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Abstract

Seismic behavior of moment connections used in moment-resisting frames can be improved by adding vertical ribs to beam-to-
joints. A parametric study is conducted here to investigate effects of design parameters of the rib on the connection behav
geometrical parameters were set for the rib characterized with an extension. Moreover, nonlinear finite element analysis was u
parametric analysis. The stress distribution and plastic strain demand for various combinations of these parameters are also pre
compared. The numerical results indicate that a single lengthened rib can eliminate the concentrations of stresses and strain
the unreinforced connection, and reduce the potential for brittle fracture of the connection. On the basis of the numerical results and th
confirmation of previous experiments, rib design variables are recommended, along with a design procedure.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The Northridge earthquake in 1994 significantly dama
steel moment-resisting frames, which are supposed
provide ductility in connections during large earthquake
Numerous steel beam-to-column connections did not beha
in a ductile manner, and failed to provide the expec
inelastic deformation [1]. Since the Northridge earthquak
many studies have been undertaken to investigate
behavior of the moment connection. Numerous specim
have been tested to find ways of enhancing their duct
for use in future steelbuildings. Several tests have display
that connections with pre-Northridge details may fail
low plastic rotation [2–4]; in most cases those unreinforc
connections fail to develop the plastic rotation of
rad required by the 1997 AISC seismic provisions5].
The specimens typically failed owing to fracture
the beam flange and groove weld, caused by throu
thickness cracking originating at the root of the wel
access hole. However, tests performed by Ricles et a6]
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demonstrated that unreinforced connections can a
develop significant inelastic behavior. Ricles et al. tested
11 welded unreinforced moment connections with a h
toughness weld metal and modified details, including be
web attachment detail and weld access hole geome
Generally, satisfactory plastic rotation can be achiev
by strengthening the connection or weakening the be
section. Accordingly, several ductile-behaved mome
connections were recommended as presented in the FE
publication [7].

Among the various strengthening schemes, it is comm
to use vertical rib plates to improve the seismic performa
of steel moment connections. Such ribs generally have
form of a tapered triangular plate. The ribs welded to t
top and bottom beam flanges at the column face are u
to reduce the stresses at the beam flange groove weld,
to move the critical section away from the column face.
Popov and Tsai [8] tested three connections reinforced with
two vertical ribs to each beam flange. One connection w
attached to the column flange, while the other two we
joined to the column web. The strong axis connection h
only 1.46% rad of plastic rotation due to the failure of
the bottom flange weld and the weld joining the rib
the column flange. However, two weak axis connectio

http://www.elsevier.com/locate/engstruct
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Table 1
Summary of test specimens [11,12]

Specimen Beama (mm) Columna (mm) Rib plate thickness (mm) Rib plate geometryhr × Lr × he (mm)

SRL20 H588× 300× 12× 20 H550× 550× 30× 40 20 125× 800× 20
SRL30 H588× 300× 12× 20 H550× 550× 32× 40 30 125× 800× 30
SRE6-1 H588× 300× 12× 20 H550× 550× 30× 40 18 110× 680× 20
SRE6-2 H588× 300× 12× 20 H550× 550× 30× 40 18 94× 460× 20
SRE7-1 H700× 300× 13× 24 H550× 550× 36× 40 22 93× 700× 20
SRE7-2 H700× 300× 13× 24 H550× 550× 36× 40 18 97× 640× 15

a Dimensions are shown for depth, width, webthickness, and flange thickness, respectively.
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exhibited excellent ductile behavior, and no weld fractur
occurred. Tests conducted by Engelhardt et al. [9] and
Anderson and Duan [10] demonstrated that connection
reinforced with tapered triangular ribs exhibited sufficie
hysteretic behavior with plastic rotation ranging from 2.5
to 3.0% rad. Engelhardt et al. tested two connectio
reinforced with two taperedribs welded to the top and
bottom beam flanges. Gradual tearing of the beam bot
flange at the rib tips caused the connection failure. Ander
and Duan tested three connections using a single rib we
to each beam flange. Failure was caused primarily
cracking of the weld between the rib and the column flange.
Chenet al. [4] tested twoconnections reinforced by a sing
triangular rib welded to the centerline of each beam flan
One connection failed owing to a brittle fracture in th
beam flange at the ribtip, while the other displayed stabl
hysteretic behavior.

Chen et al. [11] proposed another rib type. A singl
lengthened rib is welded to the centerline of the top a
bottom beam flanges to increase the rib effect. As reve
from the numerical and experimental studies [4], a single rib
is more effective than double spaced ribs for reducing
localized stress concentration near the weld access hole, an
decreasing the potential for fracture. The lengthened por
of the rib is an intentional design feature that preven
beam flange fracture at the rib tip. Previous experime
study, to be briefly presented in a subsequent sect
has demonstrated that single lengthened rib-reinfor
connections can sustain cyclic lateral force and prov
sufficient ductility during the large deformation. This stud
investigates the effects of the geometrical parameter
the lengthened rib on the behavior of the rib-reinforc
moment connection. Three-dimensional nonlinear fin
element models are designed to study the stress and s
distributions at several critical sections of the connection.
the basis of the results of the parametric study and previou
experiments, a design procedure is proposed for pract
applications.

2. Previous experimental work

Experimental research has investigated the cy
behavior of moment connectionsreinforced with lengthened
flange rib [11,12]. Two specimens weretested in the pilot
Fig. 1. Typical connection details [12].

roof-test [11], and four specimens were further tested
he parametric study [12]. Table 1 tabulated the specime
imensions and the geometry of the lengthened ribs. Var

engthened ribs were designed for corresponding bea
ig. 1 presents a typical connection detail, andFig. 2

llustrates the geometry of the lengthened rib. A sin
engthened rib was welded to each beam flange in
lane of the beam web to prevent the fracture initiat

n the weld access hole region. The rib comprises a m
einforced part, a curved part, and an extension. The m
einforced part of the rib is designed to reduce the dem
n the full penetration groove weld joining the beam an
olumn flanges. The rib extension is proposed to mitigate
he potential stress concentration on the beam flange a
ib tip and consequent tearing of the beam flange.

Specimens represent an exterior beam-to-column
ection; therefore, a T-shaped subassemblage was iso
rom the inflection points of the beam and the column o
oment-resisting frame subjected to a seismic lateral load
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Table 2
Test results and failure modes [11,12]

Specimen Interstory drift Total plastic Failure mode
angle (% rad) rotation (% rad)

SRL20 5.06 4.37 Rib fracturing at theplastic hinge location
SRL30 4.59 4.11 Lateral torsional buckling;minor crack in the weld between rib and beam flange
SRE6-1 4.84 4.05 Rib fracturing at the plastic hinge location
SRE6-2 4.84 4.04 Beam flange fracturing at the rib tip
SRE7-1 4.37 3.15 No connection failure; only minor crack in the weld between rib and beam flang
SRE7-2 4.37 3.27 Fracturing of rib and beam flange at the beam–column interface
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Fig. 2. Geometry oflengthened rib.

Fig. 3. Moment versus plastic rotation relationship of specimen SR
1 [12].

Moreover, incremental increase displacement was applied t
represent the cyclic load. A predetermined loading histo
following the loading protocol [13], was imposed at the en
of the cantilever beam.

All the specimens behaved in a similar ductile mann
The beam section displayed intensive yielding. Duc
behavior was guaranteed by forming a plastic hinge
the specified location.Table 2 lists the test results an
failure modes. The specimens could sustain a story dr
angle of at least 4% rad. All the specimens develo
reliable plastic rotation greater than 3% rad, which w
primarily contributed by beam yielding.Fig. 3shows typical
loops of moment versus plastic rotation. Hysteretic cur
demonstrated that specimens had stable energy dissip
capacity under cyclic loading. Slight strength degradat
n

Fig. 4. Plastic hinge formation of lengthened rib connection.

observed on the hysteretic curves of several specim
resulted from local buckling of the beam. The maxim
flexural moment of the connections developed at a s
drift angle of 4% rad exceeded the nominal plastic flexu
capacity of the beam. Furthermore, failure modes, as li
in Table 2, differed among specimens depending on
size of the lengthened rib. The failure modes included
fracture on the groove weld joining the rib and the colu
flange, the fracture of the beam flange at the rib tip, and
propagating crack on the rib.

3. Parametric study

3.1. Geometrical parameters of lengthened rib

A parametric analysis was performed to examine
effects of rib design variables on the connection beha
owing to only a limited number of tests being conducte
Test results have shown that seismic behavior and the failure
mode of rib-reinforced connections are mainly depend
on the reinforcing rib. The flexural capacity of the be
is considered for determining the effect of the rib desig
variables on the connection behavior.Fig. 4 illustrates the
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relationship between the flexural capacity and mom
demand of a beam subjected to seismic force. The e
of gravity loads on the moment demand distribution
neglected assuming that the moment caused by gravity load
is small compared to that caused by seismic force. A m
specific curved moment diagram should be considere
the gravity loads are extremely large. Plastic hinging of
beam is assumed to occur at the intersection of lines of
flexural capacity and moment demand, which is located a
some distance from the column face. The most import
geometric aspects of the lengthened rib are the cross se
of the main reinforced part and the extension, and
rib length. Accordingly, three geometrical parameters ar
defined for configuring the rib plate.

First, a parameterρ is used to determine the plastic fle
ural capacity at the location of the plastic hinge,Mpr :

Mpr = ρMpe (1)

where

Mpe = Zb Ry Fy . (2)

Mpe denotes the flexural capacity of the beam sect
which can be calculated using the expected yield stren
Ry Fy ; Ry is a multiplier accounting for expected mater
overstrength, in accordance with AISC Seismic Provisio
for Structural Steel Buildings [14]; Zb representsthe plastic
section modulus of the beam; andFy is the specified
minimum yield strength of the steel. The value ofρ relates
to the amount of reinforcement of the rib extension, and
defined as an extension reinforcement factor. Furthermore
larger ρ results in higher beam flexural capacity at t
location of the plastic hinge. On the basis of the flexur
capacity at the location of the plastic hinge,Mpr , the cross
section of the rib extension can be determined by calculatin
the plastic section moduli of the beam and the rib extensio

Second, a parameterα is used to determine theflexural
capacity at the beam-to-column interface,Mcap, j :

Mcap, j = αMdem, j (3)

whereMdem, j denotes the moment demand at the beam
column interface, which canbe calculated as follows:

Mdem, j = Lb

Lb − L p
Mpr (4)

whereLb represents the length of the half span of the be
and L p is the distance from the column face to the plas
hinge location. As indicated in Eq. (3), the parameterα
denotes the ratio of moment capacity to demand at the be
to-column interface, and is defined as a main reinforceme
factor of the rib. Furthermore,α should exceed 1.0 to ensur
sufficient margin of safety at thebeam-to-column interface
Consequently, the cross section of the main reinforced
of the rib can be determined onthe basis of the flexura
capacityMcap, j .
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Fig. 5. Verification of hysteresis curves: (a) experiment; (b) finite element
analysis.

Third, a parameterγ is used to determine the overall r
length,Lr , on thebasis of the following equations:

γ = Mpe

Mdem,e
(5)

and

Mdem,e = Lb − Lr

Lb − L p
Mpr (6)

where Mdem,e denotes the flexural demand at the tip
the rib extension. The parameterγ represents a factor tha
determines the rib length. Higherγ results in a longer rib
and higher margin of safety at the rib tip.

3.2. Finite element modeling and validation

The parametric study was conducted using the fin
element analysis to study the behavior of seven connect
An unreinforced connection was modeled to represent
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Fig. 6. Verification of longitudinal strain distribution: (a) strain gauge location; (b) on beam flange 40 mm away from column face; (c) on beam flangelastic
hinge location; (d) on beam web at plastic hinge location.
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pre-Northridge moment connection. Additionally, six rib
reinforced connections were designed to reflect three de
parameters of the lengthened rib. A control model of rib-
reinforced connection employed parametersα = 1.10,ρ =
1.05 andγ = 1.10. The other five rib-reinforced connection
changed one parameter at a time from among parame
α = 1.05 and 1.15,ρ = 1.10, andγ = 1.05 and 1.15 while
keeping the remaining parameters constant. The rib use
the control model of rib-reinforced connection was 19 m
thick, 107 mm high, and 580 mm long, with a 19 mm hig
extension. The other ribs used in the models had dimensio
ranging from 19× 19 to 27× 27 mm for the cross section o
n

s

the rib extension,90–123 mm high for the main reinforce
part, and 460–690 mm in length.

This study used the finite element analysis progr
ANSYS [15] for model analysis. Each model consisted of
H-shaped H588×300×12×20 beam and an H550×550×
30× 40 column, assuming the ASTM A572 Grade 50 ste
Further modeling for materials can be found in Ref. [11].

The numerical results were compared with the expe
mental results for both global and local responses to valid
the accuracy of the finite element modeling. Global beh
ior is presented in terms of hysteretic loops.Fig. 5 presents
both the numerical and the experimental hysteresis curve
the beam tip load versus the corresponding displacemen
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Fig. 7. Critical sections.
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specimen SRE7-1 [12]. Good correlation between the nu
merical and the experimental work was obtained. The st
ness and the ultimate load at each cycle can be reason
simulated up to a story drift angle of 4% rad, except that th
experimental curves are smoother and wider at yield than
numerical ones. Moreover, as shown inFig. 5(b), the numer-
ical results of a monotonic loading are also presented w
those obtained cyclically. The monotonic results can cor
late well with the envelope of the cyclic force–displacement
curve.

The verification of the local behavior was performed
comparing the strain distributions at the locations concern
Fig. 6 shows the normalized longitudinal strain distributio
on the beam flange and the web at the story drift angle
0.6%, 1.9%, and 3.8% rad. A reasonable agreement betwe
the numerical results and the physical tests was gener
achieved. On the basis of the satisfactory performance, the
finite element modeling with monotonic loading was used
proceed with the parametric study.

3.3. Analysis results

The stress and strain distributions in three critical sectio
of the connection were studied. The selection of critical
sections was based on the fracturing location in p
Northridge moment connections.Fig. 7 shows thecritical
sections, presented by lines running across the width
the beam flange. Line CJP is located at the complete j
penetration (CJP) groove weld joining the beam and colu
flanges because many fractures have been found at
groove weld during the Northridge earthquake. Line WA
is located at the root of the weld access hole (WAH
from which the beam flange fractured, as shown by
y

.

f

t

s

pre-Northridge connections [3,4,16]. Finally, line RT is
located at the rib tip because stress concentration in the
beam flange in this region caused fracturing of the be
flange, as demonstrated from the triangular rib-reinforc
connections [4,9].

The stress distribution and strain demand in the co
nection were demonstrated using two significant indicators,
normalized longitudinal stress and PEEQ index. The n
malized longitudinal stress is defined as the normal str
σ11, along the longitudinal axis of the beam, normalized
the yield stressFy . Meanwhile, the PEEQ index, which rep
resents local strain demand, is defined as the plastic equ
lent strain (PEEQ) divided by the yield strainεy .

The distributions of normalized longitudinal stresses a
PEEQ indices along lines CJP and WAH are shown in
Figs. 8 and 9, respectively. The longitudinal stress wa
considered at a story drift angle of 0.5% rad to evaluate
connection behavior withinan elastic range, because man
pre-Northridge connections failed prematurely at limitin
plastic rotation. The other indicator, the PEEQ index, w
used to assess the connection behavior under high strain
story drift angle of 4.0% rad. The unreinforced connectio
demonstrated stress concentration and highly locali
plastic strain demand in the middle of the beam flan
especially at the root of the weld access hole. Evidently
the rib-reinforced connection effectively reduced the stres
distribution and strain demand at the CJPweld and WAH
region, during both the elastic and inelastic stages. With
introduction of the rib, the maximum PEEQ index at th
toe of the weld access hole was considerably reduced f
21.2 to 9.6, a reduction of 55%. The inherent concentrati
of stress and strain of the unreinforced connection w
significantly reduced by the presence of the lengthened
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Fig. 8. Distribution of normalized longitudinal stresses and PEEQ indice
along line CJP: (a) at 0.5% story drift angle; (b) at 4.0% story drift angle

at the centerline of the beam flange. The potential for bri
failure in the weld access hole region thus was diminishe

3.4. Effects of design parameters

To assess the influences of the rib on the distributions
stresses and strains in the critical sections, the maximum
normalized longitudinal stress and PEEQ index alo
the lines were captured for comparison.Fig. 10 shows a
comparison between the results of the unreinforced and
rib-reinforced connections for different values ofα, along
lines CJP and WAH, at story drift angles of 0.5% and
4% rad. Since it is the main reinforcement factor, t
value ofα affects the cross section of the main reinforc
part of the rib. At line CJP, the maximum normalize
longitudinal stresses of rib-reinforced connections withα

of 1.05, 1.10, and 1.15 were decreased by 40%, 44%,
47%, respectively, comparedto those of the unreinforced
connection and also were reduced by 28%, 35%, and 3
at line WAH. Fig. 10(b) shows further reduction of plastic
strain demand. These figures indicate that the stress a
d

Fig. 9. Distribution of normalized longitudinal stresses and PEEQ indic
along line WAH: (a) at 0.5% story drift angle; (b) at 4.0% story drift ang

strain demands at the critical sections of lines CJP and W
can be significantly reduced by the rib. Nevertheless,
effectiveness of the rib in reducing the maximum stress
plastic strain reduced with increasingα. It is reasonable to
useα = 1.10 for design purposes.

Fig. 11 shows the effects ofρ values of1.05 and 1.10 on
the normalized longitudinal stress and plastic strain dema
in the critical sections. Different values ofρ lead to differ-
ent cross sections of the rib extension. Although parame
α andγ remained unchanged, a larger cross section of
main reinforced partof the rib was required owing to the in
crease ofρ. Therefore, increasing the parameterρ reduces
the stress and strain demands, especially in the PEEQ
dex. Reductions of 71% in line CJP and 52% in line WA
compared to the unreinforced connection, were noted in
PEEQ index of the model withρ = 1.05. The model with
ρ = 1.05 achieves significant improvement, while param
terρ = 1.10 results in smaller stress and PEEQ index valu

Fig. 12 shows the effects of the parameterγ on
normalized longitudinal stress and PEEQ index at lines C
WAH, and RT. The value ofγ affects the rib length. Thre
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Fig. 10. Comparison of results of different values ofα: (a) normalized
longitudinal stresses at 0.5% story drift angle; (b) PEEQ indices at 4% s
drift angle.

values ofthe parameterγ , 1.05, 1.10, and 1.15, were use
for the models, and the corresponding rib lengths w
460 mm, 580 mm, and 690 mm, respectively. The figu
demonstrates that different values ofγ exerted negligible
effects on lines CJP and WAH because the value ofγ

altered only the rib length. The longitudinal stresses of
rib-reinforced connections at line RT were only slight
higher than those of the unreinforced connection. Moreo
the longitudinal stress is insensitive to the variation
the parameterγ . Nevertheless, increasing the value of th
parameterγ constantly leads to a decrease in the value
the PEEQindex.

4. Design considerations

4.1. Determination of design parameters

The geometrical parameters of the rib are determined
the basis of the results of the experiment and finite elem
analysis.Table 3lists the values of three parameters used
,

t

Fig. 11. Comparison of results of different values ofρ: (a) normalized
longitudinal stresses at 0.5% story drift angle; (b) PEEQ indices at 4% s
drift angle.

designing the ribs used in the specimens. Specimen SRE
was designed to have the smallestγ , while specimen SRE7-
2 had the smallestρ.

Table 3
Values ofparameters used in specimens

Parameter
Specimen α ρ γ

SRL20 1.17 1.05 1.22
SRL30 1.22 1.12 1.15
SRE6-1 1.10 1.05 1.15
SRE6-2 1.05 1.05 1.05
SRE7-1 1.05 1.05 1.10
SRE7-2 1.05 1.03 1.10

Because the parameterα, the main reinforcement factor,
provides the margin of safety at the beam-to-colum
interface, design safety increases withα. A largervalue of
α requires a larger cross section of the main reinforced p
Consequently, a thicker and taller rib becomes necess
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Fig. 12. Comparison of results of different values ofγ : (a) normalized
longitudinal stresses at 0.5% story drift angle; (b) PEEQ indices at 4% s
drift angle.

Furthermore, none of the specimens failed at the be
to-column interface except specimen SRE7-2. For des
purposes, the parameterα is conservatively set to 1.10 o
greater to avoid the brittle failure mode occurring at t
beam-to-column interface. This study also suggests tha
height of the main reinforcedpart should not exceed the sla
thickness, which is generally less than 150 mm.

The parameterρ, the extension reinforcement factor
directly influences the crosssection of the rib extension. A
high value ofρ is not suitable for the formation of the plastic
hinge in the beam, as observed from specimen SRL30,
displayed lateral buckling of the beam at the rib tip. As
demonstrated by the finite element analysis, the distributions
of stresses and strains of the rib-reinforced connection
not very sensitiveto the variation of parameterρ. Although
rib fracturing eventually occurred in most of the specime
ρ = 1.05 leads to acceptable behavior.

The difference between flexural capacity and mom
demand at the ribtip becomes small with reducingγ . That
is, given smallγ the potential of the stress concentrati
occurring in the beam flange increases. For exam
specimen SRE6-2 was designed to have minimum
extension with γ = 1.05, and specimen SRE6-2 faile
because of the cracking and eventual fracturing of the beam
flange at the rib tip. The remaining specimens withγ of
1.10 or more did not suffer this kind of failure. Therefor
γ = 1.10 is suggested as a minimum; however, econo
concerns mean thatγ should not be too large.
-

e

t

e

,

4.2. Recommended design procedure

On the basis of the parametric study and experimen
results, parameters ofα = 1.10,ρ = 1.05, andγ = 1.10 can
be used reliably for design purposes. The design proced
for a lengthened rib-reinforced connection is summarized
follows.

1. Compute the expected plastic flexural capacity of t
beam,Mpe, using Eq. (2).

2. Calculate the design flexural capacity at the location
the plastic hinge,Mpr , by selecting a minimum value of
ρ = 1.05 and using Eq. (1).

3. Select a cross section,tr × he, of the rib extension on the
basis ofMpr .

4. Assume the location of the plastic hinge by settingL p

as the larger ofdb/3 and200 mm, wheredb is the beam
depth.

5. Use Eqs. (3) and (4) to obtain the design flexural capacity
at the beam-to-column interface,Mcap, j , setting α =
1.10.

6. Determine the height of the main reinforced part of th
rib, hr , on thebasis ofMcap, j .

7. Calculate the rib length,Lr , from Eqs. (5) and (6) by
assuming a minimum value ofγ = 1.10.

8. SelectLmax as the larger ofL p/3 and80 mm, and set the
radius of the curved part to equalL p.

Furthermore, a strong column–weak beam criterio
should be checked for the rib-reinforced connection because
the welded rib increases the flexural strength of the beam

5. Conclusion

The following conclusions are obtained on the basis
the results of the parametric study conducted via fini
element analysis. Analysis results demonstrate that a sin
lengthened rib can be used to reduce the stress concentra
and plastic strain demand in the beam flange groove w
and the weld access hole region, and to diminish the fract
potential of the beam flange at the beam-to-column interface.
The numerical results for the rib-reinforced connectio
revealed that extensive yielding occurs in the beam aw
from the column face, and the plastic hinge reliably form
in the beam. Moreover, the rib extension can effective
eliminate the localized highstress that occurs in the beam
flange at the rib tip. On the basis of the effects of three
geometrical parameters of the lengthened rib on the str
and strain distributions, this study suggests parameters
confirms them with the test results. The parametric stu
showed that the parameters of extension reinforcement
factorρ = 1.05, main reinforcement factorα = 1.10, and
rib length factorγ = 1.10 are reasonable for use in rib
design.
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