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Effects of Panel Zone Strength and Beam Web Connection
Method on Seismic Performance of Reduced Beam

Section Steel Moment Connections
Cheol-Ho Lee, M.ASCE1; Sang-Woo Jeon2; Jin-Ho Kim3; and Chia-Ming Uang, M.ASCE4

Abstract: This paper presents test results on eight reduced beam section �RBS� steel moment connections. The testing program addressed
web connection type �bolted versus welded� and panel zone �PZ� strength as the key variables. Specimens with medium PZ strength were
designed to promote energy dissipation from both PZ and RBS regions such that expensive doubler plates were not needed. Both strong
and medium PZ specimens with a welded web connection were able to provide satisfactory connection rotation capacity for special
moment-resisting frames. However, specimens with a bolted web connection performed poorly due to premature brittle fracture of the
beam flange at the weld access hole. A plausible explanation for the higher incidence of base metal fracture in bolted web specimens was
presented based on the measured strain data. Test results from this study and by others showed that panel zones could easily develop a
plastic rotation of 0.01 rad without causing distress to the beam flange groove welds. At this deformation level, the amount of beam
distortion �i.e., buckling� was about one half that developed in strong PZ specimens. A criterion for a balanced PZ strength that improves
the plastic rotation capacity while reducing the amount of beam buckling is proposed.

DOI: 10.1061/�ASCE�0733-9445�2005�131:12�1854�

CE Database subject headings: Connections; Beams; Steel frames; Seismic design; Design criteria; Moments.
Introduction

In response to the widespread damage in connections of steel
moment-resisting frames that was observed after the 1994
Northridge, Calif. and the 1995 Kobe, Japan earthquakes, a num-
ber of improved beam-to-column connection design strategies
have been proposed. Of a variety of new designs, the reduced
beam section �RBS� connection has been shown to exhibit satis-
factory levels of ductility in numerous tests and has found broad
acceptance in a relatively short time �Chen et al. 1996; Plumier
1997; Zekioglu et al. 1997; Engelhardt et al. 1998�. In RBS con-
nections a portion of the beam flanges at a short distance from the
column face is strategically trimmed to promote stable yielding at
the reduced section and to effectively protect the more vulnerable
welded joints. This weakening strategy also reduces the seismic
force demand in the column and the panel zone. Although this
type of moment connection has been widely used after the
Northridge earthquake, several design issues still remain �for ex-
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ample, Chi and Uang 2002; Jones et al. 2002�. Issues that require
further examination include the influence of the beam web con-
nection method and panel zone strength on the seismic perfor-
mance of RBS connections.

Most of the past tests on RBS moment connections used a
fully welded beam web. Recent tests conducted by Jones et al.
�2002� showed that while specimens with either bolted or welded
web connections generally achieve acceptable performance,
specimens with bolted web connections exhibited a higher inci-
dence of fractures in close proximity to the welds. Their tests,
consistent with other past RBS tests, indicated that the use of
welded web does provide some benefit to connection perfor-
mance. However, consensus does not seem to exist on whether a
bolted web attachment can be used reliably in lieu of a welded
web attachment for the prequalified RBS connections.

Another issue is the optimal panel zone strength. Engelhardt et
al. �1998� conducted tests that included an evaluation of the effect
of panel zone yielding on the performance of RBS connections.
Jones et al. �2002� reported test results based on specimens with
very weak to very strong panel zones. Although a significant
amount of RBS test data is available, a specific recommendation
for a desirable range of panel zone strength has yet to be pro-
posed. The first objective of this study was to further investigate
the effect of the beam web connection method and the panel zone
strength on RBS connection performance. The second objective
was to propose a balanced panel zone strength criterion based on
the test results from this study and by others.

Testing Program

Design of Test Specimens

A total of eight full-scale test specimens were designed and

grouped as Set numbers 1 and 2 �Table 1�. Typical geometry and
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seismic moment profile for the design of the radius-cut RBS are
shown in Figs. 1 and 2. The grade of steel for the beams was
SS400 with a specified minimum yield strength of 235 MPa
�34 ksi�; SM490 steel was used for the columns and the specified
minimum yield strength was 324 MPa �47 ksi�. The tensile cou-
pon test results are summarized in Table 2. The RBS design fol-
lowed the recommendations by Iwankiw �1997� and Engelhardt et
al. �1998�. The beam end length �a� and the total length of the
RBS zone �b� were chosen to be 58–75% of the beam flange
width and 75% of the beam depth, respectively. The strain hard-
ened plastic moment at the RBS hinge was calculated using the
expected yield strength �Fye=Ry �Fy =1.33�235=313 MPa� and
a strain hardening factor of 1.1

mp
act = � � ZRBS � Fye = �1.1� � ZRBS � Fye �1�

Table 1. Test Specimens

Specimen

Beam
and column

�equivalent US
W section�

PZ
strength

ratioa

Set

DB700-SW H700�300�13�24
�W27�123�

H428�407�20�35
�W17�271�

Strong
�not

available�

DB700-MW H700�300�13�24
�W27�123�

H428�407�20�35
�W17�271�

Medium
�0.87�

DB700-SB H700�300�13�24
�W27�123�

H428�407�20�35
�W17�271�

Strong
�not

available�

DB700-MB H700�300�13�24
�W27�123�

H428�407�20�35
�W17�271�

Medium
�0.87�

Set

DB600-MW1 H600�200�11�17
�W24�70�

H400�400�13�21
�W16�115�

Medium
�0.83�

DB600-MW2 H600�200�11�17
�W24�70�

H400�400�13�21
�W16�115�

Medium
�0.82�

DB600-SW1 H600�200�11�17
�W24�70�

H588�300�12�20
�W24�100�

Strong
�0.66�

DB600-SW2 H606�201�12�20
�W24�80�

H588�300�12�20
�W24�100�

Strong
�0.63�

aBased on the strength ratio VRBS,p /Vp; refer to Eqs. �4� and �8� for defin
The corresponding seismic moment at the face of the column is
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Mf = mp
act�Lb

L�
� �2�

Engelhardt et al. �1998� recommended that the moment, Mf, at
the face of the column be limited to approximately 85–100% of
Mp, where Mp=expected plastic moment of the unreduced beam
section. In this study the trimmed flanges were sized to limit the
moment at the column face to about 90% of Mp. The reduction in
flange area at the RBS center was 37 and 40% for Set numbers 1
and 2, respectively �see Table 1�. The flange reduction in Set
number 1 was slightly less than the 40% minimum reduction as
suggested by the SAC recommendation �SAC 2000�.

The panel zones were then designed by using either of the
following two equations for the panel zone design shear strength:

Vp = �0.75��0.6Fycdctp��1 +
3bcftcf

2 � �3�

web
ection
thod

a
�mm�

b
�mm�

c
�mm�

Flange
reduction

�%�

r 1

lded 175 525 55 37

lded 175 525 55 37

lted 175 525 55 37

lted 175 525 55 37

r 2

lded 150 510 40 40

lded 150 390 40 40

lded 150 450 40 40

lded 150 450 40 40
Beam
conn

me

numbe

We

We

Bo

Bo

numbe

We

We

We

We
dbdctp
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Vp = �0.6Fycdctp��1 +
3bcftcf

2

dbdctp
� �4�

where Fyc=yield strength of the column; db=beam depth;
dc=column depth; tp=thickness of the panel zone; bcf=column
flange width; and tcf=column flange thickness. Eq. �4�, which is
adopted in the 2002 AISC Seismic Provisions, was used to design
the medium panel zone specimens. This equation represents the
panel zone shear strength when the shear strain reaches four times
the shear yield strain �Krawinkler 1978�. Eq. �3�, which includes
a strength reduction factor of 0.75, was implemented in the 1997
AISC Seismic Provisions. Specimens with panel zone designed
by Eq. �3� are defined as the strong panel zone specimens in this
study because inelastic rotation is expected to develop mainly in
the beam. In Set number 1, identical sections were used for the
beams and columns, respectively. When Eq. �3� was used for the
panel zone strength, a doubler plate of 10 mm thickness was pro-
vided for specimens DB700-SB and DB700-SW. The doubler
plate was plug-welded to the column web to prevent premature
local buckling �AISC 1997�.

To estimate the required shear strength of the panel zone, it is
worth noting that a reduction factor of 0.8 on beam yielding was
included in the 1997 AISC Seismic Provisions to account for the
effect that gravity loads might inhibit the simultaneous formation
of plastic hinges on both sides of a column. Since there is no
assurance that this will be the case, especially for one-sided con-
nections and for perimeter frames where gravity loads may be
relatively small, the 2002 AISC Seismic Provisions requires that
the expected shear demand in the panel zone be calculated from
the summation of the moments at the column faces, as determined
by projecting the expected moments at the plastic hinge points to
the column faces without considering the presence of gravity mo-
ments.

Four medium panel zone specimens were included in this test-

Fig. 1. Typical geometry of radius-cut reduced beam section

Fig. 2. Seismic moment profile for reduced beam section design
1856 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER
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ing program �DB700-MW and DB700-MB in Set number 1,
DB600-MW1 and DB600-MW2 in Set number 2�. Specimens
DB600-MW1 and DB600-MW2 in Set number 2 were identical,
except for a slight difference in the RBS length. The RBS length
was taken as 85 and 65% of the beam depth for DB600-MW1 and
DB600-MW2, respectively.

Most of the past tests on RBS moment connections used a
fully welded beam web. Recently, Jones et al. �2002� indicated
that the use of a welded web connection does provide some ben-
efit to the connection performance as it tends to reduce the vul-
nerability of the weld fracture. To further investigate the influence
of beam web connection, two bolted web specimens, DB700-SB
and DB700-MB, were included in Set number 1. The bolted web
connection consisted of eight fully tensioned M22-F10T high-
strength bolts. The bolts were tightened with the calibrated
wrench method with a specified bolt tension of 201 kN. In Set
number 2, all the beam webs were groove welded to the column
flange.

Continuity plates equal in thickness to the beam flange were
provided in all specimens. Electrodes with a specified minimum
Charpy V-Notch �CVN� toughness of 26.7 J at −28.9°C �20 lbf at
−20°F� was specified for flux-cored arc welding. Weld access
hole configurations followed the SAC recommendations �SAC
2000�. Figs. 3 and 4 show the connection details for specimens
DB700-SW and DB700-SB. In Table 1, the following abbrevia-
tions were used for the specimen designation: S=strong panel
zone, M =medium panel zone, W=welded web, and B=bolted
web.

Test Setup and Loading

The specimens were mounted to a strong floor and a strong wall.
An overall view of the test setup is shown in Fig. 5. Lateral
restraint was provided at a distance of 2,500 mm from the column
face. The specimens were tested statically according to the SAC
standard loading protocol as shown in Fig. 6 �Krawinkler et al.

Table 2. Tensile Coupon Test Results

Member Coupon

Yield
strength
�MPa�

Tensile
strength
�MPa�

Yield
ratio
�%�

Beam �W27�123� Flange 304 455 67

H700�300�13�24
�SS400�

Web 364 480 76

Column �W17�271� Flange 343 512 67

H428�407�20�35
�SM490�

Web 358 520 69

Beam �W24�70� Flange 326 467 70

H600�200�11�17
�SS400�

Web 343 473 73

Column �W16�115� Flange 358 525 68

H400�400�13�21
�SM490�

Web 374 531 74

Beam �W24�80� Flange 295 447 66

H606�201�12�20
�SS400�

Web 333 471 71

Column �W23�100� Flange 374 534 70

H588�300�12�20
�SM490�

Web 405 546 74
2000�. The test specimens were instrumented with a combination
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Fig. 3. Specimen DB700-SW moment connection details
Fig. 4. Specimen DB700-SB moment connection details
JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER 2005 / 1857
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of displacement transducers and strain gages to measure global
and local responses. Whitewash was painted in the connection
region to monitor yielding.

Test Results and Discussion

The cyclic responses of the specimens in Set number 1 are pre-
sented in Fig. 7. The ordinate is expressed in terms of the nor-
malized moment at the column face; the normalization was based
on the nominal plastic moment of the unreduced beam section.
Both strong and medium panel zone specimens with a welded
web connection developed satisfactory levels of ductility �4%

Fig. 5

Fig. 6. SAC standard loading history
1858 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER
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drift� required for special moment frames. Figs. 8 and 9 show the
plastic hinge formation in the welded web specimens. Significant
yielding of the panel zone in Specimen DB700-MW was evident
from the flaking of the whitewash. Specimen DB700-SW exhib-
ited excellent rotation capacity without fracture. But specimens
with a bolted web connection performed poorly due to brittle
fracture across the beam flange at the weld access hole �see Figs.
10 and 11�.

Fig. 12 shows a comparison of the normalized maximum mo-
ment at the centerline of the RBS �i.e., the assumed plastic hinge
location�. The moment was normalized by the plastic moment of

setup

Fig. 7. Normalized moment versus story drift ratio relationship �set
number 1�: �a� DB700-SB, �b� DB700-MB, �c� DB700-MW, and �d�
DB700-SW
. Test
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the narrowest reduced beam section based on the measured yield
strength. For a given story drift ratio, the figure shows that the
maximum moment developed in the bolted web specimens were
slightly less. Fig. 13 compares the measured flexural strains of
Specimens DB700-SB and DB700-SW near the groove weld of the
beam bottom flange up to the drift level when DB700-SB frac-
tured. Much higher strain in the bolted web specimen is evident.
This suggests the possibility of web bolt slippage. Indeed, bolt
slippage was consistently observed during the past test of pre-
Northridge �welded flange and bolted web� connections �Krawin-
kler and Popov 1982; Tsai and Popov 1988; Ricles et al. 2002�.
This bolt slippage was considered as having contributed to the
weld fractures observed in most specimens with this type of con-
nection. In the test conducted by Tsai and Popov �1988�, the
improved performance of the connection was attained when either
beam web-to-shear tab welding or tension control web bolts, both
of which helped prevent the web bolt slippage, was used.

Fig. 14 shows that all welded-web specimens in Set number 2
exhibited satisfactory connection ductility. Fig. 15 presents a
comparison of the measured beam lateral–torsional buckling
�LTB� amplitudes up to the 4% story drift cycles. The LTB am-
plitudes were measured based on the buckled flange shape. Be-
cause panel zone contributed less to plastic rotation in the strong
panel zone specimens, LTB amplitudes of these beams were
larger. Since a well designed RBS connection would fracture
eventually by low-cycle fatigue of the beam flanges in the RBS
region for drift beyond 4% and such fracture is associated with
very large curvatures due to buckling, a reduction of the LTB
amplitude implies both less postearthquake damage and a less
tendency for beam flange fracture. Fig. 16 shows a plot similar to
Fig. 12, but for all welded-web specimens. The figure shows that
the normalized maximum moment �i.e., cyclic strain hardening
factor� reached an average value of 1.27 at 4% story drift. This
value is higher than that assumed �1.1 in the AISC Seismic Pro-
visions and 1.15 in FEMA 350� for design.

Effects of Panel Zone Strength

For the purpose of analyzing the effects of panel zone strength,
Krawinkler’s recommendation �Eq. �4��, which includes the col-
umn flange contribution �CFC� to the postyield strength, was used
as a measure of the panel zone strength. The first term in Eq. �4�
represents the first yielding of the column panel zone �or the von

Fig. 12. Comparison of normalized maximum moment at reduced
beam section �Set number 1�
Fig. 8. Connection region of specimen DB700-MW at 5% story drift
Fig. 9. Connection region of specimen DB700-SW at 6% story drift
Fig. 10. Beam bottom flange fracture of specimen DB700-SB at 2%
story drift
Fig. 11. Beam top flange fracture of specimen DB700-MB at 3%
story drift
F STRUCTURAL ENGINEERING © ASCE / DECEMBER 2005 / 1859
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Mises yield criterion�. The ratio of the second term over the first
term inside the parentheses represents the increase in panel zone
shear resistance beyond that predicted by the von Mises yield
criterion. Heavy columns with thicker and wider flanges will ben-
efit more from the higher resistance provided by this second term.
Eq. �4� can be expressed in terms of the von Mises strength �Vy�
and the CFC as follows:

Fig. 13. Comparison of measured flexural strain responses near
groove weld of beam bottom flange: �a� DB700-SB and �b�
DB700-SW

Fig. 14. Normalized moment versus story drift ratio relationship �set
number 2�: �a� DB600-MW1, �b� DB600-MW2, �c� DB600-SW1, and
�d� DB600-SW2
1860 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER
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Vp = Vy�1 + CFC� �5�

where

Vy =
1
�3

Fycdctp � 0.6Fycdctp �6�

and

CFC =
3bcftcf

2

dbdctp
�7�

As a measure of the beam strength, the panel zone shear force
VRBS,p corresponding to the development of the actual plastic mo-
ment of the RBS was used; such a measure was also used by
Roeder �2002�. For a one-sided moment connection, VRBS,p can be
computed as follows:

Fig. 15. Comparison of lateral–torsional buckling amplitudes at 4%
story drift cycle: �a� absolute amplitude and �b� relative amplitude

Fig. 16. Story drift ratio versus strain hardening factor in welded-
web specimens
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Table 3. Effects of Panel Zone Strength on Plastic Rotation and Energy Dissipation

�a� One-sided moment connection tests

Specimen
�beam and column sizes�

PZ strength ratio
�VRBS,p /Vp�

Panel zone plastic
rotation at 4% story

drift ratio �rad�

Energy
dissipation by

panel zone up to
4% story drift

cycle �%�

DB700-MW
�W27�123 and W17�271�

0.87 0.012 43

DB600-MW1
�W24�70 and W16�115�

0.83 0.008 32

DB600-MW2
�W24�70 and W16�115�

0.82 0.009 30

RB5a

�W24�70 and W12�125�
0.82 0.011 37

RB1a

�W24�70 and W12�125�
0.77 0.010 33

LS1b

�W30�99 and W14�176�
0.76 0.008 28

DB5c

�W30�148 and W14�257�
0.72 0.01 rad out of total

plastic rotation of 0.04 rad
Not available

DC2d

�W36�150 and W14�150�
0.67 0.005 24

DB600-SW1
�W24�70 and W24�100�

0.66 0.0002 5

DB600-SW2
�W24�80 and W24�100�

0.63 Negligible Negligible

�b� Two-sided moment connection testse

Specimen
�column size�

PZ strength ratio
VRBS,p /Vp

Energy dissipationf

Panel zone
plastic

rotation
�rad�

Total
�kJ�

Dissipated
by beams

�kJ�

Dissipated
by panel

zone
�kJ�

Dissipated
by

columns
�kJ�

1B
�W14�398�

0.91
�bare steel,

balanced PZ�

2,572 1,991
�75%�f

456
�25%�f

125 0.005

1C
�W14�398�

0.91
�composite slab,

balanced PZ�

5,631 3,805
�45%�f

1,594
�55%�f

232 0.010

3Bg

�W14�283�
1.40

�bare steel,
very weak PZ�

3,915 937
�24%�

2,559
�65%�

419
�11%�

0.034

3Cg

�W14�283�
1.40

�composite slab,
very weak PZ�

6,041 19
�0%�

5,068
�84%�

954
�16%�

0.038

4B
�W14�398 column
with two 19 mm
doubler plates�

0.56
�bare steel,

very strong PZ�

1,430 1,400
�98%�

30
�2%�

— Negligible

4C
�W14�398 column
with two 19 mm
doubler plates�

0.56
�composite slab,
very strong PZ�

3,511 3,482
�99%�

37
�1%�

— Negligible

aFrom Tsai and Chen �2000�.
bFrom Yu et al. �2000�.
cFrom Engelhardt et al. �1998�: the cyclic loading history was slightly different from the SAC standard loading protocol.
dFrom Chi and Uang �2002�.
eFrom Engelhardt et al. �2000� and Jones et al. �2002�. All specimens were provided with W36�150 beams �A572 Grade 50 steel� and all the columns
were provided with A572 Grade 50 steel.
fEnergy dissipation up to 4% story drift cycles.
gColumn plastic rotation of about 0.008 rad occurred in these specimens.
JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER 2005 / 1861

 J. Struct. Eng., 2005, 131(12): 1854-1865 



D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

SE
O

U
L

 N
A

T
IO

N
A

L
 U

N
IV

E
R

SI
T

Y
 L

IB
 o

n 
02

/2
3/

16
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.
VRBS,p = �MRBS,p

db
� � �Lb/2 + dc/2

Lb/2 − e
� � �1 −

db

Hc
� �8�

where MRBS,P=plastic moment at the RBS based on the measured
yield strength; and Hc=column height. Refer to Fig. 2 for the
remaining symbols. For a two-sided moment connection configu-

Fig. 17. Global response and energy dissipation �specimen DB700-
MW�: �a� global response and �b� energy dissipation at each story
drift cycle

Fig. 18. Global response and energy dissipation at each story drift
cycle �specimen LS1�
1862 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / DECEMBER
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ration with the same beam size and span length on both sides of
the column, VRBS,p is twice the value given by Eq. �8�. Once the
beam strength is expressed in the form of VRBS,p, the relative
strength between the beam and the panel zone can be measured
by the ratio VRBS,p /Vp; a lower value implies a stronger panel
zone.

The effects of panel zone strength on some connection re-
sponses are summarized in Table 3. Specimen DB700-SW was
excluded from Table 3 because the tensile coupon test results for

Fig. 19. Global response and energy dissipation at each story drift
cycle �specimen IB�

Fig. 20. Global response and energy dissipation at each story drift
cycle �specimen 1C�
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the doubler plates were not available. To augment the database,
test results from Engelhardt et al. �1998, 2000�, Tsai and Chen
�2000�, Yu et al. �2000�, Chi and Uang �2002�, and Jones et al.
�2002� were included. Table 3�a� summarizes one-sided moment
connection tests with bare steel specimens. Table 3�b� summa-
rizes two-sided moment connection tests conducted by Engelhardt
et al. �2000� and Jones et al. �2002� to investigate the effect of
column panel zone strength and composite floor slab. The test
data in the table comprise specimens with various column and
beam sizes; all specimens were able to develop satisfactory con-
nection rotation capacity for special moment-resisting frames.
The measured yield strength was used in calculating the relative
panel zone strength in Table 3. The panel zone strength ranges
from very weak to very strong. Several observations from the data
in Table 3 are summarized in the following subsection.

Energy Dissipation and Plastic Rotation by Panel Zone

First, it is noted from Table 3�a� that the one-sided moment con-
nection specimens with a weaker panel zone consistently dissi-
pated more energy through panel zone yielding. Up to 4% story
drift cycle, specimens with VRBS,p /Vp=0.70–0.90 developed
about 0.01 rad plastic rotation and dissipated about 30–40% of
the total energy.

Global response and energy dissipation behavior of the four
specimens selected from Table 3 are presented in Figs. 17–20.
The panel zone in Specimen DB700-MW �VRBS,p /Vp=0.87� dissi-
pated 43% of the total energy up to 4% story drift cycle. The
panel zone of Specimen LS1, which had a relatively stronger
panel zone �VRBS,p /Vp=0.76� as compared to Specimen DB700-
MW, dissipated 28% of the total energy and developed a panel
zone plastic rotation of 0.008 rad. However, Specimen 1B
�VRBS,p /Vp=0.91�, which possessed a panel zone slightly weaker
than that of Specimen DB700-MW, showed a much lower �25%�
energy dissipation by the panel zone. Such inconsistency is due to
cyclic instability, as explained below.

Table 4 summarizes the slenderness ratios and the limiting
values for the four specimens. Of the three buckling limit states, it
was shown by Uang and Fan �2001� that web local buckling
�WLB� was the dominating mode for RBS beams. Table 4 shows
that Specimen DB700-MW satisfied all the AISC seismic require-
ments for stability. Specimen LS1 violated the LTB and flange
local buckling �FLB� requirements by a small margin. But Speci-
men 1B violated the LTB requirement by a large margin. As a
result, the beam strength degraded beyond 3% drift �Fig. 19�.
Since the beam did not have sufficient strength to mobilize the
panel zone at higher drift levels, energy dissipation of the latter is

Table 4. Comparison of Slenderness Ratios

Specimen

Web local buckling
�WLB�

Lat
buc

h / tw Limita

DB700-MW 46 �80% of limit� 57 37

LS1 51 �89% of limit� 57 47.6

1B, 1C 53 �98% of limit� 54 63
a1,100/�Fy �Fy in MPa�: based on the recommendation by Uang and Fan
b6,560/Fy �Fy in MPa�.
c �
136/ Fy �Fy in MPa�.
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low. It is expected that the energy dissipation of the panel zone
would be increased had the beams properly braced. This can be
demonstrated by examining the cyclic performance of Specimen
1C.

Specimen 1C was nominally identical to 1B, except that the
former incorporated a concrete slab. Although Specimen 1C, like
1B, also did not satisfy the LTB requirement �Table 4�, the brac-
ing effect provided by the slab is obvious �Fig. 20�. The specimen
was able to reach 5% drift before significant strength degradation
started to occur. The panel zone was sufficiently mobilized for
yielding, and it dissipated 55% of the total energy up to 4% drift
cycles. The plastic rotation developed in the panel zone was
0.01 rad, which is comparable to that developed in Specimen
DB700-MW. It is worthwhile to note from Table 3�b� that com-
posite specimens exhibited a greater strength �about 10% on av-
erage� and energy dissipation �often more than twice� than their
bare steel counterparts.

Behavior of Specimens with Very Strong or Very Weak
Panel Zones

Two specimens �4B and 4C� in Table 3�b� that were designed for
a strong panel zone �VRBS,p /Vp=0.56� dissipated a considerably
less amount of energy than the other specimens. One consequence
of the strong panel zone design was that all energy dissipation
was concentrated in the RBS region, while caused a significant
amount of buckling. Lateral–torsional buckling of the beams then
caused column twisting �Engelhardt et al. 2000; Chi and Uang
2002; Jones et al. 2002�, thus preventing the specimens from
developing sufficient ductility.

The problem of strong panel zone design mentioned above can
be somewhat alleviated if the panel zone is also designed to yield.
In the extreme case, a very weak panel zone design would result
in a situation where the beam would remain elastic while all the
inelasticity action occurs in the panel zone. This was the case for
Specimens 3B and 3C in Table 3�b�; both specimens showed very
stable hysteretic response before the beams fractured at large drift
levels. The plastic rotation developed in the panel zone ranged
from 0.034 to 0.038 rad. Large rotations in the panel zone were
accompanied by kinking of the column flanges at the four corners
of the panel zone.

Tests on free flange moment connection conducted by Choi et
al. �2000� also revealed similar problems associated with the very
weak or very strong panel zone design; excessive panel zone
yielding of the weak panel zone specimens eventually fractured
the beam flange while severe out-of-plane deformation was ob-
served in the strong panel zone specimens.

Buckling mode

sional
TB�

Flange local buckling
�FLB�
�unreduced section�

y Limitb bf / �2tf� Limitc

f limit� 56 6.3 �81% of limit� 7.8

over� 44 7.8 �10% over� 7.1

ver� 46 6.4 �90% of limit� 7.1

�.
eral tor
king �L

Lb /r

�66% o

�9%

�37% o

�2001
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Although weak panel zone design has been studied �Kawano
1984; Suita et al. 2002� and available test data showed stable
cyclic response, this design approach is not favored for the
welded moment connection design for the following concerns.
First, kinking of the column flanges not only produces complex
triaxial stress conditions but also increases the potential for frac-
ture in the beam flange welds �El-Tawil 2000�. Second, weak
panel zone design would result in a lower system overstrength of
the structure; system overstrength plays an important role in the
survival of a structure during a major earthquake �Uang 1993�.

Proposed Balanced Design Criteria

Based on the data presented in Table 3, a balanced panel zone
strength ratio can be developed such that problems associated
with the use of either a strong or a weak panel zone can be
avoided. It was shown that a properly designed panel zone can
easily develop a plastic rotation of about 0.01 rad and dissipate
about 30–40% of the total energy when VRBS,p /Vp is in the fol-
lowing range:

0.70 �
VRBS,p

Vp
� 0.90 �9�

To calculate VRBS,p �Eq. �8��, it is suggested that the expected
plastic moment at the RBS, MRBS,p, be based on a cyclic strain
hardening factor of 1.25 �Fig. 16�. When a slab is present, this
moment needs to be increased further by 10%.

Conclusions

A total of eight full-scale steel moment connection specimens that
employed the RBS were tested. The test variables included the
web connection type �bolted versus welded� and the panel zone
strength. The following conclusions can be made based on the test
results from this research and by others.
1. Both strong and medium panel zone specimens with a

welded web connection exhibited satisfactory levels of con-
nection ductility required of special moment-resisting
frames. Specimens with a bolted web connection performed
poorly due to premature brittle fracture of the beam flange at
the weld access hole. The measured strain data appear to
imply that the high incidence of base metal fracture in speci-
mens with a bolted web connection is related to, at least in
part, the increased demand in the beam flanges due to bolt
slippage.

2. Welded-web specimens that were designed for a strong panel
zone experienced more significant beam buckling and larger
permanent distortions because inelastic action was concen-
trated in the RBS region. But using a very weak panel zone is
also not favored due to concerns of potential weld fracture
associated with the kinking of column flanges.

3. Test results from this study and by others showed that the
panel zone could easily develop a plastic rotation of 0.01 rad
without distressing the beam flange groove welds. Allowing
the panel zone to deform inelastically at this level also re-
duces the magnitude of beam distortion �e.g., lateral torsional
buckling� by about a half. A criterion for a balanced PZ
strength �Eq. �9�� that improves the plastic rotation capacity

while reduces the amount of beam distortion is presented.
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