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SUMMARY

This study details a new moment connection that overcomes difficulties in achieving field-weld quality
and eliminates steel beam buckling encountered in steel moment connections. This study presents cyclic
test and finite element analysis results of full-scale subassemblies using steel reduced flange plates
(RFPs) to connect steel beam flanges and the column without any other direct connection. Since the
RFP connection is designed as strong column-strong beam-weak RFPs, the RFP functions as a structural
fuse that eliminates weld fractures and beam buckling. Test and analytical results show that (1) the
connections transferred the entire beam flexural strength to the column and reached an interstorey drift of
4% with minor strength degradation, (2) failure of the connections was owing to buckling or fracturing
of the RFP and not of the beam, and (3) the RFP connection subassembly, modelled using the nonlinear
finite element computer program ABAQUS, exhibited hysteretic behaviour similar to that of the flange
plate (FP) moment connection subassembly. The inelastic buckling force of the RFP was also evaluated
by nonlinear regression analyses performed on a nonlinear model that relates buckling force to RFP
geometries. Copyright q 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Many moment connections have been proposed since the 1994 Northridge earthquake to develop
ductile responses under seismic loading. These post-Northridge beam-to-column connections, such
as introducing a flat plate outside the beam flange [1–5] or a reduced section in the beam flange
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[6–10], are intended to force inelastic deformation of a beam away from the column face. Previous
research has shown successful cyclic behaviour of these connections and has been integrated into
FEMA 350 [11].

Although post-Northridge connections recommended by FEMA 350 [11] achieve satisfactory
performance, field weld quality needed to assure adequate deformation of connections is difficult to
control in practice [12]. This study presents a novel moment connection that minimizes the number
of field welds and moves a plastic hinge (or damage) away from the beam, thereby eliminating
beam yielding and buckling. This connection can be accomplished by using reduced flange plates
(RFPs) to connect beam flanges and a column without any other direct connections. The RFP
transfers beam flange force to the column and dissipates seismic energy. Since the RFP connection
is designed as a strong column-strong beam-weak RFP, the RFP functions as a structural fuse that
avoids weld fractures and beam buckling.

This research [13] investigated experimentally and analytically the cyclic responses of the
proposed RFP connections. The parameters studied were RFP material and geometry, joint details
between the RFP and beam flange, and that between the RFP and column. Cyclic tests were
conducted on four specimens with full-scale RFP exterior connections. A general-purpose nonlinear
finite element analysis program, ABAQUS [14], was used to perform a correlation study of a test
specimen and a simulation study of one baseline specimen with a welded flange plate (FP)
connection [11]. Analytical results for the RFP and FP connections were discussed with emphases
on the cyclic behaviour and damage control efficiency. The computer program ABAQUS [14] was
also used in a parametric study of buckling forces of 288 different RFPs. Nonlinear regression
analyses evaluated the relationship between buckling forces and RFP geometries.

DESIGN OF TEST SPECIMENS

The experimental program consisted of tests of four full-scale subassemblies. Each subassembly
included an exterior connection with one steel beam (W450× 200× 9× 14) and a concrete-filled
tube column (350× 350× 9). ASTM Grade 50 steel was specified for the beam and tube column.
Figure 1 shows two RFPs connecting the beam flanges to the tube column without any other direct
connection. A tube column is adopted because of its efficient cross-sectional use in compression
and torsion; filling a tube with concrete increases the section strength and stiffness by preventing
local buckling of the tube [15, 16]. For a wide flange beam connecting to a rectangular tube
column, the ratio of bending moment carried by the beam web through the shear tab is less than
5%, even for very thick tubes [15, 17]. Therefore, beam flexural strength is transferred primarily
to the column through the RFPs. The ultimate flexural capacity of the RFPs, MRFP, is computed
as

MRFP = FubRtR(db + tR) (1)

where bR is the RFP minimum width; tR is the RFP thickness; db is the beam depth, and Fu is
the specified ultimate tensile strength of the plate, equalling 400 and 450MPa for ASTM A36 and
Grade 50 material, respectively. The moment at the column face, determined by projecting the
moment capacity MRFP at the centre of the reduced section, is

MRFPF = FubRtR(db + tR)
Lb

Lb − sh
(2)
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Figure 1. Moment distribution along beam length.

Table I. Test matrix.

Specimen tR MRFP MRFPF
no. (mm) (kNm) (kNm) MRFPF/Mnp MRFPF/Myf Mcrf,R/Myf,R

1 22 561 620 1.1 0.93 0.34
2 22 561 620 1.1 0.93 0.34
3 25 570 627 1.1 0.93 0.65
4 20 508 557 1.0 0.83 0.52

Note: Mnp = 558 kNm.

where sh is the distance between the column face and the reduced section centre, and Lb is the
distance from the actuator to the column face. Formation of a possible beam plastic hinge was
assumed db/4 from the RFP end based on studies of FP connections [18]. The moment at the
column face, Myf, determined by projecting the beam yield moment Myb at the hinge location is

Myf = Myb
Lb

Lb − (LRFP + db/4)
(3)

where LRFP is the RFP length. All specimens were intended to produce plastic hinges in the RFPs,
so the size of the RFPs was determined by limiting MRFPF to less than either Myf (Specimens
1, 2, and 3) or 0.9Myf (Specimen 4). The minimum width of the RFP, bR, was 120mm for all
specimens. The ASTM Grade 50 steel was used for the RFP of Specimens 1, 2, and 4; ASTM
A36 steel was used for the RFP of Specimen 3. Table I lists the thickness, tR, flexural capacity,
MRFP, and moment computed from Equations (2) and (3).
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Figure 2 presents the connection details of all specimens. Specimens 1 and 2 utilized external
diaphragm plates because a CFT column with these plates is easy to fabricate and fill with concrete
compared to the connection using through-diaphragm plates [15, 16]. To eliminate potential weld
fractures between the RFPs and tube column, a through-bolted joint between the column and
the RFPs was adopted for Specimens 3 and 4. Two joint schemes between the beam flange and
RFP were proposed to examine the cyclic behaviour of the connection and RFP. Specimens 1
and 4 used a bearing-type joint, which required the fewest bolts; however, the joint was expected
to slip when the friction force between the RFP and beam flange was exceeded. Compared to
Specimen 1, Specimen 4 also had a T-shaped stiffener placed outside the RFP to prevent buckling
of the RFP in compression. The T-shaped stiffener (Figure 2(d)) was bolted to the beam flange
using two bolts, 16 and 25mm in diameter, at both ends of the stiffener. Two bolts, 16mm in
diameter, snug-tightened the T-shaped stiffener and beam flange, allowing movement relative to
the RFP. The T-shaped stiffener was treated as a simply supported member between these two
bolt types. The force acting on the stiffener centre was about 5% of the ultimate RFP force [19].
Specimens 2 and 3 used a fully restrained joint to connect the RFP and the beam flange. The joint
in Specimen 2 was composed of slip critical-type bolts and longitudinal fillet welds [20], whereas
that in Specimen 3 utilized pure fillet welds. The cyclic behaviour of these welded joints associated
with RFP buckling could be examined. Two stiffeners located outside the RFPs of Specimen 2
were utilized to reduce the RFP buckling length.

EXPERIMENTAL RESULTS

Each specimen was tested in the set-up (Figure 3) that displaced an actuator at the beam end through
a series of displacement cycles [21]. Figure 4 shows the relationships between beam tip deflection
and moment for each specimen. The moment was obtained from the product of the actuator load
and distance between the actuator and column face, and was normalized by the beam nominal
moment capacity Mnp. The cyclic behaviour of each specimen shows that the RFP connection
generally absorbed a significant amount of inelastic energy; however, the inelastic behaviour of
Specimens 1 and 4 was somewhat pinched due to slip of the bolted RFP–beam flange joint.

The flange force of Specimens 1 and 4 reached friction slip capacity of the bolts at an interstorey
drift of 0.75% (Figure 4(a) and (d)), increasing drift at an almost constant moment (0.61Mnp).
Stiffness increased at an interstorey drift of 1.5% because the bolts bear against the bolt holes. The
maximum moment of Specimen 1 developed at an interstorey drift of 5%, at which RFP buckling
in compression was noted. Buckling force, Pcr,R, of the RFP was calculated using the moment
divided by the distance between the points of middle thickness on the top and bottom of RFPs.
The force is marked as ‘Test’ in Figure 5 when the moment was computed as the actuator load
times the distance between the centre of the RFP–beam flange joint and actuator. The flexural
strength decreased at an interstorey drift of 6% due to RFP buckling (Figure 4(a)). With a T-shaped
stiffener positioned outside the RFP of Specimen 4, RFP buckling, indicated by a sudden drop in
load in Figure 4(d), occurred when the specimen was loaded towards an interstorey drift of 7%
(Figure 6(b)).

A fully restrained joint was used to connect the RFPs and beam flanges in Specimens 2 and 3.
The RFP yielded at an interstorey drift of 1% when the moment at the column face was 0.8Mnp.
Buckling of the RFP occurred at an interstorey drift of 4% for both specimens. The RFP in
tension fractured in the second cycle of a −5% drift imposed on Specimen 2 (Figure 7(a)). At an
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Figure 2. Connection details: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3; and (d) Specimen 4.
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Figure 3. Test set-up.

Figure 4. Moment versus beam deflection relationship: (a) Specimen 1; (b) Specimen 2;
(c) Specimen 3; and (d) Specimen 4.
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Figure 5. RFP buckling force.

Figure 6. RFP buckling in Specimens 1 and 4: (a) Specimen 1 (−6% drift) and (b) Specimen 4 (7% drift).

interstorey drift of −4%, Specimen 3 developed a crack at the end of the fillet weld between the
beam bottom flange and RFP in compression; the crack occurred due to RFP buckling (Figure 7(b)).
The weld between the beam top flange and RFP in tension, however, showed no sign of cracking;
consequently, no strength degradation was observed (Figure 4(c)). The weld crack grew gradually
with RFP buckling amplitude at a 5% drift cycle; the beam flange and the RFP in tension suddenly
separated towards an interstorey drift of 6%. Because Specimen 2 utilized pre-tensioned bolts and
longitudinal fillet welds to connect the beam flanges and RFPs, buckling amplitude of the RFP
near the weld ends was significantly reduced compared to that in Specimen 3, eliminating weld
tearing between the RFPs and beam flanges. Instead, the RFP fractured suddenly at an interstorey
drift of −5%.

Beam yielding was hardly observed in tests because of strong beam-weak RFPs. The yield drift
(Table II) was evaluated when the elastic flexural stiffness of the connection decreased (Figure 4).
The strength-degradation drift is also listed in Table II; the difference between these two drifts is
plastic rotation capacity of connections. Although Specimens 1 and 4 experienced joint slippage
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Figure 7. RFP failure modes in Specimens 2 and 3: (a) RFP fracture in Specimen 2 (−5% drift) and
(b) weld crack between bottom RFP and Specimen 3 beam flange (−4% drift).

Table II. Yield and strength-degradation drift.

Specimen no. Yield drift (%) Strength-degradation drift (%) Plastic rotation (rad)

1 0.75 6 0.053
2 1 5 0.04
3 1 5 0.04
4 0.75 �6 �0.053

Figure 8. Tensile strain profiles in RFP (Specimen 1).

and reached an interstorey drift of 6%, the proposed connections, such as Specimens 2 and 3
using a fully restrained joint, also assured sufficient plastic deformation capacity. Therefore, an
interstorey drift of 4%, as required for prequalified moment connections in special moment frames
[11], can be used as a requirement for the proposed connections. The RFP in tension started to
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exhibit a higher tensile strain at both ends than that at its centre after a 3% drift, indicating that
the two tube side skins effectively transferred the RFP tensile force to the column (Figure 8).

FINITE ELEMENT ANALYSIS

Subassembly model

Finite element analysis was undertaken to study the flexural behaviour of the proposed RFP
and FP connections. The objective was to compare flexural rigidity, ultimate strength, and cyclic
behaviour of these two connections. An FP connection with 16-mm-thick FPs located outside
the beam flange was designed based on FEMA 350 [11]. An RFP connection, which had the
same details as Specimen 2 except for the stiffeners located outside the RFP, was created to
study the effects of stiffeners on the connection cyclic behaviour. The three connections were
modelled using the computer program ABAQUS [14]. The steel beam, steel tube, FP, and RFP
were modelled using four-node shell elements, S4R. Rigid links were incorporated to simulate
welds between the beam flange and RFP or FP; rigid links were also used to model the bolted
joint between the beam flange and RFP, as well as between the beam web and shear tab. The
CFT column remained elastic during test; consequently, concrete infills were modelled with only
elastic properties. Eight-node solid elements, C3D8R, were used with a contact element between
the steel and concrete. An interaction between the concrete and the steel tube was modelled with a
hard contact behaviour, allowing a separation of the interface in tension and no penetration of that
in compression. Hard contact without separation was modelled between the FP and beam flange.
Steel coupons were tested cyclically and calibrated using the combined isotropic and kinematic
hardening model in ABAQUS to determine the appropriate parameters for predicting hysteretic
behaviour. Figure 9 shows test and simulation results for an ASTM Gr. 50 steel coupon used for
the RFP of Specimen 2. The parameters were also employed in preparing the three connection
models for predicting hysteretic response.

Figure 10(a) shows the relationship of moment versus beam tip deflection of the Specimen
2 model; the relationship reasonably predicts the curves of cyclic test data. Adding stiffeners

Figure 9. Comparison between coupon test result and prediction.
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Figure 10. Moment versus beam deflection relationship between test and finite element model:
(a) Specimen 2 model versus test result; (b) Specimen 2 model with and without stiffeners;

and (c) Specimen 2 model versus FP model.

outside the RFPs slightly delays RFP buckling while under compression and results in a small
increase in strength (Figure 10(b)). Figure 11(a) shows the longitudinal stress contours for the
Specimen 2 model at the first cycle of a 4% interstorey drift, where RFP stress is concentrated
within the reduced section. However, the connection without stiffeners experiences RFP buckling
(Figure 11(b)). The steel beam of the FP connection buckles at the second cycle of a 4% interstorey
drift (Figure 11(c)). The moment–deflection relationship of the FP connection model is similar
to that of the Specimen 2 model prior to an interstorey drift of 4% (Figure 10(c)). The elastic
flexural stiffness and maximum strength of the FP connection are 4 and 11% larger than those
of the Specimen 2 model. It is concluded that the cyclic performance of the RFP connection is
comparable with that of the FP connection, and the RFP connection can be treated as a rigid
moment connection.

Regression analysis

Finite element analysis was used to assess the buckling force of the RFP with different geometries
(Figure 12(a)). Each RFP was modelled using four-node shell elements, S4R, fixed at one end of
the RFP, and allowed to move horizontally and vertically on the other end. Springs with large axial
compressive stiffness were only positioned on one side of the RFP to simulate bearing at the beam
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Figure 11. Longitudinal stress contour (4% drift): (a) Specimen 2 model; (b) Specimen 2 model (without
stiffeners); and (c) FP connection model.

Figure 12. Linear regression of Pcr,R/Pyc,R: (a) RFP shape; (b) �c versus Pcr,R/Pyc,R; (c) bR/b versus
Pcr,R/Pyc,R; and (d) R/LR versus Pcr,R/Pyc,R.
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flange face. One end of the RFP was displaced monotonically in horizontal and vertical directions
to determine buckling force. The buckling force of the RFP obtained from the connection test is
close to that obtained using the ABAQUS model (Figure 5). A database consisted of 288 RFPs
for four thicknesses (tR = 15, 20, 25, and 30mm), four minimum widths (bR = 120, 150, 180, and
210mm), three lengths (LR = 300, 410, and 500mm), three cut radii (R = 60, 120, and 180mm),
and two material grades (ASTM A36 and A572 Gr. 50). According to coupon tensile test results,
the yield strengths of ASTM A36 and Grade 50 steel were 288 and 390MPa, respectively. The
original plate width, b, was set at 240mm for all RFPs. Figure 12(b) shows the least-square fit of
the ratio (buckling force, Pcr,R, divided by yield force, Pyc,R) versus the slenderness ratio �c:

�c = K LR

�r

√
FyR
Es

(4)

where K ( = 0.5) is the effective length factor; r is the radius of gyration, and FyR is the yield
strength. The ratio Pcr,R/Pyc,R is highly dependent on the slenderness ratio and inversely pro-
portional to �c. For any �c, say 0.4, the ratio Pcr,R/Pyc,R depends strongly on parameter bR/b
(Figure 12(c)) and weakly on parameter R/LR (Figure 12(d)).

Following the procedure [22, 23], a nonlinear model was proposed to evaluate the contribution
of parameters to response quantity Pcr,R/Pyc,R:

Pcr,R
Pyc,R

=C(�c)
�
(
bR
b

)� (
R

LR

)�

(5)

where exponents �, �, �, and constant C are determined by regression analysis. Taking the logarithm
of both sides of the above equation linearized the model, and least-square regression analysis yielded
the following expression with a standard deviation of 0.0565:

Pcr,R
Pyc,R

= 0.8682(�c)
−0.1913

(
bR
b

)−0.2019 (
R

LR

)0.0008

(6)

The large exponents for �c (−0.193) and bR/b (−0.2019) suggest that �c and bR/b affect
Pcr,R/Pyc,R much more strongly than does R/LR.
For design purposes, simplifying Equation (6) is desirable. The following simplifications were

made: (1) exponents for �c and bR/b were both assigned values of −0.2; and (2) the exponent for
R/LR was assumed to be zero. The regression expression based on the simplified form was

Pcr,R
Pyc,R

= 0.86(�c)
−0.2

(
bR
b

)−0.2

(7)

The associated standard deviation was 0.0563. Figure 13 shows the relationship between prediction
(Equation (7)) and measured Pcr,R/Pyc,R values obtained from ABAQUS models for all data points;
the ratio Pcr,R/Pyc,R ranges from roughly 1 to 1.4. In Figure 5, buckling force, Pcr,R, in the RFP
calculated using Equation (7) is marked as ‘Prediction’. The prediction is close to that obtained
from the connection test.
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Figure 13. Comparison between prediction and measurement.

RECOMMENDED DESIGN CRITERIA

The performance of the RFP in design must consider that buckling force is larger than yield force
calculated based on the smallest sectional area, and that maximum tensile stress at the column
face is less than yield stress. The following recommendations for sizing the RFP are based on
test and analytical results. Some iterations for the RFP dimensions may be needed to achieve
a satisfactory design:

Step 1: Select preliminary length LR, thickness tR, and location of the RFP based on

a1 ∼= (0.4–0.85)bf (8)

a2 ∼= (0.45–0.65)db (9)

bR ∼= (0.5–0.9)b (10)

where a1, a2, bR, and b are RFP geometric dimension (Figure 1); bf is the beam flange width, and
db is the beam depth.

Step 2: Compute the inelastic buckling force, Pcr,R, of the RFP using Equation (7); flexural
capacity is provided by the top and bottom RFPs as

Mcr,R = Pcr,R(db + tR) (11)

Extrapolate the moment, Mcr,R, to the face of the column to determine Mcrf,R.
Step 3: Compute the nominal yield moment of the beam and extrapolate this value to the column

face to determine Myf based on Equation (3). Check that Mcrf,R is in the range of 90–100% of
Myf to eliminate beam yielding at the end of the RFP.
Step 4: Compute the flexural capacity of the RFPs, Myf,R, at the column face, and check that

Mcrf,R is less than 65% of Myf,R. The limit (Table I) was established to address concerns regarding
potential weld fractures between the column face and the RFP. This limit may be less stringent
after additional tests are conducted.

Step 5: If Steps 3 and 4 are not satisfied, iterate the other RFP dimensions by returning to Step 1.
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CONCLUSIONS

Four reduced flange plate (RFP) connections, composed of a concrete-filled tube column and a
steel beam, were tested and analysed. The RFP connection was designed to minimize field welds,
transfer beam flexural strength to the column, engage the RFP hinge, and exclude the beam hinge.
Specimens 1 and 4 with a bearing-type joint between the RFP and beam flange exhibited a slip
at an interstorey drift of 0.75%, causing an increase in drift at an almost constant moment until
the bolts bear against the bolt holes (Figure 4). As expected, buckling of the RFPs was observed
in these two specimens. Specimens 2 and 3 had a fully restrained joint between the RFP and
beam flange. Fracturing of the RFP in Specimen 2 and tearing of fillet welds in Specimen 3 were
unexpected; however, these two failure modes occurred when the interstorey drift exceeded 4%.
An FP connection, designed based on FEMA 350 [11], and Specimen 2 were modelled using
the general-purpose nonlinear finite element analysis program (ABAQUS) to compare their cyclic
behaviour. This study supports the recommended design criteria for RFP connections and obtains
the following conclusions:

(1) RFP connections reached an interstorey drift of 4% without yielding in the beam or large
reduction in strength. The moment computed at the column face was around 1.2–1.4 times
the nominal moment capacity of the beam (Figure 4) at an interstorey drift of 4%.

(2) Finite element analyses demonstrated that the proposed RFP and FP connections exhibited
a similar elastic flexural stiffness and hysteretic behaviour before an interstorey drift of 4%
(Figure 10(c)). However, damage was efficiently controlled in the RFP and beam buckling
was eliminated (Figure 11), indicating that the performance of the RFP connection is
compatible with that of the prequalified moment connection recommended by FEMA 350
[11].

(3) Least-square fit analysis showed that the buckling force of the RFP is highly dependent on
the slenderness ratio and minimum width, and not on the cut radius (Figure 12). A simplified
model (Equation (7)) that relates Pcr,R/Pyc,R to �c and bR/b was established to estimate
the RFP buckling force (Figure 5).

Although satisfactory performance of the RFP connections was verified, extensive studies are
necessary before the connection can be implemented in practice. Issues addressed in future studies
should include tests of large-scale specimens with different column sizes, the effects of torsional
stability of the beam, misalignment of RFPs, and the RFP–slab composite action.
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