Cyclic Seismic Performance of Reduced Beam Section Steel
Moment Connections: Effects of Panel Zone Strength and
Beam Web Connection Type
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ABSTRACT

This paper presents fest resuls on eight reduced beam sechion(RBS) stesl morment connections. The testing progrom addressed bolted versus
welded web connection and panel zone(PZ) strength as key variables. Specimens with medium PZ strength were designed to promote energy
dissipation from both PZ and RBS regions such that the requirement for expensive doubler plates could be reduced. Both strong and medium PZ
specimens with a welded web connection were able to provide satisfactory connection rotation capacity for special moment-resisting frames. On
the other hand, specimens with a bolfed web connection performed poorly due to premature brittle fracture of the beam flange at the weld
access hole. If fracture within the beam flange groove weld was avoided using gudlity welding, the fracture tended to move info the beam
flange base metat af the weld access hole. Plausible explanation of a higher incidence of base metal fracture in bolted web specimens was
presented. The measured strain data confimmed that the classical beam theory dose not provide reliable shear transfer prediction in the
connection. The practice of providing web bolts uniformly along the beam depth was brought info question. Criteria for a balanced PZ strength
that improves the plastic rofation capacity while reduces the amount of beam distortion are also proposed.
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1. Introduction

As a response to the widespread damage in connections
of steel moment-resisting frames that occurred during the 19%
Northridge, California and the 1995 Kobe, Japan earthquakes,
a number of improved beam-to-column connection design
strategies have been proposed. Of a variety of new designs,
the reduced beam section(RBS) connection has exhibited
satisfactory levels of ductility in numerous tests and has

found broad acceptance in a relatively short time(Chen
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(1996), Plumier’(1997), Zekioglu et al."®(1997), Engelhardt
et al.?(1998)). In the RBS connection a portion of the beam
flange at some distance from the column face is strategically
removed 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 on the column and the panel zone. Although this
type of moment connections has been widely used in the
past few years, there remain several design issues that
should be further examined(for example, Jones et al.”
(2002), Gilton and Uang® (2002), Chi and Uang® (2002)).
The primary objective of this experimental study was to
investigate the effects of the beam web cornection and panel
zone strength on seismic performance of the RBS connection.
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Cyclic Seismic Performance of Reduced Beam Section Steel Moment Connections: Effects of Panel Zone Strength and Beam Web Connection Type

2. Testing Program

2.1 Design of Test Specimens

A total of eight full-scale test specimens were designed
and grouped as Set #1 and Set #2(Table 1). Typical
geometry and seimsic moment profile for the design of
the radius-cut RBS are shown in Figs. 1 and 2. RBS was
designed by referring to the recommendations by Twankiw”
(1997) and Engelhardt et al.”(1998). The beam end length
(a) and the total length of the RBS zone (b) were chosen
as 25% and 75% of the beam depth, respectively. These
dimensions were selected to minimize the reduction in
flange area. The resulting RBS eccentricity from the column
face was 62.5% of the beam depth. The strain hardened
plastic moment at the RBS hinge was calculated using the
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Fig. 1 Typical geometry of the radius cut RBS

Table 1 Test Specimen

expected yield stress of the beam(Fye= 313MPa) and a

strain hardening factor of 1.1.
My = X ZppsX Fyo=(1.1) X Zgps< F, 1)

The trimmed flanges were then sized to limit the moment
at the column face to the expected elastic limit moment of

the whole beam section as follows.

L

where S= elastic section modulus of the beam.

The reduction in flange area at the RBS center was 37%
and 40% for Set #1 and Set #2, respectively(see Table 1).
The flange reduction in Set #1 was slightly less than the 40%

Fig. 2 Moment profile for RBS design

Specim Beam Panel Beam web a b c r(gigﬁce)n
pecimen and column zone Strength | connection method|  (mm) {ram) (mm} %)
Set #1
H700X300X13X24(SS400) | Strong(10mm doubler
7 5 74
DBI00-SW | | aogxa7xoox35(sMag0) | plate, SMA90) Welded 17 25 % 3
H700X300X 13X24(SS400) '
/
DB700-MW HA8XA07X20X35(SMACO) Medium Welded 175 525 55 3
H700X300X 13X24(SS400) | Strong(10mm doubler
DBIOO-SB | | 14oBxa07%20X35(SMA90) | plate, SM490) Bolted 17 525 % 3
H700X300X 13X24(SS400) '
= 37
DB700-MB HAZBXA07X20X35(SMAS) Medium Bolted 175 525 55
Set #2
DB600-b85 HB00X200X 1 1X17(SS400) )
1
(ce)r HAOOXA00X 13X21 (SMA490) Medium Welded 150 >10 40 40
HBOO0X200X11X17(SS400) '
DB-600-b65 HA00XA400X 13X21{SMA0) Medium Welded 150 390 40 40
DEEP-80++ HB00X200X11X17(SS400)
4
(ce)r H588X300X12X20(SMA90) Strong Weided 190 0 40 40
HB06X201X12X20(SS400)
DEEP-90 H588X300X 12X20(SMAS0) Strong Welded 150 450 40 40

*  Ceramic backup bars were used
= Deep column specimens
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Cyclic Seismic Performance of Reduced Beam Section Steel Moment Connections: Effects of Panel Zone Strength and Beam Web Connection Type

minimum reduction limit of the SAC recommendation™

(SAC 2000).
The panel zones were then designed either of the following
two equations for the panel zone strength:

Ve (0.75)(0. 6F- ] 1 4 Bberts 3

pz—(o- (0.6 vy ctﬁ[ + dbdctb] ()
3yt

Vy=(1.0)0.6 F,.d. l‘p)[1+ d, Ci' t;] @

where F, =the yield stress of the column web, d,=the
beam depth, ¢ =the column depth, ¢,=the thickness of
the panel zone, b,= the column flange width, and #,=
the column flange thickness. Eq. (3) is implemented in the
AISC seismic provision”(AISC 1997).

Specimens satisfying the requirement in Eq. (3) were
classified as strong panel zone specimens. In Set #1,
nominally identical steel shapes were used. When Eq. (3)
was used for the panel zone strength, doubler plates of 10
mm thickness were provided to specimens DB700-SB and
DB700-SW. The doubler plates were plug-welded to the
column web to prevent premature local buckling under
large cyclic inelastic shear deformations(AISC 1997, AWS
D11 2000"). Beam-like deep column was employed to obtain
strong panel zone specimens in Set #2(specimens DEEP-80
and DEEP-9). To prevent possible column twisting associated
with the deep-column RBS connections, the combined stress
level at the column flange was limited to 80% and 90% of
the column yield stress by following the design verification
procedure proposed by Chi and Uang®(2002). No column
twist was observed from these specimens during the test.
Based on Krawinkler's recommendation(Krawinkler"”(1978)),
the medium panel zone specimens were designed using
Eq. (4); in essence the resistance factor of 0.75 in Eg. (3)
was simply set to 1.0 to promote some limited panel zone
yielding. Four medium panel zone specimens in total were
prepared in this testing program(DB700-MB and DB700-MW
in Set #1, DB600-b85 and DB600-b65 in Set #2). Two specimens
DB600-b85 and DB600-b65 in Set #2 were identical except
a slight difference in RBS length, that is, the RBS length
was taken as 85%(DB600-b85) and 65%(DB600-b65) of the
beam depth.

Most of the past tests have been conducted on specimens
with a fully welded beam web. Two bolted web specimens,
DB700-SB and DB700-MB, were included in Set #1 to compare
directly the effects of different beam web connection methods.
With a slip coefficient of 0.33, the slip-critically designed
bolted web connection consisted of eight-M22-F10T fully
tensioned bolts. The bolts were tightened with the calibrated

wrench method up to the specified tension level of 201(kN).
The ultimate strength of bolted web connection was about
two times the expected maximum beam shear. In Set #2,
all the beam webs were groove-welded to the column flange.

In specimens DB600-b85 and DEEP 80, ceramic backup
bars were used in order to make notch-free groove welded
joint more economically; removing ceramic backup bars was
much easier than steel backup bars and simple cosmetic
fillet weld was added. Specimens with ceramic back bars
performed satisfactorily as well. The continuity plates
equal in thickness to the beam flange were provided in all
specimens. Welding electrodes with a specified minimum
CVN toughness of 26.7 Joule at -28.9°C(20 ft-Ib at -20°F)
was used. Weld access hole configurations followed the
SAC recommendations™(SAC 2000). Fig. 3 and 4 show the
connection details for specimens DB700-SW and DB700-SB.
In specimen designation of Set #1, following abbreviations
were used: S=strong panel zone, M=medium panel zone,
W=welded web, and B=bolted web. Steel coupons were
cut from the beam and column shapes after the test.

Tensile coupon test results are summarized in Table 2
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Fig. 3 Specimen DB700-SW moment connection details
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Fig. 4 Specimen DB700-SB moment connection details
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Table 2 Tensile Coupon Test Results

Member Coupon Ylel(?MsFt);e)ngth Ten&(l; Ij;r)ength Ysel(c;;aﬂo
Beam Flange 304 455 67
H700X300X 13X24(SS400) Web 364 480 76
Column Flange 343 512 67
HA28X407X20X35(SM490) Web 358 520 69
Beam Flange 326 467 70
HB00X200X11X17(SS400) Web 343 473 73
Column Flange 358 525 68
H400X400X 13X21(SM490) Web 374 531 74
Beam Flange 295 447 66
HB0BX201X12X20(SS400) Web 333 471 71
Column Flange 374 534 70
H588X300X12X20(SM430) Web 405 546 74

2.2 Test Setup and Loading

The specimens were mounted to a strong floor and a
strong wall. An overall view of typical test setup is shown
in Fig. 5. A servo-controlled actuator, capable of applying
loads up to 1961 kN and displacements of up to +300 mm
was used. Lateral restraint was provided at a distance of 2500
mm from the column face. The specimens were tested
statically according to SAC 2000 standard loading protocolm)
as shown in Fig. 6. The beam tip displacement corresponding
to the story drift ratio of 1% was 38(
were instrumented with a combination of displacement

mm). The test specimens

transducers and strain gages to measure global and local
responses. Whitewash was painted around the connection
to monitor yielding during the test.
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55
6000 400, 420]| 428 IL 3597 700
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Fig. 5 Typical test setup

3. Test Results and Discussions

The cyclic responses from Set #1 in terms of the story
drift ratio are presented in Fig. 7. The ordinate is expressed
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Fig. 7 Normalized moment versus story drift ratio relationshipltest set #1)

in terms of the normalized moment at the column face.
The normalization was based on the nominal plastic
moment of the original(unreduced) beam section. Both
strong and medium panel zone specimens with a welded
web connection developed satisfactory levels of ductility
required of special moment frames. On the other hand,
specimens with a bolted web connection performed poorly
due to premature brittle fracture of the beam flange at the
weld access hole(see Figs. 8 and 9). Specimens DB700-5B
and DB700-MB failed in a brittle manner at the 2% and
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@ (o)
Fig. 8 Beam bottom flange fracture of specimen DB700-SB at 2%
story drift cycle

@ (b)
Fig. 9 Beam top flange fracture of specimen DB700-MB at 3% story
drift cycle

3% story drift cycle, respectively. A complete fracture across
the beam flange width was developed. Figs. 10 and 11
show the plastic hinge formation in specimens with a
welded web connection. Significant yielding of the panel
zone in specimen DB700-MW was evidenced by the flaking
of the whitewash. Specimen DB700-SW exhibited excellent
connection rotation capacity up to 6% story drift without
fracture. Fig. 12 shows comparison of the normalized

maximum moment transferred to the column. The normali-

zation was based on the actual plastic moment of the
original(unreduced) beam section. It is observed from Fig. 12
that, unlike the case of the welded web specimens, the

0L

Fig. 10 Connection region of speci— Fig. 11 Connection region of speci—
men DB700-MW at 5% men DB700-SW at 6%
story drift cycle story drift cycle

1.2
3 1.0 —
[V
N 0.8 —r
+
T 0.6 [—
L
No04
g 0.2 —]
=

0o L

DB700-SB DB700-MB DB700-MW DB700-SW
Fig. 12 Comparison of connection strength(set #1)

bolted web specimens were not able to transfer the actual
plastic moment of the whole beam section to the column.

Simple “demand to capacity” study was conducted to
investigate the base metal fracture of specimen DB700-SB
from the engineering mechanics perspective. Considering
that the mode of failure was premature brittle fracture
type, simple elastic analysis was still considered useful.
The solid elements in the general purpose finite element
analysis program SAP 2000™(CSI 1997) were used to analyze
the three-dimensional test subassembly. An observed fracture
load of 510kN was applied to the beam tip to obtain the
flexural and shear stress distributions around the weld
access hole. Two idealized cases were considered in the
analysis: (a) the bolted beam web was not able to transfer
moment and shear, and (b) the bolted beam web is fully
active as all-welded connection. Fig. 13 shows the stress
distributions from the finite element analysis results. High
stress concentration at the weld access hole was evident in
both cases. The maximum flexural stress level predicted
by the beam theory was 318MPa. The maximum tensile
principal stresses from the finite element analyses of the
two cases were 554MPa and 460MPa, respectively, for
both cases, which exceed the measured tensile strength of
the beam flange(455MPa, see Table 2). Tsai and Popov!”
(1988) indicated that web bolts typically slip during testing,
leaving the stiffer welded flange alone to resist the total
applied moment. If it is speculated that the actual situation
in bolted web connections falls somewhere between two
idealized cases, simple “maximum tensile strength fracture
criterion” seems to be sufficient to explain a higher incidence

weld access hole
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13 Analytical stress distribution around weld access hole at
fracture load (specimen DB700-SB); (a) assuming that the
beam web is totally inactive, (b) assuming that the beam
web is fully active
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of base metal fracture in specimens with bolted web connections.
Fig. 14 compares the cyclic flexural strain responses near
the groove weld up to the fracture point of specimen
DB700-5B. Much higher strain demand on the bolted web
specimen is evident.

According to Dexter and Melendrez(s)(ZOOO), the tensile
capacity of a welded joint made with a filler metal having
a specified minimum CVN toughness of 267 Joule at
-28.9°C (20 ft-lb at -20°F) is significantly higher than the
tensile strength of weld metal because of the tri-axial
stress constraint. It is noteworthy that no fracture occurred
within the groove welds of any connection of the eight
specimens. Considering all these, the area more susceptible
to fracture may be located near the line B-B' or C-C, rather
than the line A-A’. Moreover, the steel material in this
area is heat-affected due to welding and thermal cutting of
weld access hole. It is noted that, among the six web
welded specimens, two specimens(DB700-MW and DEEP
90) eventually failed in a brittle manner at the weld access
hole during the first positive excursion of the 5% story drift
cycle. It appears that the failure is related to both low-
cycle fatigue and stress concentration at the weld access hole.

By assuming that the beam web is fully active(Fig. 13b),
shear transfer by one beam flange through the line A-A’
or B-B is still as high as 30% of the total. Goel et a9
(1997) pointed out that the area in the middle of the beam
web near the shear tab is virtually devoid of stresses and
much of the shear force is transferred through the beam
flanges, thus leading to overstressing the beam flanges.
Plastic straining of the beam flange leads to a redistribution
of shear stress. However, very large plastic strain in the
beam flanges, or such strains that must be avoided, would
be needed for the shear force distribution to approach that
of the beam theory(Kim, et al® (2002)). Measured cyclic
shear strain responses are presented in Figs. 15 and 16.

column

beam

Seecimen DB700-SB Specimen DB700-SW
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Fig. 14 Comparison of flexural strain responses near groove weld up
to the fracture of specimen DB700-SB
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Fig. 16 Reverse shear measured at the rosette strain gage R3
(specimen DB700-MW)

These measured results evidence the foregoing observations.
Reverse shear occurs in the middle of the beam web. This
is undesirable because reverse shear will increase shear
demand on the other part of the connection to meet the
force equilibrium. The shear transfer mechanism in the
RBS connection is still not consistent with that predicted
by the classical beam theory and should be reexamined
more thoroughly. In this context, the practice of providing
web bolts uniformly along the beam depth needs to be
reconsidered.

The plots shown in Fig. 17 indicate that all specimens
in Set #2, with both strong and medium panel strength,
exhibited satisfactory connection ductility required of special
moment frames. Fig, 18 shows a comparison of the connection
strength between the medium and strong panel zone specimens
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Fig. 18 Comparison of connection strengthimedium versus strong
panel zone)

in terms of the normalized maximum moment transferred
to the column. It is observed that the medium panel zone
specimens also transferred the actual plastic moment of
the whole beam section to the column. Fig. 19 presents
the comparison of the measured lateral torsional buckling
(LTB) amplitudes of six test specimens at the 4% story drift.
The LTB amplitude means the maximum lateral deflection
of the RBS center from the undeformed beam web centerline.
As expected, due to sharing of plastic rotation between
the panel zone and the beam in the medium panel zone
specimens, LTB amplitudes were reduced. This is a sure
advantage to reducing the increased tendency of global
instability of the beam having RBS connections. The strain
hardening factor, computed at the RBS center based on
the measured tensile properties, was of similar magnitude
between the medium and strong panel zone specimens,
and reached an average value of 1.27 at the 4% story drift
cycle in this testing program(see Fig. 20). This value is
higher than that usually assumed(1.1~1.15) in design(AISC
1997).

The effects of panel zone strength on some connection
responses are summarized in Table 3. For the purpose of
analyzing the effects of panel zone strength, two formulae
were used as a measure of the panel zone strength in this
study; one is based on the Von Mises yield criterion(Eq. (5)),
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Fig. 19 Comparison of the measured LTB amplitudes at the 4%
story drift
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Fig. 20 Story drift ratio versus strain hardening factors

and the other is based on Krawinkler's recommendation
which includes the contribution of column flange to the
post-yield strength(Eq. (6)). The measured yield strength
in Table 2 was used to calculate the panel zone strength.

V,=0.577F vd,t,~0.6F,.d.t, )
Vo= (0.6F . d.t)| 1+ bele 6
P . yc ctﬁ dbdctp ()

As a measure of the beam strength, the panel zone
shear force VRBSP corresponding to the actual plastic
moment of the RBS was used; a similar strength measure
was used by Roeder(u)(ZOOZ). For a one-sided moment

connection, VRBS,P can be computed as follows:
_ | Mgps p Ly/2+d. /2 ds
VRBS,P”‘( db )X( Lb/2—e )X(l_ Hc) (7)

where Mpps p=actual plastic moment at the RBS based on
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the measured yield stress, o,=beam depth, d . =columm depth,
H _=column height, and refer to Fig. 2 for the remaining
symbols. With a panel zone strength ratio of V,/ Vigs =093
(specimen DB700-MW), Fig. 21 shows an example of the
cumulative energy dissipation and the panel zone shear
response; the panel zone dissipated about 40% of the total
energy and developed about 1% radian plastic rotation up
to the 4% story drift cycle. Unfortunately, the tensile coupon
test results for the doubler plates in specimen DB700-SW
were not available and this specimen was omitted in
Table 3. To augment the database, one test result by Chi
and Uang?(2002) was included. It is observed from Table 3
that, within rather broad ranges of the relative panel zone
strength, the panel zone provided about 0.01 rad. plastic
rotation and dissipated 30% ~40% of the total energy.
Based on these limited test data, preliminary estimates of
the balanced panel zone strength may be proposed as

follows.
1%
< X < 8
0.95— <12 )
or,
Vv
l.lév—pél.ll 9
RBS, P

The range recommended above was an attempt to achieve

Vy/VRBS.pz 0.93

800
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=] o -
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et 600
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2L 400

£z

o=

2

g 200

£

>

© | [ |
0 . .

Story drift ratio (%)

(@

the following: (i) reduced fabrication cost, (i) the panel
zone to provide about 0.01 rad. plastic rotation out of the
total plastic rotation of 0.03 rad., (iii) the panel zone to
dissipate 30% ~40% of the total energy up to the 4% story
drift cycle under the “standard” cyclic loading, (v) reduced
LTB amplitude for less distortion of the beam.

4. Summary and Conclusions

Based on the test results and analytical studies, main

conclusions are summarized as follows.

(1) Both strong and medium panel zone specimens with
welded web connection exhibited satisfactory levels of
connection ductility required of special moment frames.
Specimens with a less costly bolted web connection
performed poorly due to premature brittle fracture of
the beam flange at the weld access hole. Unlike web-
welded specimens, specimens with a bolted web connection
could not transfer actual plastic moment of the whole
beam section to the column. Further reduction of the
beam flanges for the bolted web connections may be
justified with due consideration of the measured connection
strength and strain hardening factor.

(2) If fracture within the beam flange groove weld was
avoided using quality welding, fracture tended to move

Vy/Vags p= 0.93

@ 2.0

Q g
33’); 1.0

o

e 70/
o< oo

® G -1.0

£

(o}

=z -2.0

-0.04 ~0.02 0.00 Q.02 0.04
Panel zone shear rotation (rad)
(b)

Fig. 21 Cumulative energy dissipation and cyclic shear response of the panel zone(DB700-MW)

Table 3 Effects of panel zone strength on plastic rotation and energy dissipation

Specimen PZ strength relative to beam Panel zone plastic rptation at 4%| Energy dissipation by panel zone
Vol V ges.p Vil V gus. p story drift ratio(rad) up to 4% story drift cycle (%)
DB700-MW 093 115 0.012 43
DB600-b85 1.03 1.20 0.008 32
DB600-b65 1.05 1.22 0.009 30
DC2+ 1.36 1.50 0.005 24
DEEP-20 140 1.52 0.0002 5
DEEP-80 1.48 1.60 Negligible Negligible

« From Chi and Uang(2002)
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into the beam flange base metal at the weld access
hole. Based on the experimental and analytical results,
the observed base metal fracture at the weld access
hole was explained from the engineering mechanics
perspective. The measured strain data confirmed that
the classical beam theory dose not provide a reliable
shear transfer prediction. The results of this study also
suggest that the practice of providing web bolts
uniformly along the beam depth needs to be reconsidered.
Criteria for a balanced PZ strength that improves the
plastic rotation capacity while reduces the amount of

beam distortion are proposed.
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