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Abstract

This study investigates the cyclic behaviour of the beam-to-column welded moment connections
usedin steel moment-resisting frames. Two unreinforced welded connections were tested initially to
elucidate the behaviour and failure mode. Test results showed that both specimens failed by the brittle
fracture of the beam flange, initiated from the root of the weld access hole. Nonlinear finite element
analysis was used to identify the causes of the failure. The stress concentration in the weld access
hole region has the potential to cause the beam flange to fracture. Analytical results also demonstrated
that reinforcing the connection with a single rib can reduce the concentration of stresses at the root
of the weld access hole. Further tests of two specimens whose beam flanges were each reinforced by
a single rib revealed that the single rib effectively prevents beam flange fracture in the weld access
hole region.
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Fig. 1. Typical pre-Northridge beam-to-column moment connection.

1. Introduction

Steel moment-resisting frames are believed to be able to develop the strength and
ductility required to resist strong seismic loading because steel is ductile. The 1994
Northridge earthquake caused widespread damage to moment-resisting frames [1–3].
Various brittle fractures were found in beam-to-column welded moment connections.
Typical pre-Northridge welded moment connections were designed to transfer the flexural
moment and shear force of beams to columns.Fig. 1depicts the configuration of a typical
moment connection used in moment-resisting frames. A bolted shear tab is commonly used
to transfer the shear force, and a complete joint penetration (CJP) groove weld is employed
in the field to join thebeam flange to the column flange. The beam-to-column interface
is the critical section that has the maximum flexural moment when moment frames are
subjected to earthquake-induced forces. Therefore, fractures usually initiate at the CJP
weld between the beam flange and column flange. The brittle failure prevents the welded
moment connections from exhibiting the inelastic behaviour expected to resist earthquake
loading.

Numerous studies have been undertaken to improve the behaviour of the pre-
Northridge moment connection. The improvementis based mainly on strengthening the
connection [4–7] or weakening the beam [8–10] to develop stable inelastic behaviour that
will dissipate a large portion of the energy absorbed from the earthquake. The inelastic
behaviour of the connection is attributed mainly to the formation of a plastic hinge in the
beam, so improvement attempts aim to ensure the formation of a plastic hinge at the desired
location in the beam. This work aims to elucidate and improve the performance of the
welded moment connection. Two unreinforced moment connections were tested initially to
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clarify the cyclic behaviour and the failure mode. An analytical study was performed using
nonlinear finite element analysis to improve understanding of the performance of such
connections and predict the brittle behaviour. On the basis of experimental and analytical
findings, two rib-reinforced connections were further tested to examine their performance.

2. Unreinforced connection tests

2.1. Specimens

Two large-scale specimens were fabricated and tested to clarify the behaviour and
failure modeof the pre-Northridge connection. These two specimens represent an exterior
beam-to-column connection.Fig. 2 presents the details concerning the connection of the
specimens. The specimens comprised an A36 beam and an A572 Gr. 50 column. The weld
access hole had to be cut on the beam web to enable the full penetration groove welding
between the beam flange and the column flange. A quarter-circular shape weld access hole
used by the steel manufacturers was adopted herein.Fig. 3 illustrates the geometry of the
weld access hole, which indicates a small radius, allowing a smooth join between the web
and the flange. Meanwhile, as recommended by FEMA [11], the backup bar used in the
full penetration weld in the beam bottom flange was removed using a carbon arc and a
fillet weld was added. However, the backup bar on the top flange of the beam remained in
place but a fillet weld was added to weld the backup bar to the beam flange and the column
flange, as indicated inFig. 2.

2.2. Test set-up and procedure

Fig. 4 illustrates the test set-up for the specimens. Hinged supports were provided at
both ends of the column, and lateral braces were used to prevent lateral deformation
of the beam. A predetermined cyclic displacement history, following the ATC testing
protocol [12], was applied to the beam tip.Fig. 5 plots the cyclic deformation history.
Displacement amplitudes were specified in multiples of∆y , which represents the
displacement at the cantilever end when the beam reached its yield moment capacity. The
specimens were subjected to three cycles with displacement amplitudes of 0.25, 0.5, 0.75,
1.0, 2.0 and 3.0∆y, and two cycles with amplitudes of over 3.0∆y until failure occurred.
The yielding displacement∆y was 15 mm for specimen S6, representing a storey drift
angle of 0.45% rad, while that for specimen S7 was 20 mm, representing a 0.60% rad
storeydrift.

2.3. Test results

The beam flanges close to the column in both specimens developed moderate inelastic
behaviour. The yielding pattern of the beam flange of specimen S6 can be observed in
Fig. 6. No sign of local buckling of the beam was observed before failure.Fig. 7 plots
the maximum moment in the beam versus the total plastic rotation for both specimens.
The moment was computed at the column face based on the load obtained from the
actuator. The moment,M, wasalso normalized by the plastic flexural strength of the beam,
Mp , according to material strengths measured inthe tensile coupon test. The total plastic
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Fig. 2. Connection details for two unreinforced connection specimens: (a) specimen S6; (b) specimen S7.

rotation,θp, wasobtained by subtracting the elastic rotation from the total rotation of the
specimens,θtotal, which was determined by dividing the displacement of the beam tip by
the distance from the beam tip to the centre of the column. Hence

θp = θtotal − M

Kθ

(1)

whereKθ is the elastic rotational stiffness of the specimen. Neither hysteresis curve in
the figure reveals degrading of strength. Specimen S6 exhibited a total plastic rotation of
only 1.9% rad corresponding to a maximum storey drift of 3.15% rad, while specimen S7
exhibited a total plastic rotation of 2.4% rad corresponding to a maximum storey drift of
3.6% rad. However, both specimens developed flexural moments greater than the plastic
flexural strengths of the beam section.
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Fig. 3. Details of the weld access hole and groove weld: (a) top flange; (b) bottom flange.

2.4. Failure mode

Both specimens failed catastrophically. The failures were caused by the fracture of
the beam flange initiated at the intersection between the weld access hole and the full
penetration weld. The fractures propagated toward the flange edges and caused the beam
flange to fail. The two specimens exhibited identical failure modes, as illustrated inFigs. 6
and8. The photographs shown inFig. 8 represent a close look at the fracture of the beam
flange of specimen S7 at the end of the test. Similar fractures were observed in the tests
conducted by Stojadinovic et al. [13] and Azuma et al. [14]. The fracture may have been
initiated at the weld access hole because of localized stress concentration, which assertion
will be addressed in the following section using nonlinear finite element analysis.
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Fig. 4. Schematics of the test set-up.

Fig. 5. The test protocol.

3. Finite element analysis

Nonlinear finite element analysis was performed to examine the stress and strain
distributions at the connection. Specimen S6 was modelled using the finite element
program. Results of the simulation of the tests were compared with the actual test results
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Fig. 6. Yielding and fracture of the beam flange of specimen S6.

to confirm the finite element model. The established finite element model was further
employed to investigate the reinforcing scheme used to improve the behaviour of the pre-
Northridge connection.

3.1. Modelling

The general purpose finite element program ANSYS [15] was used in the analytical
studies. A finite element model was generated accurately to represent the specimen.
Elements were properly generated to capture fully the behaviour of the connection.Fig. 9
depicts the mesh of the finite element model of specimen S6. The symmetry in the plane of
the beam and the column webswas such that only half of the specimen was modelled and
analysed to reduce computational effort. An eight-node, three-dimensional solid element
with 24 nodal degrees of freedom was used to model the structural steel. The model
of specimen S6 consisted of 14,669 nodes and 8,900 elements. Constraints that were
consistent with the test set-up were applied in the model. A displacement control analysis
incremented displacement of the beam tip, which was identical to the testing protocol.

Stress–strain relationships were obtained from a coupon test to model the material
properties of the steel. Steel usually exhibitedlinear elasticity, followed by a yield plateau,
and then strain hardening up to the ultimate strength. Accordingly, the yield strength
measured in material coupon tests was used as an analytical property of the material.
However, the measured stress–strain relations were simplified as a bilinear relationship
with strain hardening, with a 4% modulus of elasticity. Furthermore, the behaviour of steel
under compression was assumed to be the same as that under tension. The von Mises yield
criteria were used to specify the plasticization.

3.2. Analytical results for specimen S6

The predictions of the finite element analysis were compared with the experimental
results in terms of load and deformation relations to verify the analytical model.Fig. 10
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Fig. 7. Hysteresis curves of unreinforced connection specimens: (a) specimen S6; (b) specimen S7.

plots the beam tip load versus the displacement for specimen S6, as determined by finite
element analysis and experimentally. Theresults are consistent with each other. The
analytical results are also plotted in the form of a stress distribution to elucidate the yielding
and plasticization of the connection.Fig. 11displays the von Mises stress distribution in the
beam-to-column joint and the adjacent beam section at a plastic rotation of 3% rad because
SAC [16] recommended a 3% rad minimum plastic rotation capacity for the connection of
the moment frames. The beam flange yielded near the column face because the critical
section through which the beam forces were transferred to the joint was the joint–beam
interface. Localized stress concentrations were observed in the beam-to-column interface
and in the weld access hole region, owing to thegeometric discontinuity at the joint.
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Fig. 8. Specimen S7 after failure.

Additionally, the highest stress was in thevicinity of the weld access hole, from which
the beam flange fractured during the test.

3.3. Modelling of rib-reinforced connections

Connections strengthened by vertical rib plates were analysed to find ways to reduce
the stress concentration localized near the weld access hole.Welding the vertical rib plates
to the beam and column flanges is intended to reduce the connection’s stress demand on
the complete penetration weld in the beamflange and move the plastic hinge away from
the face of the column. Two finite element models were constructed to study the effect of
the rib on the behaviour of the connection.Fig. 12(a) presents the connection strengthened
with two separate rib plates on the top andbottom beam flanges. Notably, only half of the
connection was modelled because the connection is symmetrical in the plane of the beam
and column webs. The model used a beam and a column of the same size as those for
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Fig. 9. The three-dimensional finite element mesh for specimen S6.

specimen S6. The triangular rib plate was 20 mm thick, 100 mm high and 200 mm long.
Engelhardt et al. [17] tested this type of connection. Their test results indicated that two
specimens exhibited a plastic rotation of 2.5and 3% rad, and failed by the gradual tearing
of the beam flange at thetips of the rib plate.

The other finite element model used only a single rib welded to the centreline of the
beam flange, as illustrated inFig. 12(b). The single ribis located in the same plane as the
column web to enhance the transfer of the force from the beam to the column. However,
there is very little information on the behaviour of connections reinforced with a single
rib. This single-rib (SR) connection used a rib plate of the same size as that used for the
double-ribs (DR) connection.
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Fig. 10. Experimental and analytical hysteresis curves forspecimen S6: (a) experiment; (b) finite element analysis.

3.4. Analytical results for rib-reinforced connections

Analytical results are examined for the stress distribution and the spread of the yielding
zone in the joint.Fig. 13 plots the von Mises stress distributions in the joint for DR and
SR connections at a plastic rotation of 3% rad. Both connections revealed that extensive
yielding of the beam section occurred awayfrom the column face, such that the plastic
hinge in the beam for both specimens was developed at the same place in spite of the
different reinforcement of the ribs. Nevertheless, the von Mises stress in the DR connection
was maximum in the access hole region, while that in the SR connection was maximum in
the beam flange at the rib tip.
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Fig. 11. The von Mises stress distribution for specimen S6.

Fig. 12. Meshes in the joint for rib-reinforced connections: (a) double-ribs (DR) connection; (b) single-rib (SR)
connection.

Fig. 14 presents the beam tipload versus total rotation for specimen S6, DR and SR
connections, to examine the global behaviour of the connections. The curves for DR and
SR connections were virtually identical becauseboth connections formed plastic hinges
in the beam beyond the rib tip. Both DR and SRconnections exhibited a higher ultimate
capacity than specimen S6, but had the same elastic stiffness, because both connections
were shorter from the beam tip to the plastic hinge than in specimen S6.
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Fig. 13. The von Mises stress distribution for rib-reinforced connections: (a) DR connection; (b) SR connection.
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Fig. 14. Load versus total rotation relations for various connections.

The distributions of stress and strain along the width of the beam flange were studied
in two critical sections to clarify the stress distribution and strain demand in the beam-
to-column joint. Line CJP inFig. 15 represents the position at which the complete
joint penetration groove weld joins the beam flange and column flange. Line WAH
is at the root of the weld access hole, where fracture occurred during the test. The
pre-Northridge connections failed at limiting plastic rotation, so the stress and strain
distributions when minor inelastic behaviour occurs are of interest. A 0.25% rad plastic
rotation was considered to represent this stage. The analytical results concerning the other
stage, represented by 3% rad plastic rotation, were studied to examine the highly strained
behaviour of the joints.

The results of finite element analyses arepresented in the forms of the normalized
longitudinal stress and PEEQ index. The longitudinal stress,σ11, represents thenormal
stress in the beam flange and is normalized by the yield stressFy of the beam material. The
PEEQ index is defined as the plastic equivalent strain (PEEQ) divided by the yield strain
εy of the beam material, which represents local strain demand [18]. The plastic equivalent
strain is defined as

PEEQ=
√

2

3
εi j εi j (2)

whereεi j is the component of plastic strain in the direction specified byi and j . In the
ANSYS finite element program, the PEEQ is denoted as the EPEQ, which is the equivalent
plastic strain.

Fig. 16 plots the resulting normalized longitudinal stresses andPEEQ indices along
Lines CJP and WAH at 0.25% rad plastic rotation. Both DR and SR connections effectively
reduced the longitudinal stresses at the CJP weld and WAH below those of the unreinforced
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Fig. 15. Lines in the critical section.

specimen S6, although DR and SR connections demonstrated similar longitudinal stress
distributions. Strain was concentratedat the root of the access hole, as plotted inFig. 16(d).
Nevertheless, the SR connection was more effective than the DR connection in reducing
the concentration of strain,especially at the root of the access hole, as indicated in
Fig. 16(d).

Fig. 17 plots normalized longitudinal stresses and PEEQ indices at a plastic rotation of
3% rad. The presence of the rib significantly decreased the stress and strain demand along
Lines CJP and WAH. The maximum values ofthe PEEQ indices at the root of the access
hole shown inFig. 17(d) were 23.1, 13.8 and 9.6 for specimen S6, the DR connection and
the SR connection, respectively. The SR connection very significantly reduced the PEEQ
index at the root of the access hole, implying that the single rib could reduce the potential
for the beam flange to fracture near the access hole region.

4. Rib-reinforced connection tests

4.1. Specimens

On the basis of the finite element analysis, two specimens were designed with reinforced
connections. A single rib was welded to the centreline of each beam flange.Fig. 18presents
the details of the connection. The height of the rib was designed to be less than the thickness
of the concrete slab. Both specimens had triangular ribs 100 mm high and 200 mm long,
but with different thicknesses. The rib plate of specimen SR30 was 30 mm thick, while
that of specimen SR20 was 20 mm thick. The ratios of plastic flexural strength of the rib
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Fig. 16. Longitudinal stresses and PEEQindices at 0.25% rad plastic rotation:(a) longitudinal stresses along Line
CJP; (b) longitudinal stresses along Line WAH; (c) PEEQ indices along Line CJP; (d) PEEQ indices along Line
WAH.

to that of the beam section,ZribFrib/Z Fy , at thebeam-to-column interface were 0.36 and
0.24 for specimens SR30 and SR20, respectively.Zrib andZ represent the plastic moduli
for the cross sections of the rib plate with maximum height and the beam, respectively, and
Frib and Fy are the measured yield strengths of the rib plate and the beam, respectively.
Specimens consisted of the same rolled shape beam H588× 300× 12× 20, confirmed to
be of ASTM A36 materials with a yield strength of 304 MPa.

4.2. Test results and discussion

4.2.1. Behaviour and failure mode
The test set-up and procedure were identical to those of the tests of unreinforced

connections. Specimen SR30 yielded in the beam flanges beyond the rib tip during the
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Fig. 17. Longitudinal stresses and PEEQ indicesat 3% rad plastic rotation: (a) longitudinal stresses along Line
CJP; (b) longitudinal stresses along Line WAH; (c) PEEQ indices along Line CJP; (d) PEEQ indices along Line
WAH.

cycles of 1% rad storey drift. The beam flanges underwent slight local buckling at a storey
drift of 2.3% rad. A minor crackin the bottom flange of the beam at the rib tip was detected
at a storey drift of 2.8% rad. This crack grew slowly but propagated toward the base metal
of the beam flange. This ductile tearing of the base metal gradually reduced the strength of
the connection.Fig. 19shows the fracture of the beam flange at a storey drift of 4.1% rad;
the test was terminated during these cycles because of a great loss of strength.

Before the cycles associated with 2.3% rad storey drift, the behaviour of specimen SR20
was quite similar to that of specimen SR30. The top flange of the beam cracked at the rib
tip at a storey drift of 2.3% rad. Unlike the crack in specimen SR30, this crack did not grow.
In contrast, specimen SR20 failed with a very loud bang caused by the fracture of the beam
top flange at a storey drift of 2.8% rad. This brittle crack led to complete fracturing of the
top flange of the beam, as displayed inFig. 20.
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Fig. 18. Connection details for two rib-reinforced specimens.

Fig. 19. Specimen SR30 after failure.

Both specimens failed because of the crack initiated in the beam flange at the rib tip.
The formation of this crack was consistent with the results of the finite element analysis,
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Fig. 20. Specimen SR20 after failure.

which revealed that the von Mises stress was maximum at the rib tip as observed in the
SR connection. The concentration of stress owing to the presence of the rib caused the
rib-reinforced connection to fail in thebeam flange atthe rib tip.

4.2.2. Rotation capacity
Fig. 21 plots moment versus total plastic rotation curves of both rib-reinforced

specimens. Notably, the plotted moment wasalso normalized with respect to the measured
plastic moment capacity of the beam. The cyclic behaviour of specimen SR30 was stable,
as evidenced by the shape of the hysteresis loops, even though ductile cracks developed
in the beam flange at the rib tip. The deterioration in strength indicated by the hysteresis
curve was primarily attributable to the local buckling of the beam flanges and the formation
of ductile cracks. Specimen SR30 achieved a total plastic rotation of 3.4% rad with a
strength that continued to exceed the plastic flexural strength of the beam.Fig. 21(b) shows
the moment-rotation response of specimen SR20. The brittle fracture of the beam flange
caused specimen SR20 to exhibit an unsatisfactory total plastic rotation of+1.7% and
−1.3% rad.

5. Conclusions

The results of finite element analyses and experiments conducted to elucidate the
cyclic behaviour of the beam-to-column welded moment connections support the following
important conclusions.
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Fig. 21. Hysteresiscurves of rib-reinforced connection specimens: (a) specimen SR30; (b) specimen SR20.

1. Tests of two unreinforced specimens revealed moderate inelastic behaviour but failed
in a brittle manner under cyclic loading. Thefracture of the beam flange near the weld
access hole and CJP weld regions caused failure.

2. Finite element analysis of the unreinforcedconnection showed a localized concentration
of stress at the root of the weld access hole, causing the beam flange to fracture.

3. Finite element analysis proved that the rib-reinforced connection can reduce the stress
concentration in the access hole region as well as the stress demand in the beam CJP
groove weld. Furthermore, a single rib ismore effective than double spaced ribs for
reducing the localized stress concentration near the weld access hole.
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4. Tests of the two specimens rib-reinforced by a single rib welded on each beam flange
exhibited the effectiveness of the single rib in preventing beam flange fracture at the root
of the weld access hole. One specimen exhibited stable hysteretic behaviour, whereas
the other failed by a brittle fracture in the beam flange at the rib tip.
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