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EXECUTIVE SUMMARY

There are currently two types of special moment frame (SMF) stiffened end-plate connections
allowed in AISC 358-16: four-bolt extended stiffened (4ES), and eight-bolt extended stiffened
(8ES) (AISC 2016a). Most of the specimens used for the qualification testing of the two
configurations were fabricated using A36 beam and stiffener steel or A572 Gr. 50 beam and A36
stiffener plate steel. Recently, qualification testing was attempted for a new 12 bolt, stiffened end-
plate configuration using built-up 24 in. and 44 in. deep beams. The beam webs and end-plates
were A572 Gr. 55 steel while the beam flanges were A529 Gr. 55 steel. Four qualification tests
were not successful because of brittle fracture of a beam flange prior to completion of the AISC
341-16 (AISC 2016b) loading protocol. Because of this unexpected failure mode, two tests each
using the 4ES and 8ES end-plate configurations and A992 hot-rolled beams with A572 Gr. 50
stiffener material were conducted. Of particular interest was the effect of the weld configuration
at the toe of the stiffeners. A complete description the testing program and results is the subject of
this report.

The testing program was conducted with four specimens, two having W24x76 beams with 4ES
configurations and two with W36x150 beams having 8ES configurations. A cyclic displacement
protocol was applied to the specimen in accordance with special moment frame (SMF)
qualification testing in AISC 341-16. One each of the 4ES and 8ES connection specimens had the
stiffener-to-beam flange weld wrapped around the toe of the stiffener while the other two
specimens had welds on the sides of the stiffener only.

All four specimens passed SMF qualification per AISC 341-16 by surviving cycles up to 4%
story drift while retaining 80% of the nominal plastic moment at the face of the column. The 4ES
and 8ES specimens with welds only on the sides of the stiffener survived 10 cycles and 1 cycle at
5% story drift, respectively, before the flange experienced full fracture. Specimens with the
stiffener-to-beam flange weld wrapped around the toe experienced flange fracture one cycle

sooner.

These tests showed that 4ES and 8ES connections with A992 rolled beams and A572 Grade
50 stiffener material designed and detailed according to AISC 358-16 are capable of reaching SMF



qualification and are appropriate for use in special moment resisting frames. It is recommended to
have the weld from the stiffener to the beam flange on the sides only (not wrapped around the toe
of the stiffener) because those specimens exhibited more deformation capacity. However,
connections with weld wrapped around the toe of the stiffener also satisfied SMF qualification.
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CHAPTER 1 - INTRODUCTION

There are currently two types of special moment frame (SMF) stiffened end-plate
connections prequalified in AISC 358-16: four-bolt extended stiffened (4ES), and eight-bolt
extended stiffened (8ES) configurations as shown in Figure 1.1 (AISC 2016a). Most of the
specimens used for the qualification testing were fabricated using A36 beams and stiffener material
or A572 Gr. 50 beams with A36 stiffener material.

(a) Four-bolt extended stiffened (4ES) (b) Eight-bolt extended stiffened (SES)
Figure 1.1. The two types of stiffened end-plate SMRF connections allowed in AISC 358-16

Recently, qualification testing was attempted for a new 12 bolt, stiffened end-plate
configuration using built-up 24 in. and 44 in. deep beams. The bolt configuration is shown in
Figure 1.2(a). The beam webs and end-plates were A572 Gr. 55 steel while the beam flanges were
A529 Gr. 55 steel. The four qualification tests were not successful because of brittle fracture of a
beam flange prior to completion of the AISC 341-16 (AISC 2016b) loading protocol. Figure 1.2(b)
shows a typical flange fracture. Because of this unexpected failure mode, two tests each using the
4ES and 8ES end-plate configurations and A992 hot-rolled beams with A572 Gr. 50 stiffener
material were conducted. Table 1.1 describes four built-up beam specimens from two previous

testing programs.



\

(a) 12 bolt extended stiffened configuration (12ES) (b) Typical fracture pattern
Figure 1.2. Fracture at the toe of the stiffener for specimen 12ES-1.125-1.25-24
[from Szabo et al. (2017)]

Table 1.1. Matrix of Recent Tests on 12 Bolt Extended Stiffened End-Plate Connections

Measured or
Beam Mill Stiffener
Depth, Material Certification Weld
Specimen d (in) Specification Yield Stress, Fy | Detailing Result
12ES-1.25-1.50-44at 44 Flange: A529 Gr. 55 59.3 ksi 2 Sides Only | Fracture after first
Manufacturer 1 Web: A572 Gr. 55 59.2 ksi 2 cycle at 2% drift
Stiffener: A572 Gr. 55 63.6 ksi *
12ES-1.125-1.25-241 24 Flange: A529 Gr. 55 59.3 ksi 3 Sides Only | Fracture after first
Manufacturer 1 Web: A572 Gr. 55 69.7 ksi 2 cycle at 3% drift
Stiffener: A572 Gr. 55 69.7 ksi 3
12ES-1.25-1.50-44b? 44 Flange: A529 Gr. 55 58.3 ksi 4 Sides Only | Fracture after first
—Manufacturer 2 Web: A572 Gr. 55 60.5 ksi 4 cycle at 1.5% drift
Stiffener: A572 Gr. 55 69.7 ksi 3
12ES-1.25-1.50-44c? 44 Flange: A529 Gr. 55 58.3 ksi 4 Wrap Fracture after first
- Manufacturer 2 Web: A572 Gr. 55 60.5 ksi 4 Around cycle at 2% drift
Stiffener: A572 Gr. 55 69.7 ksi 3 Toe

! From Szabo et al. (2017)
2 From Zarat-Basir et al. (2020)
3 Measured yield stress of coupons taken from specimen
4 Measured yield stress from mill certification reports
The specimens, materials, and fracture surfaces of the 12ES-1.25-1.50-44a and 12ES-
1.125-1.25-24 specimens were investigated after testing. It was found that the material used for

the stiffeners had a higher yield stress than the beam flange as shown in Table 1.1.



Finite element simulations were conducted in the Szabo et al. (2017) study. The finite
element studies determined that having stiffeners with a higher yield stress drives more plastic
strain into the beam flange at the toe of the stiffener, which can contribute to earlier fracture. This
finding was consistent with the fractures observed during testing, where fractures initiated at the
toe of the stiffener as shown in Figure 1.2b.

The finite element study suggested that a simple change in the stiffener weld detailing
could reduce the concentration of plastic strain and delay fracture. By wrapping the weld around
the toe of the stiffener (Figure 1.3b vs. Figure 1.3a), the plastic strains in the beam flange were
predicted to be spread out more and thus delay fracture (Szabo et al. 2017). It is noted that AISC

358-16 does not specify whether the stiffener weld should be on the sides or wrap around the toe.

(a) Welds on sides of stiffner only (b) Weld wraps around toe of stiffener
Figure 1.3. Weld detailing for the stiffener [from Zarat-Basir et al. (2020)]

One of the primary testing programs used in the prequalification of the 8ES configuration
was by Sumner and Murray (2002), where it was found that W30x99 and W36x150 beams
satisfied the SMF qualification criteria. The material specifications used in that program were A36
stiffener plates and A572 Gr. 50 beams, as was typical practice at that time. However, it is
becoming more common for engineers to specify plates that are A572 Gr. 50 and rolled beams that
are A992, meaning the stiffener plates and beams are expected to have a similar yield stress.



The main objective of the research reported herein is to examine whether the brittle fracture
found in previous testing programs on built-up beams with twelve bolt extended stiffened
connections will also occur for the 4ES and 8ES end-plate moment connection configurations with
rolled beams and Grade 50 stiffener material. Another objective of this research is to determine
whether wrapping the stiffener-to-beam flange weld around the toe of the stiffener is beneficial in

delaying fracture.



CHAPTER 2 - EXPERIMENTAL PROGRAM

This chapter describes the test setup, test specimens, and instrumentation plan used in the four

connection tests.

2.1 Test Specimens

Four stiffened extended end-plate connections were tested at the Thomas M. Murray Structural
Engineering Laboratory at Virginia Tech: two W24x76 beams with a 4ES configuration and two
W36x150 beams with an 8ES configuration. The only difference between the similarly sized
specimens was the stiffener weld detail. On one specimen of each beam size, the stiffener-to-beam
flange fillet weld was wrapped around the toe, while on the other specimen of the same beam size,
the weld was not wrapped around the toe. The test matrix is given in Table 2.1 and an example of
each connection type is shown in Figure 2.1. An example of each weld detail is also shown in

Figure 2.2.

These beam sizes were chosen because they represent the largest rolled shapes that can be used
with their respective connections. This means the extreme fiber strains will be greater than other
beam sections, and thus these specimens may be considered a worst-case configuration for fracture
potential at the toe of the stiffener. The connections were designed in accordance with AISC 358-
16 (AISC 2016a).

Table 2.1. Test matrix

_ Beam _ _ Stiffener
Specimen Name . Bolt Configuration Weld Purpose
Size -
Detailing
4ES-1.375-1.25-24sides | W24x76 | Four-Bolt Extended Sides Largest beam for 4ES. Verify
Stiffened (4ES) Only existing provisions for 4ES.
4ES-1.375-1.25-24wrap | W24x76 | Four-Bolt Extended Wrap Investigate the effect of wrap
Stiffened (4ES) Around Toe around weld on ductility.
8ES-1.375-1.5-36sides | W36x150 | Eight-Bolt Extended Sides Largest beam allowed for 8ES.
Stiffened (8ES) Only Verify existing provisions for 8ES.
8ES-1.375-1.5-36wrap | W36x150 | Eight-Bolt Extended Wrap Investigate the effect of wrap
Stiffened (8ES) Around Toe around weld on ductility.




(a) 4ES (b) 8ES
Figure 2.1. Example connections onW24x76 and W36x150 beams, with whitewash applied

(@) Welds on stiffener sides only (b) Weld wrapped around stiffener toe

Figure 2.2. Examples of stiffener weld details

Specimen details are shown in Figure 2.3 and 2.4 and material properties are given in Table
2.2. Shop drawings, mill certification reports, and weld procedure specifications are provided in
Appendices A, E and R, respectively. The 1-3/8 in. diameter bolts were pretensioned using a
pneumatic impact wrench and the turn-of-the-nut tightening method.
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Table 2.2. Material Properties from Mill Certification Reports

Material Yield Ultimate
Specification | Stress (ksi) | Stress (ksi)

W24x76 A992 55.8 69.9

W36x150 A992 53.4 69.1

1/2 in. Thick Stiffener for W24 Specimens A572 Gr. 50 66.0 73.6
5/8in. Thick Stiffener for W36 Specimens A572 Gr. 50 54.6 77.4
1-1/4 in. Thick End-Plate for W24 Specimens | A572 Gr. 50 56 70
1-1/2 in. Thick End-Plate for W36 Specimens | A572 Gr. 50 50 75

2.2 Test Setup

The specimen and setup configuration, shown in Figures 2.5 and 2.6, simulated an exterior
moment connection in a frame with 32 ft. wide bays and 12 ft. story heights. The reaction column
was a W14x398 that was reused for each of the four tests. Load was applied using an MTS 201.70
servohydraulic actuator, which had a tension capacity of 220 kips and a compression capacity of
330 kips. Lateral bracing was provided at the end of the plastic hinge and near the point of loading
to limit lateral torsional buckling outside of the plastic hinge region. Additional drawings of the

test setup are given in Appendix B.



MTS 201.7 servohydraulic actuator
220 kip capacity
+/- 10 in. stroke
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Figure 2.5. Schematic drawing of beam-to-column moment connection test setup




2.3 Instrumentation Plan

The instrumentation plan, shown in Figure 2.7, included thirteen displacement sensors that
were used to control the loading application and decompose the story drift into components. The
internal actuator load cell and linear voltage differential transformer measured the applied force
and displacement, respectively. Two instrumented spring calipers were placed at the centerlines of
the top and bottom beam flanges to measure end-plate separation from the column flange. All
sensors were connected to a National Instruments data acquisition system which was managed

using National Instruments Signal Express software.

SP_01 ~
Force and
displacement
from actuator
SP_07 —
CLP 02 — / - R
- A, el
i A T A = . r\' Ll P /’//
SP_02 % A
hcol ’ N /!
LP 01— ||\ /
X 1
LP_02 —  ||/\
i VAR
SP_03 % 2 & o —— v =
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CLP_ 01— L\ \ spP 06
™. —— SP_09
_y SP.O08 . ~ SP_04 SP_05

T I 1 =

SP = string potentiometer
LP = linear potentiometer
CLP = caliper

Figure 2.7. Instrumentation plan for all tests

In addition to these sensors, the tests were recorded with Canon digital SLR cameras; four
cameras captured different angles of the beam-column connection and one camera captured an
overall view of the setup. An example of the camera views is shown in Figure 2.8. Pictures were
taken every six seconds using the GB Timelapse software and were compiled into timelapse videos
to show the behavior of the connection over the course of the test. Hydrated lime whitewash was

also used to indicate where the steel had yielded and where stresses were likely concentrated. The
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whitewash was a 1:1 mixture of lime and water that adhered to the beam when applied, but fell off

when the mill scale flaked off.

Figure 2.8. Composite of camera views for connection tests

2.4 Loading Protocol and SMF Qualification Criteria

The loading protocol followed the qualification displacement protocol for special moment
frames as given in AISC 341-16 (AISC 2016b) and shown is in Table 2.3. After completing the
two 4% story drift cycles, the specimens were subjected to 5% story drift cycles until failure. For
all tests, the specimens were loaded at a rate of 0.0002 radians/second through the first two cycles
of 5% story drift, after which the rate was doubled to 0.0004 radians/second. These rates

correspond to vertical displacement of approximately 2.3 in./min. and 4.6 in./min., respectively.
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Table 2.3. Loading protocol for qualification testing of end-plate moment connections

Story Drift
Number of Cycles

Radians | Percent
0.00375 | 0.375% 6

0.005 0.5% 6

0.075 0.75% 6

0.01 1% 4

0.015 1.5% 2

0.02 2% 2

0.03 3% 2

0.04 4% 2

0.05 5% Until fracture

To ensure the loading protocol was accurately followed, the applied story drift was calculated
real time and used in an active feedback loop to control the movement of the actuator. This was
accomplished in the MTS Multipurpose Testware Software with the Calculations Module. The

applied story drift, 8app, was calculated using Eq. (2.1),

_ _5SP_05 5SP_01 - 5SP_08

. =
P Lc hcol (2.1)
where:
h.o; = distance between SP_01 and SP_08, 11.4 ft.
L. = distance from the actuator centerline to column centerline, 16 ft.

dsp 01 = displacement measured by SP_01
dsp o5 = displacement measured by SP_05
dsp og = displacement measured by SP_08

The qualification criterion for special moment frame connections in AISC 341-16 is that the
connection must maintain a moment at the face of the column that is at least 80% of the nominal
flexural resistance, through the first cycle of 4% story drift. The moment at the face of the column
was calculated as the applied load multiplied by the distance from the point of loading to the face
of the column, 15.2 ft. This was then compared to the nominal flexural resistance of the section:
833 kip-ft. for W24x76 beams or 2,420 kip-ft. for W36x150 beams (AISC 2017).

12



CHAPTER 3 - RESULTS

This section presents the general results of the four tests, and then describes the buckling and
fracture propagation for the individual specimens. Finally, the story drift components are presented
for three of the four tests; sensor data for 8ES-1.375-1.5-36wrap was inadvertently not recorded

so the story drift decomposition could not be completed.

3.1 Moment-Rotation Behavior

All four specimens met the qualification criterion, as the moment at the face of the column was
at least 80% of the nominal flexural resistance of the beam through the first cycle of 4% story drift.
The beam moments at the face of the column at the peaks of the first 4% story drift cycle are given
in Table 3.1, along with the value of 80% of the nominal plastic flexural resistance. Because the
moment was calculated using the measured actuator force, the additional moment due to the weight
of the actuator swivel and the weight of the beam are not included. The weight of the actuator
swivel, W36x150 beam specimen, and the W24x76 beam specimen were 2000 Ibs, 3000 Ibs, and
1500 Ibs, respectively which leads to a moment at the face of the column equal to 730 k-in. and
550 k-in. for the W36x150 and W24x76 specimens respectively. The numbers in parentheses in
Table 3.1 give the peak moment adjusted for these weights. The moment-rotation response of the

specimens is shown in Figure 3.1 without correction for beam or actuator swivel weight.

Table 1.1. Moment at the face of the column during the first cycle at 4% story drift

) Moment at Negative | Moment at Positive | 80% of nominal Mp
Specimen Name ) ) )
Peak* (k-in) Peak* (k-in) (k-in)
4ES-1.375-1.25-24sides 13,030 (12,480) 12,740 (13,290) 8,000
4ES-1.375-1.25-24wrap 13,000 (12,450) 12,120 (12,670) 8,000
8ES-1.375-1.5-36sides 31,980 (31,250) 30,300 (31,030) 23,240
8ES-1.375-1.5-36wrap 34690 (33,960) 32310 (33,040) 23,240

*Number is parentheses is adjusted for the weight of the actuator swivel and the beam.

13
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Figure 3.1. Moment-rotation plots for end-plate connections

3.2 Buckling and Fracture Behavior

3.2.1 Specimen 4ES-1.375-1.25-24sides

The condition of the specimen before testing and after fracture of the top flange is shown in
Figure 3.2. There was substantial flange local buckling that began in the first 4% story drift cycle
and increased through the remaining cycles. A fracture was found at the toe of the top flange
stiffener welds, shown in Figure 3.3, at the end of the 3% story drift cycles. A similar fracture was
found on the bottom flange stiffener welds, shown in Figure 3.4, but neither fracture propagated
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away from the stiffener welds. A field of fractures also formed on the inside of the local buckles
on both flanges. The fractures on the top flange local buckles grew and coalesced to form a 5.5 in.
long ductile tear in the ninth cycle of 5% story drift, shown in Figure 3.5. This fracture was located
about 3 in. from the toe of the stiffener.

(a) Undeformed (b) Deformed
Figure 3.2. Undeformed and deformed conditions of 4ES-1.375-1.25-24sides

» 54‘- # g = ‘;‘_&/ .‘ S
(a) End of 3% story drift cycles (b) End of third 5% story drift cycles
Figure 3.3. Top flange fracture initiation and propagation of 4ES-1.375-1.25-24sides

15



(a) End of 4% story drift cycles (b) End of fifth 5% story drift cycle
Figure 3.4. Bottom flange fracture initiation and propagation of 4ES-1.375-1.25-24sides

Figure 3.5. Top flange fracture of 4ES-1.375-1.25-24sides

3.2.2 Specimen 4ES-1.375-1.25-24wrap

The condition of the specimen before testing and after fracture of the bottom flange is shown
in Figure 3.6. On the top flange, fractures were found at the toe of the stiffener welds at the end of
the 4% story drift cycles, shown in Figure 3.7a. This fracture grew slightly in the 5% story drift
cycles, but not beyond the size shown in Figure 3.7b. On the bottom flange, fractures at the toe of
the stiffener welds were observed in the first cycle of 5% story drift. These fractures grew steadily,

16



shown in Figures 3.8a to 3.8c, until a ductile tear formed and spread across the bottom flange,
shown in Figure 3.8d. This fracture also spread 2 in. into the web, shown in Figure 3.9.

(@) Undeformed (b) Deformed
Figure 3.6. Undeformed and deformed conditions of 4ES-1.375-1.25-24Wrap

(a) End of 4% story drift cycles (b) End of third 5% story drift cycle
Figure 3.7. Top flange fracture initiation and propagation4ES-1.375-1.25-24Wrap

17



(c) End of eighth 5% story drift cycle (d) End of ninth 5% story drift cycle
Figure 3.8. Bottom flange fracture initiation and propagation4ES-1.375-1.25-24Wrap

18



Figure 3.9. Partial fracture of the beam web 4ES-1.375-1.25-24Wrap

3.2.3 Specimen 8ES-1.375-1.5-36sides

The condition of the specimen before testing and after a brittle fracture of the bottom flange is
shown in Figure 3.10. There was moderate buckling of the top and bottom flanges that began in
the first 2% story drift cycle. A fracture at the toe of the top flange stiffener weld was found in the
same cycle, and slowly propagated during the 3% and 4% story drift cycles, shown in Figure 3.11.
After the first cycle of 5% story drift, a small fracture was found at the toe of the bottom flange
stiffener, shown in Figure 3.12b. In the following cycle, a sudden, brittle fracture initiated at the
toe of the bottom flange stiffener and propagated across the entire flange. This fracture spread 4.5

into the web and is shown in Figure 3.13.
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(a) Undeformed (b) Deformed
Figure 3.10. Undeformed and deformed conditions of 8ES-1.375-1.5-36sides

(a) End of 2% story drift cycles (b) End of 4% story drift cycles
Figure 3.11. Top flange fracture initiation and propagation 8ES-1.375-1.5-36sides
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(a) End of 3% story drift cycles (b) End of first 5% story drift cycle
Figure 3.12. Bottom flange fracture initiation and propagation 8ES-1.375-1.5-36sides

(a) Bottom flange fracture (b) Partial web fracture
Figure 3.13. Brittle fracture of 8ES-1.375-1.5-36sides 8ES-1.375-1.5-36sides

3.2.4 Specimen 8ES-1.375-1.5-36wrap

The condition of the specimen before testing and after a brittle fracture of the bottom flange is
shown in Figure 3.14. There was moderate local buckling of the top flange but little buckling of
the bottom flange. A fracture was found at the toe of the top flange stiffener weld at the end of the

3% story drift cycles, shown in Figure 3.15, but only grew slightly in the 4% story drift cycles. In
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the first 5% story drift cycle, there was a sudden, brittle fracture of the bottom flange that initiated
at the toe of the stiffener weld. This fracture propagated across the flange width and 4 in. into the

web, shown in Figure 3.16. There were no visible fractures observed on the bottom flange
preceding the brittle fracture.

(a) Undeformed (b) Deformed
Figure 3.14. Undeformed and deformed conditions of 8ES-1.375-1.5-36wrap
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(a) End of third 5% story drift cycle (b) End of second 4% story drift cycle
Figure 3.15. Top flange fracture initiation and propagation 8ES-1.375-1.5-36wrap
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(a) Bottom flange fracture (b) Partial web fracture
Figure 3.16. Brittle fracture of 8ES-1.375-1.5-36wrap

3.3 Story Drift Decomposition

AISC 341-16 states that for qualification testing, the percentage of the total inelastic rotation
in the test specimen that is developed in each member or connection element shall be within 25%
of the anticipated percentage of the total inelastic rotation in the prototype that is developed in the
corresponding member or connection element. To determine if this requirement was met, the
contributions of each component of the specimen to the story drift were isolated using the
displacement sensors described in Chapter 2. As shown graphically in Figure 3.17, during the 4%
story drift cycles, the inelastic rotation in the plastic hinge region was between 74% and 87% of
the applied story drift. Results are not shown for Specimen 8ES-1.375-1.5-36wrap because of a
problem with the data acquisition.
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(c) 8ES-1.375-1.5-36sides
Figure 3.17. Components of story drift due to different sources of deformation
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CHAPTER 4 — DISCUSSION AND CONCLUSIONS

A research program was conducted to (1) evaluate whether four- and eight-bolt bolt extended
stiffened moment connections were susceptible to premature beam flange fracture when using 50
ksi yield strength hot-rolled beam and stiffener plate material, and (2) to evaluate whether
wrapping the stiffener-to-beam flange weld around the toe of the stiffener increased the
deformation capacity of the connection or not. Four full-scale moment connection specimens were
tested: two 4ES connections and two 8ES connections using the largest hot-rolled beam sections
allowed for special moment frame (SMF) connections per AISC 358-16. One each of the 4ES and
8ES specimens had the stiffener-to-beam flange on the sides of the stiffener only, and the other
two specimens had the weld wrapped around the toe of the stiffener.

All four specimens passed the SMF qualification criteria set forth in AISC 341-16. This implies
that extended stiffened end-plate moment connections designed per AISC 358-16 and using A572
Gr. 50 stiffener plates with A992 rolled beam shapes have sufficient ductility to be used in special

moment frames.

Specimens with the stiffener-to-beam flange weld wrapped around the toe of the stiffener had
slightly larger flexural resistance (between 1% and 8%), but failed at one less cycle of rotation
than their counterparts with the weld on the sides of the stiffener only. While all specimens passed
the SMF qualification criteria and are thus considered adequate for use in SMF, detailing the weld
on the sides of the stiffener only is recommended.

Even though previous finite element studies suggested that wrapping the weld around the toe
of the stiffener spreads out the inelastic strains (Szabo et al. 2017), it is possible that the increased
triaxiality in the stress state at the toe of the stiffener led to slightly larger fracture potential overall.
Three of the specimens experienced fracture at the toe of the stiffener, while the only specimen
that exhibited fracture at the local buckles of the plastic hinge was the 4ES specimen with W24x76

beam and welds on the side of the stiffener.
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APPENDIX B - TEST SETUP DRAWINGS
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APPENDIX C - STORY DRIFT DECOMPOSITION PROCEDURE

This appendix presents equations for decomposing the applied story drift into components due to
panel zone shear, column flexure, end-plate separation, elastic deformation, and plastic
deformation. This is necessary because the second qualification criteria requires that the actual
inelastic rotations be within 25% of the anticipated inelastic rotations in the prototype connections
(AISC 2016b). Unless otherwise stated, these equations are adapted from Toellner (2013) and
Szabo (2017).

C.1 Panel Zone Shear

The calculations for story drift due to panel zone shear and rigid body rotation of the panel zone
are adapted from Uang and Bondad (1996). The average panel zone shear strain, y, was first

calculated using Eq. (C.1),

_ \/(dc - tcf)z - (db - tbf)z
2(d; — tep)(dp — tyy)

(C.1)

where: dy = beam depth
dc = column depth
tot = beam flange thickness
tee = column flange thickness
op o1 = displacement of LP_01
op_ 02 = displacement of LP_02.
Equation (C.1) assumes that the end of LP_01 and LP_02 are placed at the intersections of the

centerlines of the beam and column flanges. The deflection at the loading point, 65, due to panel
zone shear was calculated using Eq. (C.2), and the story drift due to panel zone shear, 8p,, was

calculate using Eq. (C.3).

d ydp
rz =¥ (L =5 ) = e €2
co
5
HPZ = % (C3)
cl
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where: dy = beam depth
dc = column depth
hcol = distance between SP_01 and SP_08
Lo = distance from the actuator centerline to the column centerline.

C.2 Column Flexure

Column deformations include rigid body rotations of the frame, panel zone shear, and column
flexure. While rigid body rotation was accounted for during testing using the active feedback
control, it needs to be removed again to isolate the rotation due to column flexure. The story drift
due to rigid body rotation of the column, 8z, was calculated using Eq. (C.4). The story drift due

to the column flexure, 6., was then calculated using Eq. (C.5).

o) -0
HRB — SP_01 SP_08 (C.4)
hcol

1) -0
O = SP_02 SP03 Os — Opy (C.5)
Lspl

where: heot = distance between SP_01 and SP_08
Lsp1 = distance between SP_02 and SP_03
osp o1 = displacement of SP_01
osp 02 = displacement of SP_02
osp 03 = displacement of SP_03

osp 0g = displacement of SP_08.

C.3 End-plate separation

The bolts were pretensioned when the test specimens were bolted to the reaction column, but

during testing the moment created in the plastic hinge can create bolt forces that exceed the
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pretension. If this occurs, the end-plate with separate from the column flange, which contributes
to the applied drift. This separation was measured by the spring calipers CLP_01 and CLP_02,
placed at the centerlines of the top and bottom beam flanges. The story drift due to the end-plate

separation, 8p, was calculated using Eq. (C.6),

_6CLP

Oep (C.6)

where: dy = beam depth
tot = beam flange thickness
ocLp = displacement measured by the caliper.

Equation (C.6) assumes that small-angle theory applies, and that the beam is rotating about the

centerline of the opposite flange.

C.4 Elastic Beam Deformation

Outside of the plastic hinge region, the beam is deforming elastically, which has flexure and shear
components. The shear component was calculated by Timoshenko (1955). The elastic deflection
at the loading point, d,;, was calculated using Eq. (C.8), which required the shape factor o from
Eq. (C.7). The story drift due to the elastic beam deformation outside the plastic hinge region, 8g;,
was then calculated using Eq. (A.9).

A

a= (bsd,® — bshy,® + ty,hy,?) (C.7)
8Lt
PL,® PlL,a
- C.8
Oet 3EL,  AG (€8)
Sel
HEL = L_e (Cg)
cl

where: A = cross-sectional area

bt = flange width
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dp = beam depth

E = modulus of elasticity

G = shear modulus

hw = clear distance between flanges

Ix = moment of inertia of the beam

L = distance from the actuator centerline to the column centerline
Ler = distance from SP_04 to the actuator centerline

P = applied load

tw = web thickness.

C.5 Plastic Beam Deformation

In these tests, deformation in the plastic hinge region was expected to be the greatest story drift
component. To measure this rotation, string potentiometers SP_06 and SP_07 were attached to the
column flange above and below the beam. The end of the string potentiometers were attached to
the beam at the same location as SP_04. The rotation due to deformation in the plastic hinge region,

6py, Was then calculated using Eqg. (C.10),

o) -4
HPH — SP_06 SP_07 HEP (C.lO)
Lspz

Where: Lsp2 = distance between SP_06 and SP_07
osp_os = displacement of SP_06
osp_o7 = displacement of SP_07.

It is important to note that Eq. (C.10) also includes elastic beam rotation. Thus, in the early cycles

when no plastic deformation is expected, 8,4 will be nonzero.
C.6 Total Story Drift

The total story drift is calculated using Eq. (C.11).
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Ototar = Ocr + Opz + Ogp + O, + Opy (C.11)

If the calculated total story shear is checked against the applied story drift, discrepancies will be
found. This is due to simplifying assumptions made in the decomposition and drift components

that were not captured by this instrumentation plan.
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APPENDIX D - DATA ADJUSTMENTS

This appendix describes adjustments made to the test data before it was used for the story drift
decomposition. Data adjustments fell into two categories: general modifications applied to all data

from all tests and specific adjustments for times when the instrumentation was disturbed.

General adjustments included removing any data recorded after fracture occurred and shifting all
sensor measurements to zero, except for the force measurement, which was handled separately for
each test. At the start of each test, the actuator was moved until the load cell measured a force
equal to the weight of the actuator clevis plus half of the specimen weight. This removed any load
on the connection that would not be present in a real structure, where the self-weight of the beam
is distributed equally between the connections at either end. The initial force was then used in the
data analysis as a load adjustment factor when zeroing the force measurements. The load
adjustment factor was 2.9 kips for W24x76 beams and 3.9 kips for W36x150 beams.

D.1 Specimen 4ES-1.375-1.25-24sides

Specific data adjustments for this specimen involved:

1. Adjusted LP_01 data to account for noise in the sensor data that was not attributed to the
panel zone deformation. The unadjusted and adjusted plots are shown in Figure D.1.
2. Adjusted LP_02 data to account for noise in the sensor data that was not attributed to the

panel zone deformation. The unadjusted and adjusted plots are shown in Figure D.2.
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Figure D.1. LP_01 adjustment for 4ES-1.375-1.25-24sides
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D.2 Specimen 4ES-1.375-1.25-24wrap

Specific data adjustments for this specimen involved:

1. Adjusted CLP_01 data to account for when the caliper was bumped during the test. The
unadjusted and adjusted plots are shown in Figure D.3.
2. Adjusted SP_06 data to account for noise that was not attributed to deformation in the

plastic hinge. The unadjusted and adjusted plots are shown in Figure D.4.
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Figure D.4. SP_06 adjustment for Specimen 4ES-1.375-1.25-24wrap
D.3 Specimen 8ES-1.375-1.5-36sides

There were no specific data adjustments for this specimen.

D.4 Specimen 8ES-1.375-1.5-36wrap

There were no specific data adjustments for this specimen.
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APPENDIX E - MILL CERTIFICATION REPORTS
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Heat Number
W2650

er No

Shi

Invoice No
1514482

Customer PO#
ENG052919A

Customer Name

1479485

AMERICAN INSTITUTE OF STEELCO
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ANNEX N

APPENDIX F - WELD PROCEDURE SPECIFICATIONS

AWS D1.1/D1.1M:2010

WELDING PROCEDURE SPECIFICATION (WPS) Yes
QUALIFIED BY TESTING NA
or PROCEDURE QUALIFICATION RECORDS (PQR) Yes |

PREQUALIFIED YES

Identification # GMAW CJP A572PL TO A992WF

Revision 0 Date1-14-19 By DAW
Company Name CONCENTRIC STEEL LLC Authorized by DAW Date 1-14-19
Welding Process(es) GMAW Type—Manual Semiautomatic |l
Supporting PQR No.(s) TC-U4a-GF Mechanized Automatic
JOINT DESIGN USED POSITION
Type: Position of Groove: 1G Fillet:
Single Double Weld | Vertical Progression: Up| | Down
Backing: Yes @ No_ | . c 1BaR

Backing Material:
Root Opening 1/4 Root Face Dimension N/A
Groove Angle: 45

Back Gouging: Yes| | No m|

Radius (J-U) N/A
Method

ELECTRICAL CHARACTERISTICS

Short-Circuiting ||
Globular ®  Spray

Transfer Mode (GMAW)

Current: AC DCEP /m DCEN Pulsed | |
BASE METALS Power Source: CC | cvm
Material Spec. AS72 PLATE, Ag92 WF Other
Type or Grade ASTM A572 GR 50ksi, ASTM A992 GR 50ksi Tungsten Electrode (GTAW)
Thickness: Groove Fillet 1/8 -1 Size:
Diameter (Pipe) Type:
FILLER METALS TECHNIQUE

AWS SpecificationA5.18

AWS Classification E70C-6MD H4

SHIELDING

Flux Gas 90% Ar, 10% CO2

Composition
Electrode-Flux (Class)

Flow Rate 30-40CFH
Gas Cup Size 5/8 TO 3/4

Stringer or Weave Bead: STRINGER
Multi-pass or Single Pass (per side)1/4 MAX PER PASS
Number of Electrodes 1

Electrode Spacing Longitudinal
Lateral
Angle
Contact Tube to Work Distance 5/8"
Peening N/A

Interpass Cleaning: GRINDING AND WIRE BRUSH

PREHEAT
Preheat Temp., Min. see below

Interpass Temp., Min. see below Max. 350F

POSTWELD HEAT TREATMENT
Temp. N/A
Time

1/8" thru 3/4", if below 32F, preheat to 70F, 3/4" thru 1 1/2" = 150F, 1-1/2" thru 2-1/2" = 225F, 2-1/2"+ = 300F

WELDING PROCEDURE

Pass or Filler Metals Current
Weld Type & | Amps or Wire Travel
Layer(s) | Process Class Diam. Polarity Feed Speed Volts Speed Joint Details
ALL GMAW A518 0.045 DCEP 200-350 IPM 24-26V Varies
ER70S-6 350-500 IPM 26-29V
500-8650 IPM 29-32v

Form N-1 (Front)
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ANNEX N

AWS D1.1/D1.1M:2010

WELDING PROCEDURE SPECIFICATION (WPS) Yes

PREQUALIFIED YES

QUALIFIED BY TESTING N/A

or PROCEDURE QUALIFICATION RECORDS (PQR) Yes| |

|dentification # GMAW F A572PL TO A992WF

Revision 0 Date1-14-19 By DAW
Company Name CONCENTRIC STEEL LLC Authorized by DAW Date 1-14-19
Welding Process(es) GMAW Type—Manual || Semiautomatic [l
Supporting PQR No.(s) N/A PREQUALIFIED Mechanized Automatic |
JOINT DESIGN USED POSITION
Type: Position of Groove: Fillet: 1F
Single | Double Weld | Vertical Progression: Up| | Down |
Backing: Yes | No

Backing Material:
Root Opening © Root Face Dimension N/A
Groove Angle: N/A Radius (J-U) N/A
Back Gouging: Yes No m|

Method

ELECTRICAL CHARACTERISTICS

Transfer Mode (GMAW) Short-Circuiting ||
Globular ® Spray

Current: AC_ | DCEP ® DCEN_ | Pulsed |

BASE METALS Power Source: CC| | CV/m
Material Spec. A572 PLATE, A992 WF Other

Type or Grade ASTM A572 GR 50ksi, ASTM A992 GR 50ksi Tungsten Electrode (GTAW)
Thickness: Groove Fillet 1/8-1 Size:

Diameter (Pipe) Type:

FILLER METALS TECHNIQUE

AWS SpecificationA5.18
AWS Classification E70C-6MD H4

Stringer or Weave Bead: STRINGER
Multi-pass or Single Pass (per side)1/4 MAX PER PASS
Number of Electrodes 1

Electrode Spacing Longitudinal

SHIELDING Lateral
Flux Gas 90% Ar, 10% CO2 Ang|e

Composition Contact Tube to Work Distance 5/8"
Electrode-Flux (Class) Flow Rate 30-40CFH Peening N/A

Gas Cup Size 58T03/4 Interpass Cleaning: WIRE BRUSH
PREHEAT POSTWELD HEAT TREATMENT
Preheat Temp., Min. see below Temp. N/A
Interpass Temp., Min. see below Max. 350F Time

1/8" thru 3/4", if below 32F, preheat to 70F, 3/4" thru 1 1/2" = 150F, 1-1/2" thru 2-1/2" = 225F, 2-1/2"+ = 300F

WELDING PROCEDURE

Pass or Filler Metals Current
Weld Type & | Amps or Wire Travel
Layer(s) | Process Class Diam. Polarity Feed Speed Volts Speed Joint Details
ALL GMAW A5.18 0.045 DCEP 200-350 IPM 24-26V Varies
ER705-6 350-500 IPM 26-29v
500-650 IPM 29-32V

Form N-1 (Front)
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APPENDIX G - CONNECTION DESIGN CALCULATIONS

Four Bolt Extended Stiffened End Plate Design

Test Specimens 1 and 2

Input Information
Beam Compression, P, (kips) 0.0

Beam Shear due to gravity, Vg, (kips) 0.0
Column Compression from Gravity Loads, P, (kips) 0.0
Column Shear, V. (kips) 0.0

Width of End Plate, b, {in) 10.5
Extension of End Plate Above Flange, p., (in)  4.0625
Thickness of End Plate, t, (in) 1.25
Thickness of End-Plate Stiffener, t, (in) 0.5
End plate and stiffener yield stress, F_and F,, (ksi) 50
End plate ultimate stress, F, (ksi) 65

Bolt Diameter, d, (in) 1.375

Bolt Grade A490
Threads included (N) or excluded (X) from shear plane? N
Gage, g [in) 5

Exterior dist to bolt row, pg, (in)  2.0625

Interior dist to bolt row, ps (in) 2.0625

Beam Section W24x76
Column Section W14x398

Yield stress of beam and column, F, (ksi) 50
Ultimate stress of beam and column, F, (ksi) B5
Yield Stress Ratio, R, 1.1

Story Height, H (in) 150
Bay Width, L (in) 360

Distance from top of beam to
top of column or "no” if not close, d,,, (in) no

Are there beam on both sides of the column? no

Web fillet weld to end plate near tension bolts, t,, (in) 0.375

Web fillet weld to end plate away from tension bolts, t,, {in) 0.375

Continuity plate to column web double fillet size, t,., (in)  0.1875

End-plate stiffener to beam flange double fillet size, t,,. (in) 0.375
Weld strength, Fey, (ksi) 70

Column Continuity Plate Thickness, t., {in)

Continuity Plate Width, w,, (in) 0
Column Web Doubler Plate Thickness, t,, {in) 0
Yield stress of continuity and doubler plate, F g4, (ksi) 50

Member Properties
Depth of Beam, d,, (in) 23.90

Beam Flange Width by, (in) 8.99
Beam Flange Thickness ty, (in) 0.68
Beam Web Thickness t,,, (in) 0.44
Area of Beam, A, (ingj 22.4
Moment of Inertia, | (in®)  2100.0
Elastic Section Modulus, S, {ina} 176.0
Beam Plastic Section Modulus, Z, (in®) 200.0
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height of stiffener, h,, is equal to p...

Column must be W36 or Smaller



Column Depth, d. (in)

Column Flange Width, by, (in)
Column Flange Thickness t;. (in)
Column Web Thickness, t,.. (in)

Area of Beam, A, (in”)
Column Plastic Section Modulus, Z,,. (ins)

Step 0 - Member Sizes
beam flange slenderness, by/2t;

Flange Compact Limit, Ay 4=0.30*sqrt(E/F,)
Beam Flange is

beam web slenderness, h/t,,

P,=F.A, (Kips)

For Compression: ¢,

C=P.f(d. P,

For C,<0.125, Ay 4,=2.45%sart(E/F,)(1-0.93C,)
For C,>0.125 , Ayg»=0.77*sqrt(E/F,)(2.93-C,)

Limit, Apg43=1.49*sqrt(E/F,)
Controlling Limit, & =A1, Mz, OF Aga
Beam Web is

Column flange slenderness, by/2t;

Flange Compact Limit, Ay,4=0.30*sqrt(E/F,)
Column Flange is

Column web slenderness, h/t,,

P=F.A. (kips)

For Compression: ¢,

C=P./($. P,)

For C,<0.125 , Ay 4,=2.45*sqrt(E/F,)(1-0.93C,)
For C,>0.125, Apg,=0.77*sqrt(E/F )(2.93-C,)
Limit, A q3=1.49%sqrt(E/F,)

Controlling Limit, A =Ry, Mgz, OF Apgs

Column Web is

Beam Flange Thickness Min, t; (in)
Beam Flange Thickness Max, t.; (in)
Is Beam Flange OK?

Beam Flange Width Min, by (in)
Beam Flange Width Max, by (in)

Is Beam Flange QK?

Beam Depth Min, d (in)

Beam Depth Max, d (in)

Is Beam Depth OK?

End-Plate Thickness Min, t, (in)

End-Plate Thickness Max, t, (in)
Is End-Plate Thickenss OK?
End-Plate Width Min, b, (in)
End-Plate Width Max, b, (in)

Is End-Plate Width OK?

Bolt Gage Min, g (in)

Bolt Gage Max, g (in)

Is Bolt Gage OK?

Bolt Spacing Min, p; p;, (in)
Bolt Spacing Max, p; ps, (in)
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18.3
16.600
2.850
1.770

117.0
801.0

6.6

7.22
OK
49.0
1120
09
0.00

59.0
54.3

359

59.0
OK

29

7.2
OK
6.4
5850
09
0.00

59.0
54.3

35.9

59.0
OK

0.375
0.75
OK
6.0
9.00
OK
13.8
24.0
OK
0.5
1.5
OK
7.0
10.8
OK
3.3
6.0
OK
1.8
5.5



Is Bolt Spacing OK? (0] 4

Beam Clear Span, L.=L-d, (in) 341.7
Span-to-Depth Ratio, L. /d, 14.3
Span-to-Depth Limit 7.0
Is Span-to-Depth OK? OK

Step 1.1 - Calculate Moment at Face of Column

Co=min {(F+F }/(2F,), 1.2} 1.15
Probable Max Moment, M =C, R F.Z, (k-in) 12650
height of stiffener, h, = p.. (in) 4

Length of end-plate stiffener, L,=h,/tan(30°) (in) 7.04
Dist to Plastic Hinge, 5;=L,+t, (in) 8.29
Distance Between Plastic Hinges, L,=L-d.-25,, (in) 325.1
Shear, V,=2M/Li#Vyoy (kips)  77.8
Moment at Face, Mi=M,,+V, Sy, (k-in) 13295
Step 1.3 - Check Bolt Size
dist to first row, h; (in) 20.82
dist to second row, h, (in) 25.62
Nominal Stress for Bolts, F (ksi) 113
for nonductile limit state, ¢y, 0.80
Minimum Bolt Diameter dyqe= Srt(2"My(r" b "F"(he+ha))) (in)  1.339
Selected bolt diameter from input info 1.375
Is Bolt Diameter > Min? OK
Step 1.5 - Check End-Plate Thickness
Effective end-plate width, b, =min(b,by+1) (in) 10.0
distance to yield line, s=1/2*sqrt(b,*g) 3.62

by I (e a) 1, 2 g
y=-=L hl{ ]-‘-Ii:l t=|==|+=| M (pex )+ h2(s+ ps)|+=
3[ P \pa s) 2 x[ Vb (s+pa)]+y

228.9

End Plate Yield Parameter, Y, ., (in)

b
2 Pi S Pr 28
End Plate Yield Parameter, Y, 4 (in) 250.9
End Plate Yield Parameter to use, Y, =Y, .., (in) 2289
for ductile limit state, ¢, 1.00
Reg'd end plate, tygeqe=sqrt(1.11"Mi/(dy"F " Y)) 1.085
Selected end plate thickness from input info 1.250
Is tp > toreq OK
Step 1.7 - Calculate Beam Flange Force
Flange force, Fs,=M; / (d-ty) (kips) 573
Step 1.10 - Stiffener Checks
Stiffener Geometry
Minimum stiffener thickness, t, i =t,p(F,/Fy) (in) 0.440

I t, >ty i oK

height of stiffener, h,, = p.,. (in) 4.06
stiffener slenderness limit, (h/t);,,=0.56 sqrt(E/F,.) 13.49
Stiffener slenderness, h,,/t, 8.13

1s hoy/t, < (Bt jse? OK
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new equation that is more conservative than 358

1 1 1 1 2
Y, === [-’71 ( —+ —]+ ho| —+5= ]J+ E[hﬂpn +5)+hyld, +pp)]|  from AISC 358-16. Note that h1=h2 and ho=h1



Stiffener Welds
stiffener to end-plate is CIP
stiffener to beam flange demand, R, = 0.6 F . t, (k/in)
Stif. to beam strength, R,=(2 welds)0.6F, t.../sart(2) (k/in)
for fillet welds ¢
R,
Is$R, >T,

Step 1.11 - Bolt Shear Rupture Strength
Required Shear Force From Step 1.1, V, (kips)

Mumber of bolts resisting shear (compression side), n,
Mominal Shear Strength of Bolts, F, (ksi)

Area of bolt, A, (in?)

For nonductile limit state, §,,

Pn Ro = & Ny Foy Asere (Kips)

Is R, >V,?

Step 1.12 - Bearing / Tear-Out

(tF,) = min {t, Fup, te F} (/i)

Inner Bolts at Compression Side
clear distance, L.=p; +t-+p;-d, (in)
Tear-Out Strength, 1.2 L (tF,) (kips/bolt)
Bearing Strength, 2.4 d, (t F,) (kips/bolt)
Strength, R,, = min (Tear-Out, Bearing) (kips/bolt)

Outer Bolts at Compression Side
clear distance, L.=p..-pi.-(dy+16)/2 (in)
Tear-Out Strength, 1.2 L. (tF,) (kips/bolt)
Bearing Strength, 2.4 d, (t F,) (kips/bolt)
Strength, R, = min (Tear-Out, Bearing) (kips)

Total Resistance

R,=2R..+ 2R, (kips)
For nonductile limit state, ¢,
Design Bearing / Tear-Out Strength, R, (k-in)
Required Shear, Vu from Step 1.1 (kips)
Is R, >V,?

Step 1.13 - Weld Design
Beam Flange to End Plate
Flange to End Plate is CIP

Beam Web to End Plate Weld Near Tension Bolts
Web Tension, T,=F *t,, (k/in)
Rofines = 2 Welds*1.5%0.6 Feyy t,./5qrt(2) (k/in)
for fillet welds ¢
PR,
Is¢R, > T,

Beam Web to End Plate Weld Away from Tension Bolts
Height of weld, L,,,=d,,-t:,-ps-6-ty, (in)
R, = 0.6 Foy t,/5qrt(2) 2L, (kips)
for fillet welds ¢
¢R,
Is pR, >V,
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OK
15.00
22.27

0.75
16.71
OK

78

68
1.48
0.90
363

OK

3.37
3283
268.1
268.1

1.28
124.9
268.1
124.9

786.1
0.90
707

78
OK

OK

22.00
33.41
0.75
25.06
OK

14.48
3225
0.75
241.9
OK

if stiffener, ts<=3/8" then can use double fillet



Column-Side Design

Step 2.1 - Check Column Flange Flexural Yielding
distance to yield line, s=1/2*sqrt(bs"g) 4.56

C=piittptpr (in) 481
vo=2e[n(2)en(1)]2
2 s s g

2
h1[s+—3—c]+h0[s+£J+c—
4 4 2
Column Flange Yield Parameter if Unstiffened, Y., (in) 218.7
Psi = Prttinl/2-t,/2 (in) 2.40
Pio= Pro*ti/2-t/2 (in) 2,40

+-g—
2

ber

Y. =
2

1 1 1 1
h| =+— |+ ——
'[s ps,] h"[s pm]

Column Flange Yield Parameter if Stiffened, Y., (in) 3743

2
+§[h|15+ps. )+ ho(s+Pso)]

Column Flange Yield Parameter, Y, =Y., orY,, (in) 2187
for ductile limit state, ¢, 1.00
Req'd column flange, tyreqa=sart(1.11*"Md/(¢4"F,"Y.)) 1.162
Column flange thickness 2.850

Is ty > topeq oK

Step 2.2 - Calculate Column Flange Force Design Strength
for ductile limit state, ¢y 1.00

Design Moment Strength, ¢..ML;=¢,,F‘,YCQ,2 (k-in) 88809
Design Force Strength, @ R =(dyM)/(dy-ty) (kips)  3824.7

Step 2.3 - Check Local Column Web Yielding
Required Flange Force from Step 1.7, Fy, (kips) 573

C.=0.5 if beam within d of top of column, else C;=1.0 1.0
Fillet distance, k_ (in) 3.44
Nominal Strength, R,=C,(6k +t,+2t,)F t., (kips) 2108.1
for ductile limit state, ¢y, 1.00
Design Strength, ¢R, (kips)  2108.1
Is duR, = Fp,? OK

Step 2.4 - Check Column Web Buckling
Required Flange Force from Step 1.7, Fy, (kips) 573

Is dist from beam flange to top col. <d /2?7 no

clear dist between column flange fillets, h=d-2k, (in) 11.42
If close to top of col, Rmzztltmssqrt{EFv];‘h (kips) 140329

If not close to top of col, R,.;=12tm3sqrt{EF,]Ih (kips)  7016.5
Nominal Strength, R,=R,; or R,, (kips) 140329

for column web buckling, ¢ 0.75
Design Strength, ¢R, (kips) 10524.7

Is $gR, > Fry? OK
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note that hl=h2 and hO=h1

note that hl=h2 and hO=h1



Step 2.5 - Check Column Web Crippling
Required Flange Force from Step 1.7, F;, (kips)

Is dist from beam flange to top col. < d_/2?

Term X;=sqrt(EF,ty/t.,) (ksi)

Beam flange CJP reinforcing fillet from Sec. 6.9.7(2), t... (in)
Dimension, N=t,+t,,+2t, (in)

If not close to top of col, R,,=0.8t., *[1+3(N/d)(t../t.)""1X, (kips)
If close to top of col, R,,=0.4t,, [1+3(N/d,)(t../t)*1X, (Kips)

If close to top of col, R,;=0.4t,, *[1+(4N/d,-0.2)(t../t.)*]X, (kips)
N/d. to compare to 0.2 to decide which Rn

MNominal Strength, R, =R, R, or R,; (kips)

for column web crippling, ¢

Design Strength, $R,, (kips)

573
no
1528
0.313
3.493
4902.8
2451.4
2442.8
0.19
4902.8
0.75
3677.1

Is 4R, > Fi,? OK

Step 2.6 - Check Continuity Plate Size
Required Compression Strength
Required Flange Force from Step 1.7, Fy, (kips)
Min &R, from step 2.2,2.3,2.4, 2.5 (kips)
Required strength, F, =F;-min(¢R,) (kips)

Compression Strength of Effective Section
min plate thickness of AISC 341 E3.6f(2), t.;..i, (in)
15ty > topomin?
Effective length, KL=0.75h (in)
Is dist from beam flange to top col. < d./2?
Effective web width if not close to top of column, w,,.=25t,_ (in)
Effective web width if close to top of column, w,,=12t,. (in)
Effective web width, w,=w,,, or w,,; (in)
Moment of Inertia effective section, I, (in4)
Area of effective section, A, (in2)
Radius of Gyration, r,=sqrt(l.,/A.) (in)
Slenderness, KL/r,,
Is KL/, < 25?
Compression Strength Assuming KL/r.,<25, P,=F,s4A., (kips)
for continuity plate compression, ¢
Design Strength, &R, (kips)
Is d4R, >F.,7
Continuity Plate Welds to Column Flange
Continuity plate weld to flange is QJP
Continuity Plate Welds to Column Web
k4o, for column (in)
Contact length along column web, Loy, =d.-2(ks.+1.5) (in)
k, for column (in)
Contact length along column flange, L.,=(we+t.,./2)-(k;+0.5) (in)
Design Strength of CP contact area in tension, R,,=0.9(2L o)t F eagp (kips)
Des. Strng of CP contact area in shear, R,,=0.9(2L.,,,)t.,(0.6F g4 (kips)
Design Strength of Panel Zone from Step 2.7, R, (kips)
Number of beam flanges transmitting force to continuity plate, N,
Expected Strength of Flanges, R,.4=RF tybg Ny (kips)
Continuity plate weld to web demand, R,=min{R,.., R, R..., Ru.a} (kips)
R, = 0.6 Fryy [t,o/5art(2)] 4L, (kips)
for fillet welds ¢
R,
Is dR, >R,
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573
2108.1
-1535.5

0.340
No Good
B.565
no
44,25
21.24
44,25
20.45
78.32
0.51
16.76
OK
3916.1
0.90
35245
oK

OK

4.13
7.1
2,13
-1.74
0.0
0.0
1479.5

336.2
0.0
157.0
0.75
117.8
OK

No continuity plates unecessary
AISC 360)10.8
similar limit as for web buckling and crippling

AISC 360 110.8 reference J4.4. If no, need to use Chapter
AISC 360 J4.4
AISC 360 J4.4

1.5" is Seismic clip per AWS D1.8 4.1

AISC 341 E3.6(3)(a)
AISC 341 E3.6f(3)(b)
AISC 341 E3.6f(3)(c)

AISC 341 E3.6f(3)(d)
AISC 341 E3.6f(3)
welds for both continuity plates



Step 2.7 - Check Panel Zone
Panel Zone Strength

Number of beams, N,
Panel Zone Shear, V,;, = F;, - V.- P,;,/2 (kips)
Column squash load, P,=FA_ (kips)
Column compression, P,=P +V, (kips)
Ratio of P,/P, (kips)
Panel zone thickness, t.,=t_+2t,, {in)
R,=0.6F, d_ t,, (1+3b, t.’ / (dy, d, t,.)) (kips)
for panel zone, ¢
Design Strength, &R, (kips)
Is $.R, > F..?

Min Panel Zone Thickness
d,=d, -2t (in)
w,=d.-2t; (in)
trin=(d+w,)/90 (in)
Is ty>t.?
Ist >t.7

Doubler Plate Welds Not Designed

572.6
5850
78
0.01
1.77
1479.5
1.00
1479.5
oK

22.54
12.6
0.3%0
No Good
oK

Step 2.8 - Strong Column Weak Beam (not listed in steps, but should be - Tell Tom)

V, from Step 1.1

M=V, (Sy#+d./2) (k-in)

Number of Beams, N,

IM o *=Ny (M, +M,) (k-in)

Column Compression from Step 2.7, P, (kips)
Number of Columns, N,

EM,=NZ(Fy /A, (kein)

M, */IM,*

Is EM,,.*/EM,,*>1.0?
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77.8
1356.9
1
14007
77.8
2
79035
5.64
OK

AISC 360 J10.6 - see assumptions
AISC 341 E3.6e(1)

No doubler plates included



Eight Bolt Extended Stiffened End Plate Design

Test Specimens 3 and 4

Input Information
Beam Compression, P, (kips) 0.0

Beam Shear due to gravity, Vg, (Kips) 0.0
Column Compression from Gravity Loads, P, (kips) 0.0
Column Shear, V. (kips) 0.0

Width of End Plate, b, (in) 14
Extension of End Plate Above Flange, p.,, (in) 7.375 height of stiffener, h,, is equal to p.,;
Thickness of End Plate, t, (in) 1.5
Thickness of End-Plate Stiffener, t. (in) 0.625
End plate and stiffener yield stress, F,; and F,, (ksi) 50
End plate ultimate stress, F,, (ksi) 65

Bolt Diameter, d,, (in) 1.375

Bolt Grade A490
Threads included (N) or excluded (X) from shear plane? N
Gage, g (in) 5

Exterior dist to bolt row, py, (in) 1.875

Interior dist to bolt row, py, (in) 1.875

Interior bolt row spacing, p,, (in) 3.75

Beam Section W36x150

Column Section W14x398 Column must be W36 or Smaller

Yield stress of beam and column, F, (ksi) 50

Ultimate stress of beam and column, F, (ksi) 65

Yield Stress Ratio, R, 1.1

Story Height, H (in) 150

Bay Width, L (in) 360

Distance from top of beam to

top of column or "no" if not close, dy, (in) no For column web checks
Are there beam on both sides of the column? no For SCWB and panel zone
Web fillet weld to end plate near tension bolts, t,,, (in) 0.5
Web fillet weld to end plate away from tension bolts, t,,, (in) 0.5
Continuity plate to column web double fillet size, t,, (in) 0.5

End-plate stiffener to beam flange double fillet size, t,. (in)  0.4375
Weld strength, Feyy (ksi) 70

Column Continuity Plate Thickness, t., (in)
Continuity Plate Width, w, (in)
Column Web Doubler Plate Thickness, ty, (in)
Yield stress of continuity and doubler plate, F g4, (ksi) 50
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Member Properties
Depth of Beam, dy, (in)

Beam Flange Width by, (in)
Beam Flange Thickness tg, (in)
Beam Web Thickness t,, (in)
Area of Beam, A, (in)

Moment of Inertia, | (in®)

Elastic Section Modulus, S,y {in3]

Beam Plastic Section Modulus, Z,; {ina)

Column Depth, d. (in)

Column Flange Width, by (in)

Column Flange Thickness ty. (in)

Column Web Thickness, t,,. (in)

Area of Column, A, (i)

Column Plastic Section Modulus, Z,. {ina)

Step 0 - Member Sizes

beam flange slenderness, by/2t;
Flange Compact Limit, Apq=0.30*sqrt(E/F,)

Beam Flange is
beam web slenderness, h/t,,

P,=F,A, (kips)

For Compression: ¢,

C.=Pu/(d. P,)

For C,<0.125 , Apg1=2.45*sart(E/F,)(1-0.93C,)
For C,>0.125, A,42=0.77*sqrt(E/F,)(2.93-C,)
Limit, Apg3=1.49*sqrt(E/F,)

Controlling Limit, Apg=And1, Andz, OF Mgz

Beam Web is

Column flange slenderness, by/2t;
Flange Compact Limit, J\hd:DBD*sqrt{EIFy]

Column Flange is
Column web slenderness, h/t,,

P,=FA (kips)

For Compression: ¢,

Co=P./($.P,)

For C,<0.125, Apg1=2.45*sqrt(E/F,)(1-0.93C,)
For C,>0.125 , A,gp=0.77*sart(E/F,)(2.93-C,)
Limit, Ay, 43=1.49*sqrt(E/F,)

Controlling Limit, Apg=Apg1, Apazs OF Apgs

Column Web is
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35.90
12.00
0.94
0.625
44.3
9040.0
504.0
581.0

183
16.6
2.85
1.77
117.0
801.0

6.4

7.22
oK
51.9
2215
0.9
0.00
59.0
54.3

359

59.0
0K

2.9

7.2

oK

6.4
5850

0.9
0.00

59.0
54.3

35.9

59.0
0K



Beam Flange Thickness Min, tys (in)
Beam Flange Thickness Max, t,; (in)
Is Beam Flange OK?

Beam Flange Width Min, by (in)
Beam Flange Width Max, by (in)

Is Beam Flange OK?

Beam Depth Min, d (in)

Beam Depth Max, d (in)

Is Beam Depth OK?

End-Plate Thickness Min, t, (in)

End-Plate Thickness Max, t, (in)
Is End-Plate Thickenss OK?
End-Plate Width Min, b, (in)
End-Plate Width Max, b, (in)

Is End-Plate Width OK?

Bolt Gage Min, g (in)

Bolt Gage Max, g (in)

Is Bolt Gage OK?

Bolt Spacing Min, ps pse  (in)
Bolt Spacing Max, ps pse  (in)
Is Bolt Spacing OK?

Beam Clear Span, L,=L-d, (in)
Span-to-Depth Ratio, L./ dy,,
Span-to-Depth Limit

Is Span-to-Depth OK?

Step 1.1 - Calculate Moment at Face of Column

Cp=min {(F,+F,)/(2F,), 1.2}

Probable Max Moment, M, =C,RF.Z, (k-in)
height of stiffener, h,; = p.,¢ (in)

Length of end-plate stiffener, L,=h.,/tan(30°) (in)
Dist to Plastic Hinge, S,=Ly+t, (in)

Distance Between Plastic Hinges, Ly,=L-d.-25;, (in)
Shear, V,=2M,,/Ly+Vgravity (Kips)

Moment at Face, M=M_+V,, S, (k-in)

Step 1.3 - Check Bolt Size

dist to second row, hy (in)

dist to second row, h, (in)

dist to first row, h; (in)

dist to first row, h, (in)

Nominal Stress for Bolts, F,, (ksi)

for nonductile limit state, ¢,

Minimum Bolt Diameter d,.q4= sart(2*Mg/(n* ¢, *F . *(hy+hy+hs+h,))) (in)
Selected bolt diameter from input info

Is Bolt Diameter > Min?
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0.5625
1.00
oK
7.5
12.3

0K
18.0
36.0
OK
0.8
2.5
oK
9.0
15.0
oK
5.0
6.0
oK
1.6

2.0
oK

341.7
9.5
7.0
oK

1.15
36748
7.38
12.77
14.27
313.2
234.7
40098

41.055
37.31
32.62
28.87

113
0.90
1.340

1.375
oK



Step 1.5 - Check End-Plate Thickness
distance from top bolt to edge of plate, d.=p.,-pPp-Pro (in)
Effective end-plate width, bp = min (bp, bbf+1) (in)
distance to yield line, s=1/2*sqrt(b, g) (in)

»
P )

End Plate Yield Parameter, Y, (in)

b 1 1 1 1
Yo=o ”‘lzd ]'%[E] "3IE +n(5)

2

End Plate Yield Parameter, Y, o4 (in)

End Plate Yield Parameter to use, Y, = Y, ew (in)
for ductile limit state, &,

Req'd end plate, toreqe=sqrt(1.11*Md(dbg*Fp,*Y))
Selected end plate thickness from input info

Is tp > tpReqd

Step 1.7 - Calculate Beam Flange Force

Flange force, Fy,=M; / (d-ty) (kips)

Step 1.10 - Stiffener Checks
Stiffener Geometry
Minimum stiffener thickness, t; i,=t,(F,/Fys) (in)

ISt >ty min
height of stiffener, h,, = p., (in)
Stiffener slenderness limit, (h/t);;,=0.56 sqrt(E/F,,)
Stiffener slenderness, hg/t.
Is hy/t, < (h/t)mic?

Stiffener Welds

Stiffener to end-plate is CIP
Stiffener to beam flange demand, R, = 0.6 F, t, (k/in)

Stif. to beam strength, R,=(2 welds)0.6F gy t,./sqrt(2) (k/in)
for fillet welds ¢

PR,

Is &R, > T,

Step 1.11 - Bolt Shear Rupture Strength
Required Shear Force From Step 1.1, V,, (kips)

Number of bolts resisting shear (compression side), n,
Nominal Shear Strength of Bolts, F,, (ksi)

Area of bolt, Ay, (inz}

For nonductile limit state, ¢,

& Ry = & Np Fry Anorr (kips)

Is dR, > V,?
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5l ) B (s

1.75
15.00
4.03

by, (1) 1) , (1 1] 2¢ 5¢
Y ==L hy| Jnn +hy | —|—;J+—: Iy (0.5 +0.5d,. )+ (02508 + Pg )+ ha (1 + Pg +0.5d,. )+ hy (s + 0.5, |]+T
o \5¥) £ g

532.1

from AISC 358-16

s

605.6
605.6
1.00
1.293
1.500
0K

1147

0.625
oK
7.38
13.49
11.80
oK

oK
18.75
25.99
0.75
19.49

oK

235

68
1.48
0.90
727

oK

New Equation - more conservative



Step 1.12 - Bearing / Tear-Out

(tFy) =min {t; Fyp, te F} (Kin)
Inner Bolts at Compression Side
clear distance, L=p,-(d,+1/16) (in)
Tear-Out Strength, 1.2 L. (t F,) (kips/bolt)
Bearing Strength, 2.4 dy, (tF,) (kips/bolt)
Strength, R,; = min (Tear-Out, Bearing) (kips/bolt)
Outer Bolts at Compression Side
clear distance, L.=pey-Pro-(dy+16)/2  (in)
Tear-Out Strength, 1.2 L. (t F,) (kips/bolt)
Bearing Strength, 2.4 d,, (tF,) (kips/bolt)
Strength, R,; = min (Tear-Out, Bearing) (kips)
Total Resistance
R,=6R,+ 2R, (kips)
For nonductile limit state, ¢,
Design Bearing / Tear-Out Strength, ¢R,, (k-in)
Required Shear, Vu from Step 1.1 (kips)
Is R, > V,?

Step 1.13 - Weld Design
Beam Flange to End Plate

Flange to End Plate is CIP

Beam Web to End Plate Weld Near Tension Bolts
Web Tension, T,=F,*t,;, (k/in)
Rofiter = 2 welds*1.5%0.6 Feyy t,./sqrt(2) (k/in)
for fillet welds ¢
PR,
Is$R,>T,

Beam Web to End Plate Weld Away from Tension Bolts
Required Shear Force From Step 1.1, V,, (kips)

Height of weld, L,,=dpm-ta-Pu-Pa-6-ts, (in)
R, = 0.6 Fgyy ty/sqrt(2) 2L, (kips)

for fillet welds ¢

¢’Rn

Is &R, >V,
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97.5

231
270.6
321.8
270.6

1.03
120.7
321.8
120.7

1864.7
0.90
1678
235

oK

OK

31.25
44.55
0.75
33.41
OK

235
22.40
665.1

0.75
498.8

OK



Column-Side Design
Step 2.1 - Check Column Flange Flexural Yielding
distance to yield line, s=1/2*sqrt(b.g) 4.56
c=ptty+pg (in) 4.69

_by 1 i

Yo = 2 h’[s] h"{s]

L2 < A Bp. C A

glh’[pb : 2'3] h"’[ 2 4]+h3| 22 +h“'s'| 2

Column Flange Yield Parameter if Unstiffened, Y_, (in) 457.9

Psi = Pittin/2-t/2 (in) 2.35
Pso= pfo"'tlb/z‘tcp!z l:m:l 2.35

sG)nlanlz ) G)

2 P 3p, P 3p
(e B ) B+ 22 ) s

b,

+g
Column Flange Yield Parameter if Stiffened, Y, (in) 680.6
Column Flange Yield Parameter, Y. = Y., or Y. (in) 457.9
for ductile limit state, b, 1.00
Req'd column flange, toreqa=saqrt(1.11"Md(d4*F,*Y)) 1.394
Column flange thickness 2.850
Is ty > topeqd OK

Step 2.2 - Calculate Column Flange Force Design Strength
for ductile limit state, ¢, 1.00

Design Moment Strength, ¢)de=¢>dFYthcf2 (k-in) 185973
Design Force Strength, d4R,=(dsMc)/(dy-ty) (kips)  5319.6

Step 2.3 - Check Local Column Web Yielding
Required Flange Force from Step 1.7, Fy, (kips) 1147

C,=0.5 if beam within d of top of column, else C,=1.0 1.0
Fillet distance, k. (in) 3.44
Nominal Strength, R,=Cy(6k +ty+2t,)F .t (kips)  2175.3
for ductile limit state, ¢y 1.00
Design Strength, ¢4R,, (kips)  2175.3
Is 4R, > Fy,? OK

Step 2.4 - Check Column Web Buckling
Required Flange Force from Step 1.7, Fg, (kips) 1147

Is dist from beam flange to top col. < d./2? no
clear dist between column flange fillets, h=d-2k, (in) 11.42
If close to top of col, Ry,=24t,,’sqrt(EF,)/h (kips)  14032.9
If not close to top of col, Rn2=12tcw35qrt{EFv}fh (kips)  7016.5
Nominal Strength, R, =R,; or R, (kips) 14032.9
for column web buckling, ¢ 0.75
Design Strength, R, (kips) 10524.7
Is 4R, > Fy,? OK
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Step 2.5 - Check Column Web Crippling
Required Flange Force from Step 1.7, Fy, (kips)

Is dist from beam flange to top col. < d_/27?

Term X,=sqrt(EF, t/t.,) (ksi)

Beam flange CJP reinforcing fillet from Sec. 6.9.7(2), t,,. (in)
Dimension, N=tyetwr+2t, (in)

If not close to top of col, R,;=0.8t,, 2 [1+3(N/d.)(te/te) 1%, (Kips)
If close to top of col, Ry,=0.4t,, [1+3(N/d.)(to/te) 1%, (kips)

If close to top of col, R,3=0.4t,, > [1+(4N/d-0.2)(t../t.)""1X, (Kips)
N/d. to compare to 0.2 to decide which Rn

Nominal Strength, R,=R,;, R, or R,,; (kips)

for column web crippling, ¢

Design Strength, dR,, (kips)

Is pgR, > F,?

Step 2.6 - Check Continuity Plate Size
Required Compression Strength

Required Flange Force from Step 1.7, F;, (kips)
Min ¢R, from step 2.2, 2.3, 2.4, 2.5 (kips)
Required strength, F.,=F;,-min($R,) (kips)
Compression Strength of Effective Section
min plate thickness of AISC 341 E3.6f(2), t.min (in)
Is tep > tcp_min?
Effective length, KL=0.75h (in)
Is dist from beam flange to top col. < d_/2?
Effective web width if not close to top of column, w,,,=25t,,. (in)
Effective web width if close to top of column, w,,=12t,. (in)
Effective web width, w,,=w,,; or w,,, (in)
Moment of Inertia effective section, I, (in4)
Area of effective section, A, (in2)
Radius of Gyration, r=sqrt(l.,/A.) (in)
Slenderness, KL/r.,
Is KL/re, < 25?
Compression Strength Assuming KL/r ,<25, P,=F,caepfcp (Kips)
for continuity plate compression, &
Design Strength, dR,, (kips)
Is pgR, > F,y?
Continuity Plate Welds to Column Flange
Continuity plate weld to flange is CIP
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1147
no
1528
0.313
4.253
5136.3
2568.1
2598.5
0.23
5136.3
0.75
3852.2
oK

1147
2175.3
-1028.3

0.470
No Good
8.565
no
44.25
21.24
44.25
20.45
78.32
0.51
16.76
(0] 4
3916.1
0.90
35245
oK

OK

No continuity plates
AISC 360 110.8

AISC 360 110.8 reference J4.4.
AISC 360J4.4
AISC 360 J4.4



Continuity Plate Welds to Column Web
kget for column (in)
Contact length along column web, L., =d.-2(kg+1.5) (in)
k; for column (in)
Contact length along column flange, Ly =(wq,+t/2)-(k;+#0.5) (in)
Design Strength of CP contact area in tension, R, ,=0.9(2L p¢)t,F cadp (Kips)
Des. Strng of CP contact area in shear, R,,=0.9(2L,,,)tcp(0.6F caqp) (Kips)
Design Strength of Panel Zone from Step 2.7, R, (kips)
Number of beam flanges transmitting force to continuity plate, N,
Expected Strength of Flanges, R, =R F, tybg, Ny, (kips)
Continuity plate weld to web demand, R,=min{R,.,, Ryt Ryco Ryg} (kips)
R = 0.6 Feyy [tucp/sart(2)] 4L, (kips)
for fillet welds ¢
PR,
Is dR, > R,

Step 2.7 - Check Panel Zone
Panel Zone Strength

Mumber of beams, N,
Panel Zone Shear, V;, = Ny Fg, - V.- Pyy/2 (kips)
Column squash load, P,=F,A. (kips)
Column compression, P,=P,+V, (kips)
Ratio of P,/P, (kips)
Panel zone thickness, t,,=t ., +ty, (in)
Ry = 0.6F, d. t,, (1+3bg t," / (dy d 1)) (kips)
for panel zone, ¢
Design Strength, ®R,, (kips)
Is huRy > Vips?
Min Panel Zone Thickness
d,=dp,-2tg, (i)
w,=d -2t (in)
toin=(d,+w,)/90 (in)
Is tdp:»tmin?
15 e >Tmin?

Doubler Plate Welds Not Designed

Step 2.8 - Strong Column Weak Beam

V, from Step 1.1

M=V, (Sh+d/2) (k-in)

Number of Beams, Ny

LMy * =Ny (M +M,) (k-in)

Column Compression from Step 2.7, P, (kips)
Number of Columns, N,

EMpc”=Nch{FY—Pu;’Ac} (k-in)

IM,* M *

Is IM,.*/IM,,*>1.0?
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4.13
7.1
2.13
-1.74
0.0
0.0
1309.8

620.4
0.0
418.7
0.75
314.1

OK

1147.0
5850
235
0.04
1.77
1309.8
1.00
1309.8
OK

34.02
12.6
0.518
No Good
0K

234.7
5497.7

42246
235

76886
1.82
oK

1.5" is Seismic clip per AWS D1.8 4.1

AISC 341 E3.6f(3)(a)
AISC 341 E3.6f(3)(b)
AISC 341 E3.6f(3)(c)

AISC 341 E3.6f(3)(d)

AISC 341 E3.6f(3)

welds for both continuity plates

AISC 360 110.6 - see assumptions
AISC 341 E3.6e(1)

No doubler plates



	EXECUTIVE SUMMARY
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	CHAPTER 1 - INTRODUCTION
	CHAPTER 2 - EXPERIMENTAL PROGRAM
	2.1 Test Specimens
	2.2 Test Setup
	2.3 Instrumentation Plan
	2.4 Loading Protocol and SMF Qualification Criteria

	CHAPTER 3 - RESULTS
	3.1 Moment-Rotation Behavior
	3.2 Buckling and Fracture Behavior
	3.2.1 Specimen 4ES-1.375-1.25-24sides
	3.2.2 Specimen 4ES-1.375-1.25-24wrap
	3.2.3 Specimen 8ES-1.375-1.5-36sides
	3.2.4 Specimen 8ES-1.375-1.5-36wrap

	3.3 Story Drift Decomposition

	CHAPTER 4 – DISCUSSION AND CONCLUSIONS
	REFERENCES
	APPENDIX A - TEST SPECIMEN SHOP DRAWING
	APPENDIX B - TEST SETUP DRAWINGS
	APPENDIX C - STORY DRIFT DECOMPOSITION PROCEDURE
	C.1 Panel Zone Shear
	C.2 Column Flexure
	C.3 End-plate separation
	C.4 Elastic Beam Deformation
	C.5 Plastic Beam Deformation
	C.6 Total Story Drift

	APPENDIX D - DATA ADJUSTMENTS
	D.1 Specimen 4ES-1.375-1.25-24sides
	D.2 Specimen 4ES-1.375-1.25-24wrap
	D.3 Specimen 8ES-1.375-1.5-36sides
	D.4 Specimen 8ES-1.375-1.5-36wrap

	APPENDIX E – MILL CERTIFICATION REPORTS
	APPENDIX F – WELD PROCEDURE SPECIFICATIONS
	APPENDIX G – CONNECTION DESIGN CALCULATIONS

