flexural strains along the beam flanges as
demonstrated in Fig. 13 may have been a contributing factor to the re-
duced local flange buckling observed in HBS 8.

5.2.4. HBS 8 Web reinforcement plate fillet weld failure
As previously stated, loading of HBS 8was terminated after one com-

plete loading cycle at 5% story drift due to a crack in the bottom of the
fillet weld in the vertical slot of the web reinforcement plate.

Photographs of the failure location and rupture are shown in Fig. 16a
and b respectively. The crack which measured 127 mm (5 in.) in length
propagated through the beamweb and extended vertically as shown in
Fig. 16b, resulting in strength loss as shown in Fig. 12a. This failure un-
derscores the well-established understanding that fillet welds are less
ductile when loaded perpendicular to their longitudinal axes. In addi-
tion, the “v-shaped” topography of the fillet welds in theweb reinforce-
ment plate slots (Fig. 16b and c) create an unfavorable stress
concentration which may have also contributed to this failure.

6. Future work on proposed techniques

Due to the limitation of resources, this study was conducted on a
rolled wide flange section with relatively compact web and flange ele-
ments. As demonstrated in the above review of the literature, WSMCs
constructed with rolled wide flange beams do suffer from severe
strength degradation due to buckling. However, many of these rolled
wide flange sections satisfy the requirements for highly ductile mem-
bers in the 2010 ANSI/AISC seismic provisions [3] and as a result are
able to meet the 0.03 rad plastic rotation capacity required for use in
SMFs (see Fig. 1d). Therefore, the strategies outlined in this article are
anticipated to add greater value in enhancing the buckling resistance
of built-up I-shaped beamswhoseweb andflange elements don't satisfy
width-to-thickness ratios of highly ductile members according to the

Fig. 15. Photographs comparing the yielding, plastic hinging and local buckling at various stages of the loading history for (a–c) HBS 5 and (d–f) HBS8.
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2010 ANSI/AISC seismic provisions [3], thus limiting their applicability
to intermediate or ordinary moment frames. For example, Figs. 1d, e
and 2b show that with the reduction of yield strength by the heat treat-
ment (Fig. 2b), the plastic rotation capacity of a grade 50 steel beam that
does not satisfy width-to-thickness ratios to be considered highly duc-
tile [3] (i.e. a beam with h/tw ratio lying above the horizontal dashed
line and/or a bf/2tf ratio lying to the right of the vertical dashed line
shown in Fig. 1d) can be significantly improved as shown in Fig. 1e. FE
analysis of HBS-W supports this prediction. The web reinforcement
plate also provided significant improvement to plastic rotation capacity
and was experimentally validated. In addition, both of the proposed
techniques have the potential to be used as retrofit techniques for seis-
mic upgrades.

The research conducted in this study falls far short of that needed for
development of design details and equations, therefore, further studies
are necessary to continue to develop and improve these methods. Fu-
ture studies on the web reinforcement technique should incorporate
more detailed FE analysis to optimize the reinforcement plate weld at-
tachment design so as to minimize stress and strain concentrations,
welding induced distortions and cost. It is recommended that vertical
slots with fillet welds be avoided based on the results of the current
study. In addition, experimental validation is required for the HBS-W
technique. It is recommended that future numerical and experimental
studies should include application of these techniques to built-up I-
shaped beams whose web and flange elements may only satisfy width
to thickness ratios to be considered moderately ductile according to
the 2010 ANSI/AISC seismic provisions [3].

Another attractive application of these techniques (particularly the
web reinforcement technique) may be their use at the column base
plastic hinge location in moment frames which employ deep columns
(W27 and deeper sections). These deepmembers have reduced torsion-
al properties and more slender web and flange elements when com-
pared to the W14 and shallower sections traditionally used for
columns in gravity frames. In addition, unlike beams, these members
carry compressive axial loads (from gravity forces) and are expected
to sustain large plastic rotations during the formation of a beam sway
mechanism in a severe earthquake. Recent experimental [30] and ana-
lytical research [31] on the behavior of deep columns (constructed

from rolled wide flange sections) in moment frames subjected to com-
bined lateral and axial loads have shown them to be susceptible to se-
vere strength degradation at interstory drift levels below the required
4%.Web slendernesswas found to play a significant role in this strength
degradationmechanism [31] and as such, it is anticipated that the tech-
niques outlined in this study may provide a viable solution to this
problem.

7. Conclusion

Strength degradation initiated by local buckling damages inWSMC's
has been studied experimentally and through FE analysis. This strength
degradation is observed to be initiated by buckling of the beam web
which is followed by buckling of the beam flange and lateral torsional
buckling in the plastic hinge. It is observed that once this strength deg-
radation initiates it propagates quickly with continued incremental cy-
cles. By 4% interstory drift test data show that local beam web and
flange buckling damages in the plastic hinge region become large. To
counter this, two techniques for improving the seismic performance of
HBS WSMCs have been proposed and studied through finite element
analysis. One technique involves welding a reinforcement plate to
beam web and column flange in the plastic hinge region, while the
other technique involves extending theHBS to the beamweb. FE studies
show both techniques to be fatigue resilient (i.e. plastic hinge forms
away fromwelded joint) and to reduce local buckling damage and asso-
ciated strength degradation.

The web reinforcement technique was validated through full scale
simulated seismic testing. Test results show the web reinforcement to
be effective in improving stiffness, reducing buckling damages and
delaying the onset of strength degradation of HBS WSMCs. Results
show that these benefits are obtained without changing the plastic
hinge location. In fact, it was observed that the addition of theweb rein-
forcement plate results in more widely distributed (less concentrated)
flexural strains in the plastic hinge. However, test results also show
that careful detailing of the welding attachment of the reinforcement
plate to the beam web is necessary to circumvent unwanted failures
to these welds.

Fig. 16. (a) Post-test photograph showing fracture of web reinforcement plate fillet weld and beamweb (b) enlarged photograph at the fracture location (c) Sketch of web reinforcement
slot fillet weld detail.
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Areas for application of these techniques such as seismic upgrades or
new construction of moment frames involving non-compact beams,
and the reinforcement of column bases constructed from deep wide
flange sections have been identified. Suffice it to say that future analyt-
ical and experimental studies are needed to further develop and eventu-
ally implement these techniques in the field. In this regard, the
experimental and analytical findings of the current study should pro-
vide a valuable starting point for such efforts.
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