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Deformation Capacity of Existing Moment Connections retrofitted with
Horizontal Stiffeners
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1. INTRODUCTION

Many fractures have been found in the connections of MRFs shaken during the 1995 Kobe earthquakes.
Investigation of these fractured connections indicated that most of the fractures occurred at the bottom flange.
The fracturing initiated near the weld access hole region has been documented in the laboratory (Okada et al.,
2001), which was caused by the slab effects. In Japan, rectangular hollow section (RHS) is generally used for
columns and H-shaped section for beams. The contribution of web moment of this type of connection was
reduced at the vicinity of joint due to the out-of-deformation of column flanges (Matsumoto et al., 1999).
Considering this effect including the slab effects as well as the inevitable geometrical and metallurgical
notches near the weld access hole, deformation capacity of the connection may be remarkably reduced. This
has been proved in the further research based on the experimental result (Okada et al., 2003). On the basis of
these results, Kim et al. (2004a) and Oh et al. (2004) investigated the retrofit methods to develop the

deformation capacity of the connection. Test results were as follows: (1) the RBS was not, by itself,
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sufficiently improved for the deformation capacity of the connection; (2) both the RBS reinforced by a
horizontal stiffener and the RBS shape horizontal stiffener details moved the plastic hinge away from the
column face and significantly improved the deformation capacity. Analytical results exhibited that the strain
concentration at connection with a RHS column and a weld access hole is influenced by the efficiency in
transmitting the moment in the web of beam through the beam-to-column joint (Kim et al., 2004b).

This paper is focused on the retrofitting of pre-Kobe steel moment frame connections using a stiffened
RBS and a welded horizontal stiffener. These retrofit methods were considered in only beam bottom flange. A

parametric analytical study was. performed using nonlinear finite element analysis to improve the connection

performance.

2. PARMETRIC STUDY

The general purpose finite element program ANSYS was used for this numerical study. The analysis
account for material nonlinearities through classical metal plasticity theory based on the von Miese yield
criterion. Isotropic hardening is assumed for monotonic analyses, whereas kinematic hardening is assumed

for cyclic analyses. A three-dimensional finite element model was generated to represent a structural

subassemblage as shown in Fig. 1.
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Fig. 1 Finite element model (CT1)

The geometry of the analysis configurations utilized in this research is shown in Fig. 2-5. Key geometric
parameters are ﬂie presence of reduced beam section (RBS) and the shape (length & width) of horizontal
stiffener. A total seventeen specimens were adopted and analyzed, and the models are divided largely into
four series as follows: (a) CT series (Conventional Type; CT1-CT3); (b) SR series (Stiffened RBS; SR1-
SR3); (c) RH series (RBS type Horizontal stiffener; RH1-RHS5); and (d) LH series (Lengthened Horizontal
stiffener; LH1-LH4).

As shown in Fig. 2, CT series consist of typical composite beam connection (CT1), bare steel RBS
connection which is cut in both top and bottom flanges (CT2), and composite RBS connection which is cut in

bottom flange only (CT3). They have also conventional type of the weld access hole in the vicinity of bottom

- 221 -



flange (Fig.1). CT1 model is the standard model for comparison with other ones. CT3 is modeled to make
clear the effects of the RBS cutout on the strain concentration of composite connections as compared to that
of bare steel beam connection model, CT2. SR series consist of three types of stiffened RBS connections.
RBS cutouts for SR1 and SR2 models are shown in Fig. 3. RBS cutout was designed by referring to the
research by Engelhardt et al. (1998). SR3 model is different from the SR1 and SR2 models by the
manufacturing procedure; first provides an RBS cutout and then welds a horizontal stiffener to the bottom
flange. The steel design guide (1999) suggested that simple adding an RBS cutout to the beam flanges may
not, by itself, be adequate to assure significantly improved connection performance. RH series consist of five
of RBS type horizontal stiffeners as shown in Fig. 4. These models are similar to the RSS04 and RSS05
specimens experimented in the previous test, Theses specimens developed a good ductility and an excellent
energy absorption capacity. Therefore using RH models, an enlarged plastic zone can be obtained in the pre-
selected area. Main parameter is the shape of RBS type horizontal stiffeners. LH series consist of four of
lengthened horizontal stiffeners (Fig. 5). Both the lengthened horizontal stiffeners are welded to both side of
beam flange and through-diaphragm. The lengthened horizontal stiffener consists of three parts, which are a
main reinforced part, a curved part, and an extension. The curved part is intended to provide a smooth
transition from the main reinforcement part of the horizontal stiffeners, and to prevent undercutting of the
horizontal stiffener plate during manufacture and possible crack initiation. Main parameter is the size of a

lengthened horizontal stiffener.
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3. ANALYTICAL RESULTS

3.1 Moment vs. Rotation Relationships

Fig. 6 presents the moment versus total rotation curves to examine the global behavior of the
connections for all models. Although SR series model were stiffened with a horizontal stiffener, the curves
for CT1 and SR series were virtually identical due to the RBS cutout of the SR series. It can be found that as
expected, SR series will not increase the flexural moment of the connection as compared to the standard
model, CT1. However, the flexural moment RH or LH series increased due to the horizontal reinforcement.
The flexural moment of the RH series are about 1.18 times higher than that of CT1 model and the those of the
LH series are distributed 1.12~1.15. Focusing on these points, SR series may be suitable for the upper story

of steel building, while RH and LH series may be proper for the lower story, pushing to meet the strong

column-to-weak beam requirement.
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Fig. 6 Moment vs. rotation relationships (LH series)

3.2 Stress Distribution

Analytical results are examined for the stress distribution and ‘spread of the yielding zone in the
connection. Fig. 7 plots the von Mieses stress distributions in the bottom flange part of the connections for
each model at a total rotation of 4% rad. because AISC (2000) recommended a 4% minimum story drift
rotation for the connection of the SMRFs. In Fig. 7(a), the beam bottom flange for CT1 model yielded near
the column face because the critical section through which the beam forces were transferred to the connection
was the connection-beam interface. Localized stress concentrations were observed in the weld access hole
region, owing to the geometric discontinuity, the decrease of the web moment transfer efficiency, and the slab
effect at the connection. Additionally, the highest stress was in the vicinity of the weld access hole, from
which the beam bottom flange fractured during the test (Kim et al., 2004a). CT2 model is a bare steel model
cutout in both the top and bottom flanges, while CT3 is a composite model cutout in the bottom flange only
with a floor slab. The stress distributions of both models were different from each other. In the case of CT2
model, the von Mieses stress distribution was the same in compression and tension respectively, especially in
the RBS cutout zone. The stress concentration was not observed in beam flange near the column face. On the
other hand, although the extensive yielding of the beam bottom flange for CT3 model occurred in the RBS
cutout zone, the stress was highly concentrated in the weld access hole region across the beam bottom flange.
This shows that addition of supplemental reinforcement at the connection may be needed for an existing

composite connection, even though the RBS cutout in bottom flange is adopted.
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Fig. 7(b) plots the von Mieses stress distributions in the bottom flange part of the connections for SR
series models. This revealed that extensive yielding of the beam section occurred away from the column face,
such that the plastic hinge in the beam was developed in the pre-selected zone. No localized high stress
concentration was observed in the beam flange because of the effect of RBS reinforced by a horizontal
stiffener. These observations clearly indicated that the stiffened RBS leads to the formation of the plastic
hinge in the beam section away from the column face. The energy dissipated within the beam section is

deemed to be more reliable than that dissipated starting from the face of the column.
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Fig. 7 Von Mieses stress contour

Fig. 7(c) and (d) display the von Miese stress contour in the bottom beam flange for RH and LH series
stiffened by the RBS type horizontal stiffener and the lengthened horizontal stiffener, respectively. Both
series exhibited behavior as observed in the finite element analysis in the way of forming plastic hinge at a
distance far from column face and developing much yielding in the beam flange within the horizontal
stiffener part. As addressed in previous study (Oh et al., 2004), this type of specimens, RSS04 and RSS05
developed a good ductility and energy dissipating capacity. Both of the Test and FEM results demonstrated
the effectiveness of the RH and LH models for deformation capacity. The reinforcement of the RH and LH
definitely reduced the stress demand in the beam flange. Irrespective of stiffener length, no severe stress

concentration was observed in the beam-to-column complete joint penetration groove weld.

3.3 Strain Behavior

Fig. 8 illustrates the tensile strain profiles along beam width in the bottom beam flange. The location of
measurement was 75mm from the column face, which was located in the line of the toe of weld access hole
so that the stress situation near the weld access hole could be investigated in detail.

Fig. 8(a) shows that the tensile strain profile of CT1 model was much larger than those of CT2 and CT3
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model. Main reason is due to the effect of the concrete slabs, the presence of the weld access hole, and the
lateral deformation of the column flange. This result exhibited that, considering these effects, the neural axis
moves toward the top flange when concrete slab is under compression, and consequently this causes the
strain on the bottom flange to be much larger than that of the top flange, which leads to premature failure of
the connection. Fig. 8(a) also shows that the maximum tensile strain profile of CT3 is about 4.5 times larger
than that of CT2. This result exhibits that the RBS retrofit may not be just suitable for composite beam
connection, which shows that addition of supplemental reinforcement at the connection may be needed, in the
case of composite beam connection, even though the RBS cutout in bottom flange is adopted. The maximum
tensile strain profile of CT1 is about 5.8 times larger than those of SR series. Tensile strain profile of SR
series is nearly the same as CT2 model which is pure steel connection with RBS cutout. This shows that SR
series are effective for reducing the beam flange strain level. SR series may be also advantageous in
situations where strong column-weak beam requirement are critical due to RBS cutout. Differ from CT3
model, no localized high stress concentration was observed in the beam flange because of the effect of the
stiffeners with RBS cutouts. The maximum tensile strain profile of CT1 is about 2.9 times larger than that of
- RHI and is about 3.4 times larger than those of the other RH series. In other words, the maximum tensile
| proﬁl_e of RH1 exhibited 15% larger than that of the rest RH series. As shown in Fig. 4, the length of main

reinforced part for RH1 is about 50% [100mm] of the beam flange width, while the length of main reinforced
| part for the rest is about 75% [150mm] of the beam flange width. The strain profiles of LH series tend to be
alike those of RH series. The maximum tensile strain of LH1 and LH2 models whose length is about 50% of
the beam flange width is slightly larger than those of the rest LH models whose length' is about 75% of the
- beam flange width. The maximum tensile strain profile of LHI and LH2 exhibited 30% larger than that of the
fest LH series. In the case of RH and LH series, therefore, these result shows that to lessen the beam flange
strain level, main reinforced part whose length is about 75% of the beam flange width may be needed.

Fig. 9 plots the tensile strain versus rotation relationships. The abscissa is the connection rotation, and
the ordinate is the average tensile strain. To evaluate clearly the strain concentration index (y.), the equation
(Y = Ae/ Agp) which was confined in previous study (Kim et al., 2004b) is used. In Fig. 9, Ae is strain
increment per unit rotation of each model. The strain increment of HN, Ag,, was also adopted because the
moment transfer efficiency of HN developed 100%. In CT series, the strain concentration indices for CT1,
CT2 and CT3 are 4.72, 0.85 and 3.07, respectively. The strain concentration index for CT3 is slightly smaller
than that of CT1. This result shows that, as discussed above, CT3 model is potential for premature fracture of
the connection due to strain concentration at the weld access hole in bottom beam flange and may be needed
additional reinforcement. The mean strain concentration index for SR series is abou{ 0.8, which shows the
effectiveness of the stiffened RBS model for reducing the stress/strain level. The average strain concentration
index for RH and LH series are 1.27 and 1.02, respectively. In RH series, the strain concentration index for
RH1 is slightly larger than those of the rest RH series. In LH series, the strain concentration index for LHI is
slightly bigger than those of the rest LH series. As mentioned above, the length of the main reinforcement

part for RH and LH series play a more critical role in decreasing the stress/strain level.

- 225 -



19
restamimy’ o f| s Seminintm
15
£ g
.E 16
; ;
| 5
o h ! . °
-120 E 49 ] [ ] B8 128 -120 30 -4 ] 49 1] 128 -2 54 49 ] 40 " 120
Distance {mmj Distance [mm] Distance [mm]
Fig. 8 Tensile strain profiles along beam width
6 F—cr3
g s ~ane g
F s 4] el £
E E E
2 2 2
g g2t :
= : -
0
] 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04 0 .0 0.01 0.03 0.04 0 0.01 002 - 0.03 0.04
Rotation [rad] Rotation {rad| Rotation {rad) Rotution [rad]
Fig. 9 Tensile strain vs. rotation relationships
4. PILOT TEST

Experimenml research has investigated the cyclic behavior of
moment connections reinforced with horizontal stiffener. Two pilot
test specimens, SR and LH were designed to identify the cyclic
~behavior. These pilot test specimens consist of H-beam of H-
612x202x13x23 and RHS column of RHS-450x450x22. Fig. 10

shows test setup, which simulates the boundary conditions of the

subassemblage. Fig. 11 plots moment versus rotation curve for three

Fig. 10 Test setup

specimens including conventional type of specimen CT to compare

deformation capacity. Both SR and LH specimens with a horizontal stiffener developed satisfactory levels of

ductility required of special moment frames in contrast to the Conventional type of specimen CT.
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Fig. 11 Moment vs. plastic rotation curves
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S. CONCLUSION

As demonstrated in the FEM analysis, in the case of SR, RH and LH series, the plastic hinge mechanism
of the beam formed away from the face of the column. The yielding zone of the beam, located in the pre-
selected areas, ensured the development of reliable energy dissipating capacity by the extensive yielding of
the beam. From the result of the pilot test, it is speculated that moment connections retrofitted with a stiffened

RBS (SR) and a lengthened horizontal stiffener (LH) are effective for achieving a more reliable connection

performance even in composite connections.
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