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ABSTRACT

Two large bolted steel moment-resisting connections were studied by experiments. These
connections were single-sided beam-column assemblies that are representative of exterior
beam-column connections. They were composed of W36x150 Grade 50 beams and
W14x257 Grade 50 columns. T-sections were cut from W40x264 sections of Grade 50
steel. The T-section webs were welded to the beams and prestressed by bolts to the beam
flanges in the shop. Final beam-to-column assembly required no additional welding: the
T-section flanges were bolted to the column and the column shear tab was bolted to the
beam web. The specimens had two symmetrically located T-sections with different web
geometry: Specimen 1 had rectangular-shaped webs, whereas Specimen 2 had U-shaped
webs. During cyclic testing beam deformation was minimal due to active participation of
the T-section flanges: a separation between T-section flanges and the column flanges was
observed. This separation occurred due to bending plastic deformation in the T-section
flanges. This phenomenon allowed dissipating energy and prevented severe buckling in
the beam flanges and beam web.
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1 Review of the Previous Research

1.1 INTRODUCTION

The generally accepted detail of attaching steel beams to columns in seismic applications
consists of shear tabs attached to the column and direct welding of beam flanges with
cover plates to column flanges. Numerous tests of this type of a connection were
supported by the National Science Foundation (NSF), with many specimens donated by
the fabricators. The testing of such specimens was organized by the SAC Joint Venture.

The moment capacity of such connections depends on the cyclic endurance of the flange
welds in both tension and compression. Under these conditions numerous tension weld
failures were observed both in the laboratory and the field. Therefore, it appears to be
advantageous to use high quality bolts in tension and to take advantage of shop fillet
welds in other details.

1.2 OVERVIEW

The above approach was tried on several end-plate connections by K. C. Tsai and E. P.
Popov at the University of California, Berkeley (1988 and 1990). An example of this kind
of connection is shown in Figure 1-1. It is of interest to note that direct welding of a beam
to a column stub (Specimen 9) results in good behavior, but the fabrication is not
generally practical. Specimen 10 with no ribs over the beam flanges did not give
satisfactory results. Specimen 10R with ribs over the beam flanges at the column stub
behaved very well under cyclic loading, as can be seen in Figure 1-2. Note the required
large thickness of the end plate.

The above approach was also pursued recently by T. M. Murray and his at Virginia
Polytechnic Institute (VPI) with good results. They achieved a number of successful tests
with W36x150 beams. It appears that for larger or heavier beams the use of ribs over
beam flanges at columns would be required.

An extensive excellent study of bolted connections was done last year at Georgia Institute
of Technology by R. Leon and his associates. The work is very comprehensive but is
limited to small- and medium-size members.

The newly developed and tested connection at the University of California, Berkeley, is
somewhat related to the end plate connection but is more versatile as it is more readily
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adaptable to a larger range of heavier beams. The new connection depends on the use of
A490 1-¼ �����������
��������
����
���������
��	�����������
���
����

1.3 TENSION TESTS ON A490 1-¼�������

In order to conduct a ductility study on the A490 1-¼�  bolts two tests were performed.
For the first test, a special device was built to test simultaneously the shank of the bolt
and the threaded part of the bolt below the nut. The actual failure occurred in the threaded
region. The remarkable ductility of the A490 bolt was clearly demonstrated; the load
versus elongation diagram is presented in Figure 1-3. Another experiment on a specimen
of constant diameter machined from a A490 bolt also showed excellent ductility. Figure
1-4 shows the stress-strain diagram for this test.

1.4 TEST  SPECIMEN DESIGN AND DETAILING

One newly developed connection using A490 1-¼�  bolts is shown in Figure 1-5. The
details for the two specimens are shown in Figures 1-6 and 1-7. In both cases the
attachment of a beam to a column is made using structural T’s cut from W shapes (T-
sections). A large choice of such sections is available. By rotating the beam all fillet
welds can be done in the shop in a down-hand position. Generous rounded fillets occur in
all cases between a flange and the stem of the T-sections. Shop experience in fabricating
these two specimens was very encouraging.

The maximum beam moment for this type of connection was calculated as follows.
According to FEMA 267A, Interim Guidelines (FEMA 1995b) the maximum beam
moment, Mpr, at the plastic hinge is equal to 1.1ZbFy, where Zb is the plastic section
modulus at the plastic hinge that was assumed to form at db/4 beyond the web of  the T-
section, where db is the depth of the beam. The moment at the column face is Mcol. For
each specimen Mpr =35,100 kip-inch, Mcol =45,500 kip-inch.

.
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2 Experimental Program

2.1 INTRODUCTION

This section summarizes the results of cyclic testing of two full-scale beam-column
bolted connection specimens. The specimens were designed by Popov and were
fabricated by Stoltz Metals, Inc. The tests were carried out in the Structural Research
Laboratory of the Pacific Earthquake Engineering Research Center, University of
California, Berkeley. The tests were conducted under gift funding. The Principal
Investigator was Professor Armen Der Kiureghian.

2.2 TEST SPECIMENS, TEST SETUP, AND INSTRUMENTATION

2.2.1 Test Specimens

The beams were fabricated from W36x150 sections of A572-Gr.50 steel, the columns
were fabricated from W14x257 sections of A572-Gr.50 steel. The T-sections were made
from W40x264 sections of A572-Gr.50 steel. The global dimensions and geometry of the
specimens are shown in Figure 1-5. Figures 1-6 and 1-7 show the design details for
Specimen 1 and Specimen 2. The material properties of the connections from mill
certificate data are presented in Table 2-1. The specimens had two symmetrically located
T-sections with different in web geometry: Specimen 1 had rectangular webs, whereas
Specimen 2 had U-shaped webs. The T-sections were welded to the beams in the shop,
and were later  bolted to the columns.

2.2.2 Test Setup

The specimens were tested in the Structural Research Laboratory of PEER, UC Berkeley.
The test setup was designed to accommodate specimens with columns in a vertical
position, as shown in Figure 2-1. The specimens were attached to two steel frames: a
horizontal one and a vertical reaction one. The horizontal steel frame was prestressed to
the strong floor. The columns in the test specimens were attached to the horizontal frame
and the vertical reaction frame using short segments of W14x311 to achieve near pinned
boundary conditions.

The load was applied to the cantilever beam end by a 400-kip (1,800-kN) hydraulic
actuator, through a clevis bolted to the beam end plate. The testing setup had a
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displacement capacity of ±7.75 in. (197 mm) and a load capacity of ±350-kip (1,575-kN).
No axial load was applied to the column. The test was conducted using the beam end
displacement control. The beam end was at a distance of 130 in. (3.3 m) from the column
face. To prevent out-of-plane movement of the beam, a vertical bracing system was
provided near the beam end. The photograph (Fig. 2-2) shows a view of a test in
progress.

2.2.3 Instrumentation

Many sensors were used to monitor the response of the specimens during the test in order
to understand the specimen behavior. Figure 2-3 shows the location of displacement
measuring instruments on the specimens. The imposed displacement at the end of the
beam was measured by a linear variable differential transformer (LVDT). This
displacement is denoted by δ , a load cell in-line with the actuator-measured axial force
P. The direct current differential transformers (DCDTs) were used to provide the
remaining displacement measurements. The deformation of the beam panel zone was
calculated from readings at δ1 and δ2 DCDT locations. The global deflection shape of the
column was measured by δ3 – δ6  displacement transducers. The amplitude of the gap
opening between the T-section flanges and the column flanges was measured by two
displacement transducers, δ7 and δ8.

Strain gages and rosettes were glued at critical locations to investigate local response.
Figures 2-4 and 2-5 show these locations on Specimen 1 and Specimen 2, respectively.
Thirty-eight channels of data were used during testing. Tables 2-2 and 2-3 present
information on the instrumentation with the channel number, name of the measuring
device, and the device location.

2.2.4 Data Acquisition

The test control and the data acquisition system were run by a Windows-based control
and acquisition program called Automated Testing System (ATS) developed by SHRP
Equipment Corporation of Walnut Creek, California. This program is capable of signal
generation, four-channel servo-actuator command, and 16-channel data acquisition. For
the tests the ATS system was used to monitor and control the displacement and force-
feedback signals.

Other data were monitored and recorded using an AutoNet data acquisition system with a
capacity of 64 channels. Pacific Signal Conditioners were used to amplify the transducers
and the strain gages signals and to remove frequencies above 100 Hz from the analog
signal.
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2.2.5 Loading History

The testing program was based on the ATC-24 document Guidelines for Cyclic Seismic
Testing of Components of Steel Structures. The specimens were tested under
displacement control, following a loading history consisting of stepwise increasing
deformation cycles. At a certain stage of plastic deformation of the specimens, cycles
with small amplitudes were imposed. Each loading step was defined by the peak beam
end displacement and by the number of cycle. Table 2-4 presents the testing program for
Specimens 1 and 2.

2.2.6 Data Processing

Specimen behavior was characterized by the following parameters: applied load, beam
end displacement, total plastic rotation of the connection, panel zone shear deformation,
column deformation, deformation in the T-section flange, and beam deflection. A test
specimen layout, the corresponding measurements, the chosen positive direction of the
applied load, and the measured displacements are shown in Figure 2-3.

The total displacement of the beam end, δtotal , is caused by the rigid body motion of the
connection, the deformations of the beam itself, the column, the panel zone, and
deformation in the T-section flange. The rigid body motion was possible due to the small
flexibility of the vertical reaction frame. This part of the displacement was not large but
could not be neglected. Therefore the beam end relative displacement δ was calculated
from the total one by subtracting the rigid body displacement.  As a result of the column
and panel zone deformations, the panel zone rotates through an angle, θc, and changes its
initial configuration. Four displacement measurements (δ1, δ2, δ4, and δ5) were used to
compute the connection rotation due column deflection, θc, and panel shear deformation,
γ. The total beam rotation, θ,  can be separated into four components: rotation due to
deformation of the beam itself, θb; rotation caused by rigid connection rotation, θc; the
contribution from the panel zone, γ; and the rotation due to the gap opening in the T-
sections, θT. These values were determined as follows:
• Total beam end displacement: δtotal.

• Relative beam end displacement: δ= δtotal – L (δ6 - δ3)/ H. The rest of the calculation
was done using this value of the displacement; where H is a distance from pin to pin,
and L is the distance from the beam end to the center line of the column.

• Total rotation: θ =δ/ L.
• Connection rotation due to column deflection: θ c=(δ5 - δ4)/d, where d is a distance

between continuity plates.                              ______
• Panel zone shear deformation: γ =(δ5 - δ4)√ a2 + b2/(2ab), where a and b are the

dimensions of the rectangular panel zone area (distance between targets in the
horizontal and vertical directions).
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• Rotation due to the gap opening (and deformation) between  the T-section flange and
the column flange: θT =(δ8 - δ7)/d.

• Total plastic rotation: θ pl=θ - M/Kθ. Where M=PL0 (L0  is a distance from center-line
of the actuator to the face of the column) is the moment at the face of the column and
Kθ is the elastic stiffness determined from M versus θ pl curve. The unloading path of
one of the elastic cycles below the reverse point was used to estimate this stiffness, to
avoid the influence of initial imperfections, clearances, hysteresis, etc.

A set of programs for the MATLAB 5.3 environment was created to process data and to
plot results in accordance with the procedure described above.

2.3 TEST RESULTS

2.3.1 Specimen 1

Testing of the first specimen was conducted on July 30, 2000. The specimen sustained all
loading steps up to and including the 5.69�� �
	�� ���� �����	�
�
�� ����
�� �������
significant damage. Testing was stopped because the maximum load for the test setup
was reached. A close-up side view of the specimen after the test is presented in Figure 2-
6. During the last set of the load reversals a light buckling in the beam web and flanges
was observed. The residual buckling in the beam flange and web is shown in Figures 2-7
and  2-8. During the test energy was dissipated by cyclic yielding of the flanges of the T-
sections, and the gap between the T-section and column flanges opened and closed
periodically. The residual gap in the upper T-section is shown in Figure 2-9.

Table 2-4 presents the loading protocol for Specimen 1. The loading history is plotted in
Figure 2-10.

The plot of the applied force versus beam tip displacement response, δtotal, is presented in
Figure 2-11. The values of the displacement were obtained directly from the LVDT
reading. The relative displacement, δ , was calculated from the previous displacement by
subtracting the specimen’s displacement as a rigid body. Because some small flexibility
occurred in the vertical reaction frame, this displacement could not be neglected. The plot
of the applied force versus relative beam tip displacement is presented in Figure 2-12.

The total beam rotation is calculated based on the values of the relative beam tip
displacement. The imposed moment versus beam total rotation is presented in Figure 2-
13. Figure 2-14 shows the applied moment versus the beam plastic rotation. The
deformation of the column panel zone is presented in Figure 2-15.

During the test the visible opening between the T-section flanges and the column flanges
was observed. The amplitudes of the gap opening at the flanges were measured by
DCDT. Figures 2-16a and 2-16b show these values during the test. The gap opening
between the T-section flange and the column flange for the upper T-section is presented
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in Figure-16a. The same value for the lower T-section is presented in Figure 2-16b. The
beam rotation due to these openings in the T-sections are presented in Figure 2-17.

The imposed force versus beam rotation due to the panel zone rotation is presented in
Figure 2-18. The relative beam rotation calculated by subtracting the rotation of the panel
zone, the rotation due to gap opening in the T-sections, and the panel zone deformation
are presented in Figure 2-19.

The local strain changes during the test are given in Figures 2-20, 2-21, and 2-22. Figure
2-20 shows the local strain in the middle of the top flange (gage SG2) near the web end
of the T-section. Figure 2-21 shows the local strain in the T-section’s web near the K-line
and the location of the external bolt (SG4), whereas Figure 2-22 presents the local strain
in the same web in its middle (SG5).

The strain gage data are presented in the following way. Two phases of the testing were
chosen: (1) a completely elastic stage (at 1.07�� ����
�� 	�� ���� ��
� ��	�
� ��
� ��

specimen had plastic deformations with no buckling (at 2.85�� ����
��� ��
� �	�����
values of the corresponding strains during the chosen cycles were selected and
normalized by the maximum strain value. For instance, during the first stage the
maximum value of the strain was obtained at the location of the strain gage, SG5, and
was 0.20%. The strain gage readings presented in Figure 2-23 are the fraction of the
obtained values to 0.20%. During the cycles with 2.85�� �
	�� ���� �����	�
�
�� ��

maximum value was obtained at the location of the strain gage, SG1, and was equal to
0.70%. The strain gage readings for this stage are presented in Figure 2-24. The reading
of the strain gage, SG10, is not given here, because the reading was inaccurate.

2.3.2 Specimen 2

Testing of the second specimen was conducted on July 20, 2000. The specimen sustained
all loading steps up to the 5.69���
	�����������	�
�
������
��	���	��
��	����
��������	��
of the last cycle. The fracture was caused by cracking in the web of the lower T-section.
The crack line started at the end of the weld and went through the hole for the 1�������
Testing was stopped after the finish of this cycle. A side view of the specimen after the
testing is presented in Figure 2-25.

At the end of the test a light buckle in the beam web and flanges was observed. The
residual buckling in the beam flanges is shown in Figures 2-26 and 2-27.

During the test some energy was dissipated by cyclic yielding of the T-sections; the gap
between the T-section and the column flanges opened and closed periodically. The
residual gap in the top T-section is shown in Figure 2-28.

The crack in the web of the bottom T-section is shown in Figures 2-29 and 2-30. Figure
2-29 shows the location of this crack on the web of the T-section, close to the K-line of
the T-section and parallel to it. The crack started from the end of the fillet weld,
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continued through the nearest hole for the 1�� ������ 	�� 
�
�� 	�� ��
� 
��� bolt hole. A
closeup of the crack is presented in Figure 2-30. The arrows trace the crack.

Table 2-4 presents the loading protocol for Specimen 2. The loading history is plotted in
Figure 2-31.

The layout of the displacement measuring instrumentation was identical for both
specimens, shown in Figure 2-3. The displacement at the beam tip was measured by
LVDT, whereas the remainder of displacement measurement was done using DCDT.

The location of the strain gages is presented in Figure 2-5. This layout was almost the
same for both tested specimens, with small difference in distances because of different
lengths of the T-section webs.

The plot of applied force versus beam tip displacement is presented in Figure 2-32. The
values of the displacements were obtained directly from the LVDT reading. The relative
displacement was calculated from the previous displacement by subtracting the
specimen’s displacement as a rigid body. The flexibility of the reacting frame was taken
into account. The plot of applied force versus relative beam tip displacement is presented
in Figure 2-33.

The total beam rotation is calculated based on the values of the relative beam tip. The
imposed moment versus the beam total rotation is presented in Figure 2-34. Figure 2-35
shows the applied moment versus the beam plastic rotation. The deformation of the
column panel zone is presented in Figure 2-36.

During the test a visible opening was observed between the T-section and column
flanges. The values of the gap opening were measured by DCDT. Figures 2-37a and
2-37b show these values during the test. The gap opening between the T-section flange
and column flange for the top T-section is presented in Figure 2-37a. The same data for
the bottom T-section is presented in Fig. 2-37b. The beam rotation due to these openings
in the T-sections is presented in Figure 2-38.

The imposed force versus beam rotation due to  panel zone rotation is presented in Figure
2-39. The relative beam rotation calculated by subtracting the rotation of the panel zone,
the rotation due to gap opening in the T-sections, and the panel zone deformation are
presented in Figure 2-40.

The local strain change during the test is presented in Figure 2-41, 2-42, and 2-43. Figure
2-41 shows the local strain near the edge of the lower T-section web, SG 15, where the
crack started. The gage reading in the middle of this web, SG14, is presented in Figure
2-42. Figure 2-43 shows the local strain readings in gage SG13; the crack did not reach
this gage location during the failure and this part of the web had the high range of plastic
deformations. All gage readings are presented up to the moment of failure.
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The strain gage data are presented in the same way as for Specimen 1. Two phases of
testing were captured: (1) a completely elastic stage (at 1.07�� ����
�� 	�� ������
� ��

specimen had yielding deformations but buckling was not observed at the 2.85�� ����
�
The maximum values of the corresponding strains during chosen cycles were selected
and normalized by the maximum strain value. For instance, during the first stage, the
maximum value of the strain was obtained at the location of the strain gage SG5, and was
0.18%. The strain gage readings presented in Figure 2-44 are the fractions of 0.18%.
During the cycles with 2.83���
	�����������	�
�
����
��	�������	��
��	�����	�
��	�
location of the strain gage SG3, and was equal to 1.00%. The strain gage readings for this
stage are presented in Figure 2-45.
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3 Experimental Results and Conclusions

3.1 EXPERIMENTAL RESULTS

A brief summary of the experimental results and the key parameters characterizing the
performance of tested specimens is presented in Table 3-1.

3.2 CONCLUSIONS: ADVANTAGES AND DISADVANTAGES OF
PROPOSED CONNECTIONS

3.2.1 Advantages

The design and performance of the proposed beam-to-column connections show the
following advantages:
• All welding work can be done in a welding shop, in convenient welding positions.
• Final assembling with bolts is a relatively easy procedure and does not require a

rigorous quality assurance inspection. (In order to achieve the required clamping
force between the column and the T-section flanges, the widely available torque
multiplier from WRIGHTTOOL: Model 9S393A was used; the device does not
produce any noise and has an accuracy of  ±5%).

• Specimen 2 was disassembled after the test. This procedure showed that repairing and
replacing the beam with a new T-section is neither difficult nor expensive.

• Beam deformation is minimal due to active participation of the T-sections flanges and
the column flanges during cyclic input.

3.2.2 Disadvantages

The chosen design and the failure of Specimen 2 show the following disadvantages and
suggested improvements:
• Steel along the  K-line of the T-section must be carefully selected.
• 1���������	����
���� �
���
��������
���
�����
��!�
������
������
	����	�
���
"���


a greater distance between the bolt and the end of the fillet weld. Alternatively, it
appears that the bolts can be omitted altogether.

• Steel material of 1-¼ �  bolts has to be high quality as used in the tested connections.
• Connections based on the proposed design require shims for field assembly.
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Table 2-1. Material properties

No Part of Connection Yield Stress
[ksi]

Ultimate Stress
[ksi]

Section Size Grade

1 Beam 56.6 74.4 W36x150 Gr50
2 Column 52 66 W14x283 Gr50
3 T-section 64 79 WT40x264 Gr50
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Table 2-2. Instrumentation information for Specimen 1
No. Device* Measuring response**

1 - date
2 - time
3 LC1 actuator force
4 LVDT1 beam end displacement
5 R1-b beam web, 28.75" from column face, 7" above beam bottom flange,+45 degrees
6 R1-t beam web, 28.75" from column face, 7" above beam bottom flange,-45 degrees
7 R2-b beam web, 28.75" from column face, web center line,+45 degrees
8 R2-t beam web, 28.75" from column face, web center line,-45 degrees
9 R3-b beam web, 8.25" from column face, 7" above beam bottom flange,+45 degrees

10 R3-t beam web, 8.25" from column face, 7" above beam bottom flange,-45 degrees
11 R4-b beam web, 8.25" from column face, web center line,+45 degrees
12 R4-t beam web, 8.25" from column face, web center line,-45 degrees
13 SG1 beam top flange, 29.75" from column face, 1" from flange edge (north)
14 SG2 beam top flange, 29.75" from column face, flange center line
15 SG3 beam top flange, 29.75" from column face, 1" from flange edge (south)
16 SG4 top cover plate, 4" from column face, 1-5/8" from cover plate edge (north)
17 SG5 top cover plate, 4" from column face, flange center line
18 SG6 top cover plate, 4" from column flange, 1-5/8" from cover plate edge (south)
19 SG7 column face, 25.5" up from column center, 3-3/8" from flange edge (north)
20 SG8 column face, 25.5" up from column center, 3-3/8" from flange edge (south)
21 SG9 center line of top continuity plate , 1" from column interface flange
22 SG10 beam bottom flange, 29.75" from column face, 1" from flange edge (north)
23 SG11 beam bottom flange, 29.75" from column face, flange center line
24 SG12 beam bottom flange, 29.75" from column face, 1" from flange edge (south)
25 SG13 bottom cover plate, 4" from column face, 1-5/8" from cover plate edge (north)
26 SG14 bottom cover plate, 4" from column face, flange center line
27 SG15 bottom cover plate, 4" from column face, 1-5/8" from cover plate edge (south)
28 SG16 column face, 25.5" down from column center, 3-3/8" from flange edge (north)
29 SG17 column face, 25.5" down from column center, 3-3/8" from flange edge (south)
30 SG18 center line of bottom continuity plate , 1" from column interface flange
31 DCDT1 doubler plate diagonal (upward from east-west direction)
32 DCDT2 doubler plate diagonal (downward from east-west direction)
33 DCDT3 level of top I-beam (top pin)
34 DCDT4 level of top continuity plate
35 DCDT5 level of bottom continuity plate
36 DCDT6 level of bottom I-beam (bottom pin)
37 DCDT7 level of top T-section
38 DCDT8 level of bottom T-section

 *    LC=load cell; LVDT=linear variable differential transformer; R=rosette (shear) gage; SG=uniaxial gage
 ** See Figure 2-4 for gage locations;  ±45 degrees=45 degrees clockwise  (ccw) from east-west direction.
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Table 2-3. Instrumentation information for Specimen 2
No. Device* Measuring response**

1 - date
2 - time
3 LC1 actuator force
4 LVDT1 beam end displacement
5 R1-b beam web, 20" from column face, 7" above beam bottom flange,+45 degrees
6 R1-t beam web, 20" from column face, 7" above beam bottom flange,-45 degrees
7 R2-b beam web, 20" from column face, web center line,+45 degrees
8 R2-t beam web, 20" from column face, web center line,-45 degrees
9 R3-b beam web, 8.25" from column face, 7" above beam bottom flange,+45 degrees

10 R3-t beam web, 8.25" from column face, 7" above beam bottom flange,-45 degrees
11 R4-b beam web, 8.25" from column face, web center line,+45 degrees
12 R4-t beam web, 8.25" from column face, web center line,-45 degrees
13 SG1 beam top flange, 21" from column face, 1" from flange edge (north)
14 SG2 beam top flange, 21" from column face, flange center line
15 SG3 beam top flange, 21" from column face, 1" from flange edge (south)
16 SG4 top cover plate, 4" from column face, 1-5/8" from cover plate edge (north)
17 SG5 top cover plate, 4" from column face, flange center line
18 SG6 top cover plate, 4" from column flange, 1-5/8" from cover plate edge (south)
19 SG7 column face, 25.5" up from column center, 3-3/8" from flange edge (north)
20 SG8 column face, 25.5" up from column center, 3-3/8" from flange edge (south)
21 SG9 center line of top continuity plate , 1" from column interface flange
22 SG10 beam bottom flange, 21" from column face, 1" from flange edge (north)
23 SG11 beam bottom flange, 21" from column face, flange center line
24 SG12 beam bottom flange, 21" from column face, 1" from flange edge (south)
25 SG13 bottom cover plate, 4" from column face, 1-5/8" from cover plate edge (north)
26 SG14 bottom cover plate, 4" from column face, flange center line
27 SG15 bottom cover plate, 4" from column face, 1-5/8" from cover plate edge (south)
28 SG16 column face, 25.5" down from column center, 3-3/8" from flange edge (north)
29 SG17 column face, 25.5" down from column center, 3-3/8" from flange edge (south)
30 SG18 center line of bottom continuity plate , 1" from column interface flange
31 DCDT1 doubler plate diagonal (upward from east-west direction)
32 DCDT2 doubler plate diagonal (downward from east-west direction)
33 DCDT3 level of top I-beam (top pin)
34 DCDT4 level of top continuity plate
35 DCDT5 level of bottom continuity plate
36 DCDT6 level of bottom I-beam (bottom pin)
37 DCDT7 level of top T-section
38 DCDT8 level of bottom T-section

* LC=load cell; LVDT=linear variable differential transformer; R=rosette (shear) gage; SG=uniaxial gage
** See Figures 2-5 for gage locations; ±45 degrees=45 degrees clockwise  (ccw) from east-west direction.
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Table 2-4. Testing program for both specimens

Beam end 0.36 0.53 0.71 1.07 1.42 2.14 0.53 2.85 4.27 5.69
displacement
[inch]
No. of cycles 6 6 6 6 4 2 2 2 3 6*
* Only 2 cycles at this level were performed for Specimen 2.

Table 3-1. Short summary of test results

Key parameters Specimen 1 Specimen 2

Yield load [kips] 230 230
Beam end displacement at yield point [inch] 1.2 1.1
Elastic stiffness of connection [kips/inch] 180 178
Maximum beam end displacement 5.1 5.1
Beam end displacement at failure [inch] N/A 3.5
Maximum imposed load [kips] 350 350
Maximum imposed moment [kips*inch] 49000 45000
Maximum connection rotation [rad] 4 4
Maximum plastic connection rotation [rad] 2.5 3.3
Maximum rotation due gap opening [rad] 1 0.7
Maximum relative beam rotation itself [rad] 0.6 1.5*
*This value is high because it includes beam rotation after the bottom beam flange failure.
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Figure 1-1. Design details of end-plate connections for Specimens 10 and 10R, and that of
direct welding to column, Specimen 9  (K. C. Tsai, E. P. Popov 1988, 1990)

Figure 1-2. Cantilever beam load versus beam rotation for Specimen 10R (K. C. Tsai,
E. P. Popov 1988, 1990)
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Figure 1-3. Load versus elongation for A490 1-¼������

Figure 1-4. Stress versus strain for coupon test of A490 1-¼��������	�
��	�
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Figure 2-1. Test setup for both specimens

Figure 2-2. View of a test in progress
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Figure 2-6. Specimen 1 after the test (side view

Figure 2-7. Residual beam flange buckling (after the test)
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Figure 2-8. Residual beam web buckling (after the test)

Figure 2-9. Residual gap opening in the upper T-section (after the test)
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Figure 2-10. Loading history for Specimen 1
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Figure 2-11. Imposed load versus total beam end displacement for Specimen 1
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Figure 2-12. Imposed load versus beam end displacement for Specimen 1
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Figure 2-13. Moment versus beam total rotation for Specimen 1
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Figure 2-14. Moment versus beam plastic rotation for Specimen 1
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Figure 2-15. Imposed load versus deformation in panel zone for Specimen 1
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Figure 2-16a. Relative displacement between column and top T-section flanges for
Specimen 1
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Figure 2-16b. Relative displacement between column and bottom T-section flanges for
Specimen 1
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Figure 2-17. Imposed load versus beam rotation due gap opening in T-section
(Specimen 1)
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Figure 2-18. Imposed load versus panel zone rotation for Specimen 1
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Figure 2-19. Imposed load versus relative beam rotation for Specimen 1
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Figure 2-20. Local strain at SG2 location for Specimen 1
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Figure 2-21. Local strain at SG4 location for Specimen 1
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Figure 2-22. Local strain at SG5 location for Specimen 1
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Figure 2-25. Specimen 2 after the test (side view)

Figure 2-26. Specimen 2: residual gap opening in top T-section
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Figure 2-27. Specimen 2: top beam flange buckling

Figure 2-28. Specimen 2: bottom beam flange buckling
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Figure 2-29. Specimen 2: crack line location

Figure 2-30. Specimen 2: close view of the crack line
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Figure 2-31. Loading history for Specimen 2
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Figure 2-32. Imposed load versus total beam end displacement (Specimen 2)
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Figure 2-33. Imposed load versus beam end displacement (Specimen 2)
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Figure 2-34. Moment versus beam total rotation (Specimen 2)
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Figure 2-35. Moment versus beam plastic rotation (Specimen 2)
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Figure 2-36. Imposed load versus column panel zone deformation (Specimen 2)
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Figure 2-37a. Relative displacement between column and top T-section flanges
(Specimen 2)
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Figure 2-37b. Relative displacement between column and bottom T-section flanges
(Specimen 2)
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Figure 2-38. Imposed load versus beam rotation due gap opening in T-sections
(Specimen 2)
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Figure 2-39. Imposed load versus panel zone rotation for Specimen 2
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Figure 2-40. Imposed load versus relative beam rotation for Specimen 2
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Figure 2-41. Local strain at SG15 location for Specimen 2
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Figure 2-42. Local strain at SG14 location for Specimen 2
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Figure 2-43. Local strain at SG13 location for Specimen 2
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