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ABSTRACT

Cyclic testing of ten full-scale steel moment frame connections was conducted to
evaluate the efficacy of economized continuity plate and doubler plate weld details.
Phase 1 of the testing included six one-sided RBS connections tested in the upright
position. Phase 2 of the testing included two-sided WUF-W connections tested in the
horizontal position. The rolled shapes were of A992 steel and the plate material was A572
Gr. 50 steel. The testing was performed in displacement control to impose a prescribed
drift according to the AISC 341-16 cyclic loading sequence.

The Phase 1 specimens were carefully designed to investigate the applicable column
limit states of Flange Local Bending (FLB) and Web Local Yielding (WLY). Three of
these specimens were designed to directly challenge a criterion in AISC 341-16, which
imposes a minimum thickness of an unstiffened column flange to be equal to the adjacent
beam flange width divided by 6. One specimen was designed to use a doubler plate to
reinforce the column for the WLY limit state. This doubler plate was designed using a
proposed methodology to design the vertical welds in lieu of the stringent requirement
imposed by AISC 314-16. One specimen was a nominally identical specimen that was hot-
dipped galvanized prior to the simulated field welding of the beam flange CJP welds. The
Phase 2 specimens were designed to subject the continuity plates to a higher level of force
that is realized by the WUF-W connection and investigate the effect of a continuity plate
stiffening of two-sided connections. All of the Phase 1 and 2 specimens that used continuity
plate used two-sided fillet welds to attach the continuity plate to the column flange and
column web. Most of these specimens (7 of 9) used the proposed fillet weld size of (3/4)t,
where t is the continuity plate thickness.

All of the specimens passed the AISC Acceptance Criteria for Special Moment Frame
applications. The Phase 1 specimens failed either through low-cycle fatigue of the beam in
the reduced beam section (Specimens C4, C6-G, and C7) or through fracture of the beam
top flange CJP weld (Specimens C3, C5, and C6). After passing the Acceptance Criteria,
all Phase 2 specimens all failed eventually through fracture of the beam top flange CJP
weld. This fracture primarily initiated at the edge of the beam flange CJP weld root, where
the root of the weld met the backing bar.
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1 INTRODUCTION

1.1 Introduction

Steel moment frames are a common Seismic Force-Resisting System (SFRS) because
of the architectural freedom they offer. Moment frames permit open bays and eliminate the
need for braced frames or shear walls. These systems develop plastic hinging through the
plastification of the beams and the base of the first story-column. The use of relatively
stocky width-to-thickness ratios prevents undesirable levels of strength degradation due to
local buckling of the flange or web of the beam. Stable hysteretic behavior of the frames is
encouraged by providing lateral bracing of the beams, which prevents lateral-torsional
instability. These SFRS have excellent levels of ductility which allow designers significant
reductions of the required elastic seismic design forces. However, after the 1994
Northridge Earthquake, significant damage to steel moment frames was observed at drift
levels far below their assumed capacity. The observed damage instigated a significant
research effort, which made significant changes to the detailing of steel moment frames.

The magnitude 6.7 Northridge Earthquake (1994) in the San Fernando Valley
resulted in numerous fractures at the complete-joint-penetration (CJP) groove weld
between the beam flanges and column flange of a steel moment frame connection. Similar
fractures were also observed in steel moment frame buildings following the magnitude 6.9
Kobe Earthquake (1995) in Japan. An after-earthquake survey of the damage found nearly
1000 weld fractures. Following this, a consortium of associations and researchers known
as the SAC Joint Venture initiated an 6-year research program to investigate the source of
the fractures. They found that a combination of low fracture toughness weld metals, a lack
of control of base metal properties, and connection geometries susceptible to high localized
strain conditions were the main cause of the fractures. After the findings of the SAC Joint
Venture, strict control of the use of steel moment frames has been imposed through AISC
341, the Seismic Provisions for Structural Steel Buildings (AISC 2016b), AISC 358, the
Prequalified Connections for Special and Intermediate Steel Moment Frames for Seismic
Applications (AISC 2016c), and AWS D1.8 the Structural Welding Code-Seismic
Supplement (AWS 2016).

These controls involve mandatory use of notch-tough weld electrodes for welds

designated as Demand Critical (DC), modified access hole geometries, and weld root

1



treatments to minimize sharp discontinuities. However, the most important provision
requires that Special Moment Frames (SMF) and Intermediate Moment Frames (IMF)
match the dimensions and detailing of previously qualified connections. For example, the
Seismic Provisions stipulate that Special Moment Frames (designated as special due to
their ‘special’ detailing requirements) must complete one cycle of 0.04 radian (rad) drift
without significant strength degradation. The imposed drift follows a standard loading
protocol, which gradually ramps up the imposed displacement. Due to their high ductility,
SMF enjoys a high Response Modification Factor, R, and have no height limits for any
Seismic Design Category tabulated in ASCE 7-16 (ASCE 2016).

The Prequalified Connections document (AISC 358) summarizes the geometry
limitations and detailing requirements of prequalified connections since connection testing
would be prohibitively expensive to perform on a project basis. A number of these
connections are proprietary, wherein the intellectual property is licensed during the design
phase. Two standard non-proprietary connections are the Reduced Beam Section (RBS)
and the Welded Unreinforced Flange with Welded Web (WUF-W). When the prescriptive
detailing requirements are adhered to, these two connections demonstrate the ability to
satisfy the ductility requirements of SMF. Some of the prescriptive detailing requirements
enacted after the Northridge Earthquake are recognized to be conservative. Specifically,
the welding requirements of continuity plates and doubler plates for SMF and IMF. These
plates are installed between the column flanges to stiffen the connection and ensure the
desired inelastic behavior of the frame. The stiffening elements accomplish this by
preventing excessive column flange deformation which would otherwise lead to premature
failure of the connection, and by reinforcing the high shear panel zone such that plastic
hinging occurs in the beam.

The Seismic Provisions have two requirements dictating when a continuity plate shall
be used in a connection. They are: (1) when the available strength of the column as
computed for the Web Local Yielding (WLY) or the Flange Local Bending (FLB) limit
states of Section J10 of the Specification for Structural Steel Buildings (AISC 2016) are
insufficient to resist the flange force from the moment connection, and (2) when the column
flange thickness is less than the beam flange width divided by 6. The latter requirement is

referred to as the ‘Lehigh’ Criterion herein for the institution of the founding study. When



either of these requirements dictates the use of a continuity plate, the plate thickness shall
be 50% of the adjacent beam flange thickness for exterior (one-sided) connections or 75%
of the thicker adjacent beam flange for interior (two-sided) connections. The current
requirement of the weld between the continuity plate and the column flange is shall be a
CJP groove weld; the use of a CJP weld rather than a fillet weld has significant economic
implications. These welds require additional fabrication to bevel the edge of the plates and
install a backing bar, additional weld volume, and more stringent inspection requirements.
As per Section N of the AISC Specifications, CJP welds in Risk Category 11l or IV (as
defined in ASCE 7-16) require 100% Ultrasonic Testing (UT). This inspection requirement
for CJP welds significantly increases the cost of fabricating the continuity plates—an
increase so significant that some designers prefer to increase the size of the column to
mitigate the need for additional stiffening elements (Carter 1999).

Adequately designing the fillet welds for continuity plates would require the
reconciliation of the flow of forces through the joints. A CJP weld does not possess this
requirement as the weld develops the strength of adjacent plates—implying that failure of
the plate would occur before the weld. Intimately linked to the continuity plate is the
doubler plate. When present, this plate acts to double up the web to resist the high shear
forces that develop within the panel zone of the moment connection. The high shear force
is a result of the concentrated flange forces which resolve the beam moment as a force-
couple. These flange forces flow through the column flanges into the continuity plates
before ultimately loading the panel zone in shear. According to the Seismic Provisions,
vertical weldments of the doubler plates to the column flanges are required to develop the
shear strength of the plate—irrespective of the demand that may exist for the plate.

A pilot study that used a flexibility design method (Tran et al. 2013) tested two
exterior RBS connections with fillet welded continuity plates (Mashayekh and Uang 2018).
The flexibility design methodology was developed under the assumption that the continuity
plates remain elastic. However, intentional under sizing of a continuity plate demonstrated
excellent performance when continuity plates are permitted to yield. The inception of this

testing program occurred after the preliminary success of the pilot study.



1.2 Research Objective and Scope

The objective of the research project was to conduct full-scale testing to explore more
efficient design methodologies for the welding of the column stiffening. The physical
testing forms the phenomenological evidence to adopt a plastic methodology in the design
of continuity plates, and the weldments of continuity and doubler plates. Included in this
are vertical doubler plate welds that do not develop the strength of the plate and fillet welds
for the continuity plate to column connection. Two types of prequalified connections tested
in interior and exterior configurations are used to explore these two objectives. Phase 1 of
the research includes RBS exterior connections (only one beam attached to the column)
using both shallow and deep columns. Phase 2 of the research includes WUF-W interior
connections (two beams attached to the column). For Phase 2, shallow columns were not
considered as the AISC 341 requirement of Strong Column Weak Beam (SCWB) to
prevent soft story mechanisms force thick flanges that do not require stiffening. The
specimens with continuity plates were designed using a plastic methodology similar to that
which exists in AISC 360-16 8J10. The ultimate continuity plate strength is verified by
using a plastic interaction equation. These specimens used fillet welds to join the
continuity plates to the column flanges using a simple fillet weld design rule.

The Phase 1 specimens are also designed to explore the current limit states of column
stiffening (FLB and WLY) by omitting continuity plates in three specimens. The omission
of the continuity plates in these specimens violates the Lehigh Criterion. This criterion is
found to be the only code provision that requires the use of a continuity plate for these
specimens (i.e., the strength limit state of FLB does not require a stiffening plate). For one
of these specimens, the WLY limit state shows that the column web alone is insufficient
for the concentrated flange force. A doubler plate instead of the convention of using a
continuity plate was used to reinforce the column web. A new procedure was used to design
vertical welds that do not develop the shear strength of the doubler plate. The Phase 2
specimens endeavored to test fillet welded continuity plates in WUF-W connections. These
connections typically see much higher flange forces than an RBS connection, thereby
challenging the continuity plate welds. Table 2.1 shows the test matrix for both phases of

the testing.



1.3 Literature Review
1.3.1 The Pre-Northridge Connection

Before exploring the changes that occurred after 1994, a brief history of steel moment
frames is provided. The use of steel moment frames for lateral force-resisting systems has
been in everyday use since the turn of the 20" century. Construction of the first moment
frames used built-up ‘H’ shapes made from riveting four angles to a plate that formed the
web. Connections were stiffened using gusset plates at the connection to provide a fully-
restrained connection. Concrete encasement of the steel framing in these structures was
standard for added fire protection of the steel skeleton. The 1906 San Francisco Earthquake
and devastating fires demonstrated the excellent ductility of steel moment frames—some
of the only surviving buildings in the downtown core were steel buildings. However, it is
possible this was primarily due to the internal redundancy of these steel frames due to the
riveted connections and built-up shapes, and the concrete encasement providing superior
fire resistance (Hamburger et al. 2016).

After World War 11, the predominant architectural style began to change with a
transition to the use of glass curtain walls. This transition saw the robust gusseted
connection replaced with smaller angles and ‘T’ sections to form the connection. In the
1960s, there was a preferential use of steel moment frames over other systems due to their
previously demonstrated excellent performance and lack of height of limits governing their
use; nearly every tall building constructed in this era on the west coast of the United States
employed steel moment frames. Innovative research at this time focusing on several
different configurations of field welded moment connections demonstrated sufficient
ductility (Popov and Pinkney 1969). In the 1970s, riveting fell out of everyday use, which
led to using high-strength bolted shear tabs and CJP welds on each beam flange. Shielded
Metal Arc Welded (SMAW) was the welding process of choice for field welding as tanks
of inert gas were not required when performing the field welding.

During the 1980s, a sharp increase in the cost of labor resulted in engineers
attempting to minimize the amount of welding. Concentrating the lateral force-resisting
system into a limited number of bays was a common measure to decrease the cost of
construction. Decreasing the number of moment frames in a building decreases the system-
level redundancy. In 1988 the Uniform Building Code (UBC) codified the prequalified



bolted web-welded flange moment connection, this connection has become known as the
“pre-Northridge” moment connection (UBC 1988). Additionally, during this time,
fabricators transitioned to using a self-shielded variety of Flux-Core Arc Welding
(FCAW). This welding process has high deposition rates and does not require the welder
to interrupt welding to reinsert a new stick electrode. Figure 1.1 shows a typical pre-
Northridge Connection. Prior to events of 1994 there was little indication that the modern
moment frame connection would develop less ductility than expected. The only known
indication came in 1993 with a testing program which demonstrated significant variability
in ductility capacity when using common FCAW welding electrodes and bolted shear tabs
(Englehardt and Hussan 1993).

1.3.2 The Northridge Earthquake Damage

The 1994 magnitude 6.7 Northridge Earthquake saw many steel moment frame
structures with brittle fractures in the connection region. Figure 1.2 shows an example of
one of the fractures observed after the earthquake. Many of these fractures occurred after
being subjected to rotations not more than 0.01 rad (Englehart and Sabol 1997). The
damage due to the earthquake was immediately apparent as several of the buildings which
experienced fractured connections were under construction, and as such, the steel frame
was easily accessible. Similar fractures were observed in Japan after the 1995 magnitude
6.9 Kobe Earthquake.

The Northridge Earthquake caused an estimated 30 billion dollars of damage in
Southern California (FEMA 2000e). Although damage to structures, especially older
structures, was not peculiar, extensive damage to steel moment frames, once thought
invulnerable, troubled the engineering community. Steel structures had performed well in
previous earthquakes, which had precipitated significant changes in seismic detailing of
other building materials. For example, the 1971 San Fernando Earthquake is seen as an
incipient event for prescriptive ductile detailing of concrete in the United States
(Hamburger 2006). These previous earthquakes did not demonstrate the steel fractures
observed in 1994 since relatively few steel buildings were present in the areas affected by
the most severe ground motions. After the Northridge earthquake, a significant inspection
effort revealed fractures in moment frames in the San Francisco Bay area that were believed
the result of the 1989 Loma Prieta Earthquake (FEMA 2000e). In response to the



unanticipated damage, the Federal Emergency Management Agency (FEMA), with
coordinated efforts from the National Science Foundation (NSF) and the National Institute
of Standards and Technology (NIST), sponsored the SAC Joint Venture to investigate the
fractures. The SAC Joint Venture consisted of the Structural Engineers Association of
California (SEAOC), the Applied Technology Council (ATC), and California Universities
for Research in Earthquake Engineering (CUREe) made up of eight academic institutions
in California at the time.

1.3.3 The Post-Northridge Connection

Over the 6 years following the Northridge Earthquake, the findings of the SAC Joint
Venture were published in over 50 reports. The results from the SAC reports are distilled
in a series of reports published by FEMA:

e FEMA 350-Recommended Seismic Design Criteria for New Steel Moment-

Frame Buildings (FEMA 2000a).
e FEMA 351-Recommended Seismic Evaluation and Upgrade Criteria for Existing
Welded Steel Moment Frame Buildings (FEMA 2000b).
e FEMA 352-Recommended Postearthquake Evaluation and Repair Criteria for
Welded Steel Moment-Frame Buildings (FEMA 2000c).
e FEMA 353-Recommended Specifications and Quality Assurance for Steel
Moment Frame Construction for Seismic Applications (FEMA 2000d).
e FEMA 354-A Policy Guide to Steel Moment Frame Construction (FEMA
2000e).
The first four reports are abridged recommendations, with the fifth report, FEMA 354,
provided as a non-technical guide to explain the inherent risk and mitigation strategies.
Detailed reports which show the basis of the first four reports are published as reports
FEMA 355A through FEMA 355F (FEMA 2000f).

The organized research effort looked critically at the standard pre-Northridge
connection fabricated during the 1970s and 1980s. It became apparent as the steel moment
frames evolved with emerging technologies and were influenced by the higher cost of labor
that their behavior drifted from the earlier demonstrably ductile steel frames. Some of the
fundamental underlying causes and resulting modifications which define a post-Northridge

connection are as follows:



The most common weld electrodes in the pre-Northridge era were either
E70T-4 or E70T-7 using the self-shielded FCAW process (Engelhardt and
Sabol 1997). Although these electrodes realize the minimum specified
strength of 70 ksi, they typically have poor toughness, achieving a Charpy V-
Notch (CVN) Toughness of 5 to 10 ft-lbs at room temperature. Experimental
testing of SMF connections with weld electrodes that realize a higher notch
toughness (E70TG-K2 or E70T-6) demonstrates significantly higher inelastic
drift capabilities (Johnson et al. 2000). A Post-Northridge connection
classifies the CJP welds adjoining the beam-to-column as Demand Critical
(DC). AWS D1.8 stipulates that DC welds must achieve a CVN toughness of
20 ft-1bs at 0°F and 70 ft-lbs at 70°F (AWS 2016).

The use of bolted shear tabs and welded beam flanges was found not to be
conducive to the intended behavior transmitting the beam shear through the
web. Experimental testing demonstrated that bolted shear tabs permit relative
slip at the faying surface. This slip has two consequences: (1) flexural forces
are carried almost entirely through the beam flanges, and (2) the web does not
carry the shear of the section as assumed. Carrying the beam shear through
the flanges results in high secondary bending stresses, which exacerbate the
strain condition at the extreme fiber of the flange. Most post-Northridge
connections use field welded beam webs to prevent slip. Field welding of the
beam web is readily accomplished by using the shear tab with bolts to frame
and plumb the structure as before but also act as a backing bar for a vertically
orientated CJP weld to fasten the web of the beam to the column web. In some
connection types, it is also required to supplement this weld with a perimeter
weld around the shear tab to stiffen the web of the section. The welding of the
beam weld has not eliminated the issue of secondary stresses due to a
complicated stress pattern in the beam adjacent to a moment connection. Goel
et al. (1997) showed that classical beam theory fails to capture the behavior
in this region and that a modest portion of shear transfers through the flanges

regardless of the welded beam web.



e A survey of the damage following the Northridge Earthquake revealed that a
significant portion of the damage originated at the bottom flange backing bar
and propagated through the column flange or beam flange. The column
fractures either propagated transversely through the column or by taking a
divot out of the column face (Engelhardt and Sabol 1997). Backing bars are
required in most CJP welds to catch the molten weld metal during the initial
passes of the weld. These backing bars would commonly be left in place as
their presence was not believed to greatly influence the performance of the
connection. However, research has shown that the discontinuity between
fused and unfused portions of metal at the weld root results in a notch-like
condition, increasing the fracture potential (Chi et al. 1997). This
imperfection is impossible to detect visually, and UT testing has a low
sensitivity to flaw detection at the root (Paret 2000). This notch-like condition
is the most critical at the beam bottom flange where it exists at the extreme
fiber. A post-Northridge connection requires removal of the bottom flange
backing bar after welding the CJP weld. A reinforcing fillet weld is added
after the removal of the backing bar to reinforce the root of the CJP. A
concession is made at the top flange, wherein the backing bar can remain, but
a reinforcing fillet must be made to underside of the backing bar.

The most significant impact on the steel moment frame construction following the
Northridge Earthquake is the requirement that connections intended for use in Special or
Intermediate Moment Frames must be shown to demonstrate an adequate level of ductility
through full-scale testing. For SMF, the drift requirement is 0.04 rad, while for IMF, the
drift requirement is 0.02 rad in AISC 341 (AISC 2016b). The Prequalified Connections for
Special and Intermediate Steel Moment Frames for Seismic Applications (AISC 358) was
released to assist engineers in selecting an appropriate connection (AISC 2016c). These
connections adopt one of two strategies to improve the ductility of steel moment frames:
they may reinforce the connection at the face of the column, or they may weaken the beam.
In either strategy, the goal is to force the plastic hinge to occur away from the face of the
column to limit the strain demand on the beam-to-column CJP welds. There are limitations

to these connections based on the geometry of the connections that have successfully



demonstrated adequate performance through testing. The prequalification requirement has
spawned several proprietary connections that have been developed by private enterprises.
All SMF and IMF connections are reviewed by a standards committee, the Connection
Prequalification Review Panel (CPRP) of AISC. Figure 1.3 shows examples of
prequalified RBS and WUF-W connections.

During the experimental testing of the SAC Joint Venture, most of the moment
connections utilized continuity plates with CJP welds—a response to the surveyed damage
of the Northridge Earthquake, revealing that more damage occurred in frames that did not
have continuity plates (Tremblay et al. 1998). Since the initial development of the
prequalified connections, several relaxations have been made to the provisions. These
concessions are: (1) the CJP weld fastening the continuity plate to the column flange may
have its backing bar in place, and (2) the weld fastening the continuity plate the column
web (or doubler plate) may be any weld that develops the strength of the plate.

1.3.4 Development of Fracture Mechanics to Simulate Beam-to-Column Fracture

The beam-to-column moment connection is a highly restrained location subjected to
large scale cyclic strains. Traditional fracture mechanics, either Linear Elastic Fracture
Mechanics (LEFM) or Elastic-Plastic Fracture Mechanics (EPFM), are based on the nature
of the stress field around a pre-existing flaw and are valid only in situations where the stress
fields in the vicinity of the crack behave in a bijective manner. For example, the critical
stress intensity, K¢, or the critical value of the J-integral, J;-, must resemble the singularity
stress field derived using Elasticity in their respective regions (Kanvinde 2017). Generally,
this is true under small-scale yielding, where the plastic region around a crack tip is small.
When the stress fields lose their uniqueness in a significant region during large scale plastic
flow, or when a pre-existing flaw is not present, these methods fail to provide a reliable
fracture metric. In these situations, local fracture models can characterize the fracture
potential. To build local fracture models, researchers have turned to work done by Rice
and Tracy (1969), which solved for the rate of growth of a spherical microvoid in a stress
field or the Gurson-Tvergaard-Needleman (GTN) metal plasticity model which models the
metal as a softening porous medium (Anderson 2017). The drawback to these local models
is that a high-fidelity finite element simulation with calibrated plasticity models must be

used to track the related indices.
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These ductile fracture models attempt to fracture as the nucleation, growth, and
coalescence of microvoids. The nucleation of these microvoids is due to plastic flow
around material inclusion or dislocation pileups at grain boundaries. The growth of
microvoids occurs due to the localization of strain around the void. Ductile fracture
propagates as the plastic strain localizes across a dominate plane of voids. Rice and Tracy
derived the growth rate of a spherical void in the stress field as a function of the triaxiality
of the stress state (see Eq. 1.1).

dR

IR — =D »,1.5T
aR 0.283 déPe (1.1)

where R and R, are the current and original radius of a void and T is the triaxiality ratio,

expressed as the ratio of hydrostatic stress, oy, to von Mises stress, o,,;,:

o
T =2

(1.2)
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The hydrostatic stress is related to the Cauchy stress tensor as oy = ag,,/3, and the von

. . . 3 . .
Mises stress is given as oy, = Eai’jai’j where g;; are the deviatoric components of the

Cauchy stress tensor. Finally, de? is an increment of effective plastic strain (PEEQ):
2
P = §E{j6i’j (1.3)
Hancock and Mackenzie (1976) postulated that the plastic strain at failure is inversely
proportional to the rate of void growth:
€/ = qe=15T (1.4)
where « is a material property typically between 1 and 3 for plain steel. Hancock and
Mackenzie demonstrated reasonable predictions of ductile fracture using this approach.
They were also able to demonstrate a significantly lower failure strain of a hot-rolled
material when loaded through-thickness rather than parallel to the direction of rolling. The
interpretation of Rice and Tracey’s work to generate a failure strain by Hancock and
Mackenzie forms the foundation of the Stress Modified Critical Strain (SMCS) model to
predict fracture. Using triaxiality ratio allows the characterization of the stress state into
high (T = 1.5), moderate (0.75 < T < 1.5), and low (T < 0.75). The connection region

of a SMF demonstrates high triaxiality—resulting in a low plastic strain at fracture.
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Several researchers leveraged ductile fracture mechanics by using indices rooted
from the work of Rice and Tracy. For Example, Ricles et al. (2003) used the PEEQ Index
(Eg. 1.5) and detailed finite element analysis to compare differences in the detailing of the

weld access holes in WUF-W connections.

=p
PEEQ, = — (1.5)
€y

El-Tawil et al. (2000) used the rupture index to investigate the required thickness of

continuity plates and the size of weld access holes:

€
RI = —- (1.6)

A key unknown in using these fracture metrics to determine the point of fracture is a
characteristic length in which the metric has a positive indication (Hancock and Cowling
1980, and El-Tawil et al. 1999). The characteristic length is a well-known issue, as ductile
fracture occurs only when an associated finite volume of material has reached a critical
void growth rate (Kanvinde 2017). Using a representative characteristic length avoids
erroneous conclusions that occur due to strain localizations that occur near strain risers in
a finite element model. The suggested characteristic length is 2-10 times the material grain
size; for mild steel, the characteristic length is suggested to be 0.005 in. The work done by
Ricles and El-Tawil used either PEE Q, or RI as a relative metric to compare details without
trying to predict the instance of fracture. Han et al. (2017) calibrated the RI from observed
fractures of WUF-W specimens to determine a critical value of RI as 1,150 for the E71TG-
1C notch-tough electrode. It was not cited what the characteristic length was used to
determine this value.

Modern local fracture models that can capture the low-cycle fatigue condition at the
beam-to-column interface are the Cyclic Void Growth Model (CVGM) discussed by
Kanvinde and Deierlein (2004), and more recently the Stress-Weighted Damage Model
(SWDM) discussed by Smith et al. (2014). These two methods have shown viability in
predicting ductile fracture in the high inelastic strain regions of SMF subjected to
accidental defects (Abbas 2015). These modern methods integrate separately the plastic
strain histories of tension and compression strain cycles. This separate is important as the

assumed uniform expansion of a microvoid under tension is not simply equal and opposite
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when subjected to the reverse excursion. Instead compression strains compress the minor

direction of the voids resulting in an oblate void perpendicular to the direction of loading.

Locally increasing the curvature of the voids results in a stress riser which further localizes

strains, or can lead to decohesion and cleavage (Kanvinde 2004).

1.3.5 Continuity Plate and Doubler Plate Research

Prior research related to the size and welding of continuity plates and doubler plates

is summarized below.

Popov et al. (1986) tested 8 half-scale, two-sided pre-Northridge connections.
The tests compared the performance of the connection with and without
continuity plates, with and without doubler plates, and with a fillet welded or
CJP welded continuity plate. All of these specimens fractured near or at the
beam flange CJP weld—most of them demonstrating little ductility. The
authors observed that the presence of a continuity plate improved the
performance. These continuity plates were designed based on the AISC
Specifications at the time, using the nominal yielding flange force entering
the column as a concentrated load. Two specimens used fillet-welded
continuity plates with double-sided fillet welds of size 5/8 times the thickness
of the continuity plate, t.,. Of the two fillet welded specimens tested, one
experienced a brittle fracture of the fillet welds. However, the same column
experienced lamellar tearing when retested with a CJP welded continuity
plate; poor metallurgy is likely a culprit. Based on the results of this test, the
authors recommended that CJP welds should be used for continuity plates.
Additionally, the authors stipulate that designing a continuity plate based on
the nominal yielding strength of the beam is unconservative based on the
observed yielding and buckling of the continuity plates.

Kaufman et al. (1996) tested several moment frame connections and
determined that fillet-welded continuity plates were adequate when notch-
tough electrodes were used for the beam flange CJP welds.

In 1997 AISC released an advisory that welding of stiffeners and doubler
plates must not be made within the k-area of the rolled column due to several
observed fractures during fabrication (AISC 1997). Malley and Frank (2000)
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documented the fracture toughness of k-area of W-shaped sections of A992
steel. They determined that this area has 25% lower upper-shelf CVN
toughness, which is postulated to be due to of the cold-working of the material
during the straightening process. The authors determine that the lower
toughness of the k-area material coupled with the high restraint of welding
continuity plates and doubler plates leads to unanticipated fractures during
fabrication. Tide (2000) corroborated this conclusion and reproduced the
lower toughness material by straining a coupon of material to 15% and
performing CVN testing after aging the material.

This research is the premise of AWS D1.8 84.2, which dictates that
continuity plate corner clips must extend at least 1.5 in. into the web from the
tabulated k dimension. AISC 358 §3.6 repeats the corner clip criteria. Yee et
al. (1998) further demonstrated by modeling the thermomechanical effects of
welding that the high weld volumes associated with CJP-welded continuity
plates develop higher residual stresses than a fillet-welded continuity plate.
However, Deierlein and Chi (1999) found that the effect of welding residual
stress is most significant during the elastic behavior of the connection. This
conclusion was corroborated by Matos and Dodds (2000), who found that the
effects of residual stress have minimal effect on the connection after the beam
has reached its plastic limit state.

Engelhardt et al. (1998) tested five one-sided RBS connections using
continuity plates matching the flange thickness of the adjacent beams and
fastened to the column flanges using CJP welds. In an article summarizing
testing of RBS connections during the SAC Joint Venture, Engelhardt et al.
explains that no connections have been tested so far without continuity plates.
As a cost-saving measure, it was mentioned that the removal of the steel
backing of the continuity plate CJP weld is not required (Engelhardt 1999).
More recent testing of exterior RBS connections using continuity plates of
thickness equal to be the beam flange thickness was also only tested using
CJP welds fastening the continuity plate to the column flange [Chi and Uang
(2002) and Lee et al. (2005)]. Chi and Uang found that even continuity plates
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equal to the beam flange thickness may yield when using A36 steel plate. This
research also found that RBS-type connections framing into deep columns are
more susceptible to lateral-torsional buckling instability due to the lower
warping stiffness of the column.

Bjorhovde et al. (1999) tested nine different moment frame connections using
fillet-welded continuity plates. All of the specimens utilized W14x176
columns and W21x122 beams with welded cover plates to reinforce the
connection. Double-sided fillet welds of size 5/8t., were used to fasten
continuity plates matching the thickness of the adjacent beam flange.
El-Tawil et al. (1999) performed finite element analysis on a pre-Northridge
connection tested during the SAC Joint Venture (Specimen PN3). This
specimen was a W36x150 beam attached to a W14x257 column that only
achieved 0.01 rad of inelastic drift before experiencing a brittle fracture
(Popov et al. 1996). By comparing values of RI during a parametric finite
element analysis, the authors concluded that a weak panel zone results in a
higher fracture potential at the beam-to-column interface at high drift levels.
El-Tawil et al. (2000) continued work on their finite element analysis of
Specimen PN3. The authors concluded by comparing the RI at the beam
flange-to-column interface that a continuity plate equal to 50% of the adjacent
beam flange thickness was adequate in stiffening the joint. Continuity plates
of thicknesses greater than this saw diminishing returns. Furthermore, the
authors postulated that thicker continuity plates might result in a k-area
fracture of the column due to the increased volume of welds required.

Dexter et al. (2001) tested 47 pull plate specimens consisting of a
monotonically loaded plate welded on each face of a column. The focus of
the research was on the through-thickness strength of a heavy rolled section
subjected to a tension force coming from a beam flange. In efforts to force a
failure in the through-thickness direction, 100 ksi material was used for the
pull plates. No instances of lamellar tearing were observed, which is
postulated to be a consequence of modern material manufacturing processes.

Only 1 of 12 specimens using a fillet-welded continuity plate demonstrated a

15



fracture of the fillet welds. This specimen had inadequate corner clips of the
continuity plate resulting in the continuity plate welds extending into the k-
area of the column. The resulting fracture propagated through the fillet-
welded continuity plate and the k-area of the column.

Ricles et al. (2002) tested 6 one-sided (Specimens T1 to T6) and 5 two-sided
(Specimens C1 to C6) moment frame connections. All of the specimens tested
in this study utilized a W36x150 beam. These connections were the first
WUF-W specimens tested with the modified welded access hole developed
by Mao et al. (2000). Several specimens did not use the modern shear tab
connection detail with supplemental fillet welds—these specimens performed
markedly worse than those with the modern shear tab connection.
Additionally, one specimen fractured prematurely in the beam plastic hinge
due to the presence of a welded shear stud. Four specimens (Specimens T5
and T6 with a W14x311 column, Specimen C1 with a W14x398 column and
Specimen C3 with a W27x258 column) were tested without a continuity
plate. All four of these specimens achieved at least 0.05 rad drift. Specimens
C2 and C4 were nominally identical to Specimens C1 and C3, respectively,
except that they used a continuity plate that matched the thickness of the
adjacent beam flange. Both specimens achieved one cycle higher drift when
tested with a pair of continuity plates. CIJP welds were used to affix all of the
continuity plates. In the case of Specimen C3 the beam flange width-to-
column flange thickness ratio (b, /t.r) was equal to 6.8—significantly over
the suggested limit of 6.0 of the Lehigh Criterion.

Ricles et al. (2003) provided a detailed finite element study of the previously
tested 11 specimens. The study compared the PEEQ demand at the root of the
CJP weld across the testing cohort. Finite element results demonstrated that
when the b, /t.r < 6.0, the addition of a continuity plate only marginally
influenced the PEEQ across the width of the CJP weld; the only observed
effect was that the PEEQ demands became more uniform across the flange
with the same resulting peak value. When the specimen with b/t r of 6.8

was tested, the peak value of PEEQ was observed to decrease when adding a
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continuity plate. However, whether a continuity plate was equal to one-half
or the full thickness of the adjacent beam flange did not influence the results.
Note that the clear beam span-to-depth ratio of Specimens C3 and C4 is equal
to 9.1; this specimen is similar to Specimen W1 tested and to be reported in
Chapter 4. The study also corroborated an earlier conclusion from El-Tawil
et al. (1999) that a weak panel zone with column kinking tends to exacerbate
the fracture potential.

Hajjar et al. (2003) tested a series of monotonic pull plate specimens to
investigate the WLY and FLB limit states. Two of these specimens were
fabricated with continuity plates half the thickness of the pull plate with fillet
welds of size equal to (2/3)t.,. The column size of these specimens was
W14x132. It was observed that yielding occurred in the continuity plate and
fracture of the fillet welds did not occur.

Lee et al. (2005a) tested six two-sided WUF-W specimens. All of the
specimens used a W24x94 beam, while the column size and column stiffening
detail were varied. Three of these specimens (Specimens CR1, CR2, and
CR5) did not use continuity plates, while Specimens CR2 and CR5 violated
the FLB criterion by using the hardened beam flange force as a demand. All
three of these specimens completed at least one cycle of 0.04 rad. Given this
observation, the authors discuss that the FLB limit state contained in ASIC
360 8J10, developed for non-seismic applications, appears satisfactory for
seismic demands when notch-tough electrodes are used. Specimen CR3 used
a fillet-welded continuity plate with a thickness equal to 60% of the adjacent
beam flange thickness. This thickness was chosen based on satisfying the
width-to-thickness requirement of unstiffened plates subjected to axial

b<056E (1.7)
t R '

The fillet weld was sized to develop the strength of the continuity plate and

compression:

resulted in a double-sided fillet weld of size 0.75t.,. This specimen
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completed 14 cycles of 0.04 rad drift before low-cycle fatigue occurred in the
beam flange CJP weld. Strain gauging of the continuity plate revealed that the
continuity plate did not yield across its breadth. Based on this observation, it
was concluded that fillet welds might not need to develop the strength of the
plate. The authors also observed ductile tearing at 0.03 rad of the beam flange
CJP weld at the toe of the last weld pass, which creates a radius at the re-
entrant corner of the CJP weld. One specimen of this study, Specimen CR4,
experienced a brittle fracture at 0.02 rad drift. Material testing revealed that
the CJP weld of this specimen had low toughness—despite being performed
using an E70T-6 notch tough electrode.

Further investigation also revealed that Specimen CR1 failed to meet
the notch toughness requirements of a post-Northridge connection. No
conclusion was made regarding why these specimens had a lower notch
toughness then expected despite using a qualified electrode. A companion
paper published looked at the relative strength of the panel zones and
concluded that weak panel zones could develop excellent inelastic
performance (Lee et al. 2005b). These panel zones used doubler plates that
utilized fillet welds sized to develop the shear strength of the doubler plate for
the vertical weld attaching the doubler plate to the column. The doubler plates
were beveled such that they cleared the radius of the column flange to column
web junction.

Shirsat and Englehardt (2012) investigated the attachment details for the
doubler plate. This work was performed using finite element analysis and
explored the effect of welding different edges of the doubler plate, extending
the doubler plate beyond the connection region, and of using asymmetric
doubler plates. This research effort demonstrated that welding the top
horizontal edges of extended doubler plates provided minimal benefit beyond
stabilizing doubler plates about to buckle. The authors also found that the
demands imposed on the vertical welds were between 0.5 and 1.3 times the
expected shear yielding strength of the plate—an effect attributed to the strain

hardening of the doubler plate. Gupta (2013) continues this research and
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further demonstrates that the loading condition at the flange level of a doubler
plate is mostly in the transverse direction and well beyond the nominal
yielding strength of the plate. The author observed that the welding of the
continuity plate to the doubler plate does not result in overstressing the
doubler plate. The final remark was that extending the doubler plates beyond
the level of the beam flanges demonstrates better panel zone behavior.

Han et al. (2014) tested four exterior WUF-W connections using beam depths
of 27 in. and 35 in. The authors found that the deeper beam depths failed to
satisfy the 0.04 rad drift requirement. They postulated that the root cause of
this was due to two reasons: (1) the weld access hole, although still compliant
to the AISC 358 (2016) detailing requirements, was quite steep relative to
those shown to be satisfactory by Ricles et al. (2002); and (2) that the clear
span-to-depth ratio was 6.8, slightly below the minimum value of 7.0 required
by AISC 358 (2016). The continuity plates in these specimens matched the
thickness of the beam flange and used CJP welds for the weldment to column
flange. Han et al. later tested the same two specimens with shallower weld
access holes and found satisfactory performance (Han et al. 2016). The
authors then demonstrated using detailed finite element models and the
Rupture Index, RI, that shallow welded access holes have less propensity to
fracture (Han et al. 2017).

Shim (2017) performed experimental testing on nine WUF-W connections
and one Bolted Flange Plate (BFP) connection. The research explored the role
of relative panel zone strength to the overall ductile performance of the
moment frame and the role of axial tension on the panel zone strength. The
columns tested were either W33x263, W14x398, or W12x106. The only
specimen which did not achieve at least 0.04 rad drift was Specimen UT05,
which used a 1/16-in. tungsten electrode embedded into the doubler plate CJP
weld as an intentional defect. It is unclear whether this intentional defect was
the source of the fracture, as the fracture appeared to originate at the
termination of the beam web to column flange CJP weld before propagating

through the column flange. The author concluded that weak panel zones are
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a reliable and effective means of generating ductility capacity. Furthermore,
the panels with weak panel zones demonstrated less beam buckling and
required less lateral bracing. The study demonstrates that although the
specimens with the weak panel zones generate higher fracture potential
according to the Rupture Index, RI, experimental evidence does not support
this conclusion.
1.4 Flexibility-Based Formulation
In response to uncertainty on how design fillet welds to fasten continuity plates to the
column flanges of Special Moment Frames, Tran et al. (2013) developed a flexibility
formulation. This method allows the designer to design the continuity plate and its
weldments based on its relative stiffness dictating the proportion of hardened beam flange

force, Py, acting on the plate. The fundamental assumption in this theory is that the

continuity plate remains elastic. The force entering a continuity plate is determined as:

= \2 byy Bes + Bep '

where B, is the flexibility coefficient of the continuity plate and B, is the out-of-plane

column flexibility coefficient. Given the short ‘span’ of the column flange and continuity
plate, the flexibility coefficients include both a flexural and shear components. The second
term of Eq. 1.8 refers to the amount of force that is assumed to transmit directly into the
column web, assuming a 1:1 catchment through the column flange. The continuity plate

was then designed based on satisfying an M-V-P interaction equation (Doswell 2015):
4

% + (%)2 + (;) <10 (1.9)
Axial force in the continuity plate is computed using Eg. 1.8. Shear in the continuity plate
develops due to the moment equilibrium of the plate (see Figure 1.6); it was assumed that
P.,, is centered about 0.6 the width of the continuity plate, b,. The 0.6 was derived based
on an assumed trapezoidal elastic stress distribution on the edge of the plate. Mashayekh
(2017) identified an additional moment that is generated by the clipping of the continuity
plate.

The strength of the weld connecting the continuity plate to column flange is designed

to resist the resultant force:
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Rep = [|PZ+V3 (1.10)

The strength of a fillet weld of size, w, and length, [, is then designed as per 8§J2.4 of
AISC 360 (2016):

1
R, = 2(0.6Fgyy)Wl,, (1 + Esin(a)l-S) (1.11)

where F,,, is the weld electrode strength, and 6 is the orientation of the fillet with respect

to the orientation of the vector R.,,:

P
6 = tan~? (ﬁ) (1.12)
cp
Mashayekh and Tran et al. both recommended designing for a maximum shear flow of the
fillet weld:
1.6P,
Amax = b - (1.13)

which originates from the peak of the assumed trapezoidal force distribution on the edge
of the continuity plate. The strength of the weld adjoining the continuity plate to the column
web (or doubler plate) is designed for F,,, for an exterior connection or }; P, for an interior

connection. The orientation of this weld suggests 6 = 0° in Eq. 1.11.

Mashayekh and Uang (2018) validated the flexibility methodology with two exterior
full-scale RBS connections. Specimen C1 was a W30x116 beam and a W24x176 column
and Specimen C2 was a W36x150 beam and a W14x257 column. The thickness of the
continuity plates tested were 1.8 and 1.3 times thicker than the recommended minimum
thickness of 50% of the beam flange for an exterior connection. The large continuity plates
are a consequence of the flexibility methodology whereby keeping the continuity plates
elastic results in the attraction of significant load due to the relatively higher axial stiffness
of the continuity plate versus the out-of-plane flexure of the column flange. Specimen C2
was designed such that the plastic interaction (Eq. 1.9) was violated, a conclusion which is
corroborated by observed yielding of the continuity plates. The fillet weld sizes of
Specimens C1 and C2 were 0.75t., and 0.8t,, respectively. Both specimens performed
well, achieving a maximum story drift of 0.05 rad and 0.07 rad, respectively.

Despite the success of the flexibility method, there are some critiques:
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The assumption that the continuity plate remains elastic is conservative, resulting
in continuity plates thicker than those that have demonstrated adequate
performance through prequalification. Several researchers during these tests have
observed the yielding of the continuity plates.

The flexibility formulation tends to be iterative, as the stiffness of the continuity
plate is typically an order of magnitude larger than that of the column flange. This
results in a runaway procedure as the continuity plate attracts more load as it’s size

is increased.

Testing of Specimens C1 and C2 in 2016 was a pilot project to verify the flexibility-

based method of design (Mashayekh and Uang, 2018). Although the research objective of

this study has pivoted, the performance of Specimens C1 and C2 are still presented herein

as evidence of the efficacy of fillet-welded continuity plate.

1.5 Historical Review of AISC Requirements on Continuity Plate and Doubler

Plate Design

A brief review of the requirement of continuity plates and weld attachments to the

column in AISC 341 is summarized below.

AISC 341 (1992) (pre-Northridge): continuity plate is sized such that

18Fypbstyr < 6.25(tcf)2Fyf which relates an assumed beam flange force to the
flange local bending limit state (8J10.1 of AISC 360). The attachment welds are
not specified.

AISC 341 (1997): continuity plates shall be provided to match the tested
connection; almost all of the tested continuity plates which satisfy the drift
requirement of SMF at this point equal in size to the beam flange thickness and use
CJP welds to connect the plates to the beam flanges.

AISC 341 (2005): the seismic specifications (AISC 341) refer to AISC 358 for the
design of continuity plates in Special Moment Frames. The AISC 358 (2005)
specification specifies that continuity plates are required unless both of the
following are satisfied:

FyuR
ter = 0.4 [1.8bysty, 2222 (1.14)
FyeRye
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b
tep = % (1.15)

The latter (Eq. 1.15) is referred to as the Lehigh Criterion herein. The required
thickness of the continuity plates shall be one half of ¢, in an exterior connection,
or equal to the larger ¢, in an interior connection. Additionally, the continuity
plates were also required to conform to 8J10 of AISC 360. The welds to the column
flanges were required to be CJP welds.

e AISC 341 (2010): the continuity plate requirements are the same as listed in
AISC 358 (2005).

According to the latest edition of AISC 341 (2016b), continuity plates are required if
the predicted flange force exceeds the design strength at the column face as per 8J10 AISC
360 (2016) or if the column flange thickness is less than one-sixth of the adjoining beam
flange width [see Eq. (1.15)]. The strength requirement is equivalent to the previous
proportion limit from AISC 341-05 (Eqg. 1.14).

b
tey 2~ (1.16)

AISC 358 (2016¢) generates the predicted flange force of a cyclically hardened beam
undergoing large inelastic strains for the appropriate connection. For example, the flange
force, Py, for an RBS connection with a CJP-welded web connection is computed as:
0.85M; 0.85 0.85
Pp=—0 =7 (M, + VipsSn) = ﬁ(ZRBSFyRyCW + VrpsSn)  (1.17)
bf

The thickness of the continuity plates, according to 8E3.6f.2(b) of AISC 341 (2016b), is
determined as:

{ 0.5¢tps for exterior connections

Lep 0.75t, for interior connections (1.18)

8E3.6f.2(b) of AISC 341 (2016b) stipulates that the width of continuity plates shall at least
extend to the edge of the beam flange.

As per the current specifications, the weld connecting the continuity plate to the
column flange is required to be a CJP groove weld. However, the continuity plate to the

column web can be either a groove weld or fillet weld. Currently, this weld must be sized
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to develop the lesser of the tension or shear strength of the continuity plate or the shear
capacity of the doubler plate (if applicable) that it attaches to in the column panel zone.

The use of doubler plates are dictated when the panel zone shear, derived from the
equilibrium between the flange force, P¢, and the column shear, exceeds the design strength
as per 8J10.6 of AISC 360 (2016):

3b.stcf3
R, = 0.6F,d,t,, (1 + Lf)

dnd.t, (1.19)
Note that the resistance factor, ¢, for panel zone shear has been equal to 1.0 since the 1997
Seismic Provisions (AISC 1997). When a doubler plate is required, the groove or fillet
welds connecting the doubler plate to the column are required to develop the design shear
yielding strength of the doubler plate thickness. This requirement has been the same since
the first edition of the Seismic Provisions (AISC 1992). When fillet welds are used, the
plate thickness must be maintained through the combined thickness of the weld throat and
plate bevel at the inside radius of the column. To prevent premature instability of the
doubler plate, AISC recommends the following stability limit:
d, +w,
90
Up until the 2010 edition of AISC 341, horizontal welds at the top and bottom of the

doubler plates were required regardless of the configuration. Modern requirements waive

tap = (1.20)

the requirements for these welds unless the stability limit (Eq. 1.20) is violated when the
doubler plate is extended at least 6 in. beyond the beam flange.
1.5.1 Lehigh Criterion
The Lehigh Criterion of 8E3.6f.1(b) of AISC 341 stipulates that a continuity plate
must be used when the column flange thickness is less than the beam flange width framing
in divided by six (see Eq. 1.16). The source of this requirement is from Ricles et al. (2000),
who explored the performance of WUF-W connections through finite element analysis and
an experimental testing program of interior and exterior connections. This experimental
testing program utilized the newly developed modified weld access hole by Mao et al.
(2000). To develop the criterion, the authors leveraged ductile fracture mechanic indices.
Ricles et al. calibrated the material factor in Eq. 1.4 by testing A572 Gr. 50 material
and two different weld metals, E70T-4 and E70TG-K2 (see Figure 1.4). The pre-
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Northridge electrode, E70T-4, demonstrates significantly less fracture strain for all
triaxiality ratios. The research also demonstrates that the critical plastic strain is much
lower for higher triaxiality, a condition which is typical for highly restrained regions. The
authors selected a material constant of « = 2, which is similar to the value of 2.6 selected
by Chi et al. (2006). The authors developed a criterion for fracture based on the net section
rupture of the material. A critical crack length is defined from Figure 1.5 as:

a = (1 - &> t (1.21)

E,

where t is the thickness of the material. To develop a model for cyclic loading, a fatigue

law for constant strain range was assumed:

In(AeP) = ln(ef) — %ln(n) (1.22)
where Ae? is the strain range and ¢ is the engineering strain at failure. Converting the
plastic strain at failure, &/, into engineering strain at failure allows the determination of k,
a material parameter that now depends on triaxiality through the previously calibrated
material parameter a. The authors found that for a triaxiality of 1.3, the value of k equals
2.26 for the A572 Gr. 50 steel and high-toughness weld electrode. Using a Paris fatigue

law based on the effective plastic strain using two material parameters, C and B:

da
— = Ca(AeP)* (1.23)
dn
inverting this equation:
i la lay 1.24

Substituting the results from before and using an initial flaw size equal to 0.0012 in., an
average flaw size observed at the root of the weld, allows for the determination of constant
C. Eq. 1.18 to track the growth of a crack or the number of constant amplitude cycles to
failure, Ny can be solved for as:

Ny = (%)k (1.25)

Using the results of the low-cycle fatigue analysis, the authors correlated their findings to

column flange flexural deformations. The authors found that at least 0.03rad of inelastic

25



story drift ratio could be obtained if the column flange deflection at the edge of the beam
flange, A4, was limited to [ /520, where [ is the clear distance from the column web to the
edge of the beam flange. Assuming that the moment of inertia of a cantilever section of the
column flange has a width of 9t., and that the flange force is evenly distributed results in

the criteria;

tep = 0.26[Fytbfl3]% (1.26)
It was found that the beam size of W36x150, with a W14x311 column, satisfies Eq. 1.26
and achieved at least 0.03 rad of inelastic drift during their experimental testing. Therefore,
to simplify the criterion, it was instead decided to set the by /t.r ratio of this specimen
(equal to 5.2) to the limiting by, ¢ /t.f ratio. This ratio was rounded up to 6.0 in FEMA 350
(2000).

This criterion was explicitly derived using WUF-W connections, which tend to have
higher flange forces. Table 1.1 shows the results of a typical one-sided RBS connection
using beams from the W36 shape family and columns from the W14 shape family. The
figure demonstrates that the Lehigh Criterion is triggered for a significant number of
combinations, while only a few violate the flange local bending limit state. Therefore, the
Lehigh Criterion may be overly conservative for a significant number of potential RBS
connections.

1.5.2 Development of Column Stiffening Limit States

The design of continuity plates uses either the minimum thickness as per Eqg. 1.18
extending to at least the width of the beam flange or is designed as a typical stiffener using
the concentrated force limit states of 8J10 of AISC 360. Three limit states are applicable:
Flange Local Bending (8J10.1), Web Local Yielding (8J10.2), and Web Local Crippling
(8J10.3). The limit state of Web Local Crippling seldom governs and is not discussed in
detail. A brief discussion of FLB and WLY follows.

1.5.2.1 Web Local Yielding (WLY)

The WLY yielding was first described in the AISC ASD Specifications in the 1937
Edition to prevent local yielding and crippling of the web of a wide flange shape subjected

to a concentrated compressive load (Prochnow et al. 2000). At that time, the WLY limit
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state was combined with the Web Local Crippling Limit State. The stress in the column
web was to be limited to 24 ksi, and the assumed spread of the bearing force was assumed
to be 1:1 through the column flange. Later, testing by Sherbourne and Jensen (1957) found
that the 1:1 slope was conservative and recommended a 2:1 slope. In 1960 Graham et al.
(1960) found that a 2.5:1 slope provided a better fit to the experimental data. To explain
the 2.5:1 slope, the authors used an elastic stress distribution along the k-line of a rolled
section. The incorporation of this slope did not occur until the 9" Edition of the AISC ASD
Specifications in 1989 and the 1% Edition of the AISC LRFD Specifications in 1986. At
this time, the Web Local Crippling limit state was separated from WLY. The WLY of
AISC 360 (2016) for interior connections is:

R, = (5k + N)E,t ., (1.27)
where k is the dimension from the outside face of the column to the termination of the
fillet, and N is the bearing width. Exterior connections have a similar expression except
that the leading term takes on the value of 2.5k. For moment frames it is a convention to
take N as the thickness of the adjacent beam flange, ¢, ;. Figure 1.8 shows the WLY limit

state of an interior connection.

1.5.2.2 Flange Local Bending (FLB)

The FLB is a tension limit state where insufficient stiffening of a column flange
results in a concentration of the tension load at the center stiffer portion of the flange above
the web of the column (Carter 1999). Figure 1.11 shows the FLB and the role of continuity
plates in preventing it. The combined bending of the flanges with the concentration of the
load leads to the rupture of the beam flange weld. Graham et al. (1960) developed the FLB
limit state by using a yield line analysis to determine the strength of a column flange. The
FLB as first specified in the 8" Edition of the AISC ASD Specification, which required

stiffeners if:

P
ter < 0.4 =L (1.28)

E

A set of lower bound values of key geometric variables from available section shapes were
used to conservatively derive this equation. The yield line analysis is reposed to convert

this expression for use in LRFD design (Prochnow et al. 2000):
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Ry, = Tti¢F, + tyrkF, (1.29)
where the first term describes the strength of the column flanges in bending, and the latter
describes the capacity of the web directly below the adjacent beam flange. After taking a
20% reduction in capacity and imposing the experimental results of pull plate testing, the
following equation for FLB in AISC 360 (2016) is realized:

R, = 6.25t%F, (1.30)
As an alternative derivation, Prochnow et al. (2000) developed a yield line analysis
informed from the results of an experimental testing program of pull plates welded to W-
shapes. Following their methodology, a yield line analysis was developed such that four
hinges form on each side of the web to form a tent (see Figure 1.10). The clear span of the
flange, g, is taken as:

b
q=%—k1 (1.31)

The authors recommend the same value as Graham et al. used for the longitudinal length
of the yield lines of:

p =12t (1.32)
Defining the length of the inclined yield line as:

r= (g)2 + g2 (1.33)

Solving for the internal energy of the yield lines results in:
8
W, = M,A [ﬂ + _q] (1.34)
q P

Substituting with M, = %tCZny results in:

, [P Zq]
= —+ — | AFE, 1.
Wy = i [+ =1 aF, (1.35)
Solving for the external energy as:
h /A wA
WE=f W(—)xdxz—h2 (1.36)
o \q 2q

where h = bzﬂ— ky, and w is the assumed uniform load applied by the beam flange.

Finally, equating the internal and external energy results in:
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2
w = % l% 4—qzl F, (1.37)
Solving for the maximum flange force then produces:
R, = 2kytysF, + 2wh (1.38)
Substituting in the result for w:
Ry, = 2k, tyfF, +% l% + %"2] terF, (1.39)

Prochnow et al. (2000) simplified Eq. 1.39 by taking the average minus one standard
deviation of parameters for common column and girder combinations to find:

R, = E,(0.8 + 5.9t% (1.40)
Graham et al. and Prochnow et al. both used the simplification that p = 12t.;; however, if
the critical value of p is found by taking the derivative of 1.37 with respect to p:

dw t& [1 4q?
—=—F|z-—— 1.41
dp h2 'Y IZ pz ( )
Then solving for the minimum value by setting equal to zero:

p=2V2q (1.42)

This minimum value of p, as a function of g, results in a capacity for FLB of:
2 2q

Prochnow et al. found that Eq. 1.40 predicted the results of their pull plate specimens with
greater accuracy. Figure 1.11 compares Eq. 1.30 and Eq. 1.40 to Eq. 1.43 for a W36x150
beam framing into either a W14 or W27 column. It is observed that the bounding performed
by Prochnow et al. (2000) is very close to that performed by Graham et al. (1960). Both of
these equations are conservative for the columns tested (W14x132 to W14x159) when
compared with the unsimplified yield line equation (Eq. 1.43). Their experimental testing
program corroborates this as none of the pull-plate specimens fractured (Hajjar et al. 2003).
These specimens used E70T-6 weld electrodes for their CJP welds with a measured CVN
toughness of 63.7 ft-1b at 70°F and 19.0 ft-Ib at O°F. It is noted that Eq. 1.40 and Eq. 1.30
both use a reduction factor of 0.8 which has not been incorporated into Eq. 1.43. This
reduction factor was applied to original derivation in an attempt to make the upper bound

strength estimate from the yield line method conservative.
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The previous discussion indicates that the FLB is conservative when using notch-
tough weld electrodes for monotonic pull-plate tests. The level of conservatism diminishes
for heavier sections—sections that would be common in a modern moment frame subjected
to a Strong Column Weak Beam (SCWB) philosophy. An additional concern when using
an FLB derived based on a monotonic pull plate test is that the beam flange CJP rupture of
a seismic moment frame is significantly different than from a pull-plate test. Firstly, the
connection of a moment frame experiences large scale cyclic strains resulting in strain
hardening and, secondly, significant secondary bending exists in the flanges of a moment
frame connection.

1.6 Summary

The 1994 Northridge Earthquake was a pivotal event for the design of steel moment frames
as an SFRS. Observation of brittle fractures in the connection region of the frames
precipitated necessary changes in the detailing of these moment frames, including the use
of notch-tough electrodes, careful treatment of backing bars, and welding of the beam web
to the column to facilitate the shear transfer from the beam web. The most significant
modification was the requirement that connections for SMF and IMF be prequalified to
achieve a prescribed level of drift. Most of these early tests, which set the foundation for
prequalified connections, utilized conservative column stiffening details, including the use
of continuity plates as thick as the beam flange and the use of CJP groove welds for the
continuity plate weldments.

Research in the 2000s attempted to set conservative bounds as to when a continuity
plate was required and set minimum required thicknesses of the continuity plate. Several
researchers have demonstrated the efficacy of using fillet welds for this joint in monotonic
pull-plate specimens as well as full-scale cyclic moment frame tests. However, the use of
a CJP groove for the weldment of the continuity plate to the column flange is still required.
This weld tends to be costly due to the increased preparation to bevel the plate and install
a backing bar, and the required UT testing of the joint after welding. In response to the
steel industry’s push to economize the connection, a new method was derived using the
flexibility of the continuity plate and column. This new flexibility method was validated
using the full-scale testing of two exterior RBS connections and relies on the assumption

that continuity plates must remain elastic. This assumption results in relatively thick
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continuity plates, which are often thicker than plates that have already demonstrated
adequate performance.

In response, this research program is designed to explore a plastic design
methodology to design continuity plates and their welds. This program explored the
currently defined limit states for stiffening columns as per the AISC Specifications and
validates a simple design rule for designing fillet welds. The next chapter describes the

design of each specimen.
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Table 1.1 Limit State Matrix (W14 Column and W36 Beam; One-Sided RBS Connection)

Beam: W36x

Column:
W14x

233 FLB | FLB
211 FLB !
193 FLB
176

- No CP Req'd FLB | Governed by AISC 360 §J10.1

Eq. (1.1) Triggered Governed by AISC 360 §J10.2

Violates SCWB Phase 1 Testing
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Figure 1.2 Fracture at Beam Bottom Flange Backing Bar (Hamburger et al. 2016)
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Figure 1.3 Prequalified Moment Connections (Hamburger et al. 2016)
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Figure 1.4 Plastic Strain versus Triaxiality Ratio (Ricles et al. 2000)
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Figure 1.5 Net-Section Failure of Beam Flange (Ricles et al. 2000)
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Figure 1.6 Continuity Plate Free Body Diagram (Mashayekh 2017)
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Figure 1.7 Flexibility Method Verification (Mashayekh and Uang 2018)
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Figure 1.8 WLY Limit State (Carter 1999)
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2 SPECIMEN DESIGN

2.1 General

This chapter discusses the design philosophy and research objective of Phase 1
(Specimens C3, C4, C5, C6, C6-G, and C7) and Phase 2 (Specimens W1, W2, W3, and
WA4). The Phase 1 specimens are one-sided specimens simulating an exterior moment frame
RBS connection. These six specimens are engineered to characterize the limit states
surrounding continuity plates. Specimens C1 and C2 were previously tested as part of the
verification of the flexibility design method in 2016 (Mashayekh 2017). Although the
research objective of this study has pivoted, the satisfactory performance of Specimens C1
and C2 are presented as evidence of the usability of fillet welds for the continuity plate-to-
column flange weld. The Phase 2 specimens are two-sided WUF-W connections simulating
an interior moment frame connection. These four specimens are engineered to challenge
the continuity plate and its weldments with high flange forces.

The primary objective of this research is to economize the detailing of continuity
plates. Improving the economy of continuity plates is accomplished in two ways: (1) by
exploring the boundaries in which continuity plates are required, and (2) by providing a
design methodology to use a fillet weld for the continuity plate-to-column flange weld. It
is proposed that the continuity plate is designed for the plastic distribution of forces in
accordance with the existing stiffener design procedure of 8J10 in AISC 360 (2016) while
using the strain hardened beam flange force for the applicable connection as per AISC 358
(2016c). This methodology differs from previous research (Tran et al. 2013, Mashayekh
and Uang 2018), which used the elastic distribution of forces in the connection to size the
continuity plates and their weldments. Subscription to this methodology requires a
revaluation of the Lehigh Criterion (Eq. 1.16), which often necessitates continuity plates
in connections with relatively low flange forces. These relatively low flange forces result
in connections where a strength limit state (either WLY or FLB) do not govern, This effect
is demonstrated in Table 1.1, which illustrates the cohort of possible single-sided RBS
connections between a W14 shape column and a W36 shape beam.

The second objective of the research program is to economize the detailing of doubler
plates. Doubler plates are incorporated into this research because of their prevalence of use

in conjunction with continuity plates. Doubler plate economy is improved by providing a
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design methodology to size the weld for the proportion of the panel zone shear in the

doubler plate.

2.2 Design Philosophy

With the exception of the test parameters (see Table 2.1), the specimens are designed
according to AISC 341 (2016b) and AISC 358 (2016c).
2.2.1 Continuity Plate Design

The continuity plate design uses the plastic design method, where the force demand,
P.,, imposed on the continuity plate is:

P., = (P; — min(FLB,WLY))/2 (2.1)
where P is the hardened flange force as per AISC 358 (Eq. 1.17), and FLB and WLY are
the column strengths associated with the limit states as per AISC 360 (Egs. 1.27 and 1.30).
The resistance factors are ¢ =0.9 and ¢ =1.0 for the FLB and WLY limit states,
respectively. When the resultant plastic demand on the continuity plate is negative, which
occurs when the column capacity according to FLB and WLY is greater than the flange
force, a continuity plate is not required. The strength of the continuity plate is based on a
plastic interaction equation (Eg. 2.2) between the shear and axial force in the continuity
plate (Doswell 2015).

(o) + (L) <10 2.2
Shear forces in the continuity plate are found from the equilibrium of the continuity plate.
The capacity of the continuity plate in axial compression, P,, and shear, V_, are evaluated
as per the yielding limit states of AISC 360 8J4.1 and 8J4.2 on the edge of the continuity
plate in contact with the column flange. When the ratio of V,,/V, < 0.4 the shear
contribution to the interaction is less than 2.5% and can be neglected for design purposes.
Finite element analysis shows that the small amount of moment that exists at the edge of
the continuity plate vanishes as the plate achieves its ultimate state.
2.2.2 Continuity Plate Weld Design
The high in-plane stiffness of the continuity plate relative to the out-of-plane stiffness
of the column flange results in a significant portion of the beam flange force being
transmitted to the plate. Extending the flexibility method (Section 1.4) for an elastic-

plastically designed continuity plate allows for the prediction of the continuity plate force,
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P.,,. Figure 2.1 demonstrates this using Specimens C5 and C6 of this testing program. The
figure shows that, for these two cases, the continuity plate is expected to yield until a
thickness above the minimum specified in AISC 341 is reached (Eq. 1.18). Specimen C2
demonstrates this effect, where the plastic method does not require a continuity plate, but
the flexibility method shows that a 5/8-in. thick continuity plate yields Yielding of this
continuity plate was confirmed by the experimental testing of this specimen. Additionally,
the presence of high residual stresses due to the thermal stresses induced by welding
promotes continuity plate yielding. Therefore, the continuity plate fillet welds fastening the
continuity plate to the column flange are designed to develop the strength of the continuity
plate. Traditionally a (5/8)t rule, where t is the thickness of the plate in question, would be
used to design a double-sided fillet weld that would develop the strength of a plate in
tension. To verify this rule, we equate the strength of a transversely orientated double-sided

fillet weld of size, w, to the yield limit state of a plate:

Buw0.6FsxxAye(1.0 + 0.5sin'° 0) = ¢,F, 4, (2.3)
w
¢w0-6FEXXzﬁlw(1-5) = ¢ Fteply (2.4)
¢ Fy
w = 0.786 t (2.5)
¢WFEXX i

which for a Gr. 50 steel plate with a matched electrode (Fgxx = 70 ksi) results in:

5
w = gtcp (2.6)

However, to be consistent with a capacity design philosophy, the fillet weld of the
specimen continuity plates is designed for the nominal yielding, not design, strength of the
continuity plate such that:

$w0.6FgxxAye(1.0 + 0.5sin™° §) = F,4, 2.7)
w = 0.786 il t, (2.8)
¢WFEXX P
which for a Gr. 50 steel plate with a matched electrode (Fgxx = 70 ksi) results in:
w = § t. (2.9)
4 14

Since the column flange edges of the continuity plate experiences shear, V., the

pi
assumption that the weld is only loaded in tension appears not be conservative. But
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including the shear in the analysis also modifies the design strength of the plate. Assuming
that the continuity plate observes an elastic-plastic response (i.e., the plate will not be
subjected to significant cyclic strains that would induce strain hardening) it will be shown
below that the modified yield condition of the continuity plate offsets the decrease in the
weld strength.

The direction-dependent term used for fillet welds, (1.0 + 0.5sin*> 8), decays as
additional shear modifies the direction of the resultant force vector, B, (see Eqg. 2.10 and
2.11).

B = [P3+V3 (2.10)
P
0 = tan™? (%) (2.11)
cp

The shear at the forward edge of the plate is found as:
Vep = YPsyp (2.12)
Assuming that F,, acts at the center of the plate edge results in the following expressions

for y:

for exterior connections

y = d ) (2.13)
2 (bclip + TH) . . .
T for interior connections

where b;;, is the distance clipped off the continuity plate to clear the radius of the column
web-to-flange junction, and d is the depth of the continuity plate: d = d. — 2¢;,; (see
Figure 2.2). Assuming the continuity plate does not demonstrate significant strain
hardening, the resultant force B. must exist on the initial yield surface defined by the
nominal yield strength of the material. For metal plasticity it is common to assume a von

Mises yield surface:

2 _ Lo oy — 033)? —011)?+6(0% + 02 +0%)] (2.14
Uvm—z[(Un 022)° + (022 — 033)° + (033 — 041)° + 6(033 + 031 + 0i3)] (2.14)

Assuming plane stress and conservatively setting g,, = 0 results in:
F? = oy + 305, (2.15)
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The average tension stress is a;; = P, /A, and the average shear stress is a1, = V,, /Acp,
where A, = byt is the area of the continuity plate in contact with the column flange.

Substituting these expressions into Eq. 2.15 produces:

Py
P,=—:— (2.16)
J1+3y?
P,
Vep = My (2.17)
J1+3y?
where P, = F,A.,. Substituting these expressions into Eq. 2.10 results in:
P | 1+y2 (2.18)
P, 1+ 3y? '
1
6 =tan?! (—) (2.19)
Y
The ratio of strengths of a transversely orientated (6 = 90°) weld versus a resultant angle
according to Eq. 2.19 is:
R, (6 =90°) 3
= ze) - 2 - (2.20)
inl.5 -1(=
n 1.0 + 0.5sin (tan (y))

The ratio of Eq. 2.18 to Eq. 2.20 represents the resulting demand-capacity ratio, DCR
between a weld subjected to a vector resultant of axial and shear forces, limited by a von
Mises yield criterion, to a weld design solely for tension:
5 | Lt y>

1+ 3y2

P [t + 05 sims (st ()] =2y

Since DCRy .14 < 1.0 for all admissible values of y, it is conservative to neglect the shear
force acting on the weld (see Figure 2.3). Finite element analysis has also revealed that
before the continuity plate yields, a small amount of moment is generated at the edge of
the plate. This moment vanishes as the continuity plate yields due to the axial force. The
weld fastening the continuity plate to the web of the continuity plate is designed to develop

the strength of the axially loaded portion of the continuity plate. For an exterior connection,
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this is equal to A, F,, while for an interior connection, the force is doubled. Therefore, it

is conservative to assume this weld is orientated longitudinally (8 = 0°).

The continuity plate fillet welds in this research program were typical welds with no
special requirements regarding the treatments at weld terminations. This use of typical
detailing was intentional to represent a conservative fabrication case where the fillet weld
may be fabricated with a start and stop of each weld pass contained within the breadth of
the continuity plate.

2.2.3 Doubler Plate Vertical Weld Design
The vertical welds of a doubler plate are designed to resist the appropriate proportion

of the panel zone shear based on the relative elastic shear stiffness of the doubler plate:

Gtap tap
vV, =————— |V =—— |V 2.22
ap (thp +G tcw> bz (tdp +t.,) P* (2.22)

where V,, is the shear force in the doubler plate(s), and t,4, and ¢, are the thicknesses of
the doubler plate and column web, respectively. The panel zone shear, V,, is derived from
the equilibrium between the flange force, Py and the column shear, V,,,;. Assuming that the
stress of the doubler plate is uniformly distributed across a shear area equal to 4, d, results
in shear flow of q4, = Vy,/d.. Moment equilibrium of the doubler plate itself results in

(see Figure 2.4):

Vap , .
—hed” = Vg, ,he (2.23)
d. ’
%4
Vipw = —2 d* (2.24)
) dc
For design purposes, assume that the shear flow along the vertical edge is uniform:

Vap,

Qapv = dliv = ap (2.25)

It is observed that the uniform shear flow along the vertical edge of the doubler plate is
equal to the uniform shear flow along the horizontal edge. The above approach may result
in a vertical shear force in excess of the shear yielding strength of the plate—a paradox that
occurs because of the inelastic behavior assumed in the second term of Eq. 1.19. Therefore,

the following requirement is necessary:

Va
Qapy = d—” < 0.6F,t g, (2.26)

c
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In practice, economic doubler plates designed solely for panel zone shear would not
be designed differently than the current practice of sizing the weld to develop the shear
strength of the doubler plate. However, there are two instances where the proposed
approach realizes greater economy:

(1) When the strength design (Eq. 1.19) would suggest a doubler plate that would
violate the stability limit (Eqg. 1.20) and instead of using plug welds to stabilize
the plate, a thicker doubler plate may be specified.

(2) When WLY governs the need for column stiffening, a doubler plate may be used
in lieu of a continuity plate. Specimen C7 of this research project utilized this
approach.

An additional complication to using fillet welds as the vertical weld to fasten the
doubler plate to the column is maintaining the effective throat of the weld through the
beveled portion of the doubler plate [see Figure 2.5(a)]. The commentary of S8E3.6e.3 in
AISC 341 (2016b) discusses the issue and recommends that the fillet weld size should be
increased to accommodate any reductions in the effective throat due to the bevel of the
doubler plate. For Specimen C7, a bevel angle of 45° was specified to circumvent this issue
[see Figure 2.5(b)]. No fit-up issues of the 5/8-in. doubler plate on the W24x192 column
was reported.

2.3 Specimen Design and Details

Table 2.1 summarizes the research objective of the specimens in both phases. The
first two specimens of Phase 1 (Specimens C3 and C4) challenge the need for the Lehigh
Criterion (Eq. 1.16) for a shallow and a deep column configuration. While Specimen C4
has a much higher SCWB ratio indicating a stiffer column, the deep column may be more
susceptible to warping once a lateral-torsional instability is developed at the plastic hinge
in the beam. Specimen C4 also possesses a markedly stronger panel zone than Specimen
C3. Specimen C5 was designed with a continuity plate as per Eq. 2.2, resulting in a
continuity plate that is 1/8 in. thinner than that required per Eq. 1.18. The resulting
continuity plate has a high width-to-thickness ratio of 16.0; high width-to-thickness ratio
plates are susceptible to local buckling. Specimen C5 also used a weak panel zone
(DCR =1.18). The combination of column kinking and continuity plate buckling while the

continuity plate is cycled plastically challenges the ductility capacity of the continuity plate
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fillet welds. The continuity plate-to-column flange fillet weld was the nearest standard weld
size to satisfy w = (3/4)t,,.

Specimen C6 was designed with a continuity plate as per Eq. 2.2, resulting in a
continuity plate that is equal to that required per Eg. 1.18. The continuity plate fillet welds
in this specimen were equal to t.,,. This was done to ensure that premature failure of the
specimen did not occur such that Specimen C6-G, which was a duplicate specimen that
was hot-dip galvanized, would have meaningful results when comparing the effects of
galvanization. To maintain consistency for later comparison, Specimen C6-G is fabricated
identically to Specimen C6—including maintaining metallurgical similarity by using rolled
shapes from the same heat number. Specimen C7 aims to satisfy the governing column
limit state, WLY, by the addition of a doubler plate in lieu of a continuity plate. The DCR
for the FLB limit state is 0.92, which according to the plastic design methodology does not
require a continuity plate. The doubler plate fillet weld has been sized to resist the
proportion of panel zone shear transmitted to the doubler plate based on its ratio of shear
stiffness to the column web, according to Eq. 2.22 and Eq. 2.26. Table 2.2 shows the RBS
dimensions of the Phase 1 specimens. Included in this table is the ratio of moment at the
column face to the expected plastic moment, My /M,,., which indicates the utilization of
the RBS including hardening.

Specimen W1 used a 1/2-in. continuity plate as per Eq 2.2, which violates the current
minimum thickness criterion for two-sided connections as per Eq. 1.18. This specimen
used a pair of 5/8-in. extended doubler plates with a vertical PJP weld. Specimen W2 used
a 3/4-in. continuity plate as per the minimum thickness of AISC 341 (Eq. 1.18). The plastic
methodology predicts this plate as overloaded, with a DCR of 1.43. Overloading of the
continuity plate was done intentionally to observe any negative consequences. This
specimen used a pair of 3/4-in. extended doubler plates with a vertical PJP weld. Specimen
W3 used a 1/2 -in. continuity plate as per Eq 2.2 which violates the current minimum
thickness criterion for two-sided connections as per Eq. 1.18. This specimen used a pair of
1/2-in. extended doubler plates, which were insufficient based on the predicted panel zone
shear (see Eq. 1.19) and violated the stability criteria (see Eqg. 1.20). The weak and slender
panel zone was designed intentionally to investigate any negative consequences. The slope

of the weld access hole from the beam flange for WUF-W connections has been shown to
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be a critical parameter (Han et al. 2014). AWS D1.8 (2016) 86.11.1.2 is not explicit in
specifying the slope of the weld access hole—only imposing a limit of 25° degrees. The
design drawings for Phase 2 detailed the weld access as a standard weld access for WUF-
W connections following the Alternate Geometry of AWS D1.8. As-built slopes of the
access holes for the Phase 2 specimens were approximately 15°.

Specimen W4 used a 3/4-in. continuity plate as per Eq 2.2, which satisfied the
current minimum thickness criterion for two-sided connections as per Eq. 1.18. This
specimen used a doubler plate placed within the continuity plates. The vertical welds of
the doubler plates were designed to develop the shear strength of the doubler plate. Only
Specimen W4 used horizontal fillet welds to fasten the doubler plate to the continuity plate.
This fillet weld was sized based on 75% of the available shear capacity of the doubler plate
as per 8E3.6e.3(b)(2) in AISC 341 (2016b).

Concrete slabs were not used in this testing as their presence significantly complicates
the testing and impairs the visual assessment of the connection during testing. Experimental
testing of SMFs using concrete slabs have demonstrated that their presence is generally
beneficial by stabilizing the plastic hinge (Englehardt et al. 2000). In positive flexure the
addition of a composite slab can increase the plastic strain demand at the beam bottom
flange extreme fiber (Hajjar et al. 1998). However, a modern connection which prohibits
the use of shear studs in the beam plastic hinge region lacks the shear transfer capability to
develop significant composite behavior. Uang et al. (2000) found that the shift in the
neutral axis for partially composite beams to be minor.

Table 2.3 shows the following specimen and continuity plate design metrics:

e The clear Span-to-Depth Ratio. AISC 358 (2016c¢) §5.3.j requires the ratio
for SMF using RBS connections to be limited to 7 or greater. Similarly,
AISC 358 (2016c¢) 8§8.3.) requires the ratio for SMF using WUF-W
connections to be limited to 7 or greater.

e The Strong Column Weak Beam (SCWB) Moment Ratio. AISC 341
(2016Db) SE3.4a requires that the ratio of the summation of projected column
strengths to the summation of projected beam strengths shall be larger than
one. The ratio listed in the table is:
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LMy
XMy,

The flange force, Pr as per Eqg. 1.17 using the appropriate clause of AISC

SCWB =

(2.27)

358 (2016c) to compute the moment at the face of the column, M.
Specifically, 85.8 in AISC 358 for RBS connections and §8.7 in AISC 358
for WUF-W connections.

The resistance of the FLB, WLY column limit states computed as per 8J10
in AISC 360 (2016) (Eg. 1.30 and Eq. 1.27) using the designed thickness
of the panel zone (i.e., tyy + Xtap). The WLC limit state has been omitted
since it does not govern.

The resultant continuity plate force, P.,, computed as per Eq. 2.1.

The continuity plate DCR expressed as the resultant of the P-V interaction
equation (Eq 2.2).

The continuity plate width-to-thickness ratio (b/t).

The fillet weld size, w, adjoining the continuity plate to the column flange.

The ratio of fillet weld size to continuity plate thickness, w/t.,,.

Table 2.4 shows the following panel zone and doubler plate design metrics:

The panel zone shear force, V,, determined as the equilibrium between the
flange force(s) and the column shear.

The panel zone DCR expressed as the ratio of I,, and R, as per Eq. 1.19.
The ratio of the combination of the panel zone width and depth to its
thickness (see Eq. 1.20) computed for the column web and doubler plate.
The vertical weld shear flow as computed per Eq. 2.26 and the upper

bound of the shear flow defined as 0.6F, tg,.
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Table 2.1 Research Objective Matrix

Slggc. Beam Column Corjrr;;e;;lon Research Objective
One-sided Continuity plate designed using the flexibility method
a
C1 W30x116 | W24x176 RBS (Section 1.4).
One-sided Continuity plate designed using the flexibility method
a
c2 W36x150 | W14x257 RBS (Section 1.4). Continuity plate expected to yield.
One-sided | Specimen violates Lehigh Criterion (Eqg. 1.16). Strength
C3 W36x150 | W14x257 RBS Limit states predict plate not required (Eq. 2.1).
One-sided | Specimen violates Lehigh Criterion (Eq. 1.16). Strength
C4 W30x116 | W27x235 RBS Limit states predict plate not required (Eq. 2.1).
Size of continuity plate designed as per Eq. 2.2.
Column designed to have a weak panel zone to
One-sided exacerbate column kinking. Beam designed to deliver a
C5 W36x150 | W14x211 RBS probable maximum beam flange force that results in a
continuity plate thinner than Eq. 1.18. Continuity plate
welds designed as the per the w = (3/4)t, rule.
One-sided Size of continuity plate designed per Eq. 2.2. The
C6 W30x116 | W24x176 RBS continuity plate also satisfied the minimum thickness as
per Eq. 1.18. Welds conservatively designed (w = t.,).
One-sided Identical as Specimen C6 but, except all plates and the
C6-G | W30x116 | W24x176 RBS beam and column members were hot dip galvanized.
One-sided Size of doubler plate to satisfy WLY limit state. FLB
C7 W30x116 | W24x192 RBS limit state satisfied without stiffening. Welds designed
according to Eq. 2.22 and Eq. 2.26.
Two-sided Size of continuity plate designed per Eq. 2.2. Extended
W1 W36x%x150 | W27x258 WUE-W doubler plate welded with PJP. Continuity plate welds
B designed as per the w = (3/4)t,, rule.
Size of continuity plate under-designed based per Eq. 2.2
Two-sided (DCR=1.16). Continuity plate satisfied minimum
W2 W33x141 | W27x217 WUE-W thickness as per Eq. 1.18. Extended doubler plate welded
B with PJP. Continuity plate welds designed as per the w =
(3/4)t,p rule.
Size of continuity plate designed per Eq 2.2. Weak panel
zone (DCR of 1.07) per Eq. 1.19. Doubler plate stability
Two-sided criterion violated (Eq. 1.20). Extended doubler plate
W3 W30x116 | W24x207 WUF-W welded with vertical fillet welds to develop shear
capacity. Continuity plate welds designed as per the w =
(3/4)t,p rule.
Size of continuity plate designed per Eq. 2.2. Continuity
Two-sided plate satisfied minimum thickness as per Eq. 1.18.
W4 W24x94 W24x182 WUE-W Doubler plate welds placed within continuity plates with

vertical fillet welds to develop shear capacity. Continuity
plate welds designed as per the w = (3/4)t, rule.

a) Specimens tested and reported in Mashayekh and Uang (2018).
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Table 2.2 Phase 1 Specimen RBS Dimensions

Spec. a b c R My
No. (in) (in.) (in) (in.) M,
c18 7.0 25.0 2.00 40.0 0.95
ca2? 7.0 25.0 2.50 325 0.92
C3 6.0 24.0 2.50 30.0 0.91
C4 6.0 20.0 2.00 26.0 0.93
C5 6.0 24.0 2.00 37.0 0.88
C6 6.0 20.0 2.00 36.0 0.93
C6-G 6.0 20.0 2.00 36.0 0.93
C7 6.0 20.0 2.25 23.3 0.89

a) Specimens tested and reported in Mashayekh and Uang (2018).

b) Specimen beam and column are galvanized.
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Table 2.3 Continuity Plate Design Metric

Specimen Sgaer;)-ttr? _ Sewe (?Ep) (k’:f FLB | WLY | R | T | DR | el Y| wite
: Ratio? : ps) | (kips) | (kips) | (kips) | (Kips) DCR (in.)
C1 11.2 241 0.75 SYu 505 377 100 15.5 0.35 8.0 9/16 0.75
C2 9.6 1.58 0.63 719 1005 790 -36 -10.2 - 9.6 1/2 0.80
C3 9.9 1.60 - 709 1005 790 -41 - - - - -
C4 11.4 3.70 - 563 729 585 -11 - - - - -
C5 9.9 1.19 0.38 681 684 575 53 15.3 0.45 16.0 | 5/16 0.83
C6 11.6 2.48 0.50 563 505 377 93 145 0.68 12.0 1/2 1.00
C6-G 11.6 2.48 0.50 563 505 377 93 145 0.68 12.0 1/2 1.00
C7 11.6 2.84 - 538 600 764 -31 - - - - -
w1 6.8 1.05 0.50 1088 881 1532 104 28.4 0.86 12.0 3/8 0.75
W2 7.3 0.99 0.75 1040 633 1446 204 53.2 1.43 7.8 9/16 0.75
W3 8.2 111 0.50 849 693 1047 78 67.5 0.6 11.0 3/8 0.75
W4 10.1 1.22 0.75 710 419 926 146 41.9 0.95 7.3 9/16 0.75

a) Span-to-depth ratio for two-sided specimens listed for the shorter span.
b) Negative values result when continuity plates not required per 8J10 in AISC 360 regarding the FLB and WLY limit states.
c) Weld size, w, tabulated for the continuity plate-to-column flange fillet weld.
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Table 2.4 Doubler Plate Design Metric

Specimen tap Voz Panel Zone | d;+w, |d;+w, dapy | 0.6F,tq, | Doubler Plate
No. (in) | (kips) DCR tew tap | (Kips/in) | (kips/in) | Vertical Weld
C1 - 576 0.90 68 - - - -

C2 - 692 0.96 40 - - - -
C3 - 683 0.94 40 - - - -
C4 - 562 0.63 59 - - - -
C5 - 656 1.18 48 - - - -
C6 - 562 0.88 68 - - - -
C6-G - 562 0.88 68 - - - -
C7 0.63 537 0.43 63 81 9.2 18.8 7/16 in.
W1 0.63 2003 0.98 61 95 18.8 18.8 PJP
W2 0.75 1957 0.94 68 76 22.2 22.5 PJP
W3 0.50 1640 1.07 58 102 15.0 15.0 11/16 in.
W4 0.63 1431 0.93 64 72 18.3 18.3 7/8in.
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Figure 2.5 Doubler Plate Vertical Fillet Welds

53



3 TEST PROGRAM

3.1 General

The testing was conducted in accordance with Section K2 of AISC 341 (2016b) at the
Charles Lee Powell Structural Systems Laboratories of the University of California, San
Diego (UCSD). The full-scale testing program was divided into two phases. Phase 1
consisted of exterior (one-sided) beam-column subassemblies with Reduced Beam Section
(RBS) moment connections. Table 3.1 shows the test matrix for the exterior RBS
connections. The specimens used either a W36x150 beam or a W30x116 beam. Several
shallow columns (W14x211 and W14x257) and several deeper column shapes (W24x176,
W24x192, and W27x235) were tested. Three of the Phase 1 specimens (Specimens C5,
C6, and C6-G) used a continuity plate that either met or was undersized according to
8E3.61.2(b) of AISC 341. The three specimens which did not use a continuity plate
(Specimens C3, C4, and C7) violated the continuity plate requirement of 8E3.6f.1(b) of
AISC 341. Specimen C6-G was nominally identical to Specimen C6, except this specimen
was hot-dip galvanized before simulated field welding. Specimen C7 was the only
specimen of Phase 1 to use a doubler plate. Fillet welds were used for the vertical welds of
this doubler plate.

Phase 2 consisted of four interior (two-sided) beam-column subassemblies with
Welded Unreinforced Flange with a Welded Web (WUF-W) connections. Table 3.2 shows
the beams and columns selected for the specimens. Specimen W1 used two W36x150
beams welded to a W27x258 column. Specimen W2 used two W33x141 beams welded to
a W27x217 column. Specimen W3 used two W30x116 beams welded to a W24x207
column. Finally, Specimen W4 used two W24x94 beams welded to a W24x182 column.
Specimens W2 and W4 used continuity plates which satisfied the minimum thickness as
per AISC 341. The other two specimens used continuity plates thinner than the minimum
thickness requirement. All four specimens used doubler plates as symmetric plates placed
on either side of the column. All of the doubler plates were extended 6 in. beyond the beam
flange level, except for Specimen W4, which placed a doubler plate within the continuity
plates. Specimens W1 and W2 used a PJP weld for the vertical welds, while Specimens
W3 and W4 used fillet welds for the vertical welds.

54



All of the members satisfy the requirements of AISC 341 Section D1. Specifically, the
members are proportioned to satisfy the requirements of a highly-ductile member. Except
for Beam 1 of Specimen W1, all the specimens satisfy the clear span-to-depth ratio
specified in either Chapter 5 or Chapter 8 of AISC 358-16. The remaining design details,
including but not limited to Demand Critical (DC) welding of CJP beam-to-column welds,
supplemental fillet welds, shear tab thickness, and continuity plate corner clips, satisfy the

design requirements of AISC 341 or the connection-specific requirements of AISC 358.

3.2 Test Setup

The Phase 1 test setup is shown in Figure 3.1; each specimen was tested in the upright
position. Frame inflection points are assumed to exist at the mid-height of each story, which
are simulated by using three W14x257 hinge supports. The W14 shapes were mounted
under the column and at the top and bottom as shown in Figure 3.2. The beam length
represents half of the bay width, assuming an inflection point at the midspan of the beam.
The loading end (south end of the specimen) is loaded through a 220-kip hydraulic actuator
with an inline load cell. The load from the actuator is delivered to the free end of the beam
through a loading corbel (see Figure 3.3). An intermediate top flange lateral restraint placed
about 18 in. away from the RBS cut used for Specimens C3 and C5 is seen Figure 3.4. The
top-flange lateral bracing outside of the RBS simulates the lateral restraint provided by a
composite concrete slab in a real application. To increase the stiffness of the intermediate
lateral restraint, the two lateral columns were tied together. For the remainder of the
specimens both the top and bottom flange of the beam was braced as the same location just
beyond the reduced beam section (see Figure 3.5). A modular frame provides lateral
bracing at the loading corbel at the end of the beam. All lateral restraints use a polished,
greased sliding surface to minimize friction.

The Phase 2 test setup is shown in Figure 3.6; each specimen was tested in the
horizontal position. As in Phase 1, frame inflection points are assumed to exist at the mid-
height of each story. The lower end of the specimen is mounted in a clevis while the upper
end uses a W14x311 hinge (see Figure 3.8). The clevis uses a 9-in. greased pin and a
matching tang, which was designed to attach to the bottom of the specimens through a
bolted base plate. The beam ends are loaded through loading corbels which slide on a

greased plate elevated by a sliding block (see Figure 3.9). The load is delivered to the
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loading corbels through a 500-kip hydraulic actuator on each side of the specimen. Lateral
restraint of the beam is achieved by sandwiching the beams between two HSS sections.
These HSS sections are bolted to an HSS post which is post-tensioned to the laboratory

strong floor.

3.3 Specimen Sizes and Test Order

Table 3.1 shows the member sizes and stiffening element details for the five
specimens tested in Phase 1 as well as the two specimens previously tested by Mashayekh
and Uang (2018). The Phase 2 specimens consisted of two identical beam shapes framing
into a common column using the WUF-W connection. Table 3.2 summarizes the specimens
of Phase 2. Table 3.3 shows the member cross-sectional dimensions for each test specimen.

Detailed engineering drawings are included in Appendix A.

3.4 Specimen Construction and Inspection

The San Bernardino location (San Bernardino Steel) of The Herrick Corporation
fabricated the test specimens. For reasons of economy, the field welding was simulated at
Herrick’s shop. The simulated field welding of Specimen C5 was observed on October 25
of 2018. Figure 3.10 to Figure 3.16 show the observed simulated field welding. At the time
of welding, a visual inspection was performed by West Coast Inspection Services. After a
24-hour cool-down period, UT and magnetic particle testing were also performed by West
Coast Inspection Services. Weld inspection of the Phase 2 specimens was completed by
the Smith & Emery Company. See Appendix B for all Weld Inspection Reports. The

inspections did not reveal any actionable flaws in the welding.

3.5 Material Properties

The W-shaped beams and columns were fabricated from ASTM A992 steel, while the
continuity and doubler plates were fabricated from ASTM A572 Gr. 50 steel. Table 3.4
shows the mechanical properties of the base materials. Table 3.5 shows the chemical
composition of the materials obtained from the Certified Mill Test Reports (see Appendix
C). Appendix D shows the stress-strain response of the tensile coupon testing performed at
UCSD.

The simulated field welding of the beam top and bottom flange CJP welds used an
E70T-6 (Lincoln Electric NR-305) electrode in the flat position. The beam web CJP, beam
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top flange backing bar fillet, and beam bottom flange reinforcing fillet was welded with an
E71T-8 (Lincoln Electric NR-232) electrode in the vertical and overhead positions.
Continuity plate and doubler plate welds were shop-welded with an E70T-9C (Lincoln
Electric OSXLH-70) electrode. These electrodes satisfy the requirements of AWS D1.8
(2016) for Demand Critical welds. Specifically, they satisfy the minimum Charpy V-Notch
toughness requirements of 20 ft-Ib at 0°F and 40 ft-Ib at 70°F. Table 3.6 shows the Charpy
V-Notch toughness from the beam flange and beam web welds. Charpy samples were
extracted in the transverse direction of a weld mockup fabricated on the same day as the
Phase 2 specimens. Appendix E shows the Welding Procedure Specifications for shop and

the simulated field welding.

3.6 Instrumentation

A combination of displacement transducers, strain gauge rosettes, and uniaxial strain
gauges were used to measure global and local responses. Figure 3.17 shows the location of
the displacement transducers for the Phase 1 specimens. Displacement transducer L1
measured the displacement and controls the actuator for displacement-control testing.
Transducer L2 was used to quantify slip, if any, between the loading corbel and beam tip.
Panel zone deformations were measured from transducers L3 and L4. Column rotations
were measured from transducers L5 and L6. Transducers L7 through L9 were used to
monitor displacements at the supports, which were anticipated to be negligible.

Figure 3.18 shows the location of displacement transducers for the Phase 2 specimens.
L1 and L2 measured the displacements and controlled the two actuators. Transducers L3
and L4 were used to quantify slip between the loading corbels and the beam ends. Column
rotations were measured using transducers L5 and L6, while the panel zone deformation
was measured by transducers L7 and L8. Transducers L12, L13, and L14 were used to
monitor the out-of-plane displacement of the column. The remaining transducers were used
to monitor the displacements at the supports, which were anticipated to be negligible.

Various rosettes and uniaxial strain gauges were used to measure the strains in the
connection region. Figure 3.19 to Figure 3.25 show the instrumentation layout for the
connection region of each specimen. Additionally, several gauges were placed on the

intermediate lateral restraint columns to characterize the lateral bracing force.
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It is typical practice to whitewash the specimens in the connection region prior to
loading such that yielding can be photographed during testing. As part of a pilot project to
test the capabilities of Digital Imaging Correlation (DIC) software, the first two specimens
tested (Specimens C3 and C5) were not whitewashed. Instead, a random speckle pattern
was applied to key areas of the specimen. The remaining specimens were whitewashed to
provide visual evidence of yielding.

3.7 Data Reduction

The Story Drift Angle (SDA) is the ratio between &;,¢4; and L:

SDA = Sporar /L 3.1
where d,,,,; 1S the total beam tip deflection measured by displacement transducer L1 (and
L2 for Phase 2), and L is the length of the beam measured from the beam tip (i.e., loading
point) to the centerline of the column.

The total plastic rotation (¢,) of the specimen is calculated by dividing the plastic
component (J,) of the beam tip displacement by L.

6

, 1 1
6y =2 =7 B — 8 =7 (Btow— 7, (3:2)

where P is the applied load, &, is the elastic component of beam tip displacement, and K is
the elastic stiffness determined from the initial low-amplitude response of P Vs. 8¢ota:-
The components of the beam tip displacement are separated into the displacements
due to the flexure of the beam, the flexure of the column, and the shearing of the panel
zone. Panel zone deformation, y is computed using L3 and L4 in Phase 1 or L7 and L8 in
Phase 2. Assigning the displacement recorded by L3 or L7 to §, and the displacement from
L4 or L8 to &, the average panel zone shear deformation is computed by:
v=—“w§z+d§2(8 —84) (3.3)
2Wpadp, ~ P 4 '
where w,,, and d,,, are the width and depth of the panel zone measure points. For specimens
without a continuity plate, the transducers were placed within the panel zone to avoid
spurious displacement caused by column out-of-plane flange flexure. Otherwise, the
transducers were placed at the center of the cruciform formed by the beam flange,

continuity plate, and column flange. A rigid-body correction is required when extrapolating
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the influence of the panel zone deformation on the beam tip deformation (Uang and Bondad
1996):

db dc
sz = YL - Yd - ﬁ(L + 7) (34)

The contribution of the beam tip deformation due to the column flexure is found by
transducers L5 and L6 in either phase. Assigning the displacement recorded by these
transducers to §. and &, respectively, results in:

6d - 60
dp

where the latter term is the correction to remove the panel zone deformation from the

dy
Seor = L-vydy(1-2) (3.5)

flexural deformations. Finally, the components of the beam tip deformation are as follows:
Stotat = Opeam + Opz + Bco1 (3.6)

The contribution due to the beam can then be solved for as:
8peam = Ototal — Opz — Bcol (3.7)
In the Phase 2 specimens an additional component of deformation exists due to the
gap between the clevis and the pin, &_;..,;s. The rigid-body motion of this is removed by
incorporating the displacement recorded by transducer L15. Assigning &, to be the

displacement recorded by transducer L15 results in:

28p
8cievis = FL (3.8)

Which gives the beam tip deformation for Phase 2 as:
Obeam = Ototat — Opz — Ocot — Octevis (3.9)
The dissipated hysteretic energy is computed by integrating the load-displacement
response such that:

Entotat = Enpeam + Enpz + Encot = Eetastic (3.10)
where E,j.stic 1S the recoverable elastic energy. By convention, the integration of the
dissipated energy includes only the drift cycles where the moment at the face of the column
has not degraded beyond 0.8M,,,, where M,, equals the beam nominal plastic moment.
This cutoff is imposed because strength degradation beyond this limit does not satisfy the
SMF requirements of AISC 341. From the dissipated energy the cumulative plastic drift

can be determined as:
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0. = Eh,total

p Mp

(3.11)

where M, is the actual plastic moment of the section. The Reserved Energy Ratio. Q,
represents the amount of energy dissipated in excess of the first-cycle, 0.04 rad story drift
angle requirement of SMF based on AISC 341. Setting the dissipated energy capacity,
Ey min, 10 be the dissipated energy after completing one cycle of 0.04 rad story drift results
in:

Eh,total
QE -

= (3.12)
Eh,min

The peak connection strength factor, C,,, accounting for strain hardening and local
restraint, is used in predicting the seismic flange forces of the beams framing into the
column (AISC 2016b). Specimen design has used the values provided in AISC 358-16 as
1.15 and 1.4 for the RBS and WUF-W connections, respectively. After testing of each

specimen, C,, is computed by normalizing the experimentally determined moment at the
plastic hinge location by the expected moment, M,.. For RBS connections, M,, =
ZrpsEq, and for WUF-W connections, M,, = Z,F,,, where F,, is the measured yield
strength of the material. Per AISC 358-16 The plastic hinge location is assumed to take
place at the center of the reduced section for RBS cuts and at the face of the column for

WUF-W connections.

3.8 Loading Sequence

Testing is conducted in a displacement-control mode. The loading sequence used for
all specimens was the standard AISC loading sequence specified in Section K2 of
AISC 341 (2016). The AISC loading sequence specifies a series of load cycles at different
SDAs. The loading history begins with six cycles each at 0.00375, 0.005, and 0.0075 rad
drifts. These are followed by four cycles at 0.01 rad drifts, two cycles at 0.015 rad drifts,
two cycles at 0.02, 0.03, 0.04 rad drifts, and etc., up until failure. Figure 3.26 shows the
loading sequence.
3.9 Acceptance Criteria

According to Section E3.6b of the AISC Seismic Provisions for Structural Steel
Buildings (AISC 2016b), beam-to-column connections used in special moment frames

shall satisfy the following requirements:
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(1) The connection shall be capable of accommodating a story drift angle of at least 0.04

rad.
(2) The measured flexural resistance of the connection, determined at the column face,
shall equal at least 0.8M,,, of the connected beam at a story drift angle of 0.04 rad,

where My, is the nominal plastic moment of the beam.
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Table 3.1 Phase 1 Exterior RBS Connection Test Matrix

Slg(e)(.:. Beam Column CI;(I);ttei rzlljr']t;/ ICD:I(;?:Eli_JIIIZ Dg:ﬁéer Test Date
Weld (in.)
Cc1? W30x116 W24x176 3/4 9/16 - 04/28/2016
c2? W36x150 W14x257 5/8 1/2 - 04/04/2016
C3 W36x150 W14x257 - - - 11/02/2018
C4 W30x116 W27x235 - - 1/29/2019
C5 W36x150 W14x211 3/8 5/16 11/14/2018
C6 W30x116 W24x176 1/2 1/2 2/08/2019
C6-G° | W30x116 W24x176 1/2 1/2 2/15/2019
C7 W30x116 W24x192 - - 1x5/8 | 2/04/2019
a) Specimens tested and reported in Mashayekh et al. (2017).
b) Specimen beam and column are galvanized.
Table 3.2 Phase Two Interior WUF-W Connection Test Matrix
SIG‘;(_:' Beam Column %?;tg rzlljr:tgl glzrtlélgli.]lllz Dg:JakzLer Test Date
Weld (in.)
W1 W36x150 | W27x258 1/2 3/8 2 x5/8” | 8/08/2019
W2 W33x141 | W27%x217 3/4 9/16 2 x3/4” | 7/31/2019
W3 W30x116 | W24x207 1/2 3/8 2x1/2” | 7/126/2019
W4 W24x94 | W24x182 3/4 9/16 2 x5/8” | 7/122/2019
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Table 3.3 Member Cross-Sectional Dimensions

Specimen Member d tu by t Width-Thickness Ratio
No. (in.) (in.) (in.) (in.) Web Flange
Beam
(W30x116) 30.0 0.57 10.5 0.85 47.8 6.17
cr Col
olumn
(W24x176) 25.2 0.75 12.9 1.34 28.7 4.81
Beam
- (W36x150) 359 | 0.625 12.0 0.94 51.9 6.37
Column
(W14x257) 16.4 | 1.18 16.0 | 1.89 9.71 4.23
Beam
o3 (W36x150) 35.9 | 0.625 12.0 0.94 51.9 6.37
Column
(W14x257) 16.4 | 1.18 16.0 | 1.89 9.71 4.23
Beam
s (W30x116) 30.0 0.57 105 0.85 47.8 6.17
Column
(W27x235) 28.7 0.91 14.2 1.61 26.2 4.41
Beam
Column
(W14x211) 15.7 0.98 15.8 1.56 11.6 5.06
Beam
(W30x116) 30.0 0.57 105 0.85 47.8 6.17
C6, C6-G ol
olumn
(W24x176) 25.2 0.75 12.9 1.34 28.7 4.81
Beam
. (W30x116) 30.0 0.57 105 0.85 47.8 6.17
Column
(W24x192) 255 | 081 | 130 | 146 26.6 4.43

a) Specimens tested and reported in Mashayekh et al. (2017).
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Table 3.3 Member Cross-Sectional Dimensions (continued)

Width-Thickness Ratio

Specimen d t by t
Member . . . .

No. (in) | (in) (in.) (in.) Web Flange

Beam

(W36x150) 35.9 | 0.625 12.0 0.94 51.9 6.37
Wi Col

olumn

(W27x258) 29.0 | 0.980 14.3 1.77 24.4 4.03

Beam

(W33x141) 33.3 | 0.605 11.5 0.96 49.6 6.01
W2 ol

olumn

(W27x217) 28.4 | 0.830 14.1 1.50 28.7 471

Beam

(W30x116) 30.0 | 0.565 10.5 0.85 47.8 6.17
W3 ol

olumn

(W24x207) 25.7 | 0.870 | 13.0 | 157 24.8 4.14

Beam

(W24x94) 24.3 | 0.515 9.07 0.88 41.9 5.18
W4 ol

olumn

(W24x182) 25.0 | 0.705 13.0 1.22 30.6 5.31
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Table 3.4 Base Metal Mechanical Properties

Yield

Tensile

b
N | Comeen | SN | swse | sionan | S0
Beam Flange (W30x116) AQ92 (ggg)b (775'06)[) (Sébs)b
Beam Web (W30x116) 443484 58.5 73.2 39.5
C1 Column Flange (W24x176) AQ92 (577.'52)b (7720.'56)b (379_'()1)b
Column Web (W24x176) 442208 58.5 72.2 37.3
Continaty Plate (4 in) | 52050 | 883 86 T %8,
Beam Flange (W36x150) AQYD (5573 'Os)b (7754 '19)b (23;3 '43)b
Beam Web (W36x150) 60114091/04 57.9 74.7 38.1
C2 Column Flange (W14x257) AQYD (5572.'03),0 (7754.633b (23;'07)b
Column Web (W14x257) s17215 54.8 74.8 38.6
Continuity Plate (5/8 in.) gi;i%rlgoo (5574 él)b (gi? '68)b (2325 'Sl)b
Beam Flange (W36x150) o (577 '02)b (7722.b4)b (22(?.67)b
Beam Web (W36x150) 421418 67.8 78.8 21.8
7 [coumpmgemaoasn | oo | &9 | D4 | 22
Column Web (W14x257) N039862 52.6 75.5 29.6
Beam Flange (W30x116) AQ92 (53'77),0 (8822.90),0 (224?..57)b
Beam Web (W30x116) 3G7361 65.7 85.4 -
“ Column Flange (W27x235) 2992 (53.0)° | (71.0)° | (27.0)°
Column Web (W27x235) 488640 60.0 75.0 24.8
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Table 3.4 Base Metal Mechanical Properties (continued)

Yield

Tensile

SpeC Component StEEI TypE/ a E|Ong.b
Stress?® | Strength 0
No. Heat No. (ksi) (ksi) (%)
Beam Flange (W36x150) AQGD (55.0)° | (71.0)°> | (28.0)°
Beam Web (W36x150) 440889 65.6 77.1 23.2
54.3 71.5 24.2
C5 Column Flange (W14x211) AQ92 (59.00° | (75.00° | (28.5)
Column Web (W14x211) 452443 57.0 75.1 24.2
- . A572 Gr. 50 59.9 79.0 20.5
Continuity Plate (3/8 in.) N17266 633 | (8200 | (31.0)°
56.9 69.9 24.3
Beam Flange (W30x116) A992 (58.0)° | (72.0)° | (285)"
Beam Web (W30x116) 426935 62.8 76.4 22.2
C6, 54.2 73.0 25.5
ce.g | ColumnFlange (W24x176) | 050 | (57.0p | (75.0)° | (265)
463912
Column Web (W24x176) 61.0 74.3 23.6
Continuity Plate (1/2 in.) ?ggzzogsrégg (54.9)° | (7520 | (34.0)°
57.1 72.5 24.3
Beam Flange (W30x116) AQ92 (5800 | (7200 | (28.5)
Beam Web (W30x116) Al27163 61.7 74.2 23.7
57.6 80.0 22.8
C7 Column Flange (W24x192) AQ92 (60.0° | (80.0)° | (23.5)°
Column Web (W24x192) H53207 60.0 80.7 22.6
: A572 Gr. 50 51.2 72.2 23.9
Doubler Plate (5/8 in.) N17707 518 | (708)° | (28.0)
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Table 3.4 Base Metal Mechanical Properties (continued)

Yield

Tensile

SpeC Component Steel Type/ a E|Ong.b
Stress?® | Strength 0
No. Heat No. (ksi) (ksi) (%)
52.3 78.8 23.3
Beam Flange (W36x150) AQ92 G700 | (782° | (26.1)
Beam Web (W36x150) 3110558 68.9 85.7 20.1
52.6 72.8 25.3
Column Flange (W27x258) Q92 (56.0)° (7400 | (28.0)°
wi 321553
Column Web (W24x258) 59.49 74.0 23.8
Continuity Plate (1/2 in.) A5|\7221%750 (64.0)° | (80.2° | (3LO)°
Doubler Plate (2 x 5/8 in.) A5|\7220§£'150 (62.0> | (80.5)° | (21.0)°
54.9 70.4 26.3
Beam Flange (W33x141) A992 (53.0)° | (68.5) | (29.5)°
Beam Web (W33x141) 506190 67.8 76.2 21.0
59.7 76.0 24.2
Column Flange (W27x217) AQ92 (58.00° | (75.00° | (26.0)°
w2 494737
Column Web (W27%217) 63.9 77.4 23.1
Continuity Plate (3/4 in.) A5S7§7C255'25° (58.0)° | (8L0)° | (40.0)°
Doubler Plate (2 x 3/4in) |~ 2500 | (580 | (810) | (40.0)
56.3 71.3 23.9
Beam Flange (W30x%116) AQ92 (535° | (69.0° | (27.5)
Beam Web (W30x116) 504994 66.6 76.4 22.5
58.3 76.8 22.9
Column Flange (W24x207) Q92 (58.00° | (765° | (265)°
W3 399018
Column Web (W24x207) 60.2 75.9 21.8
Continuity Plate (1/2 in.) A5|\T§1§5'750 (64.0° | (80.2)° | (3LO)°
. A572 Gr. 50 b b b
Doubler Plate (2 x 1/2 in.) N21707 (64.0) (80.2) (31.0)
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Table 3.4 Base Metal Mechanical Properties (continued)

Yield Tensile

SpeC Component Steel Type/ a E|Ong.b
Stress?® | Strength 0
No. Heat No. (ksi) (ksi) (%)
535 79.0 21.6
Beam Flange (W24x94) AQ92 G770 | (7660 | (27.2)°
Beam Web (W24x94) N 042176 60.5 81.3 23.6
57.4 80.1 22.3
wa Column Flange (W24x182) AQ92 (56.6)° | (76.9° | (25.0)°
H77491
Column Web (W24x182) 66.3 83.5 24.0
- : A572 Gr. 50 b b b
Continuity Plate (3/4 in.) 527292 (58.0) (81.0) (40.0)
. A572 Gr. 50 b b b
Doubler Plate (2 x 5/8 in.) N20741 (62.0) (80.5) (21.0)

2Yield stress determined by 0.2% strain offset method
b \alues in parentheses from Certified Mill Test Reports, others from testing at UCSD
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Table 3.5 Chemical Compositions for Components from Mill Certificates

Spec. . . CE
c | mn| P s | si|c Ni | cr | Mo | Vv
No. Member i u i (%)
Beam
0.08 | 1.10 | 0.019 | 0.028 | 025 | 024 | 0.08 | 012 | 003 | 0.01 | 0.32
(W36x150)
3 Column
013 | 1.39 | 0.008 | 0.002 | 019 | 0.15 | 0.05 | 0.07 | 0.01 | 0.04 | 0.40
(W14x257)
Beam
017 | 1.03 | 0.021 | 0,010 | 013 | 023 | 010 | 015 | 0.02 | 0.028 | 0.40
(W30x116)
4 Column
008 | 131 | 0013 | 0.022 | 020 | 027 | 013 | 019 | 0.05 | 0.04 | 0.38
(W27x235)
Beam
007 | 112 | 0110 | 0.022 | 022 | 029 | 009 | 011 | 002 | 00 | 031
(W36x150)
Column
008 | 1.31 | 0.016 | 0.021 | 026 | 027 | 016 | 0.4 | 0.04 | 0.04 | 037
5 (W14x211)
Continuity Plate | 1, | 108 | 0.011 | 0.004 | 022 | 001 | 0.05 | 0.02 | 0.00 | 0.016 | 0.33
(3/8 in.)
Beam
0.08 | 1.10 | 0.013 | 0.023 | 025 | 023 | 009 | 012 | 004 | 00 | 032
(W30x116)
Cé6 Column
! 008 | 1.36 | 0.018 | 0,022 | 021 | 025 | 012 | 014 | 005 | 0.05 | 0.37
C6-G |  (W24x176)
Continuity Plate | o1, | 167 | 0.011 | 0.004 | 025 | 001 | 0.05 | 0.02 | 0.00 | 0.018 | 0.33
(1/2 in.)
Beam 007 | 1.23 | 0014 | 0,025 | 023 | 030 | 010 | 0.10 | 0,031 | 0.035 | 0.33
(W30%116) ' ' ' ' ' ' ' ' ' ' '
Column
7 026 | 1.03 | 0.013 | 0,011 | 022 | 020 | 0.09 | 0.09 | 0.017 | 0.03 | 0.40
c (W24x192)
Doé%erinp;ate 014 | 1.03 | 0.010 | 0.006 | 022 | 0.01 | 0.05 | 0.02 | 0.00 | 0.016 | 0.32
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Table 3.5 Chemical Compositions for Components from Mill Certificates (continued)

Spec. . . CE
cC | Mn| P S s c N cr | Mo | Vv
No. Member i u i (%)
Beam
017 | 1.02 | 0072 | 0011 | 0.14 | 024 | 008 | 0.13 | 0.02 | 0.032 | 0.39
(W36x150)
Column
0.07 | 1.38 | 0.022 | 0.020 | 0.24 | 0.30 | 009 | 0.11 | 003 | 0.05 | 0.37
Wi (W27x258)
Continuity Plate | 12| 1 06 | 0.015 | 0.007 | 022 | 001 | 0.04 | 0.03 | 000 | 0.018 | 0.36
L/2in)
Doubler Plate | ) | 110 | 0.027 | 0.006 | 023 | 0.01 | 0.05 | 002 | 0.00 | 0.048 | 038
(2 x 5/8 in.)
Beam
007 | 1.01 | 0011|0024 | 021 | 030 | 010 | 0.12 | 002 | 0.01 | 0.29
(W33x141)
Column
007 | 1.35 | 0.016 | 0.020 | 0.26 | 0.29 | 0.11 | 0.13 | 003 | 0.05 | 0.36
(W27x217)
w2 Continuity Plate
ty 014 | 1.34 | 0.012 | 0.003 | 0.31 | 0.010 | 0.010 | 0.020 | 0.00 | 0.07 | 0.39
(3/41in.)
Doubler Plate | ., | 134 | 0012 | 0.003 | 031 | 0.010 | 0.010 | 0.020 | 0.00 | 0.07 | 0.39
(2% 3/41in.)
Beam
0.08 | 1.00 | 0.010 | 0.024 | 0.20 | 0.32 | 013 | 0.10 | 004 | 0.01 | 031
(W30x116)
Column
007 | 1.35 | 0.012 | 0.025 | 0.29 | 0.25 | 011 | 0.15 | 0.04 | 0.05 | 0.37
W3 (W24x207)
Continuity Plate | o 12 | 1 06 | 0.015 | 0.007 | 022 | 001 | 0.04 | 0.03 | 0.00 | 0.018 | 0.36
(1/2 in.)
Doubler Plate | 12| 1 06 | 0.015 | 0.007 | 022 | 0.01 | 0.04 | 003 | 0.00 | 0.028 | 036
(2% 1/21in.)
Beam
018 | 094 |0.020| 0.008 | 0.15 | 0.21 | 008 | 0.12 | 002 | 0.13 | 0.39
(W24x94)
Column
0.15 | 1.10 | 0.012 | 0.006 | 0.19 | 0.22 | 007 | 0.09 | 002 | 0.12 | 0.38
W4 (W24x182)
Continuity Plate | o1, | 134 | 0012 | 0.003 | 031 | 0.010 | 0010 | 0.020 | 0.00 | 0.07 | 0.39
(3/41in.)
Doubler Plate | ) | 110 | 0.027 | 0.006 | 023 | 0.01 | 0.05 | 002 | 0.00 | 0.048 | 038
(2 x 5/8in.)

Mn

CE=C+—+

6

5

Cr+Mo+V Ni+ Cu
T
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Table 3.6 Weld Metal Charpy V-Notch Test Results

Weld Electrode

Energy (ft-1bs)

at 0°F at 70°F
E71T-8 62 60 57 84 73 76
(Lincoln Electric NR 232) Average: 60 Average: 78
E70T-6C 44 44 44 45 62 62 59 58
(Lincoln Electric NR 305) Average: 44 Average: 60
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Figure 3.1 Exterior Moment Connection Test Setup (Phase 1)
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v

(@) Lower End (b) Upper End
Figure 3.2 Column Support (Phase 1)

Instrumentation
Column

Figure 3.3 Lateral Bracing at Loading End (Phase 1)
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(b) Detail

(@) Overview

Figure 3.4 Top Flange Intermediate Lateral Restraint (Specimens C3 and C5)

Figure 3.5 Top Flange Intermediate Lateral Restraint (Specimens C4, C6, C6-G, and C7)
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(@) Column Base Support Clevis (b) Top Column Support

Figure 3.8 Column Supports (Phase 2)
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Figure 3.9 Beam Lateral Restraint and Loading End (Phase 2)
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(a) Overview (c) Run off Tab
Figure 3.10 Beam Bottom Flange and Web CJP Weld Preparation (Specimen C5)

(a) Backing Bar (b) Groove
Figure 3.11 Beam Top Flange CJP Weld Preparation (Specimen C5)
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(b) Beam Top Flange

Figure 3.12 Beam Flange CJP Weld during Groove Welding (Specimen C5)
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(a) Backgouging (b) Reinforcing Fillet
Figure 3.13 Beam Bottom Flange Underside CJP Weld Treatment (Specimen C5)

() Reinforcing Fillet (b) after Cleanup
Figure 3.14 Beam Top Flange Underside CJP Weld Treatment (Specimen C5)
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(a) Completed Weld (b) after Cleanup
Figure 3.15 Beam Web Weld (Specimen C5)

Figure 3.16 Continuity Plate Fillet Welds (Specimen C5)
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4 TEST RESULTS

4.1 General
This section contains the observed and recorded response for the Phase 1 and 2
specimens. during the imposed AISC Loading protocol.

4.2 Specimen C3
4.2.1 General

Specimen C3 was designed to challenge the Lehigh Criterion. This was the only
requirement of AISC 341 (2016) that would necessitate a continuity plate in this specimen;
the flange force computed from AISC 358 (2016) for this connection does not exceed any
column limit state of AISC 360 8J10 (2016). The specimen also closely matches Specimen
C2 tested during the verification of the flexibility method, except that Specimen C2 used a
5/8-in. continuity plate. The panel zone of Specimen C3 has a high DCR of 0.94. Figure
4.1 shows the specimen before testing. The specimen failed by a complete fracture of the

beam top flange CJP weld during the second cycle of 0.05 rad drift.

4.2.2 Observed Performance
The observed response for Specimen C3 is described below.

o Figure 4.2 shows the east side of the specimen at the peak excursions during the later
cycles of the loading protocol. The specimen met the AISC acceptance criteria by
completing one complete cycle at 0.04 rad drift while the flexural strength at the
column face did not degrade below 80% of the beam nominal flexural strength. It
was observed that beam web buckling initiated during the first cycle of 0.04 rad drift.
Flange local bucking initiated at the beam bottom flange within the RBS cut during
the second cycle of 0.04 rad drift. By 0.05 rad drift flange local bucking was observed
in both flanges.

o Figure 4.3 shows ductile tearing of the beam top flange CJP weld that was first
observed during the 2" negative excursion of 0.03 rad drift. Minor growth of this
fracture occurred during the 0.04 rad cycles occurred during testing.

o Figure 4.4 shows the progression of web buckling. It was observed that the buckling

orientation was mirrored in the web between positive and negative excursions.
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Figure 4.5(a) shows an incomplete beam top flange CJP weld fracture, that occurred
during the first negative excursion to 0.05 rad extending from the west side of the
flange to 2.5 in. beyond the center of the flange. Complete fracture of the CJP weld
occurred at -0.013 rad drift of the second cycle of 0.05 rad drift. This shear type
fracture originates at a toe of the prominent weld pass against the column and
propagates through the flange at a 35-degree angle through the base metal. At the
flange tips the fracture takes on a cup and cone with interlocking shear lips through
the weld and base metal of the beam. The asymmetry in the fracture pattern was likely
due to beam lateral-torsional buckling.

Figure 4.6 shows the connection after testing. The top flange CJP weld fractured
at -0.013 rad of the second cycle of 0.05 rad drift. Tearing of the web through the
erection bolts occurred during continued negative excursion. Figure 4.7 shows the
beam lateral-torsional buckling at the end of testing. The buckling was most
pronounced in the unbraced bottom flange of the beam.

Figure 4.8 shows the beam top flange CJP weld fracture after testing. The lateral-
torsional buckling has produced a latent twist to the beam. A ductile shear fracture
through the weld metal was observed at the center of the flange. A small fracture
exists perpendicular to the beam at the termination of this fracture at the center of the
flange. The ends of the beam flange fractured as a typical tension fracture with

interlocking shear lips.

4.2.3 Recorded Response

4.2.3.1 Global Response

Figure 4.9 shows the recorded displacement response of the beam tip measured with
transducer L1. A hairline crack at the centerline of the beam top flange CJP weld was
observed at the first negative excursion of 0.03 rad drift. The beam top flange CJP
weld experienced an incomplete fracture at -0.029 rad of the first negative excursion
of 0.05 rad drift. The beam top flange continued to tear in a ductile manner until the
peak excursion was reached. At -0.015 rad drift during the second negative excursion
of 0.05 rad drift the remaining portion of the beam top flange CJP weld fractured.
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Continued excursion saw tearing of the web which originated at the radius of the weld
access hole and propagated through the first two bolt holes in the shear tab.

Figure 4.10 shows the load-displacement response of the beam.

Figure 4.11 shows the computed moment at the column face (My) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at +0.04 rad story drift
show the drift required for SMF connections per AISC 341. It was observed that the
beam developed its nominal plastic bending moment. If the moment is computed at
the plastic hinge location and compared to the expected plastic moment, then the peak

connection strength factor (C,,) is 1.13.

Figure 4.12 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 57.9 kips/in.

Figure 4.13 shows the panel zone deformation determined from transducers L3 and
L4. It was observed that modest panel zone yielding occurred.

Figure 4.14 shows the column rotation determined from transducers L5 and L6 after
removing the rigid-body motion due to panel zone deformation. It was observed that
negligible hysteretic behavior occurred.

Figure 4.15 shows the dissipated energy of Specimen C3. The dissipated energy is
obtained by integrating the load-displacement response of each constituent
deformation. Dotted vertical lines on the graph demonstrate the completion of each
group of cycles, and the dashed red vertical line shows the completion of the first
cycle of 0.04 rad in the AISC loading. An additional vertical axis normalizes the
hysteretic energy by the nominal plastic moment of the beam to determine the
cumulative plastic rotation. It is observed that the completion of the first drift cycle
of 0.04 rad (the requirement for SMF connections per AISC 341) occurs after
530 kip-ft of energy has been dissipated. The connection does not degrade below
0.8M,,,, until 975 Kip-ft of energy has been dissipated. Therefore, only 54% of the
energy dissipation capacity was utilized after the completion of the 0.04 rad drift
requirement. It is observed that most (71%) of the energy dissipation capacity

occurred in the beam.
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4.2.3.2 Local Response

Figure 3.19 and Figure 4.17 show the strain gauge response from the extreme fiber
of the beam top and beam bottom flange during the testing. At 0.03 rad drift the strain
pattern is nearly uniform, while higher drifts show moderate weak axis flexure due
to the lateral-torsional buckling of the beam. The top flange results are influenced by
the weld tearing which initiates from the center of the top flange. As the weld tears,
the tension force concentrates near the peripheral edges of the flange where the weld
is still intact. As a result, the gauge at the center of the top flange remains in
compression during the peak tension excursion to 0.05 rad drift.

Figure 4.18 shows the strain gauge response of the column flange which affixes the
beam. It is observed that the column flange did not yield, but significant deviation
from a 1:1 response demonstrates the torsional demand imposed on the column due
to the lateral-torsional buckling of the beam.

Figure 4.19 shows the shear strain response of the panel zone. The center of the panel
demonstrates the most strain with a minor decrease in shear strain magnitude at an
intermediate gauge. The outermost gauge, placed in line with the beam flange, shows
a significant reduction in shear strain. Significant panel zone yielding was expected
with a DCR of 0.94 using the post-yielding panel zone strength permitted in AISC
341.

Figure 4.20 shows the transverse flexural strain of the column flange. Peak strains on
the order of 4¢,, demonstrate significant flange yielding behind the beam flange. The
strain is significantly higher during positive excursions when the top flange is in

compression due to the weak axis bending of the beam.
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(b) East Side

Figure 4.1 Specimen C3: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.2 Specimen C3: East Side of Connection
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(c) -0.04 rad (1% Cycle) (d) -0.04 rad (2" Cycle)

Figure 4.3 Specimen C3: Beam Top Flange Weld Tearing
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(c) +0.05 rad (1% Cycle) (d) -0.05 rad (1% Cycle)
Figure 4.4 Specimen C3: Beam Web Buckling

(b) -0.013 rad (during 2" Cycle at
(a) -0.05 rad (1% Cycle) 0.05 rad Drift)
Figure 4.5 Specimen C3: Beam Top Flange Fracture
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(b) West Side
Figure 4.6 Specimen C3: Connection at End of Test
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Figure 4.7 Specimen C3: Beam Lateral-Torsional Buckling (End of Test)

(b) Fracture Surface

Figure 4.8 Specimen C3: Beam Top Flange CJP Weld Fracture (End of Test)
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4.3 Specimen C4
4.3.1 General

Specimen C4 was similar to Specimen C3 as it was designed to challenge the Lehigh
Criterion. This was the only requirement of AISC 341 (2016) that would necessitate a
continuity plate in this specimen; the flange force computed from AISC 358 (2016) for this
connection does not exceed any column limit state of AISC 360 8J10 (2016). In contrast
to Specimen C3, Specimen C4 uses a deep column to reflect a modern practice in SMFs to
control drift. Figure 4.21 shows the specimen before testing. The specimen ultimately
failed by low-cycle fatigue of the beam bottom flange in the plastic hinge location during

the second cycle of 0.06 rad drift.

4.3.2 Observed Performance
The observed response for Specimen C4 is described below.

e Figure 4.22 shows the east side of the specimen at the peak excursions during the
later cycles of the loading protocol. The specimen met the AISC acceptance criteria
by completing one complete cycle at 0.04 rad drift while the flexural strength at the
column face did not degrade below 80% of the beam nominal flexural strength. Local
buckling of the web and flange initiated during the second cycle of 0.03 rad drift.
This progressed to result in modest flange local buckling during the 0.04 rad and 0.05
rad drift cycles.

e Beam bottom flange yielding started during the 0.01 rad cycles within the reduced
beam section and near the column flange. Figure 4.23 shows the progression of the
yielding which concentrates in the reduced beam section. Figure 4.23(c) shows
lateral-torsional buckling initiating at the thinnest portion of the reduced beam
section. This lateral-torsional buckling was first observed during the 2" cycle of 0.03
rad drift. Lateral-torsional buckling did not progress significantly beyond this level
due to the top and bottom flange lateral restraint just beyond the reduced beam
section.

e Beam web yielding was observed inboard of the k-area during the 0.02 rad drift
cycles (see Figure 4.24). This was accompanied with observed yielding on the

underside of the beam top flange.
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Significant beam top flange yielding was observed during the 0.04 rad drift cycles.
Some minor distress was observed at the toe of an unintentional cover weld (see
Figure 4.25). This distress did not progress further.

During the first negative excursion of 0.04 rad drift significant beam flange local
bucking was observed (see Figure 4.26). This was accompanied with modest web
yielding propagating into the web from the k-area. This yielding occurred at the high
double curvature portion of a uniform out-of-plane web buckling (see Figure 4.27).
During the unloading portion at -0.047 rad after the 1% negative excursion to 0.06 rad
the beam bottom flange partially fractured due to load cycle fatigue (see Figure 4.28).
This fracture occurred at the apogee of the local buckling as the tension in the flange
started to pull the curvature out. It is predicted that the fracture started at the underside
of the flange at the most extreme curvature and propagated through. Upon resuming
load, the remainder of the beam bottom flange immediately fractured (Figure 4.30).
This fracture occurred near the smallest section of the reduced beam. Minor panel
zone yielding was observed at the end of test [see Figure 4.30(a)].

Figure 4.29 shows ductile tearing of the beam top flange similar to the condition of
the beam bottom flange prior to fracture. It was observed that significant tearing
occurs in the ‘compression’ side of the local buckling during load reversals.

The complete bottom flange tear was accompanied with a 4-in. propagation into the
web (see Figure 4.31). Most of the fracture surface consists of cleavage fracture with
shear fracture surfaces at the peripheral edges of the flange.

Column flange yielding behind the beam flanges, similar to a flange local bending
phenomenon, was observed during the 0.05 rad cycles. Figure 4.32 shows the

yielding of the column flanges at the end of the test.

4.3.3 Recorded Response

4.3.3.1 Global Response

Figure 4.33 shows the recorded displacement response of the beam tip measured with
transducer L1. A partial beam bottom flange fracture occurred during the unloading
portion of the first cycle of 0.06 rad drift. Immediately after resuming loading the

remainder of the beam bottom flange fractured.
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Figure 4.34 shows the load-displacement response of the beam.

Figure 4.35 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beam developed 1.2 times its nominal plastic bending moment. If the moment is
computed at the plastic hinge location and compared to the expected plastic moment,

then the peak connection strength factor (C,,) is 1.23.

Figure 4.36 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 50.6 Kkips/in.

Figure 4.37 shows the panel zone deformation determined from transducers L3 and
L4. It is observed that negligible panel zone yielding occurred.

Figure 4.38 shows the column rotation determined from transducers L5 and L6 after
removing the rigid-body motion due to panel zone deformation. It is observed that
negligible hysteretic behavior occurred.

Figure 4.39 shows the dissipated energy of Specimen C3. Dotted vertical lines on the
graph demonstrate the completion of each group of cycles, and the dashed red vertical
line shows the completion of the first cycle of 0.04 rad in the AISC loading. An
additional vertical axis normalizes the hysteretic energy by the nominal plastic
moment of the beam to determine the cumulative plastic rotation. It is observed that
the completion of the first drift cycle of 0.04 rad (the requirement for SMF
connections per AISC 341) occurs after 517 kip-ft of energy has been dissipated. The
connection does not degrade below 0.8M,,,, until after completing the first positive
excursion to 0.06 rad drift dissipating 1,239 kip-ft of energy. Therefore, only 42% of
the energy dissipation capacity was utilized after the completion of the 0.04 rad drift
requirement. It is observed that all of the energy dissipation capacity occurred in the

beam.
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4.3.3.2 Local Response

Figure 4.40 and Figure 4.41 show the strain gauge response from the extreme fiber
of the beam top and beam bottom flange during the testing. The compression
excursions of each flange demonstrate weak axis flexure consistent with the observed
deformation.

Figure 4.42 shows the strain gauge response of the column flange which affixes the
beam. It is observed that the column flange did not yield, but significant deviation
from a 1:1 response demonstrates the torsional demand imposed on the column due
to the lateral-torsional buckling of the beam.

Figure 4.43 shows the shear strain response of the panel zone. The center of the panel
zone achieved yielding levels of shear strain, y,, however, hysteretic behavior was
not observed. Yielding of the panel zone was not anticipated given the low DCR
(0.63) of the panel zone.

The column web response directly behind the beam flange is shown in Figure 4.44.
The observed behavior was close to the expected with yielding level strains extending
over a distance of 5k as per the WLY limit state. During positive drifts, when the top
flange is in compression, the strain distribution is more uniform with strains
exceeding €, by 0.04 rad drift. During negative drifts, when the top flange is in
tension, a significantly steeper gradient in the strain response is observed. The peak
strain response in either direction is similar. The discrepancy is partially attributed to
a complex residual stress pattern in the in the web resulting in a predilection to
yielding in compression.

Figure 4.45 shows the transverse flexural strain of the column flange. Peak strains on
the order of 3e, demonstrate significant yielding of the column flange behind the

beam; the DCR of the flange local bending limit state was designed as 0.77.
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(a) West Side

(b) East Side

Figure 4.21 Specimen C4: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.22 Specimen C4: East Side of Connection
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(a) -0.015 rad (2" Cycle)

(c) -0.04 rad (2" Cycle)
Figure 4.23 Specimen C4: Beam Bottom Flange Yielding and Buckling

118



\

(b) CIP Weld

(a) Overview

Figure 4.25 Specimen C4: Beam Top Flange at -0.04 rad (1 Cycle)

119



Figure 4.27 Specimen C4: Beam Web Buckling at -0.04 rad (1% Cycle)
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Figure 4.28 Specimen C4: Beam Bottom Flange Fracture after one cycle at 0.06 rad

(a) Overview

(b) Ductile Tearing
Figure 4.29 Specimen C4: Beam Top Flange at -0.06 rad (2" Cycle)
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(b) East Side
Figure 4.30 Specimen C4: Connection at End of Test
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# Cleavage Fracture

(b) Fracture Surface

Figure 4.31 Specimen C4: Beam Bottom Flange Fracture (End of Test)

(|
a2

(a) Overview (b) Flange Local Bending

Figure 4.32 Specimen C4: Column Flange (End of Test)
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Figure 4.33 Specimen C4: Recorded Loading Sequence
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Figure 4.34 Specimen C4: Applied Load versus Beam End Displacement Response
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4.4 Specimen C5
4.4.1 General

Specimen C5 was designed to investigate the validity of using the plastic distribution
to estimate the required strength of the continuity plate. The continuity plates were
designed to satisfy the governing AISC 360 8§J10 concentrated force column limit state;
WLY, was the governing limit state exceed by the flange force. The panel zone strength of
Specimen C5 was intentionally designed weak with a DCR of 1.18. The continuity plate

was welded to the column flange and web using a fillet weld of size w = 0.8t,,,, which

cp
was the closest standard fillet weld size to w = 0.75t,,,. The specimen failed by fracture
of the beam top flange CJP weld after completing two cycles of 0.05 rad drift. Figure 4.46

shows the connection before testing.

4.4.2 Observed Performance
The observed response for Specimen C5 is described below.

o Figure 4.47 shows the east side of the specimens at the peak excursions during the
later cycles of the loading protocol. The specimen met the AISC acceptance criteria.
It was observed that beam web buckling initiated during the first cycle of 0.04 rad
drift. Flange local bucking initiated at the beam bottom flange within the RBS cut
during the second cycle of 0.04 rad drift. By 0.05 rad drift flange local bucking was
observed in both flanges.

o Figure 4.48 shows ductile tearing of the beam top flange CJP weld that was first
observed during the 2" negative excursion of 0.03 rad drift. Minor growth of this
fracture occurred during the 0.04 rad cycles during testing.

o Figure 4.49 shows gradual progression of tearing of the beam top flange CJP weld.
Figure 4.49(e) shows the complete beam top flange fracture. This shear type fracture
originated at a toe of the prominent weld pass against the column and propagated
through the flange at a 35-degree angle through the base metal. At the flange tips the
fracture took on a cup and cone with interlocking shear lips through the base metal
of the beam.

o Significant column kinking was observed during the testing of the specimen (see
Figure 4.50).
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Minor web buckling was evident at the end of testing [see Figure 4.51(a)]. Continued
negative excursion after fracturing the beam top flange produced a fracture of the
beam web [see Figure 4.51(b)]. This fracture originated in the weld access hole and
propagated down though the erection bolt holes. Local necking was observed near
this fracture.

Figure 4.52 shows the slight beam lateral-torsional buckling at the end of testing.

At the end of testing no damage was observed in any of the fillet welds fastening the
continuity plates to the column. Figure 4.53 shows the continuity plates after testing.
The east bottom flange and west top flange continuity plate experienced local plate
buckling. The east bottom flange continuity plate started developed local buckling
during the first negative excursion of 0.04 rad drift. At the time of failure, the
specimen was experiencing a negative excursion which pulled the west top flange
continuity plate straight with minor residual deformation. The east bottom flange
shows the full extent of the buckling as this plate was in compression at the point of
failure. Despite the significant plate buckling and column flange kinking, the

continuity plate to column flange welds have remained intact [see Figure 4.53(b)].

4.4.3 Recorded Response

4.4.3.1 Global Response

Figure 4.54 shows the recorded displacement response of the beam tip measured with
transducer L1. A hairline crack at the centerline of the beam top flange CJP weld was
observed at the second negative excursion of 0.03 rad drift. A tear through the center
of the beam top flange CJP weld was observed at the peak excursion of 0.05 rad drift.
At -0.035 rad drift during the second negative excursion of 0.05 rad drift, the
remaining portion of the beam top flange CJP weld fractured. Continued excursion
saw tearing of the web which originated at the radius of the weld access hole and
propagated through the first bolt hole in the shear tab. Unanticipated bolt slip had
occurred at the loading corbel during testing of the latter cycles. This slip resulted in
a slight undershoot of the target displacements. For example, the computed drift
during the targeted 0.04 rad story drift cycles was determined to be 0.0391 rad. It is

not believed that this minor discrepancy affects the conclusions of this specimen.
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o Figure 4.55 shows the load-displacement response of the beam.

o Figure 4.56 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beam developed its nominal plastic bending moment. If the moment is computed at
the plastic hinge location and compared to the expected plastic moment, then the peak

connection strength factor (C,,) is 1.16.

o Figure 4.57 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 56.3 Kkips/in.

o Figure 4.58 shows extensive inelastic behavior of the panel zone. It is possible that
the deformation of the column flanges has erroneously influenced the computation of
the panel zone shear given the significant deformation observed of the continuity
plates.

o Figure 4.59 shows that minor hysteretic behavior was observed in the column
rotation.

o Figure 4.60 shows the dissipated energy of Specimen C5. Dotted vertical lines on the
graph demonstrate the completion of each group of cycles, and the dashed red vertical
line shows the completion of the first cycle of 0.04 rad in the AISC loading. It is
observed that the completion of the first drift cycle of 0.04 rad (the requirement for
SMF connections per AISC 341) occurs after 538 Kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until 1,165 kip-ft of energy
had been dissipated. Therefore only 46% of the energy dissipation capacity was
utilized after the completion of SMF requirement. It is observed that most (65%) of

the energy dissipation capacity occurred in the panel zone.

4.4.3.2 Local Response

o Figure 4.61 and Figure 4.62 show the strain gauge response from the extreme fiber
of the beam top and beam bottom flange during the testing. The top flange results are

influenced by the beam flange CJP weld tear. It is observed that during the 0.04 rad
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drift cycles the gauge in the center of the flange experienced very little tension—
correlating with the spread of the beam top flange CJP weld tear. During compression
excursions the weld tear closes, and the flange can develop compressive yield forces.
Subsequent tension excursions result in residual compressive stresses in this location;
the weld tear results in a ratcheting of the strain response. During the first cycle of
0.05 rad drift significant weld tearing resulted in a transfer of load to the peripherical
edges of the flange. A lateral-torsional response of the beam influences these
peripheral gauges. These large cyclic strains on the west edge of the beam top flange
result in a ductile shear fracture before the east edge of the flange.

Figure 4.63 shows the strain gauge response of the column flange which affixes the
beam. It is observed that the column flange did not yield, but deviation from a 1:1
response demonstrates the torsional demand imposed on the column due to the
lateral-torsional buckling of the beam.

Figure 4.64 shows the shear strain response of the panel zone. The panel zone saw
significant hysteretic behavior with strains on the order of 12y,,. Significant yielding
of the panel zone was anticipated due to the high as-designed DCR of 1.18.
Significant continuity plate axial yielding was observed at the edge attaching the plate
to the column flange (see Figure 4.65). The strains are most significant at the outboard
edge of the plate with an amplitude of 12¢,,. Significant shear response, as predicted
from equilibrium, is observed in the plate (see Figure 4.66). Before instability of the
continuity plate cyclic principal strains of €, were observed in the plate [see Figure
4.67(b)]. After instability cyclic strains on the order of 20¢,, was observed [see Figure
4.67(c)].

The shear response of the continuity plate attachment to the web of the plate
demonstrates localized shear strains of y,, at the corner adjacent to the loaded edge of
the plate. This peak only occurs when the continuity plate is in compression, which
is attributed to a loss of stiffness of the outboard edge of the plate concentrating the
shear to the nearest edge of the plate (see Figure 4.68).

Figure 4.69 shows the response of the outboard edge of the continuity plate. Gauges

placed on the topside and underside of the plate provide an indication of the nature
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of loading. If the response follows the 1:1 line, shown as a red dashed line, then the
plate is responding axially. Deviation from this line indicates flexure of the continuity
plate. Significant deviation from this line correlates with the observed buckling of the

continuity plate.
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(a) West Side

(b) East Side

Figure 4.46 Specimen C5: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.47 Specimen C5: East Side of Connection
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(e) -0.05 rad (1 Cycle) (f) -0.05 rad (2" Cycle)
Figure 4.48 Specimen C5: Beam Top Flange
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(a) Overview
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(e) Fracture (End of Test)
Figure 4.49 Specimen C5: Beam Top Flange CJP Weld Fracture Progression
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(b) -0.05 rad (2" Cycle)

(a) +0.05 rad (2" Cycle)
Figure 4.50 Specimen C5: Column Kinking due to Panel Zone Deformation
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(a) Beam Web Buckling

(b) Web Fracture

Figure 4.51 Specimen C5: Beam Web Buckling (End of Test)

Figure 4.52 Specimen C5: Beam Lateral-Torsional Buckling (End of Test)
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Column Web

(a) East Bottom Flange Continuity Plate

(b) Enlarged View of Weld

Column Web

(c) West Bottom Flange Continuity Plate
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- Column Web

(d) West Top Flange Continuity Plate
Figure 4.53 Specimen C5: Continuity Plate (End of Test)
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Figure 4.55 Specimen C5: Applied Load versus Beam End Displacement Response
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4.5 Specimen C6
45.1 General

Specimen C6 was designed to investigate the validity of using the plastic distribution
to estimate the required strength of the continuity plate. The continuity plates were
designed to satisfy the governing AISC 360 8§J10 concentrated force column limit state;
both the FLB and WLY limit dictate the need of a continuity plate in this specimen. The
continuity plate was welded to the column flange and web using a fillet weld of size w =

1.0t.,, which was oversized on purpose to ensure survivability of the fillet weld for this

cp
specimen and Specimen C6-G, which was essentially an identical twin of this specimen.
The specimen eventually failed by fracture of the beam top flange CJP weld during the first
negative excursion to 0.05 rad drift during the first excursion to 0.05 rad. Figure 4.70 shows

the connection before testing.

4.5.2 Observed Performance
The observed response for Specimen C6 is described below.

o Figure 4.71 shows the east side of the specimen at the peak excursions during the
later cycles of the loading protocol. The specimen met the AISC acceptance criteria.
It was observed that beam web buckling and beam flange local buckling both initiated
during the first cycle of 0.04 rad drift. Flange local bucking initiated at the beam
bottom flange within the RBS cut during the second cycle of 0.04 rad drift. At 0.05
rad drift modest beam flange and beam web local buckling was observed.

e  Figure 4.72 shows the progressive tearing of the beam top flange CJP weld. At the
first negative excursion to 0.03 rad drift a minor crack was observed at the toe of
prominent weld pass on the outward surface of the CJP weld. This crack progressed
until -0.037 rad of the first negative excursion of 0.05 rad drift when a sudden fracture
of the flange propagated severing the east side of the beam flange connection.
Continued excursion to -0.05 rad tore the remainder of the beam flange CJP weld.

e  The gradual progression of the weld tearing is shown in Figure 4.73. The final
fracture surface was observed to primarily be a shear fracture [see Figure 4.73(e)].
This picture also shows minor column flange yielding which only occurred at the

center of the beam top flange location.

159



Beam bottom flange yielding started during the 0.01 rad cycles within the reduced
beam section and near the column flange (see Figure 4.74). This yielding progresses
through testing. Minor lateral-torsional buckling was observed during testing.
Figure 4.75 shows panel zone yielding on the west side of the specimen. This yielding
commenced during the 0.015 rad drift cycles and progressed through testing. Figure
4.76 shows the beam flange and beam web local buckling.

Figure 4.77 shows the connection after testing. Significant flange local buckling
occurred during the first cycle of 0.05 rad drift.

Figure 4.78 shows the continuity plates and their fillet welds after testing. No damage
to the fillet welds was observed. Additionally, yielding of the continuity plates was

not observed.

4.5.3 Recorded Response

45.3.1 Global Response

Figure 4.79 shows the recorded displacement response of the beam tip measured with
transducer L1. A hairline crack at the centerline of the beam top flange CJP weld was
observed at the first negative excursion of 0.03 rad drift. This gradually tore
throughout testing until, during the first negative excursion of 0.05 rad drift, the beam
top flange partially ruptured at -0.037 rad drift. Continued excursion to -0.05 rad tore
the remainder of the flange.

Figure 4.80 shows the load-displacement response of the beam.

Figure 4.81 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beam developed 1.1 times its nominal plastic bending moment. If the moment is
computed at the plastic hinge location and compared to the expected plastic moment,

then the peak connection strength factor (C,,) is 1.21.

Figure 4.82 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness

of the specimen was determined to be 46.9 kips/in.
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Figure 4.83 shows modest inelastic behavior of the panel zone.

Figure 4.84 shows that minimal hysteretic behavior was observed in the column
rotation.

Figure 4.85 shows the dissipated energy of Specimen C6. Dotted vertical lines on the
graph demonstrate the completion of each group of cycles, and the dashed red vertical
line shows the completion of the first cycle of 0.04 rad in the AISC loading. It is
observed that the completion of the first drift cycle of 0.04 rad (the requirement for
SMF connections per AISC 341) occurs after 489 Kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until 834 Kip-ft of energy
had been dissipated. Therefore only 58% of the energy dissipation capacity was
utilized after the completion of SMF requirement. It is observed that most (78%) of

the energy dissipation capacity occurred in the beam.

4.5.3.2 Local Response

Figure 4.86 and Figure 4.87 show the strain gauge response from the extreme fiber
of the beam top and beam bottom flange during the testing. Weak axis flexural
response of the beam is observed across the flange consistent with the observed
lateral-torsional buckling of the beam. The top flange results are influenced by the
weld tearing which initiates from the center of the top flange. As the weld tears, the
tension force transmits to the peripheral edges of the flange, and the gauge at the
center of the top flange remains in compression.

Figure 4.88 shows the strain gauge response of the column flange which affixes the
beam. It is observed that the column flange did not yield, but deviation from a 1:1
response demonstrates the torsional demand imposed on the column due to the
lateral-torsional buckling of the beam.

Figure 4.89 shows the shear strain response of the panel zone. The panel zone saw
significant hysteretic behavior with strains on the order of 6y,,. Yielding of the panel
zone was expected; using the post-elastic panel zone strength results in a DCR of
0.88.

Modest continuity plate axial yielding (2¢,) was observed at the edge attaching the

plate to the column flange (see Figure 4.90). Shear response, as predicted from

161



equilibrium, is observed in the plate (see Figure 4.91). The principal strain response
at the outboard edge of the continuity plate shows cyclic strains limited to 2e,,.

The shear response of the continuity plate attachment to the web of the column shows
nearly a uniform response (see Figure 4.93).

Figure 4.94 shows the response of the outboard edge of the continuity plate. The
response conforming to the 1:1 line (shown in red) demonstrates that the continuity

plate was loaded axially and did not experience any out of plane flexure.
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(a) West Side

(b) East Side

Figure 4.70 Specimen C6: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.71 Specimen C6: East Side of Connection
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(e) -0.037 rad (1 Cycle of 0.05 rad) (f) -0.05 rad (1% Cycle)
Figure 4.72 Specimen C6: Beam Top Flange
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(a) Overview (b) -0.03 rad (2" Cycle)

(c) -0.04 rad (1% Cycle) (d) -0.04 rad (2" Cycle)

(e) Fracture (End of Test)
Figure 4.73 Specimen C6: Beam Top Flange CJP Weld Fracture Progression

166



(a) -0.01 rad (4" Cycle)

(b) -0.02 rad (2" Cycle)

W e e

(c) +0.04 rad (2" Cycle)
Figure 4.74 Specimen C6: Beam Bottom Flange Yielding
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(a) +0.02 rad (2" Cycle) (a) +0.03 rad (2" Cycle)
Figure 4.75 Specimen C6: Panel Zone Yielding

Figure 4.76 Specimen C6: Beam Web and Flange Local Buckling at +0.04 rad (2"
Cycle)
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(a) West Side

(b) East Side

Figure 4.77 Specimen C6: Connection at End of Test
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(a) West Bottom Flange Continuity Plate

(b) East Top Flange Continuity Plate

(c) West Top Flange Continuity Plate

Figure 4.78 Specimen C6: Continuity Plate (End of Test)
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4.6 Specimen C6-G
4.6.1 General

Specimen C6-G was nominally identical to Specimen C6 except that the specimen

was hot-dip galvanized prior to welding such that the effects of galvanization can be

investigated. Figure 4.95 shows the specimen before testing. The specimen suffered a

complete beam top flange fracture during the negative excursion of the first 0.05 rad drift.

4.6.2 Observed Performance

The observed response for Specimen C6-G is described below.

Figure 4.96 shows the east side of the specimen at the peak excursions during the
later cycles of the loading protocol. The specimen met the AISC acceptance criteria.
It was observed that beam web buckling initiated during the first cycle of 0.04 rad
drift. Flange local bucking initiated at the beam bottom flange within the RBS cut
during the first cycle of 0.04 rad drift.

Figure 4.97 shows cracking in the galvanization coating that first occurred at the RBS
location during the second cycle of 0.02 rad drift. Once the cracked coating was
brushed the bare pickled steel was left before the surface.

A hairline crack was observed at the beam top flange CJP weld at the negative
excursion of 0.03 rad drift (see Figure 4.98). This crack did not progress significantly
during testing [see Figure 4.98(c)].

Figure 4.99 shows the initiation of flange local buckling during the first negative
excursion of 0.04 rad drift. Also demonstrated in this figure was flaking of the
galvanization in the beam web in the regions of higher curvature due to beam web
buckling. The shedding of the galvanization in sheets during yielding was observed
in Figure 4.99(b).

Beam web buckling was first observed during the 0.04 rad cycles. During the second
cycle at -0.05 rad drift web buckling was pronounced and interacting with beam
lateral-torsional buckling to create a step in the web (see Figure 4.100).

During the first negative excursion of 0.06 rad drift the beam web k-area fractured in
a region of high local curvature due to beam web buckling (see Figure 4.101). This
fracture propagated to the top surface of the beam top flange [see Figure 4.101(c)].

The remainder of the top flange fractured once the negative excursion was resumed
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(see Figure 4.102). The surface of the fracture reveals that the partial fracture
consisted of mainly cleavage fracture. Shear fracture dominated the secondary
fracture which completed separation of the flange.

Figure 4.103 shows the east side of the specimen at the end of testing. No damage
was observed to the continuity plate fillet welds at the end of testing (see Figure
4.104).

4.6.3 Recorded Response

4.6.3.1 Global Response

Figure 4.105 shows the recorded displacement response of the beam tip measured
with transducer L1. At 0.036 rad drift during the first negative excursion of 0.06 rad
drift a partial fracture occurred in the k-area of the beam top flange. This fracture
extended outward to the top surface of the beam top flange. Upon resuming negative
excursion, the remainder of the top flange ruptured at 0.018 rad drift.

Figure 4.106 shows the load-displacement response of the beam.

Figure 4.107 shows the computed moment at the column face (My) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beam developed 1.1 times its nominal plastic bending moment. If the moment is
computed at the plastic hinge location and compared to the expected plastic moment,
then the peak connection strength factor (C,,) is 1.18.

Figure 4.108 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 46.9 kips/in.

Figure 4.109 shows modest inelastic behavior of the panel zone.

Figure 4.110 shows that minimal hysteretic behavior was observed in the column
rotation.

Figure 4.111 shows the dissipated energy of Specimen C6-G. Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red

vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
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It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 492 Kkip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until 1,104 kip-ft of energy
had been dissipated. Therefore only 44% of the energy dissipation capacity was
utilized after the completion of SMF requirement. It is observed that most (90%) of

the energy dissipation capacity occurred in the beam.
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(a) West Side

(b) East Side

Figure 4.95 Specimen C6-G: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.96 Specimen C6-G: East Side of Connection
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Figure 4.97 Specimen C6-G: Cracks in Galvanization Coating

(@) Overview

(b) -0.03 rad (1% Cycle) (c) End of Test
Figure 4.98 Specimen C6-G: Hairline Crack at Beam Top Flange CJP Weld
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(b) -0.04 rad (2" Cycle)
Figure 4.99 Specimen C6-G: Flange Local Buckling
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(b) East Side (c) Top Flange

Figure 4.101 Specimen C6-G: Beam Flange Partial Fracture at -0.06 rad (1% Cycle)
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(a) West Side

Shear Fracture

o

(b) Fracture Surface

Figure 4.102 Specimen C6-G: Complete Beam Fracture at -0.06 rad (1 Cycle)
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(b) East Top Flange

Figure 4.104 Specimen C6-G: Continuity Plate Welds at End of Test
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4.7 Specimen C7
4.7.1 General

Specimen C7 was designed to investigate the validity of using the plastic distribution
to estimate the required strength of the continuity plate while violating the Lehigh
Criterion. The continuity plates were designed to satisfy the governing AISC 360 8J10
concentrated force column limit state; WLY was the governing limit state that dictates the
need of a continuity plate in this specimen. Instead of using a continuity plate to reinforce
the column web, since it was found that the FLB limit state does not require reinforcement,
a doubler plate was added to the east side of the specimen. The doubler plate was a
minimum size such that the stability of the doubler plate was achieved without using plug
welds within the doubler plate. The vertical welds fastening the doubler plate to the column
were designed based on the distribution of shear force in the panel zone, which violates the
current AISC 341 Provisions requiring vertical welds to develop the strength of the doubler
plate. Horizontal welds were not used across the top and bottom edge of the extended
doubler plate, which conforms to the current Provisions. Figure 4.112 shows the specimen
before testing. The specimen developed a partial rupture of the beam bottom flange during

the unloading portion of the second cycle of 0.05 rad drift; loading was not continued.

4.7.2 Observed Performance
The observed response for Specimen C7 is described below.

o Figure 4.113 shows the east side of the specimen at the peak excursions during the
later cycles of the loading protocol. The specimen met the AISC acceptance criteria.
It was observed that beam web buckling and beam flange local buckling both initiated
during the first cycle of 0.04 rad drift. Flange local bucking initiated at the beam
bottom flange within the RBS cut during the second cycle of 0.03 rad drift. Web local
buckling started during the 0.03 rad drift cycles. The beam bottom flange developed
a partial rupture during the unloading portion of the second cycle of 0.05 rad drift.

o Beam bottom flange yielding initiated at 0.005 rad drift cycles two inches from the
column flange [see Figure 4.114(a)]. At 0.01 rad drift this yielding had spread
outward and into the reduced beam section [see Figure 4.114(b)]. Figure 4.114(c)
shows that the yielding had distributed through most of the reduced beam section by

0.04 rad drift. Similar yielding observations occurred on the beam top flange (see
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Figure 4.115). By 0.02 rad drift the yielding had spread through the flange, showing
yield lines on the underside of beam top flange (see Figure 4.116).

Figure 4.117 shows web local yielding at the beam top flange location. The WLY
was first observed at 0.02 rad drift and progressed slightly with each drift level.
Figure 4.118 shows the WLY patterns at the end of testing. It was observed that the
yielding was localized at the elevation just outside of the beam flange. Yielding was
only observed on the side of the column which did not have a doubler plate.

Web and flange local buckling started during the 0.03 rad drift cycles (see Figure
4.119). The flange local buckling continued to amplify during later cycles. A partial
beam bottom flange occurred during the negative excursion of the second cycle of
0.05 rad.

Figure 4.120 shows the condition of the connection at the end of testing.

The partial beam flange tear was observed in Figure 4.121.

The west side of the column demonstrated a yielding along a vertical line that runs
the length of the beam web. This yield line was 2.5 in. from the beam web (see Figure
4.122).

No damage was observed in the doubler plate fillet welds at the end of testing (see
Figure 4.123).

4.7.3 Recorded Response

4.7.3.1 Global Response

Figure 4.124 shows the recorded displacement response of the beam tip measured
with transducer L1. The beam bottom flange partially fractured during the unloading
portion of the second 0.05 rad drift cycles; loading was not continued after developing
the partial fracture.

Figure 4.125 shows the load-displacement response of the beam.

Figure 4.126 shows the computed moment at the column face (My) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the

beam developed 1.1 times its nominal plastic bending moment. If the moment is
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computed at the plastic hinge location and compared to the expected plastic moment,

then the peak connection strength factor (C,,) is 1.20.

Figure 4.127 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 49.0 kips/in.

Figure 4.128 shows negligible inelastic behavior of the panel zone. The black and
blue lines are the measured panel zone deformations from the transducers placed on
the column web and doubler plate, respectively. Little difference is observed between
these two sides of the specimen.

Figure 4.129 shows that negligible hysteretic behavior was observed in the column
rotation.

Figure 4.130 shows the dissipated energy of Specimen C7. Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red
vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 495 Kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,, until 754 Kip-ft of energy
had been dissipated. Therefore only 65% of the energy dissipation capacity was
utilized after the completion of SMF requirement. It is observed that most (93%) of

the energy dissipation capacity occurred in the beam.

4.7.3.2 Local Response

Figure 4.131 and Figure 4.132 show the strain gauge response from the extreme fiber
of the beam top and beam bottom flange during the testing. Weak axis flexural
response of the beam is observed across the flange consistent with the observed
lateral-torsional buckling of the beam.

Figure 4.133 shows the strain gauge response of the column flange which affixes the
beam. It is observed that the column flange did not yield, but deviation from a 1:1
response demonstrates the torsional demand imposed on the column due to the

lateral-torsional buckling of the beam.
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Figure 4.134 shows the shear strain response of the panel zone. Low levels of shear
strain were anticipated due to the low utilization of the panel zone in resisting the
panel zone shear (DCR = 0.43). A rosette placed on the doubler plate shows less
shear response in the doubler plate than in the web.

Figure 4.135 shows the response of the column directly behind the beam flange.
Despite the doubler plate reinforcing, yielding level strains were reached in the
column web for most of the width marked as 5k. The strains between the column
web and doubler plate are attributed to an out-of-plane flexural response due to
warping of the column. The corresponding effect is more pronounced on the doubler
plate side (Figure 4.136) due to the increased offset of the gauges from the axis of
bending of the column web. Additionally, the fillet weld fastening the doubler plate
the column flange is eccentric to the axis of the doubler plate, resulting in additional
curvature.

Figure 4.137 shows significant yielding of the column flange behind the beam flange.
More strain is realized during the positive drift excursions, which is attributed to the

lateral-torsional response of the beam.
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(a) West Side

(b) East Side

Figure 4.112 Specimen C7: Specimen before Testing
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.113 Specimen C7: East Side of Connection
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(a) -0.0005 rad (6™ Cycle)

(b) -0.01 rad (2" Cycle)

(c) +0.04 rad (1% Cycle)
Figure 4.114 Specimen C7: Beam Bottom Flange Yielding
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Figure 4.115 Specimen C7: Beam Top Flange Yielding at -0.015 rad (2" Cycle)

(a) -0.03 rad (2" Cycle) (b) -0.04 rad (1% Cycle)

Figure 4.117 Specimen C7: Colum WLY at Beam Top Flange Level

205



(a) Beam Top Flange Level (b) Beam Bottom Flange Level
Figure 4.118 Specimen C7: Colum WLY at End of Test

(b) -0.04 rad (1% Cycle)
Figure 4.119 Specimen C7: Beam Flange Local Bucking
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(b) East Side

Figure 4.120 Specimen C7: Connection at End of Test
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(a) Fracture

Figure 4.121 Specimen C7: Beam Flange Partial Fracture
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(@) Overview

(b) Column Yielding
Figure 4.122 Specimen C7: Column Yielding (End of Test)
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Figure 4.123 Specimen C7: Doubler Plate at End of Test
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4.8 Specimen W1
4.8.1 General

Specimen W1 was designed to investigate use of the plastic methodology to design

continuity plates. The resulting continuity plates were thinner than required by the current

AISC 341 Provisions. Continuity plate double-sided fillet welds were sized such that w =

0.75t.,. A pair of doubler plates stiffen the web of the column for panel zone yielding—

these plates were extended 6 in. above and below the beam flange elevations. The doubler

plate vertical welds use a PJP groove weld, and no horizontal welds were used in

accordance with the current Provisions. Specimen W1 failed by a fracture of the east beam

top flange CJP weld during the second cycle of 0.04 rad drift. Figure 4.138 shows the

specimen before testing.

4.8.2 Observed Performance

The observed response for Specimen W1 is described below.

Figure 4.139 shows the connection during testing. The loading protocol was applied
symmetrically such that a clockwise rotation is a positive excursion on the east beam
and a negative excursion on the west beam. The response is described such that a
positive excursion refers to a clockwise rotation of the joint. The specimen met the
AISC acceptance criteria by completing one complete cycle at 0.04 rad drift while
the flexural strength at either column face did not degrade below 80% of the beam
nominal flexural strength. Beam flange and web local buckling initiated at 0.03 rad
drift and progressed throughout testing.

Figure 4.140 and Figure 4.141 show the progressive beam yielding during testing.
Yielding starts adjacent to the column flange and propagates outward, concentrating
down the center of the beam.

Figure 4.142 shows the progression of flange local bucking that developed in the east
beam bottom flange. The local buckling develops in a opposite sense between the
east and west beams depending on which flange of the beam was in compression.
Figure 4.143 shows yielding in the panel zone observed at a at 0.03 rad drift. The
yielding did not progress significantly further by the end of testing.
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Figure 4.144 shows the minor lateral-torsional buckling that developed in beam top
flanges during the 0.04 rad drift cycles. The buckling was mirrored between positive
and negative joint rotations, reflecting when the top flange experienced compression.
Figure 4.145 shows the fractured east beam top flange CJP weld at -0.03 rad during
the second negative excursion to 0.04 rad drift. The fracture started at the CJP Weld
root on the underside of the specimen, on the tension side of the lateral-torsional
buckling and propagated along the beam flange following the 30° bevel of the CJP
weld. The progression of the fracture was observed in Figure 4.146. After initiating
in the weld metal as a ductile tear the fracture transitioned to the bevel of the CJP
weld after 0.75 in. The fracture continued its tearing in a ductile fashion until 50% of
the flange was fractured when a secondary ductile fracture appeared in the reentrant
corner in the center of the flange. The remainder of the fracture propagated due to
cleavage through the flange (see Figure 4.147).

Figure 4.148 shows the connection at the end of testing. Modest amounts of flange
local bending and web local buckling were present. Additionally, modest levels of
panel zone yielding were observed. Minor shear tab yielding was also observed.
Continuity plates did not demonstrate yielding nor damage to any of the fillet welds
during testing (see Figure 4.149 to Figure 4.151). A slight bow present in the
continuity plates occurred before testing of the specimen and was not due to local
buckling of the plate.

4.8.3 Recorded Response

4.8.3.1 Global Response

Figure 4.152 shows the recorded displacement response of the beam tip measured
with transducer L1 for the east beam and L2 for the west beam. The response from
the east and west beams are shown in black and blue, respectively. The east beam
CJP weld fractured at -0.03 rad drift during the second negative excursion of 0.04
rad drift. Figure 4.153 shows the column shear versus the applied story drift
response.

Figure 4.154 shows the load-displacement response of the beams.
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Figure 4.155 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of
the beam section are also added. In addition, two vertical axes at +0.04 rad story
drift show the drift required for SMF connections per AISC 341. It is observed that
the beams developed about 1.5 times its nominal plastic bending moment. If the
moment is computed at the plastic hinge location and compared to the expected
plastic moment, then the peak connection strength factor (C,,.) is 1.41 and 1.40 for
the east and west beams respectively.

Figure 4.156 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic
stiffness of the specimen was determined to be 172.6 kips/in.

Figure 4.157 shows modest hysteretic behavior in the panel zone.

Figure 4.158 shows negligible hysteretic behavior in the column.

Figure 4.159 shows the dissipated energy of Specimen W1. Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red
vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 1,952 Kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until fracture of the east
beam top flange occurred and 2,501 kip-ft of energy had been dissipated. Therefore
78% of the energy dissipation capacity was utilized after the completion of the SMF
requirement. It is observed that most (82%) of the energy dissipation capacity

occurred in the beam.

4.8.3.2 Local Response

Figure 4.160 and Figure 4.161 shows the extreme fiber response of the east beam top
and bottom flanges. Strains on the order of 6% (30¢,,) are observed in the flanges
which are exacerbated by high local curvatures and weak axis bending. Figure 4.162
and Figure 4.163 show the extreme fiber response of the west beam top and bottom

flanges.
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Figure 4.164 shows the strain gauge response of the west column flange above the
beam top flange. It is observed that the column flange did not yield, and little
deviation from a 1:1 line demonstrates negligible column flange warping.

Figure 4.165 shows the horizontal strain pattern on the doubler plate through two
sections. The highest strain develops at the location of the beam flange and continuity
plate. Horizontal strains in the center of the doubler plate are mostly balanced. Figure
4.166 shows the shear stress distribution in the doubler plate. The center of the

doubler plate sees the most significant strains (2y,).

Figure 4.167 shows the horizontal shear distribution of the top flange continuity plate.
At lower drifts the strain response is mostly equal and opposite across the continuity
plate. At higher levels of drift during the east negative excursion, the tension on the
west edge of the plate develops more bending—an effect attributed to the
development of the plastic hinge in the west beam bottom flange. It is observed that
the continuity plate develops yielding level strains in the horizontal direction.
Moderate shear strains are present at the edges of the continuity plate in contact with
the column flange (see Figure 4.168). The principal strains of the outermost strain
gauge rosettes demonstrate cyclic strains between —3e,, and ¢,, on the west side of
the continuity plate and between -€,, and 1.5¢,, on the east side of the continuity plate.
The compression bias of the west outmost strain gauge (R16) is congruent with the
observed lateral-torsional buckling of the west beam. A similar conclusion is
observed with the tension bias of the east outermost strain gauge (R22).

Figure 4.170 shows the shear response of the continuity plate on the edge fillet
welded with the doubler plate.

Figure 4.171 shows the shear response of the west beam adjacent to the column. It is
observed that the shear tab develops higher shear strains than the beam web.
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(a) Overview

(b) Connection Region

Figure 4.138 Specimen W1: Connection before Testing
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Figure 4.139 Specimen W1: Connection during Testing
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(a) -0.015 rad (2" Cycle) (b) -0.02 rad (2" Cycle)
r .

(c) -0.03 rad (2" Cycle) (d) -0.04 rad (1% Cycle)
Figure 4.140 Specimen W1: East Beam Bottom Flange Yielding

(a) -0.015 rad (2" Cycle) (b) -0.02 rad (2" Cycle)

(c) -0.03 rad (2" Cycle) (d) -0.04 rad (1% Cycle)
Figure 4.141 Specimen W1: West Beam Bottom Flange Yielding
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() -0.03 rad (2" Cycle) (b) -0.04 rad (1% Cycle)
Figure 4.142 Specimen W1: East Beam Bottom Flange Local Buckling

(b) Yielding
(@) Overview

Figure 4.143 Specimen W1: Panel Zone Yielding at +0.03 rad (2" Cycle)
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(a) East Beam Top Flange at +0.04 rad (2" Cycle)

Figure 4.144 Specimen W1: Lateral-Torsional Buckling
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(b) Fracture

Figure 4.145 Specimen W1: East Beam Top Flange CJP Weld Fracture at -0.04 rad (2"
Cycle)
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(a) Fracture Initiation

Transition

(b) during Propagation

(c) after Fracture

Figure 4.146 Specimen W1: East Beam Top Flange CJP Weld Fracture Progression
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—Cleavage

Shear Fracture

Initiation

Figure 4.147 Specimen W1: East Beam Top Flange CJP Weld Fracture Surface
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(b) Edge of Continuity Plate

Figure 4.149 Specimen W1: Top Flange Continuity Plate (End of Test)
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(b) Underside of Continuity Plate
Figure 4.150 Specimen W1: Bottom Flange Continuity Plate (End of Test)

(b) Bottom Flange Continuity Plate

Figure 4.151 Specimen W1: Underside Continuity Plates (End of Test)
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252



i 2 ®
= = =
; =
e ~
R X

o)
C

~ ° R24 (Shear Tah)~
= .

R25 (Beam Web)

Load (kips)

(a) Gauge Layout

Normalized Strain (v / '}'y)
-1.5 -1 -0.5 0 0.5 1 1.5

400
200 t
0
-200 |
— R24 (Shear Tab)
400 —R25 (Beam Web)
-0.005 0 0.005

Shear Strain (in./in.)
(b) Strain Rosette Gauges R24 and R25

Figure 4.171 Specimen W1: Beam Shear Response

253



4.9 Specimen W2
4.9.1 General

Specimen W2 was designed to investigate use of the plastic methodology to design
continuity plates. The continuity plate thickness was chosen to match the minimum
thickness requirement of AISC 341, for which the plastic methodology results in an
undersized continuity plate with a DCR of 1.43. Continuity plate double-sided fillet welds
were sized such that w = 0.75t,,,. A pair of doubler plates stiffen the web of the column
for panel zone yielding—these plates were extended 6 in. above and below the beam flange
elevations. The doubler plate vertical welds use a PJP groove weld, and no horizontal welds
were used in accordance with the current Provisions. Specimen W2 failed by a fracture of
the east top and west bottom beam flange CJP weld during the second cycle of 0.06 rad

drift. Figure 4.172 shows the specimen before testing.

4.9.2 Observed Performance
The observed response for Specimen W2 is described below.

Figure 4.173 shows the connection during testing. The specimen met the AISC
acceptance criteria by completing one complete cycle at 0.04 rad drift while the
flexural strength at either column face did not degrade below 80% of the beam
nominal flexural strength. Beam flange and web local bucking initiated at 0.03 rad
drift and progressed throughout testing.

o Figure 4.174 and Figure 4.175 shows the bottom flange yielding and buckling of the
east and west beams. The yielding of the flanges initiated during the 0.0075 rad drift
cycles. It was observed that significant lateral-torsional buckling initiates at 0.04 rad
drift and progresses in the later drift cycles.

e  Figure 4.176 shows the progression of flange local bucking that developed in the east
beam top flange. The local buckling develops in the flange of the beam in
compression during that excursion and then is pulled relatively straight during the
tension excursions.

o Figure 4.177 shows the initiation of a weld fracture during the second cycle of 0.03

rad drift. The fracture originates at the fusion face of the CJP weld and backing bar

on the flange bevel side. Figure 4.178 shows the progression of this tear during the

0.04 rad and 0.05 rad drift cycles. At 0.05 rad drift cycles a weld tear on the top side
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of the west beam bottom flange CJP weld was observed (see Figure 4.179). A similar
fracture was observed in the east beam bottom flange CJP weld at 0.06 rad drift (see
Figure 4.180).

Figure 4.181 shows the severe lateral-torsional buckling, flange local bucking, and
web local buckling of the east beam during the 0.06 rad drift cycles. The west beam
has a similar profile with flanges arching up. Significant lateral bracing forces
restraining the beams result in localized yielding at the restraint points.

At -0.018 rad during the negative excursion of the east beam to 0.06 rad drift (2"
Cycle) the east beam top flange partially fractured (see Figure 4.182). This fracture
extends from the top edge of the beam flange to about the centerline. The fracture
initiated at the CJP weld root and deviated into the beam flange after traversing the
CJP weld bevel for several inches. This weld fracture was accompanied by a tear at
the far radius of the weld access hole (see Figure 4.183). Shortly after resuming load
the west beam bottom flange experienced a similar fracture, propagating through 80%
of the beam flange (see Figure 4.184).

Figure 4.185 shows the connection after testing. Minor panel zone yielding was
observed in the doubler plate after testing (see Figure 4.186). This picture also
demonstrates that no continuity plate yielding was evident.

No damage to the continuity plate fillet welds was observed during the testing or after

test visual inspection (see Figure 4.187).

4.9.3 Recorded Response

4.9.3.1 Global Response

Figure 4.188 shows the recorded displacement response of the beam tip measured
with transducer L1 for the east beam and L2 for the west beam. The response from
the east and west beams are shown in black and blue, respectively. The east beam top
flange partially fractured at 0.018 rad during the second negative excursion to 0.06
rad drift. The west beam bottom flange fractured slightly past neutral during the
positive excursion to 0.06 rad drift. Figure 4.189 shows the column shear versus the
applied story drift response.

Figure 4.190 shows the load-displacement response of the beams.
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Figure 4.191 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at £0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beams developed about 1.4 times its nominal plastic bending moment. If the moment
is computed at the plastic hinge location and compared to the expected plastic
moment, then the peak connection strength factor (C,,) is 1.23 and 1.23 for the east
and west beams respectively.

Figure 4.192 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 144.8 kips/in.

Figure 4.193 shows minor hysteretic behavior in the panel zone.

Figure 4.194 shows zero hysteretic behavior in the column.

Figure 4.195 shows the dissipated energy of Specimen W2. Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red
vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 1,755 kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until fracture of the east
beam top flange occurred and 4,000 kip-ft of energy had been dissipated. Therefore
only 44% of the energy dissipation capacity was utilized after the completion of the
SMF requirement. It is observed that nearly all (96%) of the energy dissipation

capacity occurred in the beam.

4.9.3.2 Local Response

Figure 4.196 and Figure 4.197 shows the extreme fiber response of the east beam top
and bottom flanges. Strains on the order of 4% (20¢,,) are observed in the flanges
which are exacerbated by high local curvatures and weak axis bending. Figure 4.198
and Figure 4.199 show the extreme fiber response of the west beam top and bottom

flanges.
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Figure 4.200 shows the strain gauge response of the west column flange above the
beam top flange. It is observed that the column flange did not yield but moderate
levels of warping occurred during the latter part of the loading protocol.

Figure 4.201 shows the horizontal strain pattern on the doubler plate through two
sections. Horizontal strains in the center of the doubler plate are mostly balanced.
Figure 4.202 shows the shear stress distribution in the doubler plate. The center of
the doubler plate sees the most significant strains (2y,,). Yielding of the doubler plate
was anticipated.

Figure 4.203 shows the horizontal shear distribution of the top flange continuity plate.
The strain response is equal and opposite across the continuity plate. The continuity
plate reaches yielding levels of horizontal strain. Moderate shear strains are present
at the edges of the continuity plate in contact with the column flange (see Figure
4.204). Figure 4.205 shows the principal strains of strain gauge rosette R16 and R22,
the outermost strain gauges, during testing. It is observed that the cyclic strains are
limited to *e,,.

Figure 4.206 shows the shear response of the continuity plate on the edge fillet
welded with the doubler plate.

Figure 4.207 shows the shear response of the west beam adjacent to the column.
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(b) Connection Region

Figure 4.172 Specimen W2: Connection before Testing
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(c) +0.04 rad (2" Cycle) (d) -0.04 rad (2" Cycle)
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(e) +0.05 rad (1% Cycle) () -0.05 rad (1% Cycle)
Figure 4.173 Specimen W2: Connection during Testing
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(c) +0.04 rad (2" Cycle) (d) -0.05 rad (2" Cycle)
Figure 4.174 Specimen W2: East Beam Bottom Flange Yielding

(b) -0.03 rad (2" Cycle)
e e . T

A TR

(c) +0.04 rad (2™ Cycle) (d) -0.05 rad (2" Cycle)
Figure 4.175 Specimen W2: West Beam Bottom Flange Yielding
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(a) +0.03 rad (2" Cycle) (b) +0.04 rad (2" Cycle)
Figure 4.176 Specimen W2: East Beam Top Flange Local Buckling

(@) Overview (b) Weld Fracture

Figure 4.177 Specimen W2: East Beam Top Flange CJP Weld Tear at -0.03 rad (2"
Cycle)

261



(a) -0.04 rad (2" Cycle) (b) -0.05 rad (2" Cycle)
Figure 4.178 Specimen W2: East Beam Top Flange CJP Weld Tear Progression

(a) Overview (b) Weld Fracture

Figure 4.179 Specimen W2: West Beam Bottom Flange CJP Weld Fracture at: -0.05 rad
(2" Cycle)
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(b) Weld Fracture

(@) Overview

Figure 4.180 Specimen W2: East Beam Bottom Flange CJP Weld Fracture at: +0.06 rad
(1% Cycle)

Figure 4.181 Specimen W2: East Beam Bottom Flange Lateral-Torsional Bucking
at: -0.06 rad (1% Cycle)
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Figure 4.182 Specimen W2: East Beam Top Flange Partial Fracture during Excursion
to -0.06 rad (2" Cycle)

(@) Overview (b) Weld Fracture

Figure 4.183 Specimen W2: East Beam Top Flange Weld Access Hole Tear at -0.06 rad
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Figure 4.184 Specimen W2: West Beam Bottom Flange Fracture during Excursion
to -0.06 rad (2" Cycle)

Figure 4.185 Specimen W2: Connection at End of Test
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(a) East Beam Top Flang

o ¥

(c) East Beam Bottom Flange

(d) West Beam Bottom Flange

Figure 4.187 Specimen W2: Continuity Plate Fillet Welds (End of Test)
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Figure 4.189 Specimen W2: Column Shear versus Story Drift Angle
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4.10 Specimen W3
4.10.1 General

Specimen W3 was designed to investigate use of the plastic methodology to design
continuity plates. The resulting continuity plates were thinner than the current AISC 341
Provisions. Continuity plate double-sided fillet welds were sized such that w = 0.75¢.,. A
pair of doubler plates stiffen the web of the column for panel zone yielding—these plates
were extended 6 in. above and below the beam flange elevations. The doubler plates were
designed to result in a weak panel zone, with a resulting DCR of 1.07; additionally, the
stability criteria of the doubler plates were violated. The doubler plate vertical welds use a
fillet weld sized to develop the shear strength of the plate, and no horizontal welds were
used in accordance with the current Provisions. Specimen W3 failed by a fracture of the
east beam top flange CJP weld during the second cycle of 0.06 rad drift. Figure 4.208
shows the specimen before testing.

4.10.2 Observed Performance

The observed response for Specimen W3 is described below.

Figure 4.209 shows the connection during testing. The specimen met the AISC
acceptance criteria by completing one complete cycle at 0.04 rad drift while the
flexural strength at either column face did not degrade below 80% of the beam
nominal flexural strength. Beam flange and web local buckling initiated at 0.03 rad
drift and progressed throughout testing.

o Figure 4.210and Figure 4.211show the east beam bottom flange and west beam
bottom flange during testing. The gradual progression of yielding, flange local
buckling, and lateral-torsional buckling is observed. The progression of flange local
buckling between the second cycle of 0.03 rad and the first cycle of 0.04 rad is shown
in Figure 4.212.

e  Figure 4.213 shows the initiation of tearing in the weld access holes. All four weld
access holes show a similar behavior.

o Severe web buckling develops in both beams during the 0.05 rad drift cycles (see

Figure 4.214). Figure 4.215 shows a similar severity of flange local buckling during

the 0.05 rad drift cycles.
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Figure 4.216 shows the gradual progression of tearing in the east beam top flange
CJP weld. The tear initiated at the CJP weld root during the second cycle of 0.04 rad
drift. A similar tear was observed in the west beam top flange CJP weld (not pictured).
During the first negative excursion to 0.06 rad drift the east beam top flange fractured
through 60% of the width of the flange. The tear of the top flange was accompanied
with a 5-in. tear of the beam web extending outward from the radius of the weld
access hole (see Figure 4.217).

Although the root of the CJP weld started to tear during earlier cycles the propagation
of the tear to the top surface of the CJP weld occurred when the beam was under
global compression during the first positive excursion of 0.06 rad drift (see Figure
4.218). This occurs due to the high local curvature of the flange local buckling.
During the first negative excursion of 0.06 rad drift the fracture propagates to 60% of
the beam flange width (see Figure 4.219). During the second negative excursion of
0.06 rad drift the east beam top flange fractures completely.

Figure 4.220 shows the connection at the end of testing.

Figure 4.221 shows a partial fracture of the west beam top flange at the end of testing.
Also observed in this photo is minor column yielding above the beam flange.

No yielding or damage to the continuity plate fillet welds was observed during testing
(see Figure 4.222 and Figure 4.223). A detailed view of four of the continuity plate
fillet welds is shown in Figure 4.224. Similarly, no damage was observed to the

doubler plate fillet weld.

4.10.3Recorded Response

4.10.3.1 Global Response

Figure 4.225 shows the recorded displacement response of the beam tip measured
with transducer L1 for the east beam and L2 for the west beam. The response from
the east and west beams are shown in black and blue, respectively. The east beam top
flange partially fractured at -0.038 rad during the first negative excursion to 0.06 rad
drift. The remainder of the east beam top flange fractured during at 0.01 rad during
the second negative excursion of 0.06 rad drift.

Figure 4.227 shows the load-displacement response of the beams.
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Figure 4.228 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at +0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beams developed about 1.4 times its nominal plastic bending moment. If the moment
is computed at the plastic hinge location and compared to the expected plastic
moment, then the peak connection strength factor (C,,-) is 1.18 and 1.22 for the east
and west beams respectively.

Figure 4.229 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 100.8 kips/in.

Figure 4.230 shows minor hysteretic behavior in the panel zone.

Figure 4.231 shows minor hysteretic behavior from the column.

Figure 4.232 shows the dissipated energy of Specimen W3. Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red
vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 1,255 kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until fracture of the east
beam top flange occurred and 2,793 kip-ft of energy had been dissipated. Therefore
only 45% of the energy dissipation capacity was utilized after the completion of the
SMF requirement. It is observed that nearly all (94%) of the energy dissipation
capacity occurred in the beam.

4.10.3.2 Local Response

Figure 4.233 and Figure 4.234 show the extreme fiber response of the east beam top
and bottom flanges. Strains on the order of 4% (20¢,,) are observed in the flanges
which are exacerbated by high local curvatures and weak axis bending. Figure 4.235
and Figure 4.236 show the extreme fiber response of the west beam top and bottom

flanges.
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Figure 4.237 shows the strain gauge response of the west column flange above the
beam top flange. It is observed that the column flange did not yield but moderate
levels of warping occurred during the latter part of the loading protocol.

Figure 4.238 shows the horizontal strain pattern on the doubler plate through two
sections. Horizontal strains in the center of the doubler plate are mostly balanced.
Figure 4.239 shows the shear stress distribution in the doubler plate. The center of
the doubler plate sees the most significant strains (y,). Yielding of the doubler plate
was anticipated.

Figure 4.240 shows the horizontal shear distribution of the top flange continuity plate.
The continuity plate reaches yielding levels of horizontal strain. Moderate shear
strains are present at the edges of the continuity plate in contact with the column
flange (see Figure 4.241). Figure 4.242 shows the principal strains of strain gauge
rosette R16 and R22, the outermost strain gauges, during testing. It is observed that
the cyclic strains are generally limited to +e,, with a minor ratcheting of R16 to 2.5¢,,
during the compression excursions.

Figure 4.243 shows the shear response of the continuity plate on the edge fillet
welded with the doubler plate.

Figure 4.244 shows the shear response of the west beam adjacent to the column. A
significant ratcheting of the shear tab strain gauge was observed.
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(@) Overview

(b) Connection Region

Figure 4.208 Specimen W3: Connection before Testing
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(e) +0.05 rad (1% Cycle) (f) -0.05 rad (1% Cycle)
Figure 4.209 Specimen W3: Connection during Testing
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(c) -0.04 rad (2" Cycle) (d) -0.05 rad (1% Cycle)
Figure 4.210 Specimen W3: East Beam Bottom Flange Yielding

(c) -0.04 rad (2" Cycle) (d) -0.05 rad (1% Cycle)

Figure 4.211 Specimen W3: West Beam Bottom Flange Yielding
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(a) +0.03 rad (2" Cycle) (b) +0.04 rad (1% Cycle)
Figure 4.212 Specimen W3: East Beam Top Flange Local Buckling

(a) Overview (b) Weld Access Hole

Figure 4.213 Specimen Wa3: East Beam Top Flange Weld Access Hole Tearing
at -0.05 rad (1% Cycle)
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Figure 4.214 Specimen W3: Web Local Buckling at +0.05 rad (1% Cycle)

Figure 4.215 Specimen W3: Flange Local Buckling at -0.05 rad (1% Cycle)
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(c) -0.05 rad (1%t Cycle) (d) -0.06 rad (1% Cycle)
Figure 4.216 Specimen W3: East Beam Top Flange CJP Weld Tear Progression

Figure 4.217 Specimen W3: East Beam Top Flange Weld Access Hole Tear
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(b) Weld Tear

(a) Overview

Figure 4.218 Specimen W3: East Beam Top Flange Fracture at +0.06 rad (1% Cycle)

(a) -0.06 rad (1% Cycle) (b) -0.06 rad (2" Cycle)

Figure 4.219 Specimen W3: East Beam Top Flange Fracture
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Figure 4.221 Specimen W3: West Beam Top Flange (End of Test)
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(@) Topside

(b) Underside
Figure 4.222 Specimen W3: Top Flange Continuity Plate (End of Test)

(b) Underside
Figure 4.223 Specimen W3: Bottom Flange Continuity Plate (End of Test)
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(c) West Bottom Flange (d) East Bottom Flange
Figure 4.224 Specimen W3: Continuity Plate Fillet Welds (End of Test)
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313



E ] 2 = g
R22 . R16

(a) Layout

Normalized Strain (e / ey)
-3 -2 -1 0 1 2 3

-100 ¢

Column Shear (kips)
o

-200 1

-300 : ‘ ‘ ‘ ‘
-0.006 -0.004 -0.002 0  0.002 0.004 0.006

Strain (in./in.)

(b) Strain Gauge R16 Principal Strains

Normalized Strain (e / ey)

-3 -2 -1 0 1 2 3
300 \ ‘ ; : :

200 ¢

100 ¢

-100 ¢

Column Shear (kips)
o

-200 ¢

00 — : ‘ : ‘ ‘
-0.006 -0.004 -0.002 0 0.002 0.004 0.006
Strain (in./in.)

(b) Strain Gauge R22 Principal Strains

Figure 4.242 Specimen W3: Continuity Plate Strain Gauge Rosette Response

314



«— East

Strain (in./in.)

Strain (in./in.)

Figure 4.243 Specimen W3: Continuity Plate at Column Web Edge Shear Strain Profile

L R20 R19 R18
X N
(a) Section Layout
0.004
1
0.002 +
10.5
0 0
0002 | -<- SDA 0.01 105
—o—SDA 0.03
—o—SDA 0.04
—<—SDA 0.05 -1
-0.004 : :
-10 -5 0 5 10
Distance from Column Center (in.)
(b) Positive Drift
0.004
1
0.002 | R19
R18 |5
S
—---0
0 0
-0.002 - -~ SDA 0.01 1705
—o—SDA 0.03
—=—SDA 0.04
~©SDA0.05 1-1
-0.004 : :
-10 -5 0 5 10

Distance from Column Center (in.)

(c) Negative Drift

315

Normalized Strain (v / ’yy)

Normalized Strain (v / ’yy)



~

N
REEE
/

= X
X X
[ o] @ o
~ ° R24 (Shear Tab)—
| X & \f'j-
> =

Load (kips)

-100

-200

-300

\\\ /
\/

(a) Gauge Layout

Normalized Strain (v / '}'y)
-3 -2 -1 0 1 2 3

300

200

100

-0.01 -0.005 0 0.005 0.01
Shear Strain (in./in.)

(b) Strain Rosette Gauges R24

Figure 4.244 Specimen W3: Beam Shear Response

316



4.11 Specimen W4
4.11.1 General

Specimen W4 was designed to investigate use of the plastic methodology to design
continuity plates. The resulting continuity plates satisfy the current minimum thickness
requirements as per the AISC 341 Provisions. Continuity plate double-sided fillet welds
were sized such that w = 0.75t,,,. A pair of doubler plates stiffen the web of the column
for panel zone yielding. The doubler plate is placed within the panel zone and is welded to
the continuity plates on the top and bottom edges. The doubler plate vertical welds use a
fillet weld sized to develop the strength of the doubler plate. Horizontal fillet welds
between the doubler plate and continuity plate were sized to develop 75% of the doubler
plate shear capacity as per the current Provisions. Specimen W4 failed by a fracture of the
east and west beam top beam flange CJP weld during the first cycle of 0.05 rad drift. Figure
4.245 shows the specimen before testing.

4.11.2 Observed Performance

The observed response for Specimen W4 is described below.

Figure 4.246 shows the connection during testing. The specimen met the AISC
acceptance criteria by completing one complete cycle at 0.04 rad drift while the
flexural strength at either column face did not degrade below 80% of the beam
nominal flexural strength.

e  Figure 4.247 and Figure 4.248 show the east beam bottom flange and west beam
bottom flange during testing. The progression of flange local buckling between the
second cycle of 0.04 rad and the first cycle of 0.05 rad is shown in Figure 4.249.

o Figure 4.250 shows the initiation of web buckling during the first negative excursion
of 0.04 rad drift.

o During the second negative excursion of 0.04 rad drift the east beam top flange
partially fractured through 50% of the flange at the CJP weld (see Figure 4.251).

o During the first negative excursion of 0.05 rad drift the west beam top flange
developed a partial fracture through 20% of the beam flange (see Figure 4.252).

o Severe lateral-torsional buckling developed in the east beam during the 0.05 rad drift

cycles (see Figure 4.253).
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During the first negative excursion of 0.05 rad drift the east beam top flange
completely fractured through the CJP weld (see Figure 4.254). This fracture
propagated down the CJP weld bevel. Accompanying this fracture, the web of the
east beam fractured (see Figure 4.255). This fracture propagated 5 in. from the radius
of the weld access hole. Continuing the 0.05 rad drift cycles resulted in the complete
fracture of the west beam top flange (see Figure 4.256). A close up of the east beam
top flange fracture is shown in Figure 4.257.

Figure 4.258 shows the connection at the end of testing. Continued negative
excursion of the east beam resulted in the web continuing to fracture following a few
inches outboard of the fillet welded shear tab.

No yielding of the continuity plates was observed during testing (see Figure 4.259).
Furthermore, no damage was observed in the continuity plate fillet welds. Minor
yielding of the inside face of the column flange, above the top flange continuity
plates, is shown in Figure 4.259(b).

The top and bottom edge of the doubler plate of this specimen was welded to the
continuity plate using a 5/8-in. fillet weld based on the Provisions. This weld was the
sole attachment of the inside face of the continuity plate to the panel zone. The
termination of the doubler plate vertical welds was held back from the continuity
plate by 1 in. as per the Provisions. No damage was observed in any of these welds
(see Figure 4.260).

4.11.3Recorded Response

4.11.3.1 Global Response

Figure 4.261 shows the recorded displacement response of the beam tip measured
with transducer L1 for the east beam and L2 for the west beam. The response from
the east and west beams are shown in black and blue, respectively. The east beam top
flange fractured during the second negative excursion of 0.03 rad drift. Complete
fracture occurred at a neutral position during the first negative excursion of 0.05 rad
drift. Complete fracture of the west beam top flange occurred at 0.015 rad during the
first negative excursion of 0.05 rad drift.

Figure 4.263 shows the load-displacement response of the beams.
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Figure 4.264 shows the computed moment at the column face (M) versus the story
drift angle. Two horizontal axes at 80% of the nominal plastic moment (M,,,) of the
beam section are also added. In addition, two vertical axes at +0.04 rad story drift
show the drift required for SMF connections per AISC 341. It is observed that the
beams developed 1.5 times its nominal plastic bending moment. If the moment is
computed at the plastic hinge location and compared to the expected plastic moment,
then the peak connection strength factor (C,,) is 1.39 and 1.34 for the east and west
beams respectively.

Figure 4.265 shows the plastic response of the specimen. The plastic response is
computed using the procedure outlined in Section 3.7. The computed elastic stiffness
of the specimen was determined to be 54.9 kips/in.

Figure 4.266 shows minor hysteretic behavior in the panel zone.

Figure 4.267 shows negligible hysteretic behavior from the column.

Figure 4.268 shows the dissipated energy of Specimen W4, Dotted vertical lines on
the graph demonstrate the completion of each group of cycles, and the dashed red
vertical line shows the completion of the first cycle of 0.04 rad in the AISC loading.
It is observed that the completion of the first drift cycle of 0.04 rad (the requirement
for SMF connections per AISC 341) occurs after 852 kip-ft of energy has been
dissipated. The connection did not degrade below 0.8M,,,, until fracture of the east
beam top flange occurred and 1,427 kip-ft of energy had been dissipated. Therefore
only 60% of the energy dissipation capacity was utilized after the completion of the
SMF requirement. It is observed that nearly all (96%) of the energy dissipation
capacity occurred in the beam.

4.11.3.2 Local Response

Figure 4.269 and Figure 4.270 show the extreme fiber response of the east beam top
and bottom flanges. Strains on the order of 7% (40¢,) are observed in the flanges
which are exacerbated by high local curvatures and weak axis bending. Figure 4.271
and Figure 4.272 show the extreme fiber response of the west beam top and bottom

flanges.
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Figure 4.273 shows the strain gauge response of the west column flange above the
beam top flange. It is observed that the column flange did not yield but minor levels
of warping occurred during the last few cycles of the loading protocol.

Figure 4.274 shows the horizontal strain pattern on the doubler plate through two
sections. Figure 4.275 shows the shear stress distribution in the doubler plate. The
center of the doubler plate sees the most significant strains (y,). Yielding of the
doubler plate was anticipated.

Figure 4.276 shows the horizontal shear distribution of the top flange continuity plate.
The continuity plate reaches yielding levels of horizontal strain. Moderate shear
strains are present at the edges of the continuity plate in contact with the column
flange (see Figure 4.277). Figure 4.278 shows the principal strains of strain gauge
rosette R16 and R22, the outermost strain gauges, during testing. It is observed that
the cyclic strains are generally limited to +£0.75¢,,.

Figure 4.279 shows the shear response of the continuity plate on the edge fillet
welded with the doubler plate.

Figure 4.280 shows the shear response of the west beam adjacent to the column. A

significant ratcheting of the shear tab strain gauge was observed.

320



(@) Overview

(b) Connection Region

Figure 4.245 Specimen W4: Connection before Testing
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Figure 4.246 Specimen W4: Connection during Testing
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(c) +0.03 rad (2" Cycle) (d) -0.04 rad (2" Cycle)
Figure 4.247 Specimen W4: East Beam Bottom Flange Yielding

(c) +0.03 rad (2" Cycle) (d) -0.04 rad (2" Cycle)

Figure 4.248 Specimen W4: West Beam Bottom Flange Yielding
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(a) +0.04 rad (2" Cycle) (b) +0.05 rad (1% Cycle)
Figure 4.249 Specimen W4: West Beam Bottom Flange Local Buckling

Figure 4.250 Specimen W4: West Beam Web Buckling at +0.04 rad (1% Cycle)
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Figure 4.251 Specimen W4: East Beam Top Flange CJP Weld Fracture at -0.04 rad (2"
Cycle)

(a) Overview

(b) Weld Tear

Figure 4.252 Specimen W4: West Beam Top Flange CJP Weld Tear at +0.05 rad (1%
Cycle)
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Figure 4.253 Specimen W4: East Beam Lateral-Torsional Buckling at +0.05 rad (1%
Cycle)

Figure 4.254 Specimen W4: East Beam Top Flange Fracture during First Excursion
of -0.05 rad
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Figure 4.255 Specimen W4: East Beam Top Flange Weld Access Hole Fracture during
First of -0.05 rad

(@) Overview

(b) Fracture

Figure 4.256 Specimen W4: West Beam Top Flange Fracture (End of Test)
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Figure 4.257 Specimen W4: East Beam Top Flange Fracture

Figure 4.258 Specimen W4: Connection at End of Testing
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(b) Top Flange
Figure 4.259 Specimen W4: Continuity Plates (End of Test)

Figure 4.260 Specimen W4: Panel Zone (End of Test)
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4.12 Specimen Macroetching

After testing, several sections of the specimens were cut out and sectioned using a
cold saw. The surfaces of the sections were then polished and etched using a 5% Nital acid
to reveal the formation of the welds. Figure 4.281 shows a macroetch of the beam bottom
flange weld of Specimen C3; the beam bottom flange CJP weld did not fracture during
testing. Evident in this figure is the beam flange CJP weld performed from the horizontal
position and the reinforcing fillet placed on the underside of the beam in the overhead
position after the backing bar is removed. Figure 4.282 shows the beam bottom and top
flange welds of Specimen C5. The fractured top flange CJP weld is observed to propagate
at a 35-degree angle through the weld metal, initiating at the reentrant corner formed
between the weld and the column flange. Also shown in this figure are the continuity plate
fillet welds, which show no indications of damage. A similar macroetch is performed on
Specimen C6 (see Figure 4.283). In this case the beam top flange CJP weld fracture has
two shear lips because the etching was taken closer to the edge of the beam flange. No
damage to the fillet welds is observed. Figure 4.284 shows a similar section of the east
beam flange welds from Specimen W1. The beam top flange CJP weld fracture is observed
to follow the 30-degree bevel of the CJP weld.

Figure 4.285(a) shows a section through the doubler plate at an elevation which
includes the beam web. This section shows the beam web CJP weld using the shear tab as
a backing bar. The one-sided fillet weld fastening the shear tab to the column flange is also
shown in the figure. The doubler plate fillet weld and bevel are shown in Figure 4.285(a)
and (b).
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Figure 4.282 Macroetch of Specimen C5 Welds

349



Backing Bar A
Continuity
Plate

(a) Beam Top Flange

Column
Flange

Beam

Flange Continuity

Plate

(b) Beam Bottom Flange
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4.13 Lateral Bracing Force

During testing of the Phase 1 specimens the lateral bracing force was monitored using
a set of strain gauge rosettes placed on each lateral brace column. The lateral braces were
placed approximately d, /2 away from the end of the RBS. The response of each of the
specimens is tabulated in Table 4.1 through Table 4.5. The table shows the expected flange
force of the specimen as per AISC 341 and the computed flange force determined from the
peak load during each cycle. Specimen C3, Specimen C5, and Specimen C6 develop about
2.0% of the flange force at the brace location at the end of testing. All three of these
specimens failed during the 0.05 rad cycles. Specimen C4 develops about 5.0% of the
flange force during the 1%t cycle of 0.05 rad cycles. Specimen C6-G saw the most significant
flange force equal to 6.0% of the expected flange force or 7.6% of the measured force. The
bracing force of Specimen C7 was not measured during testing.

The measured flange force was determined by dividing the measured moment at the
brace location by the centroid between flanges. This procedure is consistent with AISC 341
(2016) 8D1.2b stipulating the required force of the lateral bracing for highly ductile

members.
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Table 4.1 Specimen C3: Lateral Bracing Force

Flange Force at Brace Location (kips) | Measured Normalized Brace Force
Drift Cycle Brace by Expected | by Measured
(rad) Expected Measured Force Flange Flange Force
(kips) Force (%) (%)
0.02 1 494 1.35 0.24 0.27
0.02 2 510 1.42 0.26 0.28
0.03 1 560 1.50 0.27 0.27
0.03 2 542 573 1.73 0.31 0.30
0.04 1 602 4.07 0.73 0.68
0.04 2 599 7.25 1.30 1.21
0.05 1 595 13.32 2.38 2.23
Table 4.2 Specimen C4: Lateral Bracing Force
Flange Force at Brace Location (kips) | Measured Normalized Brace Force
Drift Cycle Brace by Expected | by Measured
(rad) Expected Measured Force Flange Flange Force
(kips) Force (%) (%)
0.02 1 521 2.05 0.42 0.39
0.02 2 522 2.10 0.43 0.40
0.03 1 567 1.81 0.37 0.32
0.03 2 574 1.84 0.38 0.32
0.04 1 486 565 2.42 0.50 0.43
0.04 2 537 2.83 0.58 0.53
0.05 1 492 4.55 0.94 0.92
0.05 2 448 11.33 2.33 2.53
0.06 1 405 22.17 4.56 5.47
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Table 4.3 Specimen C5: Lateral Bracing Force

Flange Force at Brace Location (kips) | Measured Normalized Brace Force
Drift Cycle Brace by Expected | by Measured
(rad) Expected Measured Force Flange Force | Flange Force
(kips) (%) (%)
0.02 1 454 2.32 0.43 0.51
0.02 2 470 2.36 0.44 0.50
0.03 1 510 2.31 0.43 0.45
0.03 2 528 2.32 0.43 0.44
542
0.04 1 546 2.84 0.52 0.52
0.04 2 566 2.80 0.52 0.49
0.05 1 575 3.12 0.58 0.54
0.05 2 548 7.50 1.38 1.37
Table 4.4 Specimen C6: Lateral Bracing Force
Flange Force at Brace Location (kips) | Measured Normalized Brace Force
Drift Cycle Brace by Expected | by Measured
(rad) Expected Measured Force Flange Force | Flange Force
(Kips) (%) (%)
0.02 1 490 0.80 0.18 0.16
0.02 2 498 1.17 0.26 0.23
0.03 1 524 1.86 0.42 0.35
0.03 2 448 533 2.42 0.54 0.45
0.04 1 530 3.23 0.72 0.61
0.04 2 518 3.11 0.69 0.60
0.05 1 468 9.56 2.13 2.04
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Table 4.5 Specimen C6-G: Lateral Bracing Force

Flange Force at Brace Location (kips) | Measured Normalized Brace Force
Drift Cycle Brace by Expected | by Measured
(rad) Expected Measured Force Flange Force | Flange Force
(kips) (%) (%)
0.02 1 490 1.56 0.35 0.32
0.02 2 497 2.00 0.45 0.40
0.03 1 514 4.79 1.07 0.93
0.03 2 524 5.66 1.26 1.08
0.04 1 448 525 8.72 1.95 1.66
0.04 2 518 10.03 2.24 1.94
0.05 1 487 12.70 2.83 2.61
0.05 2 420 20.84 4.65 4.96
0.06 1 351 26.77 5.98 7.63
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5 DISCUSSION OF TEST RESULTS
51 General

This chapter presents the comparison of the performance of specimens from Phase 1
(Specimens C3, C4, C6, C6-G, and C7), Phase 2 (Specimens W1, W2, W3, and W4), and
the pilot study completed in 2016 (Specimens C1 and C2). All the specimens with a ‘C’
prefix were one-sided, simulating an exterior RBS moment connection with or without
continuity plates. The careful design of these specimens for testing resulted in the ability
to investigate the existing code criteria regarding the implementation of continuity plates
in SMFs. Three of these specimens (Specimens C3, C4, and C7) directly challenge the
Lehigh Criterion (Eg. 1.16) by omitting continuity plates, despite the ratio of beam flange
width to column thickness being greater than 6.0. The one-sided specimens used either a
W36x150 beam or a W30x116 beam. The tested columns consisted of two different
shallow column shapes (W14x211 and W14x257) and several deeper column shapes
(W24x176, W24x192, and W27x235). Specimens C1, C2, C5, C6, and C6-G used
continuity plates. Only one specimen used a doubler plate (Specimen C7) consisting of a
single-sided plate to reinforce the column web.

Specimens with a ‘W’ prefix were two-sided, simulating an interior WUF-W
connection with continuity plates. Specimen W1 used two W36x150 beams, the largest
beam size permitted by AISC 358-16, adjoined to a W27x258 column. Specimen W2 used
two W33x141 beams fastened to a W27x217 column. Specimen W3 used two W30x116
beams connected to a W24x207 column. Finally, Specimen W4 used two W24x94 beams
connected to a W24x182 column. All of the two-sided specimens used a pair of symmetric
doubler plates with either a PJP or fillet weld attachment to the column flange. One
specimen, Specimen W4, used a doubler plate that was terminated inside the continuity
plates, while the other three specimens used a typical extended doubler plate detail.

All of the specimens with a continuity plate used 2-sided fillet welds to attach the
continuity plate to the column flange and column web. Except for Specimens C6 and C6-

G, the size of these fillet welds satisfy the proposed design rule of w = (3/4)t.,, where w

cpr
is the specified weld size, and ¢, is the thickness of the continuity plate. The doubler plate
in Specimen C7 is designed using the assumed shear flow (Eq. 2.25) derived from the

equilibrium of the plate instead of, as required by AISC 341-16, developing the shear
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strength of the plate. Doubler plate welds for Phase 2 specimens develop the shear strength
of the plate. Because the doubler plates of Specimen W4 do not extend beyond the
continuity plates, this specimen uses a weld to attach the horizontal edge of the doubler
plate, a requirement of AISC 341-16. This horizontal fillet weld is designed as per
requirements to develop 75% of the shear strength of the doubler plate.

5.2 Observed Response and Governing Failure Modes

All of the specimens completed the AISC prequalification for SMF. Specifically, all
the specimens completed at least one cycle of 0.04 rad drift without the strength of the
connection degrading below 0.8M,,,. The one-sided connections failed either by fracture
of the beam flange within the reduced beam section or failure of the top flange CJP weld.
Specimens, including those with and without continuity plates, which ultimately failed due
to weld fracture demonstrated early signs of ductile weld tearing during the initial 0.03 rad
cycle drifts. During each negative excursion where the top flange was in tension, the weld
tear progressed until the complete fracture of the weld. The weld tears started in the center
of the beam flange at the toe of a prominent weld pass in the reentrant corner. The typical
fracture was a ductile shear fracture that propagated at a 35-degree angle through the weld
metal until a fracture occurred perpendicular to the direction of loading (e.g., see Figure
4.49). The specimens which ruptured through the beam flange at the reduced beam section
developed fractures in the vicinity of the largest local buckling amplitudes. Specimen C7
had a multi-stage fracture, which originated with a cleavage fracture in the k-area of the
beam adjacent to severe web local buckling of the beam. The final stage of the fracture
resulted in a ductile fracture of the entire beam top flange. Specimen C1 from the pilot
study was the only specimen not loaded to failure. Instead, loading of this specimen
stopped once the strength of the connection had degraded below 0.8M,,,,. Finally, a single
cycle of 0.07 rad was imposed on Specimen C2 after completing two cycles of 0.05 rad of
the AISC loading protocol.

Phase 2 specimens all fractured through the beam top flange CJP weld (e.g., see
Figure 4.182). This fracture developed at the CJP weld root at the notch at the junction
between weld metal and steel backing. The initiation of this fracture was during the 0.03
rad drift cycles, and its gradual progression occurred through the weld metal along the CJP

weld bevel. Final fracture surfaces resulted in a mixture of shear fracture and cleavage.
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Extreme local curvatures influenced the fractures by providing secondary initiation sites at
other locations in the CJP weld. Several partial tears of the beam bottom flange CJP weld
extending downward from the inside face of the flange was observed. In one specimen,
Specimen W2, this resulted in a partial fracture of the beam bottom flange (see Figure
4.184). Table 5.1 compares the story drift capacities of all 12 specimens. (The drift capacity
of two-sided specimens is the lowest obtained drift from either beam.) Figure 4.108
summarizes the completed drifts and the distribution of elastic and inelastic drift
components. The expected and experimentally determined continuity plate and doubler
plate forces are tabulated in Table 5.2 and Table 5.3.

The peak connection strength factor, C,,., as determined by comparing the
experimentally determined moment at the AISC 358-16 assumed plastic hinge location to
the actual plastic moment, M,,,, of the beam is shown in Figure 5.2. (The computed C,,
for the two-sided specimens is the average of the two beams.) The average C,, for the eight
RBS connections is 1.19, which is similar to the value of 1.15 assumed in AISC 341-16.
The average C,, for the four WUF-W connections (eight beams total) is 1.30, less than the
value of 1.4 stipulated in AISC 358-16. Figure 5.3 shows the normalized dissipated energy
of each specimen and the distribution of energy dissipation between the column, panel
zone, and beams. The energy is normalized by the summation of the actual plastic moment,
M, of the beams at the connection (i.e., for the two-sided connections the energy is
normalized by 2M,,). The distribution shows that Specimens C2 and C5 demonstrated
significant panel zone yielding, while Specimen C3 showed moderate panel zone yielding.
This conclusion is reinforced by comparing the measured panel zone shear force, V,,,, to
the shear yielding strength of the panel zone (see Table 5.3). As predicted by the AISC
360-16 panel zone shear strength (Eg. 1.19), Specimens C4 and C7 did not dissipate energy
through inelastic panel zone deformation.

Figure 5.4 shows the reserve energy ratio for each specimen. The reserve energy ratio
is a metric that demonstrates a connection energy dissipation capacity beyond the single
cycle of 0.04 rad drift as required by AISC 341-16. A value of 1 indicates no energy
dissipation capacity after satisfying the minimum AISC qualification cycles. A value of 2,
which was substantially achieved by Specimens C2, C4, C5, C6-G, W2, and WS3,

demonstrates that a connection has double the minimum required energy dissipation

359



capacity. The tested clear span-to-depth ratios are shown in Figure 5.5. Only Specimen W1
violated the AISC 358-16 minimum ratio of 7 for either RBS or WUF-W connections; this
may explain the lowest reserve energy ratio by this specimen.

5.3 Effect of Galvanization

Specimen C6-G was nominally identical to Specimen C6, except the specimen was
hot-dip galvanized before shop welding. Removal of the galvanization in the area of the
connection was required to perform the simulated field welding. Zinc paint was then
applied to the welded area to simulate standard practice. The load-displacement response
of the two specimens was identical until the beam flange CJP weld fractured during 0.05
rad drift of Specimen C6 (see Figure 5.6). The discrepancy in cyclic performance between
the two specimens is attributed to variability in toughness and geometry of the beam flange
CJP welds. Therefore, for the specimens tested it appears that the galvanization did not
affect the strength or the ductility capacity.

5.4 Continuity Plate Response

The specimens with continuity plates did not demonstrate any damage to the fillet
weldments between the continuity plates and the column flanges or column webs. Except
for Specimens C6 and C6-G, the continuity plate-to-column flange weld used a proposed
weld size of (3/4)t.,. Specimens C2 and C5 used the closest weld size that would develop
at least (3/4)t., (see Table 2.3).

According to the recorded strain gauge response of the continuity plates, all
specimens, including Specimens C1 and C2, realized yielding or nearly yielding levels of
strain (Mashayekh 2017). The limited amount of cyclic strain precludes significant
hysteresis and strain hardening of the continuity plate. The yielding of Specimen C1, which
is designed to remain elastic according to the flexibility design method, is explained
through high levels of residual stresses in the continuity plates due to the welding of the
plates. With the exception of Specimen C5, the strains in the continuity plates were limited
to 2.5¢,, (see Figure 5.7). The addition of cyclic buckling of the continuity plate used in
Specimen C5 contributed to the recorded strain approaching 12e¢,, in tension; however,
prior to buckling the strains were limited to 1.5¢,, [see Figure 5.7(c)]. Therefore, most of

the high strain response in C5 is attributed to the flexural buckling of the plate and not high

membrane strains in the continuity plate. It is noted that the continuity plates of Specimen
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C2, which used a continuity plate despite not requiring stiffening to satisfy FLB or WLY,
still demonstrated yielding. This is attributed to the relative stiffness of the continuity plate.

Specimens W1 and W3 also show an asymmetric strain response; however, in this
case, it is attributed to the lateral-torsional buckling of the adjacent beam [see Figure 5.7(e)
and (g)]. The lateral-torsional buckling of the beam imposes an in-plane flexural demand
to the continuity plate that exaggerates the compressive strains in the plate. Specimen W2
was the only specimen designed with an intentionally undersized continuity plate with a
DCR of 1.43 (see Table 2.3). Instead of satisfying the governing column limit state, this
continuity plate was sized based on matching 75% of the adjacent beam flange thickness
as per AISC 341-16. Despite being undersized, the principal strains in the plate were
limited to €. This is attributed to a combination of two factors: (1) the measured peak
flange force was 0.88 times the expected, and (2) the measured F, value of the continuity
plate material was 58.0 ksi. There appears to be no detrimental effect of two-sided
connections on continuity plates. Before any lateral-torsional response of the beams, the
axial response in the continuity plate near the column flange approximates equal and
opposite pairs (e.g., see Figure 4.203). The shear response along the column web is
substantially uniform (e.g., see Figure 4.206).

Specimen C5 was the only specimen that demonstrated buckling of the continuity
plate. This buckling initiated at 0.04 rad drift during the peak beam flange force; local
continuity plate curvature was straightened out during the tension excursions of the
adjacent beam flange. Specimen C5 was designed with a width-to-thickness ratio of a
continuity plate of 16. Three specimens were designed with a width-to-thickness ratio of
12—these specimens did not develop an instability during testing (see Table 5.2).

5.5 Doubler Plate Response

Only the design of the vertical welds adjoining the doubler plate to the column flange
of Specimen C7 deviated from the provisions of AISC 341-16. This specimen and the four
specimens with doubler plate weldments conforming to AISC 341 did not demonstrate any
damage to the weldments. Specimen W4 utilized a doubler plate that was terminated within
the continuity plates. The top and bottom edges of the doubler plate of this specimen was

welded to the continuity plate using a fillet weld. This weld was the sole attachment of the
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inside face of the continuity plate to the panel zone. No damage was observed in any of the
weldments of this specimen.

Table 5.3 shows that the measured panel zone shear exceeded the yield strength of
the plate in Specimen W1. This specimen observes the largest recorded strain in the center
of the doubler plate (see Figure 5.8). Specimens W2, W3, and W4 have strains approaching
the yielding strain in the middle of the doubler plate—consistent with the predicted
behavior from Table 5.3. The edge of the doubler plate demonstrated higher shear strains,

above 2y,, as shown in Chapter 4. These locations experience local loading effects and

high levels of residual stress. Figure 5.8 shows that the extended portion of the doubler
plate shows negligible shear stress. Specimen W4, without the extended doubler plate,
demonstrates a minor shear response corresponding to the shear of the column.

Specimen W3 used a doubler plate with a ratio of (d, + w;,)/ts, of 102, which
violates the AISC 341-16, limiting width-to-thickness ratio to 90. Despite the violation,
doubler plate instability was not observed.

5.6 Column Limit States

Although the limit states of column flanges and webs under concentrated loads are
implicitly investigated by all specimens in this test program, Specimens C3, C4, and C7
without continuity plates provide a unique opportunity to isolate the limit states.

5.6.1 Web Local Yielding (WLY)

Specimens C4 and C7 challenged the Lehigh Criterion by omitting continuity plates.
The expected flange force of Specimen C4 was 611 kips, while the expected strength of
the WLY limit state was 620 Kips, resulting in a DCR of 0.99. Instrumentation of this
specimen illustrated the WLY limit state by distributing five uniaxial strain gauges over a
distance of 5k behind the beam flange at the toe of the column flange-to-column web
radius. As discussed in Section 1.5.2, the distance of 5k was derived from experimental
results, which confirmed a 2.5:1 diffusion of the beam flange force in the column web. The
experimentally determined flange force of Specimen C4 was 667 kips—1.09 times higher
than the expected flange force. The peak force occurred during the second cycle of 0.03
rad drift. The resulting peak flange force exceeds the estimated strength of the WLY limit
state of 620 kips based on the actual yield stress (see Table 5.2). The local response of
Specimen C4 demonstrates that, during the 0.03 rad drift cycles, yielding had distributed
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over the 5k distance during the positive drift cycles. Negative excursions do not
demonstrate yielding extending beyond 5k during the testing (see Figure 5.9). Continued
positive excursions saw uniform incremental growth of the web strains. The difference
between the positive and negative excursions is attributed to column warping producing an
out-of-plane flexure of the column web during positive excursions when the beam top
flange was in compression (see Figure 4.44). Therefore, despite the experimentally
determined flange force exceeding the WLY limit state of the column by 8%, the limit state
was not violated until 0.03 rad. The local response indicates peak cyclic strains of 0.01
in./in. (5¢,) directly behind the beam flange. The specimen failed by ductile tearing
through the reduced beam section and not because the WLY was exceeded.

Specimen C7 was reinforced with a web doubler plate to satisfy the WLY limit state.
The experimentally determined flange force of 594 kips is significantly lower than the
actual WLY limit state of 917 Kips. Despite this level of robustness, the local response of
Specimen C7 demonstrated significant yielding in the column web and doubler plate over
a distance of 5k (see Figure 5.10). This is attributed to the combined effect of warping of
the column flange producing out-of-plane flexure of the column web and doubler plate.
Additionally, the eccentric weldments of the doubler plate produce additional curvature,
which exacerbates the extreme fiber measured strain response. Despite the additional
flexural demands imposed on the column web and doubler plate, the specimen failed by
ductile tearing through the reduced beam section.

Figure 5.11 shows that column web strains of Specimen W4 approached le,, adjacent
to the continuity plate as the continuity plate yielded across its breadth (see Figure 5.12).
This indicates that although the WLY limit state may be applicable to unreinforced
columns that the significant plasticification that must occur to mobilize its full strength.
5.6.2 Flange Local Bending (FLB)

Localized yielding of the inside face of the column flange at the beam flange level
was only observed in Specimen C4 (see Figure 5.13). Recorded strains in that region
demonstrate strains of 4¢,, at the edge of the column flange, diminishing to 2.5¢,, several
inches away [see Figure 5.14(a)]. Specimen C4 demonstrated strains on average of 3¢,
with little gradient across the column flange [see Figure 5.14(b)]. Specimen C7 developed

strains of 6¢,,, diminishing to 3.5¢,, at the other gauge location [see Figure 5.14(c)]. It is
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noted that the recorded strains are influenced by the lateral-torsional response of the beam,
which superimposes a weak-axis flexure on the beam flanges. Weak-axis flexure of the
beams changes the distribution of the flange forces between sides of the column while
keeping the net flange force unchanged. For the specimens tested, at the gauge location,
the positive excursion demonstrated the highest peak strain.

The moderate levels of strains recorded behind the beam flange suggest the initiation
of a FLB yield line mechanism; however, the inclined yield line that would be expected to
extend (Prochnow et al. 2000) from the radius of the column outward at an inclination away
from the beam flange was not observed.

5.7 RBS Lateral Bracing Force

During the Phase 1 testing program, the lateral bracing force of the lateral bracing at
approximately d, /2 away from the end of the RBS was monitored. The bracing force is
normalized by the measured instantaneous beam flange force as determined from static
equilibrium. Table 5.4 shows the computed normalized maximum bracing force recorded
during testing. It is observed that the lateral bracing force of the specimens that terminated
at 0.05 rad developed approximately 2% of the beam flange force. Specimen C6-G
developed 5% of the measured flange force during the 0.05 rad drift cycles. Specimens C4
and C6-G developed 5.5% and 7.7%, respectively, of the measured flange force during the
0.06 rad drift cycles. The bracing force is compared to the required bracing force as per
8D1.2b of AISC 341-16 for highly ductile members. This provision requires 6% of the
expected beam flange force to be used when designing lateral bracing.
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Table 5.1 Specimen Performance Comparison

Spec. Continuity | Doubler | Cycle at .
No. Beam Column Plate (in.) Plate Failure Failure Mode
Not Tested to Failure
a - -
C1 W30x116 W?24x176 3/4 (Stopped at 0.05 rad)
1%t of
C2¢ | W36x150 | W14x257 5/8 i O'gzterfd RBS Fracture
0.05 rad
1% of Beam Top Flange CJP
C3 W36x150 W14x257 - - 0.05 rad Weld
st
C4 W30x116 W27%x235 - 1* of RBS Fracture
0.06 rad
2" of Beam Top Flange CJP
C5 W36x150 W14x211 3/8 0.05 rad Weld
1% of Beam Top Flange CJP
Cé6 W30x116 W24x176 1/2 0.05 rad Weld
st
C6-G | W30x116 | W24x176 1/2 1% of RBS Fracture
0.06 rad
nd
C7 W30x116 W24x192 - 1x5/8” 2" of RBS Fracture
0.05 rad
., | 2ndof Beam Top Flange CJP
w1 W36x150 W27x258 1/2 2%x5/8 0.04 rad Weld
., | 2ndof Beam Top Flange CJP
W2 W33x141 W27x217 3/4 2x3/4 0.06 rad Weld
., | 2ndof Beam Top Flange CJP
W3 W30x116 W24x207 1/2 2%x1/2 0.06 rad Weld
. 1%t of Beam Top Flange CJP
W4 W24x94 W24x182 3/4 2 x5/8 0.05 rad Weld

a) Specimens tested and reported in Mashayekh and Uang (2018).
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Table 5.2 Continuity Plate Design and Experimentally Determined Forces

Expected per Design?

Experimental Results

Spec.

No. S 1| e iy | (8 e M | et £ | Local Buckling
Cl 597 8.0 0.75 642 431 629 1.05 No
C2 745 9.6 0.80 1168 826 790 1.06 No
C3 738 - - 1317 932 725 0.98 -
C4 611 - - 859 620 667 1.09 -
C5 765 16.0 0.83 897 679 693 0.91 Yes
C6 582 12.0 1.00 640 430 627 1.08 No
C6-G 582 12.0 1.00 640 430 618 1.06 No
C7 558 - - 799 917 594 1.07 -
w1 1127 12.0 0.75 1097 1716 997 0.88 No
W2 1002 7.8 0.75 816 1677 913 0.91 No
W3 826 11.0 0.75 894 1215 134 0.89 No
W4 745 7.3 0.75 527 1048 662 0.89 No

a) Values tabulated for F,, and ¢ = 1, FLB and WLY calculated as per AISC 360 8J10.1 and §J10.2.
b) Weld size, w, tabulated for continuity plate-to-column flange fillet weld.
¢) Measured Py derived by assuming 85% of the beam moment at the column face is resolved in the flanges.
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Table 5.3 Doubler Plate Design and Experimentally Determined Forces

Expected per Design

Experimental Results

Panel Measured
Spec. tap | ExpectedV,, | Zone | 0.6F,dcty, d,+w, |d;+w, Doubler Plate 17b Measured V,,, Instability?
(in.) (kips) PR,? (kips) tew tap Vertical Weld pz Expected V,,
(kips) (kips)
Cl - 596 745 664 68 - - 620 1.04 No
C2 - 717 825 662 40 - - 752 1.05 No
C3 - 710 761 611 40 - - 691 0.97 No
C4 - 610 948 831 59 - - 656 1.08 No
C5 - 678 626 518 48 - - 661 0.97 No
C6 - 581 777 692 68 - - 618 1.06 No
C6-G - 581 777 692 68 - - 609 1.05 No
C7 0.63 557 1494 1317 63 81 7/16 in. Fillet 585 1.05 No
W1 0.63 2040 2299 2173 61 95 PJP 1951 0.96 No
W2 0.75 2063 2402 2303 68 76 PJP 1747 0.85 No
W3 0.50 1729 1784 1672 58 102 11/16 in. 1439 0.83 No
W4 0.63 1472 1741 1661 64 72 7/8 in. 1367 0.93 No

a) Values tabulated for F,; and ¢ = 1; panel zone strength determined as per AISC 360 Eq. J10-11.

b) Panel zone shear, V,,,, determined from equilibrium.
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Table 5.4 Specimen Lateral Bracing Force Comparison

Maximum Normalized

Spec. Beam Column Connection Fallu_re of Lateral Bracing Force
No. Specimen %)
C3 W36x150 W14x257 RBS 1 of 2.2

0.05 rad '
C4 W30x116 W27%x235 RBS 1* of 5.5
0.06 rad '
C5 W36x150 W14x211 RBS 2 of 1.4
0.05 rad '
C6 | W30x116 | W24x176 | RBS 1% of 2.0
0.05 rad '
1% of
C6-G | W30x116 W24x176 RBS 7.6
0.06 rad
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Figure 5.13 Specimen C4: Observed Column Flange Localized Yielding (End of Test)
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6 SUMMARY AND CONCLUSIONS
6.1 Summary

Cyclic testing of ten full-scale steel moment frame connections was conducted to
evaluate the efficacy of economized continuity plate and doubler plate weld details.
Phase 1 of the testing included Specimens C3, C4, C5, C6, C6-G, and C7. The Phase 1
specimens were one-sided RBS connections tested in the upright position with a single
220-kip hydraulic actuator. Phase 2 of the testing included Specimens W1, W2, W3, and
W4. The Phase 2 specimens were two-sided WUF-W connections tested in the horizontal
position with two 500-kip hydraulic actuators. The testing was performed in displacement
control to impose a prescribed drift according to the standard AISC cyclic loading
sequence, as specified in the 2016 Seismic Provisions (AISC 341-16). In the case of the
two-sided specimens, imposed drifts were applied equal and opposite on either side of the
connection. These ten specimens are accompanied by Specimens C1 and C2, which were
tested previously as part of a pilot project (Mashayekh and Uang 2018).

The Phase 1 specimens were carefully designed to investigate the applicable column
limit states of Flange Local Bending (FLB) and Web Local Yielding (WLY). The omission
of Web Local Crippling (WLC) from the investigation was because it is found to seldom
govern the design of column stiffening of Special Moment Frames (SMFs). Three of these
specimens were designed to directly challenge a criterion in AISC 341-16, which imposes
a minimum thickness of an unstiffened column flange to be equal to the adjacent beam
flange width divided by 6. This criterion is named as the Lehigh Criterion in this study
after the institution of the founding study (Ricles et al. 2000). Specimen C7 challenged this
criterion by reinforcing the governing column limit state, WLY, by the addition of a
column web doubler plate. Since this doubler plate was not required based on the shear
strength requirement of the panel zone, a new design methodology to design the vertical
welds was applied in lieu of the stringent requirements imposed by the provisions in AISC
341-16.

The Phase 2 specimens were designed to subject the continuity plates to a higher level
of force that is realized by the WUF-W connection and investigate the effect of a continuity
plate stiffening of two-sided connections. Since a relatively high panel zone shear force

was anticipated in the Phase 2 specimens, the doubler plate weldments were designed as
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per AISC 341-16 to develop the shear strength of the plate. Specimen W4 used a doubler
plate that was terminated inside the continuity plates, while the other three specimens used
an extended doubler plate detail.

All of the specimens that had continuity plates used two-sided fillet welds to attach
the continuity plate to the column flange and column web. Except for Specimens C6 and
C6-G, the size of these fillet welds satisfy the proposed design rule of w = (3/4)t,, where
w is the specified weld size, and ¢, is the thickness of the continuity plate. All of the W-
shaped beams and columns were fabricated from ASTM A992 steel, while the continuity
and doubler plates were fabricated from ASTM A572 Gr. 50 steel. Simulated field welding
of the beam top and bottom flange CJP welds were performed in the shop with the frame
standing in the upright position. Beam flange CJP welds used an E70T-6 (Lincoln Electric
NR-305) electrode in the flat position. The beam web, the reinforcing fillet on the beam
top flange backing, and the reinforcing fillet on the beam bottom flange were welded with
an E71T-8 (Lincoln Electric NR-232) electrode in the vertical and overhead positions. The
continuity plate and doubler plate welds were shop welded with an E70T-9C (Lincoln
Electric OSXLH-70) electrode. The electrodes used for the continuity plate and doubler
plate welding satisfy the notch-toughness requirements of AWS D1.8 (2016) for Demand
Critical welds. Specifically, they have a minimum notch-toughness of 20 ft-Ib at 0°F and
40 ft-lb at 70°F.

All of the specimens passed the AISC Acceptance Criteria for SMF applications, i.e.,
all specimens achieved at least one cycle of 0.04 rad story drift angle while not
experiencing a strength degradation resulting in a moment capacity less than 80% of the
beam nominal plastic moment at the column face. After passing the Acceptance Criteria,
the Phase 1 specimens eventually failed either through low-cycle fatigue of the beam in the
reduced beam section (Specimens C4, C6-G, and C7) or through fracture of the beam top
flange CJP weld (Specimens C3, C5, and C6). Specimens that failed through fracture of
the beam top flange demonstrated initial tearing of the beam top flange CJP weld during
the 0.03 rad drift cycles. The tearing initiated at the toe of a prominent weld pass on the
top surface of the CJP weld slightly outward of the re-entrant corner formed by the beam
top flange and column flange. Continued ductile tearing of the weld occurred during each

negative excursion when the beam top flange was loaded in tension. The fracture
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propagated through the weld metal at an angle of about 35°. Eventual fracture of the beam
top flange CJP weld occurred primarily through cleavage and ductile fracture once the
remaining material was overloaded.

The Phase 2 specimens all failed eventually through fracture of the beam top flange
CJP weld. This fracture primarily initiated at the beam flange CJP weld root, where the
root of the weld met the backing bar. Secondary initiation sites developed in the CJP weld
from extreme local curvatures that developed due to the flange local buckling at the plastic
hinge near the face of the column. Ductile tearing of the weld was observed during
excursions which put the affected flange in tension. Tearing of the weld tended to propagate
outward along the CJP weld bevel until a cleavage fracture occurred. No damage was
observed to any of the continuity plates or doubler plate welds. Except for the continuity
plate of Specimen C5, yielding of the continuity plate was limited to 2.5¢,, according to
measurements of principal strains near the column flange edge. Specimen C5 was the only
specimen that showed buckling of the continuity plate. The high strains observed in the
continuity plate of Specimen C5 were due to local buckling of the plate.

Except for Specimens C2 and C5, the primary mechanism for energy dissipation was
the plastic hinging of the beam. Instead, these two specimens developed significant energy
dissipation in the panel zones. All of the specimens presented reserve energy ratios above
1.3, demonstrating that significant reserve energy dissipation potential exists beyond the
AISC minimum criteria (including one cycle of 0.04 rad drift) for connection
prequalification. The specimen which realized the least reserve energy capacity had a clear
span-to-depth ratio of 6.8, slightly violating the limit imposed by the AISC 358-16
requirement of 7.0. The relatively poor performance of this specimen might be partially
attributed to the relatively high beam moment gradient (i.e., high shear) of this specimen.
6.2 Conclusions

The following conclusions can be made:

(1) All of the specimens tested in this program passed the AISC Acceptance Criteria for

Special Moment Frames.

(2) Three of eight RBS connections failed through ductile tearing of the beam top flange

CJP weld. The tear propagated for several tension excursions in a ductile manner

through the weld metal until a brittle overload of the remaining flange material
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(3)

(4)

(5)

(6)

occurred. The propensity to fracture is attributed to variability in weld surface
topology (i.e., how sharp the re-entrant corner is formed between the beam flange
and column flange) and variability in weld notch toughness. This assertion is
confirmed by the observation that the two nominally identical specimens (Specimens
C6 and C6-G) failed through different mechanisms.

Including the pilot program (Specimens C1 and C2), a total of nine specimens were
tested with fillet welds fastening the continuity plate to the column flange. Most of
these specimens (seven) used a proposed fillet weld size, w, of (3/4)t.,. The
remaining two specimens were conservatively designed with w = t.,,. No damage
was observed in any fillet welds. Therefore, the AISC 341-16 requirement to connect
the continuity plate to the column flange with CJP groove welds may be unnecessary.
The continuity plate of Specimen C5 developed local buckling during the 0.04 rad
drift cycles. The width-to-thickness ratio of this plate was 16. Three specimens
(Specimens C6, C6-G, and W1) used a width-to-thickness ratio of 12 and did not

develop any instability. A width-to-thickness ratio equal to 0.56,/E /E,, which limits

the width-to-thickness of continuity plates fabricated with Grade 50 material to 13.5,
IS recommended.

Except for the continuity plate of Specimen C5, recorded principal strains were
limited to 2.5¢,,.. The recorded strains of Specimen C5 were limited to ¢, prior to
flexural buckling of the continuity plate during the first 0.04 rad drift cycle. The
limited amount of cyclic strain precludes significant hysteresis and strain hardening
of the continuity plate. Except for the continuity plate of Specimen W2, all of the
continuity plates satisfied the column strength limit states of 8J10 in AISC 360-16.
Specimen W2 used an undersized continuity plate that instead satisfied the thickness
requirement of 75% of the adjacent beam flange for a two-sided connection.
Therefore, sizing a continuity plate for the column strength limit states of 8J10 in
AISC 360-16 appears to limit inelastic strains preventing strain hardening from
occurring.

A detailed review of the limiting column flange thickness of b,r/6 given by
8E3.6f.1(b) in AISC 341-16 provided in Chapter 1 of this report reveals consecutive

simplification of the limit from a low-cycle fatigue analysis performed on WUF-W
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(")

(8)

©9)

(10)

(11)

connections. The violation of this criterion for three RBS specimens of Phase 1
(Specimens C3, C4, and C7) indicates that this criterion may be unnecessarily applied
to RBS connections. As discussed in Chapter 1, this criterion triggers the mandatory
use of continuity plates in a significant number of RBS connections, which may be
relatively lightly loaded when compared to a typical WUF-W connection.

The Web Local Yielding (WLY) limit state in AISC 360-16 8§J10.2 appears to
correspond well with the prediction despite the application of cyclic loading. It is
noted that column warping produces out-of-plane flexural strains in the column web,
which are superimposed on the predicted web strains.

The Flange Local Bending (FLB) limit state AISC 360-16 8§J10.1 was found to be
developed in a conservative way by selectively limiting parameters to conservative
values. The level of conservatism that was enjoyed by the original derivation
(Graham et al. 1960) is expected to drop off as heavier sections are selected. Although
localized column flange yielding was observed on the inside face of the column
flange at the beam flange level, a complete yield line mechanism was not anticipated
or observed.

Specimen C7 used a relatively lightly loaded doubler plate such that inelastic
behavior of the plate was not anticipated. The vertical weldments attaching this plate
to the inside faces of the column flanges were designed for the computed shear flow
on the edge of the doubler plate based on the relative elastic stiffness. This fillet weld
was undersized by a factor of 2, according to AISC 341-16, but did not demonstrate
any damage during testing. The fillet weld throat was maintained through the doubler
plate bevel by specifying that the bevel angle shall be 45°.

One specimen, Specimen W3, used a doubler plate with a (w, + d)/t4, ratio of 102,
which violated the AISC 341-16 width-to-thickness limit of 90. No instability of this
doubler occurred during testing.

The lateral bracing force of a lateral brace placed approximately d /2 away from the
end of the RBS was limited to 5% of the flange force during the 0.05 rad drift cycles.
During the 0.06 rad drift cycles, one specimen, Specimen C6-G, saw a lateral bracing
force equal to 7.6% of the flange force. This column was a W24x176 shape,

representing a deeper column section. Another specimen, Specimen C4, developed
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(12)

(13)

(14)

lateral bracing forces of 5.5% during the 0.06 rad drift cycles. In general, the deeper
column sections require higher bracing forces, but the force requirements are
bounded within the AISC 341-16 requirements during the cycles up to 0.05 rad drift.
The average peak connection strength factor for the eight one-sided RBS connections
of Phase 1 was determined to be 1.19. This is slightly higher than the recommended
value of 1.15 as per AISC 341-16.

The average peak connection strength factor for the four two-sided WUF-W
connections of Phase 2 was determined to be 1.30. This results in a 10% reduction in
estimated flange force when compared to the recommended value of 1.4 as per AISC
341-16.

A duplicate RBS specimen that used the same design details and metallurgical
properties was hot-dip galvanized before simulated field welding. This specimen
performed better, completing one additional cycle of 0.05 rad drift and one additional
cycle of 0.06 rad drift. The better performance is not attributed to the effect of
galvanization. Therefore, for the one specimen tested, it appears that the
galvanization did not affect the strength or the ductility capacity of the connection.
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APPENDIX B: WELD INSPECTION REPORTS
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TESTING & INSPECTION REFORT
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S Ryan E. Bordenkecher 870 [“=a/26/18
U AISC Mock-up R OPTIEENA
6454 Industnal Pkwy, San Bemadino, CA 92407 ™™™ "NA
casmmacron: A T AISC
FETENA ™NA ™ =T San Bernadino Steel/Herrick
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DESCRIFTION OF WiORE INSFECTED

Amived on location at San Bernadino Steel/Hemick to provide continuous visual inspection and perform non-destructive tesfing of the modified re-design of
mament frame welded connectiens io be destructively tested at UCSD Seismic Testing Faclity in San Diego, CA.

Werified welding performed by certified personnel using approved materials, consumables, and weld procedures for steel moment frame seismic resistant
design per AWS D1.8 and AISC 341 Seismic Provision.

Reviewed meck-up drawings to include welded joint configuration, fit-up tolerances, weld types, and backing.

Werified proper fit-up. pre-heat, welding sequence, equipment parameters, workmanship and technigue are in compliance with approved mock-up drawings
and cument code requirements for seismic design.

‘Welding of piece marks idenfified as 30001/14 (RBS WF beam) to 10001/1A (WF column):
-30001/14 HT#440880 (4992}
-10001/1A HT#MO38662 (ABE2)
Visually inspectediaccepted complete joint penefration groove welds at top/bottom flanges and web per AWS D1.1 Section &, Part C 6.9, Table 6.1.

Visually inspectediaccepted fillet welded reinforcing fillet welds at top fange backing bar left in place and bottom flange remowed backing bar per AWS D11
Section 6, Part C 8.8, Table @.1.

Mon-destructive ultrasonic flaw detection of CJP groove welds and magnetic particke examinatien of run-off tab remeval/reinforcing fillet welds to be performed
after a 24-howr cooling pencd has been reached.
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E71T-8 {Lincoin NR-232) n72 2R5/21/7 IPMIBTC-U4a-F
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Project #: 9870
Bldg. Permit #:

WESTﬂ COHST Date of Report: @/26/18

INSPECTION SERVICES

SPECIAL INSPECTION, NOT

PROJECT: AISC Mock-up

CONTRACTOR: San Bemadino SteslHerick

ADDRESS: 5454 Industrial Pkwy., San Bemadino, CA 02407

Certification of Compliance: All work, unless otherwise noted, complies with the approved
NAME: Ryan E. Bordenkecher

CERTIFICATION NO: AWS CWI # AWS/CWI 05101101
Page 2 of 2
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DESCRIFTION OF WORH INBFECTED

Arrived on bocation at San Bemadino SteelHermick to provide continuous visual inspection and perform non-destnuctive testing of the modified re-design of
mament frame welded connections to be destructively tested at UCSD Seismic Testing Facdity in San Diego, CA.

Verfied welding performed by certified personnel using approved materials, consumables, and weld procedures for steel moment frame seismic resistant
design per AWS D18 and AISC 341 Seismic Provision

Reviewsd mock-up drawings fo inciede welded joint configuration. fit-up tolerances, weld types. and backing

Werified proper fit-up, pre-heat, welding sequence, equipment parameters, workmanship and technigue are in compliance with approved mock-up drawings
and current code requirements for seismic design

Wielding of piece marks identified as 30003/14 (RES WF beam) to 100031 A (WF column)

-30003M1A HT#421418 (A202)
-100031 A HT#462444 (A202)

Visually mspected/accepted complete joint penetration greowe welds at top/botiom flanges and web per AWS D1.1 Section 8. Part C 6.0, Table 8.1

Visually inspected/accepted fillet welded reinforcing fillet welds at top flange backing bar et in place and bottom fange removed backing bar per AWS D1.1
Section &, Part C 6.9. Table 8.1

Mon-destructive ultrasonic flaw detection of CJP groove welds and magnetic particle examination of run-off tab removalireinforcing fillet welds to be perdformed
after a 24-hour cooling period has been reached.
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(Th weri irsipeched mal fa eguinment of ihe appreved documanis Yaz l:l Mo Approal Doorsessy Asesded Coestrection TDecement, unles nthersias soted i this rgort.

"San sdtional corwmanis tor isbrrtion mgardng ron-cormpliant Inspaciion it Insipoonor Infals: ﬂ

ADDITIOHAL COMBENTS | MON-COMPLIARCE ITEMS | DEVIATIONS | EXCEPTIONS

'mwﬁm“m:%
Inspcior Mama Print: RyalrE” Bordan ke char

Inapaosr cortoaton: AVWSCWI 05101101

Al lagscilons bassd on minimum of 4 kours and over 4 =ours £ hous mlnimum. F lagscior m calsd 1o 8 projact and no wort b pertoresd 8 2 hour show up chargs =il B applss
Tin repor el bs desrizulsd 5o the arc=Hecs sngnesr. clant and (e O8A) am reguined by codes and
G Prigiiect Auchivect;, Struch vl Englessr, Projec] inpeciorn 054 Regional 0fics; Schoal Distric
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Project #: 9870
Bldg. Permit #:
WEST COHST Date of Report: /25118

INSPECTION SERVICES

SPECIAL INSFPECTION, NDT

PROJECT: AISC Mock-up

CONTRACTOR: San Bemadino SteelHerrick

ADDRESS: 5454 Industrial Piwy., San Bemadino, CA 92407

Certification of Compliance: All work, unless otherwise noted, complies with the approved

NAME: Ryan E. Bordenkecher

CERTIFICATION NO: AWS CWI # AWS/CWI 05101101
Page2 of 2
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WCIS
ﬂEF'E-.l-l'm :E#VI:EET 2500 Hoover Ave. Sulle O-5an Clega CA 51350
TFaEInL TeRFRETIEN, AET o 10,308 4405 F: 5104302453

TESTING & INSPECTION REPORT Page: | e 4

R Ryan E. Bordenkecher eemeaRTO [“™0i27/18
PHEAISC Mock-up PRATLESTE RS NA
‘6454 Industrial Pkwy, San Bernadino, CA 92407 ™™™ "NA
ecmermscron A ‘AISC
EETEENA [ NA | womeir®5an Bermadino SteelHerrick
TH: Limit tns b normiss:, s jarmi numstsr (s shest, et al smert by bypss aned SPEUTF K bsathor, Each gl mus! bs spesfioady RenSed bor SSAHE bl rspsclion. han-compismn! st mus! b spscfioaly ke,
Communicstion {iFL Steich eic_ | vokding prevdous non-compibent Sema s e cormeraationa and communkorions st project designen., buliding ad penmit gnendng suhority oficsds.
HOURS
REGLILAR | 15X | 2% | TIME 1N | TIME CUT | MEAL FERIOD

[ 545 AM | 045 AM |

4 [ [
Shop Fnhl] u-r m' P'r|:| M-mnlj mmgl:l Bdli'-qu Fi--:molnql:l thdAmrl:l

DESCRIFTION OF WORH INEFECTED

Armived on location at San Bernadino SteelfHemick to perform non-destructive ultrasonic flaw detection and magnetic particle testing of the
madified re-design of moment frame welded conneclions to be destructively tested at UCSD Seismic Testing Facility in San Diego, CA.

Calibrations on non-destructive testing equipment were performed prior to, during, and after testing to ensure proper functioning of
equipment throughout the entire examination process in accordance with applicable code requirements.

Perfiormed non-desfructive ulirasonic shearwave testing of moment frame complete joint penetration groove welds located at WF beam to
column topfbottomn flanges and web on piece marks identified as 300031 A to 10003/1A and 300011 A to 100011A. Ultrasonic testing was
unremarkable with no defects noted at the time of testing. See attached UT report for further information.

Performed non-destructive magnetic particle testing of moment frame complete joint penetration groove weld run off tabs located at WF
beam to column topfbottom flanges and at bottom flange 5/16" reingorcing fillet weld upon backing bar removal on piece marks identified
as J0003/1A to 100031 A and 300011 A to 10001/1A. Magnetic particle testing was unremarkable with no defects noted at the time of
testing. See attached MT report for further information

189-001-18
WELLER MANE FILLER METAL | ELECTRODE ELECTROGE DIANETER AVERASE ANPS | VOLTS | TRAVEL SPEED | SOINT COMPIGURATION REMARES
Salvador Ramirez ETOT-8 {Lincoln NR-305) 083 4252512 IPMBTC-Ma-F
ET1T-8 (Lincoln NR-232) 072 255217 IPMIBTC 43 F
CERTIFICATE OF COMPLIANCE

Tt s i napoctad i acooniance whh B spprvn documents ] Yes I:l"’ 1 ey declare o, tes i bert of sy personal knowlesdge, the work performe and the matrsish e s

intallrad roverred by this repert, are in soepliance wis the soproved docs=mb and sy appeerd Pox
Th: weri. irenpactiad mai tha requinemsni of ihe spproved documants Yes I:l Mo Agprol Doorsesad A=rmrded Crestractinn Decemeni, unles ntherwise moted i this report.

"Sas addffionml corymans o sbrrwdion moarding Inspecion e Inapacior Inkaks: E

ADDITIONAL COMBENTS | MION-COMPLIARCE ITEMS | DEVIATIONS | EXCEFTIONS

Inspacor Sgnature %
Inspactor Mama Erint: Ryal Bordenkecher

Inapocior cartioation: AVWS/CW] 05101 101

Al lmapaciicns bassd o minimeam of 4 =ous and over 4 =ous-£ hours inmuam. B specior o cales 1o 8 projact and no sork b pertoress 8.2 hour thow oz chargs =1l ba sopled
Tela report will be detrEuled S e arcelsct snginssr, clanl and govamig im.5. DAY o regalresd by codas and projsct
O Progect Aot Sruchun Enginssr; Project irepscion, 054 Regionsl 0ios; Schoal Disric)
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ot
WESTE& COMRST

INSPECTION SERVICES

SFECIML INSFECTION, MNOT

ULTRASONIC TEST REPORT

Job lengfication: [AISC Mock-up AddESs 5454 Industrial Plowy. [ Dawfozzng
City o[ San Bemadino Building Permit No.: | /A [Regorfz Jof[4
Generl Conactor [NA SUb Comtclor | San Bemadino Steel/Hemick
Arcnizct |NA Engineer: |NA
Guality Requirements-Section No. |A‘.‘|‘S D1.1 Tabde 5.2

ULTRASONIC EQUIPMENT
J— [ Manutactuer Moce ™ Teansducess
[ TW-DUFD SUB140 0016208 Marasfuctuner Mitech  [NOT Systems
Wisdsl i Tyes el Eaial M Angle 0 70
Refa Blocks
rance Bloc [ W Twel 1018 Eriaz EErET 130875 | AWWOTD
| Wi fasturar | Tigs | Blateh Sari b Eize 1" The.TH
Coupiant — -
[ Sonotech | UTX Powder | 12HD47 whisige Sanai Na NA AWS-0268
Rl Level Livd
ULTRASOMIC TESTING OF MATERIALS
Surlad Condition | ThickiTerid | Joiri Ty | Whiriline Proasss | Eniam Tom Fad |'mu~aml3=m.m|.a|:| Bearning Liesl
CleanDry | 5ig-1" | T | Foaw | asE | 182 | Per AWS D1.1 Table 8.2
ITEMS EXAMINED/TESTED
Ling Plecs MarkiWald ID Description Interpratation Ramarks
Fwuidls | howpier | Msjedes | Razaied
1000114 CJP at top/bottom flanges and web 3 3 M& | WA
1000314 CJP at top/bottom flanges and web 3 3 MA | WA
Toial Welds| @ 6| MIA | NIA
Comments:
INDICATION({S) FOUND IN REJECTED WELDS
T DECIEELE |dB} DASCONTHUIMY (in.) =&
- = nd
% Be| B = || mer | a2 [ ma Fri ol DISTANCE (in ) EE
= ) | Dan tom 2B REMARNE
Lirvé E E :é S 4 » L o L Langth ke Pall ‘ﬁ‘&.ﬁrr:m From X From E 5 (Discontinulty Evaluaion)

|, the undersigned, cerify that fe siatements in this recond are comect and that the tesi welds were prepared and tested In confiormance wilh the reguiremenis of Clause §, Part F of
A2 01 A AM: 2015 Stnectural Welding Code-Stes] and S Project Speciicabions.

Inspector

and vertical Isspector: | Ryan E. Bordenkecher
- i Level: | Il

Siznature: | E‘; -
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x
WEST\lK (-
INSPECTION SERVICES

SEESIRE HRERETIER. e REPORT OF MAGNETIC PARTICLE TESTING OF WELDS
project Name: Al SC Mock-up Client Project number 9870 _
Quality Requirements-Section No. AWS D1.1 Section 6, Table 6.1 wis Project Number 169-001-18 |
Items Examined/Tested: Moment frame CJP groove weld R/O tahs and bottom flange 5/16" reinf. fillets
une | e e DESCRIPTION S| Specie | Aoeptes| e gt e REMARKS

1 | 10001/1A| MF beam to column X X 4-RJ0 tabs & 1-reinf fit
: |10003/1A MF beam to column X X 4-R/O tabs & T-reinf. fit
El
4
g
[
7
&
9
in
11
12
13
1
15
16
17
18
15
0
Quartity: 10 Total Accepted: 10 Total Rejected: )
Cormments:
PRE-EXAMINATION

Surface Preparation: CIEBI"I.I']:J‘['IFII

EQUIPMENT

Instrurnent Make: Pa rker Medel: DA-dDD Z'H Number: 24353

METHOD OF INSPECTION

[ ]y [[wer  [#Jwimie [ ] Purescent  pow bedis applies: Blower

[Jac [¥]ec [(Jresiis  [f] contiruos [] voue [ o [Jotrer

Direction far Field: [Jowcuar [ JLongituiel Strength of Field: K Niown indications

POST EXAMINATION

Demagnetizing Technique [if required): NA Cleaning (if requined]: N_A Marking Method:N.lﬂ';

I, the undersigned, certify that the statements in this record are correct and that the test welds were prepared and
tested in conformance with the requirements of AWS D1.1/D1.1M: 2= | Structural Welding Code- Stes

inspector Ryan E. Bordenkecher snr-reaalev. Il MT pate 327118

West Coast Inspection Services
5575 Magnatron Bhwd Suite D
San Diego, Ca 32111
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Project #: 2870
Bldg. Permit #:
WEST CDHST Date of Report: oi27/18

INSPECTION SERVICES

SFECIAL INSPECTION, NDT

PROJECT: AISC Mock-up

CONTRACTOR: San Bemadino SteeliHerrick

ADDRESS: 5454 Industrial Pkwy., San Bemadino, CA 82407

Certification of Compliance: All work, unless otherwise noted, complies with the approved

NAME: Ryan E. Bordenkecher
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SMITH-EMERY COMPANY
Daily Inspection Report

: ATSCUCSD SMF Project S5ETeb#  New Job
Tarisdiction
Address: Permit &
Off-Site Date: Jurisdiction, spoke to:
_ . Start Time: AM
Shop Name: Work at performed at San Bemadine Steel End Time  PM
Bhop Address: 5454 Indusirial Pkwy San Bemardino, Ca natme_ & Pag: Tof

[ Conerete [] Frreproofing [] Masonry Steel Field []5teel Skop [JOther

Descnphon of Work Inspected

Performed ultrascund testing of complete joint peneTation sroove welds, see artached reports.
Performed mag-particle testimg of weld tab removal. see attached reporis.

Inzpector; Julian Fazo

AWSCWI=03120501

ICC Stucmral Steel & Bolung #5232503

ICC Structaral Steel Welding #5232503

ICC Fireproofing #3232503

L A City 5teel Construction, Drilled In Anchors
& Fireproofing #P018657

LA County Stractural Steel & Welding #01735
U.T. Level II/SNT-TC-1A

MT Level I'SNT-TC-14

Waork Not In Compliance

Thework [] was  [] WAS NOT insnected

Materizl sampling [ was [ WAS NOT [ N/A performed

The work mspected ] met [ DI MOT meet the requirements Dte Signature
with the requirements of the approved documents.
CC: Project Architect, Stractural Enginser, Project Inspector Employee D Name

ALL REMOETS ARE SUBMITTED AS THI
REGARINNG THEM 15 RESERVED FENDI

NFIDENTIAL FROFERTY OF CLIENTS. AUTHORIZATION FOR FUBLICATION OF OUR REFORT, CONCLUSIONS, OR EXTRACTS FROM O
OUR WRITTEN AFFROVAL AS A MUTUAL FROTECTIN TO CLIER HE PUBLIC AND OURSELVES.  © Smith Emery Company 2.0b

SECO 101A
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et

SMITH-EMERY COMPANTY . .. n [Bew 300

FParmit Ho.

REPCRT OF MAGHNETIC PARTICLE 3HOF EXAMINATION

Job Hams

AISC/UCSD

Job ASdTean

HWorked performed at San Bernardino Steel 5454 Industrial Pkwy San Bernardino

Jobaits Location [arsa/floar)

Wald location and fdsctification akstch

Wisk! Acvoaas

ek f—

Piece Work Location i 3::;: ﬁfi Hemarks

10001 1/A Case 1 A side w MT Weld tab remowval 4 locations

10001 1/A Case 1 B side MT Weld tab removal 4 locations
Buiprans [brand] Hindal Cramperm Currams Particls typs

Magnaflux ¥7 AC/DC 4 amps 120 wol | Bed Particle
azarisl Jusfacs Taat Taop. Spacing framlisy Raqudrsssnt-ssssion
Carbon Steal Claan Amhiant 4—6 inchas BWS N1 .1 Sax &
Dires=sion Mattod of Lnapactios

Oeiezuiar Oreng B een [mEEEE [ e Oeasr Fac Oee et ooy Flvisinis [Jrizacsacant

6/26/19 2673 Julisn Bazo
Dated Employee ID Hame

ALL REPORTS ARE SUBMITTED AS THE DOMFIDENTIAL PROFERTY OF CLIENTS. AUTHORIZATION FOR FUELICATION OF DUR REPOET, CORCLUSIONS, OR EXTRACTS
FROM OF. REGARDDNG THEM 15 RESERVED FENDIMNG OUR WRITTEN AFFROVAL AS A MUTUAL FROTECTION TO/CLIENTS, THE PUBLIC ANDY

DLRSELYES.
IC 2004 Sesith Emery Disimpaiay
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SMITH-EMERY COMPANY

SE Job Ho.

SHOP WELD TESTING

REPORT OF ULTRASONIC

Work at performed at San Bernadino Steel

Rz

Moment Conn

CJF A) Side T/B Flgs & Web

Col 10001 1/m

Moment Conn

CJP B) Side T/B Flgs & Web

Col 10001 1/a

o i pran £l Model Sa - Anglain
Sonatest D-20 1011912 M
GE Gamma .75 = .625 2.25 40 60
BWS D1.1 Clause & Table 6.2

6/26/19 2673 Julian Razo

Dated Employves ID Hame

ALL BEPORTS ARE SUBMITTED AS THE CONFIDENTIAL PROFERTY OF CLIENTS. AUTHORIZATION FOR PUBLICATION OF OUR REPCRT. CONCLUSIONS, OR EXTRACTS
FROM OF REGARDING THEM IS RESERVED FENDING OUR WEITTEN APFROVAL AS A MUTUAL PROTECTION TO CLIENTS, THE PUBLIC AND OURSELVES.
2 AW Senith, Frsary Cnnssones
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D3a
Q3EFD

SMITH-EMERY COMPANY :r 5o o [Hew Job

Permit Ho.

| EEPORT OF MAGWETIC PARTICLE SHOFP EXAMINATION

Jab Hams
AISC/UCSD
Jdab Rddress
Worked performed at San Bernardino Steel 5454 Industrial Pkwy San Bernardino
Jobaite Locaticn (sceadfloor)
Wald location and Sdentificaticn sketeh
Hokia
A }
AOCEST | REJECT | ACCKEFT| RETECT|
Pimce Werk Location BEpal | FERATR Remarks
10004 1/A Case 1 A side v MT Weld tab removal 4 locations
10004 1/a Case 1 B side v MT Weld tab removal 4 locations
Eqalpmant (brand) Hodal Cukput Cuccent Farticle typs
Magnaflux Y7 AC/DC 4 amps 120 wol | Red Particle
Hatscisl Sarfuca Taxt Tamp. Spacing Cuslity Feguicemsnt-sesticn
Carbon Stel | Cleaan Ambient 4-6 inches AWS D1,.1 Sec & 00000 |
rsstion Hakthod of inapectian
Oeizeular Oiena =Rl O#rca [ wokw Oeatr Arc O [t B ooy A visisle [Jrleccescent
6/27/19 2673 Julian Razo
Dated Employee ID Hame

ALL EFPORTS ARE SUEMITTED AS THE COMNFIDENTIAL PROFERTY OF CLIENTE. AUTHDETZATION FOR PUBLICATION OF OUR REPOET. CONCLUSIONE, OR EXTRACTS

FROM OB FEGARDING THEM IS EESERVED PENDANG OUR WEITTEN APFRCVAL AS A MUTUAL PROTECTIOR TO CLIENTS, THE PUBLIC AMD 3
5 INNE Bmwrith Frsare Cnmeomner
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SMITH-EMERY COMPANTY sz 7ob 6o

REPORT OF ULTEASONIC SHOP WELD TESTING

AISC/UCSD SMF Project

Work at performed at San Bernadino Steel

Toin Rdreas

5454 Industrial Pkwy San Bernardino,

Ca

I i ACCEFT|REJECT ——
Col 10004 1/A Moment Conn ¥ CJP A) Side T/B Flgs & Web
Col 10004 1/A Moment Conn v CJP B) Side T/B Flgs & Web
E; T TEn Moda. Sarial Moo Anglain
Sonatest D-20 1011912 O 0O
GE Gamma .75 = .625 2.25 40 60
AWS D1.1 Clause & Table 6.2
6/27/19 2673 Julian Razo
Dated Employes ID Hame

ALL EFPORTS ARE SUBMITTED AS THE CONFIDENTIAL PROFERTY OF CLIENTS. AUTHORIZATION FOR PUBLICATION OF OUR REPORT. CONCLUSIONS, OB EXTRACTS
FROM OF REGARDING THEM IS EESFRVED PENDING OUR WEITTEN APPROVAL AS A MUTUAL PROTECTION TO CLIENTS, THE PUBLIC AND OURSELVES.

© 2004 Smith Erary Conspany
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Q3EEFD

SMITH-EMERY COMPANY . ;o v [Fow 355

Permit Ho.

| REFPORT OF MAGWETIC PARTICLE SHOFP EXAMINATION

Salty Hams
AISC/UCSD
Jab Address
Worked performed at San Bernardino Steel 5454 Industrial Pkwy San Bernardine
Jabaite Locaticn {sces/floor)
Wald location asd Ldantdfication sketch
Hokeas
L_) '
AOCEST | REJECT | AOCEFT| RETECT
Piece Work Location PEPATR| REPATR Remarks
10002 1/a Case 1 & gide v MT Weld tab removal 4 locations
10002 1/a Case 1 B side v MT Weld tab removal 4 locations
10003 1/A Case 1 A side v MT Weld tab removal 4 locations
10003 1/a Case 1 B side v MT Weld tab removal 4 locations
ASK1011 Case 1 A side v MT Weld tab removal 4 locations
Epalpmant (brand) Hodall Dubjut Curent Farticle typs
Magnaflux ¥7 AC/DC 4 m’ggs 120 vol | Red Particle
Matarisl Sar fuce Tast Temp. Spacing Qualivy Pagquicersnt=section
Carbon Stel | Clean Ambient 4-6 inches AWS Dl,] Sec 6 |
Elrwstion Hathod of inapectian
Oeizeutar [EEEE o [ [ vokn Oeati jAsc o= et B ey B visible  [Jrleccescent

7/1/19 2673 Julian Raro
Dated Employee ID Hame

ALL EFPORTS ARE SUBMITTED AS THE COMFIDENTIAL PROPEETY OF CLIFNTS. AUTHORIZATION FOR PUBLICATION OF OUR RERCET. CONCLUREIONS, OE EXTRACTS
mmn&m&mmnﬂmmmmm&uam&mmmmmm&:ﬁﬁmﬂsﬁ -
N4 Smrith Frearn Cnmeeoner
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SMITH-EMERY COMPANTY =z Job Ho.

it No.

REPORT OF ULTRASONIC SHOP WELD TESTING

AISC/UCSD SMF Project Work at performed at San Bernadino Steel

oy Rdd rea

5454 Industrial Pkwy San Bernardino, Ca

Fisca Wor PECRPT| RETECT Fomrm rkw

Col 10002 1/A Moment Conn v CJP A) Side T/B Flgs & Web

Col 10002 1/A Moment Conn ¥ CJP B) Side T/B Flgs & Web

Col 10003 1/A Moment Conn ¥ CJP B) Side T/B Flgs & Web

Col 10003 1/Aa Moment Conn v CJP B) Side T/B Flgs & Web

Aszsy ASKI1011 Moment Conn v CJP B) Side T/B Flgs & Web

Equipman - Modal Sarial M Anglaia

Sonatest D-20 1011912 M= O [+
75 = .625 2.25 40 60

AWS Dl1.1 Clause & Table 6.2

Fmza rika

7/1/19 2673 Julian Razo

Dated Employees ID Hame

ALL EEFPORTS ARE SUBMITTED AS THE COMFIDENTIAL PROPERTY OF CLIENTS. AUTHCRIZATION FOR PUBLICATION OF OUR REPORT. CONCLUSIONS, OB EXTRACTS
FROM DR REGARDING TEEM [5 EESERVED FENDING OUR WEITTEN AFFROVAL AS A MUTUAL PROTECTICN TO CLIENTS, THE FUBLIC AND OURSELVES,
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APPENDIX C: CERTIFIED MILL TEST REPORTS

Specrmen CS Column

NUCQR-YAMAmsmELco TGRS '_I.LfE.THHPdh-‘ S

. ﬂlﬁ!ﬁumﬂmﬁﬂ: Humk—’l‘nm'artnstulare'mtamimﬂwwa-m‘ﬂf
o ldtled-w,tl'm bﬂﬂ P!!-d‘l 5

= _:mﬁmé s
SR T aminm zﬂ-ascnkm}{:? - o
srqmﬂmmm Irow o L _
,.Em.n e AL IR

.. T . . . PP TR b

. PO;BOX 12 BLYTHEMAE AR T2 -, - 1au$a lﬂa[m! and Manufact FodinUSch - o | e

TR O T B Medi:lnl.u“’mprﬂ'u

s T T T e e Tene ]
| embesinption . omd cesw | Y8 E9) swerigth | Strequgh. F.f.{'!"‘*- [Temp |

Ter = = o
) ", el T = . ke .'g!ﬂz- LI -“- 2 ‘E' A o et %t
B R T D T N R AT T s B
lwiaaate 0 . R 7 28 '| 70, i :
A 3800 1 ".,ﬂé}ﬁ S L TP i |

WaG0HILS i ...!‘._1' . B,'L

nn'-- T
REEELTU

'thi-'
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B

hnnmrmv;nmbmnummmusmrzm: - . o manumﬂwmmmcmnmtmmemmmms .
nm—cmnﬁwfwm}ﬁmcrjwmmnmsummmumqs} .7 Merclytis pot been ised T tha direct mantitsrturing of Hhis material. -

talmwlw 2&n1wm}1§.la{muﬂ.z[ﬁﬁ]ﬂ.ﬂlﬁsl}u‘r 2(%P)7. zsn;cu]lxﬂlk This m\;ﬂaLw mdubellh Arcacdance wmnnem:ummamswﬂmwmanuﬂ
B.10[3¢nli}(34P}-33 333t cujr2
150 guummacémnm[muwmmss-un

All miechanieal testing & p-:rl"wm:ﬂhﬂil: mlntPTﬂﬂ]"BLﬂh.WﬁTﬂlji Jrnl:p,:nd'l:ntu’ﬂﬁc pwducl[undwm;nh

1 henehlfoemwmﬂ lhemmu ufllﬂ mp:inama::uratz und .
correct, A test results and aperatians performed by this materal .

Pt . . Silaﬁ_en‘!.b;'kanns
County of Mississipat

manufacturer ase i compliance with the requiréments of the . ) 4o Booribed bal
material specificatians, 2nd when designatad by mgpnMamr ¢ Siwern gndsu i before me
meet the appnmhrespuﬂ]:.aﬁnni I . . . R ER
Chicf Metallurgist © e R jthank *Dt"-{t‘ %
LT i . . onI0lED4Or R | -

" by commission -'Prpimmnf,u.ﬂzp:z_
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Specimen C3 Column

¥
Contract Mo HYUNDOAI
e T STEEL :
PO Na. AG2DIFOBAGTL INSPECTION CERTIFICATE PAGE (1131
Factary 3, Jungbong-Deero, Dong-gu, chean, 5. Korea
EN 10204(2004) TYFE 31 Costificate No. | BHZ0L71203158-4
10HIG§NA1;I G niato o
"_,‘ r:i i&; i MR = Teu
& -' }-1"- rird -cﬂic{bﬂ 'téd.. Mﬁ : :
=.~n-c¢m1u=1.‘nr mm:er«ualh-c&r 3 s MO ks
P T T O T e e | o T S el R A "'" i= -?TE‘.‘J-\“-'," i e
e sl ]3] [+]a]s[s]= AEIEE
gazlmw|ree) oz (25 |aleofalals{a 5 | 40o | 220 e
woeln e fmofe |z s)s a7 |ajm]s]o]am BY | 40| 272 |azed
1EHEES acoF|Ee)| 19| 1oss|aafas|selm|7|es)e|z2|w|afu]|z2]e|m B | g0 | 20 e
pree 400 F7| E 201164 gl speofas|ie|mlmlas|zmla|almlslulzjnla go8 | Zua | 210 Jnagd
s Anoo Fr{ B 201188 5| muslaa|ar|szim|io|a|sfafis]a AERE: ggj%ﬁgﬁ
1aMEEs 4500 Fr| E 201165 T I I I R I A I R R ﬁjﬂ%ﬁ%
TEREEE 4500 Fr| £ 201477 6] azesfia|ae|safm| 7 (ele]z2 afnfa|nm Eﬂgﬂm
1S 4500 FT) E 201178 6| amsfu|miw|z|s|wlelr1fnfs|n|z]s|m ﬁ;%%ﬁ&;ﬁ
1mEEs il al swslnisi|s|anlr =]z RN ERED Eﬁgﬁfﬁ-ﬂﬁ%
SUB TOTAL ~ I N EEf E5100 T waasss HEXT sonasa * "
Nele
{1} Cogge {CE=Cot bl CfB -+ 10, B UL 54 D/l 5}
{2) Gauga [ength : 200 mm
@) ¥R = V575
"r.- U ._'. et ow
PR nmr:mrmrmtmmﬁ.mmmmﬂnmm VTTH THE - . C ﬂfm
. -?Wmmumnmmm tmm ASOVECRGERL . . j *
" L - - et Wl Tty - " .+ | Ganarsl Managar of QA Taam
mtmwmmhmmunmﬂuummmﬁqnwuwwmm;m muz.mmm 00266 O 0D i e o EMEII0NE AR
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Specimen C4, C6 or C7 Beam (for 2 Pieces)
NUCOR - YAMATO STEEL COMPANY

NUCOR - YAMATO STEEL COMPANY Date CERTIFIED MILL TEST REPORT
PO Bax 1228 2014-0B-01 100% Melted and Manufactured In U.S.A
Blythoville AR 72315 All Shapes produced by Nucor-Yamato Steel are cast and rolled to 2 fully
UsA killed and fine graln practice
S0LD T EHIPTO
HERRICK CORPORATION STOCKTON STEEL /o {linvoice Bill Of Lading
BOX 8429 KEEF ON TRUCKING BNSF R/R [fsas11e 162478
STOCKTOMN, CA FOR TRE =
KTON Customer Na. Custamer P.O.
STOC €A 95208 DELTO STOCKTON CA 95212 l
UsA |1382 554-3
USA
Specifications: ASTM ASS2/ASS2M-11 ASTZ/AST2M GRE0-13a, ASTM AT0S/A709NI-13 GRSD (345) , AST A705/AT05M-132 GRSOS (3455) , C5A G40.21-13 SOWM (245WH)
, AT AGSAER-13a
Product Deseription Heat Quantity Heat Number Length
W20X116.0 (W760X1T3) F 426035 50 ft 4 inf 15.34 m)
Mechanical Propertles
Yield To Tensile Ratlo | UOM Yiald Strength Tensile Strength Elong % E Tamp FfC | Impact Enargy i Freq I Loz
.79 K&l 57 72 28
0.79 K51 58 73 29
MEa 393 496 28
MFa 400 503 29
Chamical Properties
= N F 5 5l Cu 2] Cr o v h Sn CE Pem cl
Kk 1.10 013 Rri] 25 23 i) 2 04 A0 024 01 A2 A6 ]
LONGATION BASED ON 8,00 INCH GAUGE LENGTH

CARBON EQUIVALENT CEs Caivinf6+{Eremio i) S+ [N Cu) 15
Pem= GRS 30+ M/ 204+ 0oy 20+ M FE0+Cr/ 20+ Mo 15+ 1045 B[B=Approx 0005) Mercury has not been used in the direct manufacturing of this material

arvosion Index= 26.00(RBCuM3BE[HNT+1. 2801 AA[KETHLT, TRIEA)T, JA[HE0 R0, 100 NI (5%F)-32. 35 [ 5 Cu) A2
| hareby certify that the contents of this repost sre sceurats and

correct. Al test rasults and aperations performed by this matarial State of Arkansas
manufacturar are In compliamee with the requiressents of the Conenty af Misskssippi
material specifcations, and when desiprated by the purchaser, Sworn to and subscribed before ma

meet the applicabe spedfications,

Lot

Chief Metallurgist

N .
nn!ﬂlﬂ-ﬂ&-ﬂlw 13:«8-3»-' B2

My commisslon explres on 07/17/2025
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NUCOR-YAMATO STEEL @O: - - = <——-CERTIFIED MILL TEST REPORT = s+ = == -] R
P.0. BOX 1208: BLYTHEVILLE, AR 72316 100% Msfted and Manufactured In U.S.A Specimen C6 Column
Al Shapes produced by Mucor-Yamata Stesl are cast and rolled to a fully
killzd and fine graln practice
Date 007-01-20 ‘
:’u:nm:xcnmnou 3 [srockTon sTEEL cja Mmmwgg}fmmn&w{mifﬂ GRE0-15
ASTR A ATOAM-15 GR50 (345
;aust :’ KEEP QN TRUCKING BNSF R/R ASTO ATOS/ATOING-15 GASTS (3455)
STOCITON CA 85208 STOCKTON, CA FOR TRE C5A GA0.21-13 SOWM (33505
7 lusa T |DELTO STOCKTON C8 95212 ASTRA ABTAEDG-14 :
o a
USA
Mezhanlcal Froperties Chimical Propertics
Teashe Chaspy Impact
Tield 1n | P g ELONG
frarpiftom Dessrigtion il Ml £ 7™ i Tems |IMPRCENerEy WoF ) ¢ Jmn | p | 5 | s | cu| m| e |me| v | oo | cE| g0 |rem| @
fstia K8 kSl ] "F fes loF
MPa IPa E] L ]
WANLIL.0 55 71 25
S8 8 a7e | 57 72 w ; 16 | o8| o1 | oo 3z | oo | as
1 | wsiokass 1| aepgaz | oo 474 ool 07 | 1| 006 | 027 | 3 | a | a1
[ 1788 m} 353 496
WadxLTeD 55 74 6
A0 10 i o a7 76 En a5 foga | 37 | ol | 3B
We1OKIE? 3| 4p3diz a5 174 10 e | 106|028 | 022 2| 25 | a2 | a4 | a5 ¥
{3239 m] 188 524
LONGATION BASED O 8.00 INCH GAUGE LENGTH CAABDM EQUIVALENT CE= Cobin/5+[Cri btV 5+ [N+ Culf15
= G5y I0An 20+ Cof B0+ HRMEDH-Cry 206 Mo/ 156/ 1045 BB =Apar 0w ,005) Aderewry had mat bewn used [m the direct manufaciuring of this material

rragion Indexe 26,00 [%Cu) 43 B8030] v L2(3C0r+ 1,A9[351)+1 T 20(36P)-7,29[5Cu) [3NE)-9, 10[HHI)[%F]-33.39[HCu) 2
150 S001:008 cestifled (Regittration ¥ 0985-07),
A g cnanbal testing Is perlormed by the Quality Testing Lab, which is Independent of the production depariments,

| merehy certify thae the cantents of this repart are acourato and

coerect, Al test results and cperations performed by this material Srata Mmh.m.“.

manyufactrer ara in compliance with tha reguirements of the County of Mississapl :
Seorn to 2nd subscribed before mo NOTARY

material specifications, and when designetad by the purcheser,
3 -’v@ 2\ pusLic 5
an 2017-01-20 LR N A

maet the appdicabile specificatians. !
My commenission expires an 07,27/2023

Chief Metallurgist
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Specimen C7 Column

“UNG HD STEEL.

ek 1AENn-a 36T
EF Mo S0 L ChingranE A Tipd GylELTibcan

TeksZ2E-22051 1500 Foe + 0 6-2-T05F 6500

b4 s RERERa

PEEAE wanns

- AU IrE0LE m——
e - WL TEST CERTIFICATE
oz, iedling, [y Vitoes, In aocordiHoe with ASTM ASEZ HOFELS
it T, e Coety IR0, Titvan . . [CERRECHIE RO
ERET]
A THYSSENKRUPR STEEL SERVICES r—r—.
EFEE
e [Tt {ORDER NO:HIB030) ooy | WIDERLANGE SEAMS
A LGlE R -
FROIET WO, SmE T
s | rsmasssa it Iz {02 50
e s CREDHT NOISSUTNG BANIED
 EVERTPROULCT CIMENSIONS et MICHARICAL PEOPERTY AT CHINCCAL COMPUSTECR D5 TrresL
e oE | oo | o= Ren Ll
SR gy | wie | aTne 3 e al B sa | i feo ue
omLes) x| = af v & FA
& {200 | e [ TEST
L L] Npeg 3o Sorpem | WeenE | % ] |
i 35 Ll =t =
(1= a8 =] 18] 25 A ELE ]
i pEoelTEelMo| XHd a8 | HEaRaR 3 L My s 1 | 24 | 30w (=4
B ELY e | a6 k]
W OB ITaAEn| AN Riza | WESSel 35 5 b= b 162 | 34 31§ 10 | 8| (-4
o TN <51 ] "
* W 3orryTiestyn| samn | 1msss | Hses axy i 3 E bad )5 s [
o g | s | ms -
W30 pc kL A E-1 1093 § 33 f s j=r ol
| s | ows =
i Nfapacienfnd) SA00 1628 | HEEnE ™ s L) a m =N Y vl =4
[i:] T mr HE £
* EEEERERTI RESTISTY CRUALITY CONTROL MANAGER
il TR
« ESOECEIED . BTN SRR REEA ‘% ?
= RO BP 2 o
EEmas RSt - HERTETRR i
TS T T EOT d of T HecEaid Eroerance Sove.




Invoice Ne. NUCOR-YAMATO STEEL CO. CERTIFIED MILL TEST REPORT
s = . P.0. BOX 1228: BLYTHEVILLE, AR 72346 100% Melted and Manufactured in U.S.A
bl of .Ladine |Egsks] e . " H
AL, & All Shapes produced by Nucor-Yamata Steel are cast and rolled to a fully Speqmen Ce-G
Customer No: |gEE killed and fine grain practice Col 10006
Custonter: PO ZEED Date 2017-02-20 olumn
i [HERRICK CORPORATION ¢ SAN BERNARDING STEEL ASTM AD92/AS52M-11 AS72/A572M GRS0-15
s | e on e ey
STOCKTON CA 95208 RAMCHD CUCAMONGA, CA FOR TRK DELTO C54 640.21-13 SOWM {345WH1)
;U&ﬂ ; SAN BERMARDING CA 92235 | ASTH AB/ABM-14
USA
Mechanical Properties Chemical Properties
Tansile Charpy Impact
: ; ELONG
Itarit ltern Cescript] Heaty | Yield to] MESTedtl gy ung,
iy esTpiin an Tensile Temp fipactBaogy Poe} o tn | p | s | s || wil e imol vl s |rm
Ratio L__Ks! K51 % F fts Ibf
MPa 1Pa % | °C 1
W24¥176.0 57 74 27
28 ft0in 077 57 75 26 -
1 [ etoxz62 1) 460158 | U0 | o g | 08 {135 016 |, 008f 27| 260 21| a5 | oa | o5 Jo01] 38| 1| am
{B.84 m} EEE] 517 )
W24X176.0 : 57 74 8
297t 0in 0.77 56 73 28
2 | wetovasa 9| aess2z | 0 o s &7 (135 0150 020 25 | 26 | 20| 09 | o3| 05 [oonl 85 01| a7
{8.84 m) 386 503
W24X176.0 57 74 28
|58 ttain 077 56 73 8
3 [ we10xs2 o) apssa7 | o0 | o 510 o7 135|025} .020| 25| 26 | 10| oo ) o8| 05 (w0 a5 | oz | a7
(17.76 m) 386 508
W24X176.0 - 58 73 28
28 ft0in 677 56 73 8
4 |\ws10x262 2fass3e | o | it o7 |135| 014) 020 24§ 25| 22§ a2 | os | 05 foon] 35 o2 | ae
{8.84m) 386 503
FLONGATION BASED ON 8,00 INCH GAUGE LENGTH CARBON EQUIVALENT CE= C+Mn/G+CreMoU)/sHNHCu)15
Pem= C+SI/30+Mnf204Cu/20:Nif60+Cr/20+ Mo/ 15+V/10+3B{B=Approx .0D05) Mereury has not been used In the direct manufacturing of this material

{corrasion indess 26.00(2Cul+3.B8{36NI}+1. 2% Cr)+1.49(3511+17.28{%P)-7.23{36Cu) {56NI}-. 103N 5P)-33.39(%Cu}"2
1SG 9001:2008 certified (Registration & D985-07). '
All mechanleal testing is performed by the Quality Testing Lab, which Is independent of the production depariments.

| herehy cartify that the contents of this report are accurate and

correct. All test resuits and aperations performed by this meterial : State of Arkansas
manufacturer are in compliance with the requirements of the 3 i County of Mississippi
material specifications, and when designated by the purchaser, rj: . Sworn to and subscribed before me
meet tha spplicable specifications, L 1 ek p
Chlef Matallurgist on 2017-02-20 ﬂé’ﬂﬂk

My commission explires en 07/17/2023
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Specimen C4, C6 or C7 Beam
& steet nymamics, inc:

Prodicts Guip

(260) 525-8100 (260) 625-8950 FAX
Quality Steal 100% EAF Malted
and Manufactured in the USA
Recycled content: PG =77.0%, Pl=12.4%

CERTIFIED MILL TEST REPORT

Customer # 000442

]

Frinted: 10 / 00 / 2016
Froduced: 087 25 7 2016

150 8007:2008 and ABS Certified
GENERAL INFORM, SPECIFICATIONS SHIPMENT DETAILS BOL# 0000426810 - 4100800t
Product Wida Flange Beam Standards Grades Bundle | ASN # 9nﬂh pes _ Cust PO | Recv PO | Job
* Bize W20X116 ASTM AGIABN - 16 22208025 1 A4E200013  FrojectSarah
WTe0 173 » ASTM ADB2IASEEM - H ASEZ [ ASEE 022288031 !D"B’ 1 AS4B2.00019  Prefect Sarsh
Heat Number A127163 ASTIMATOUATOEM - 162 ATOD griligradh 022206037 S 1 A34B200019  Preject Samh
Condition{s) As-Relisd ASTMASTHNETZM - 16 AGTZ ar5liar345 022208034 S'E" 1 AMB2-00012  Prejoct Sarah
Fina Grained AASHTO MZTOMMEETO - 12 M2T0 qradsigrsn 022288035 EI'E" 1 A82-00019 Projact Samh
Fully Killed ASTMASEIASEM - 14 A28 FAIEM (22290035 SI'E" 1 A34200018  Project Serah
o Weld Repalr CBA G10.21-13 SOVWISOW E22eA05 S0°6" 1 AMBZ00019  Prejecl Sasah
CHEMICAL ANALYSIS (welght percan)
C WNn P § S Cu Ni_ Cr Mo Sn V NbiCb Al N B *C1 *C2 *C3 *PC *| Analysis Type
07 123 014 025 23 .30 .10 A0 .03 011 035 001 O 42 o003 33 37 31 A6 564 Heat
MECHANICAL TESTING {available only when specified at ima of ordar)
Yiald (R} Tensile (fu} Temp  Absorbed Energy ReABr i
Strength Strongth fyifu  %Elong. | Test  F/C 1 jmen 2 imend  Avemge Misimum
Test ksi ! MPa ksl { MPa raio Egeae) |1
1 574 302 Ti74E9 B0 30 2
2 58/ 403 727484 1 e 3
3 4
i )
6
T
“Coakutaled Chaminbny el a: Cahen Eqabudens (01, G, C3, PC), Comasien infaw fl] 1 (SETM G0} 20.01 mmwmmﬁummﬁ?wwmm
CE [N CrbiartieSreblosViSn M S SE RS- CHbb e SRE [CrblsV S+ (REGUNS  CE3 DET) = G-+ (M) + (125 + [CHS) = (N4 +{Blcs) + 0Ha) P WSS
I hereby cairkl [LrgT [ oH mstes B gEp
speciiestion by the slectriz arc " pr texied in ABE CERTIFICATION
wikhtha all Bunray of St [Rules with Y mauils,
Slgned:

| hemby certify Ihat the conlent cf ths repert are sccurale and comect, All tests end
opsraions parformed by this material menufachorer ana in wmﬂhnwlﬂlﬁﬂm
requirements of lhe materal spacilications and

Ferm FEM0-W2 08 vy QUalily Manager

State of Indiana, County of Whitley Swom to and subscribed before me

: " ayer
Slgned: Jeremy Cronkhite ﬁ%“ Signed: My commission expires:
Hotary Publis
NSTM A - 1446: A eignalure [= not requirad on e T=st repart; hawsver, the Gocument ehal cleary idenbly 1ha arganizallon suomiling e repor.  Sam eiat il ~lorl

Motwilhstanding fhe absence of & signature, the orgenizalion submiling the repoit i respenaible for the canlent of the repart
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Specimen C4 Beam 30006

Contrat Mo off HYUNDAI
Customey GS GLOBAL ' ' STEEL
PO No. 62007060802 - INSPECTION CERTIFICATE -
acroery
EN 10204(2004) TYPE 3.1 Certificate No. |1H20170908315-3
(ORTGINAL] [t
- -l§sue-tale——r2tH7-t0-23- -
NS I e RS N P . |- impactTastpy .
Dimensions Length | eat b, |2mntiy}) Wolghe oL~ i e {Ravon| TeSY [ V-1 el gimpic Specionn
, wos) | oot e (SifMale]s fow[ M melcela v [un]snlcea] | | ICch] mon foglf ave| 1] 23 R
| _nl00 w1000 %100 § 200 - a1 . | ' [Le- .. T
w0208 feocorifsonse | u|  2oem|ar |16 o223 s |2l s )z [usla fao| 0 fuzfa0]
J0X10-1/2%99 ssoafi| sasew | 4| men2{re {15 (wafarlo (20 e ] 2|2l el lele ] : E B
T I EarrE T [Npuno RO P! FN RPURE NI A NS S (R s ¥ [ N PN PR [P FUR S R . _—.tl}--—'. e
WNI0-1/2X16 {3500 FT) 368076 3| ssafyfs(walas o lste |wlajw|z] -
FH vz lscor| s 3 ENUEYFHY BT ESR EURPH RTY I /Y AP BT3P 1|
30410-102K006 -~ |as.00 F1| 367362 3 s fiosfs|0fafe |2 ]als]2]n]a
000-V26 [sonoFT) ason |1 15 w9l lae(8 |2 )3 (aofz]a
0X10-/2:6006 [sgo0e1| 267002 2| swofw|slue|]lslm]e]afs]|afw];
WN0-HHNE (5600 FT| 61002 1 o) fisfwmafa u|aflef{2|nls 2
DN UPEIRI NI SR ST S T O N SR P § . . . . - I IR PP
0XL0-13KE | [S500 FF| 367361 4l nsnjwjnjwmlafe|n|o]:|s)s a2 :
$OX10-L20006 - [60:00 Fr| 367361 5 anyolwinhofaloinjwlefis]s wlz J
B D T A T o T un HEXY auumee o )
Conditions of supply : As Aclled Noie
| 1) Coq {CE=Co MAJ+CorS /5 «MufS+ blir15-Cu/15)
————— |- Gavge-langih--200- mm
(Y =YYS
mvacmmmnnummmnmmmnmﬁninmnmcumm. o ﬂ',. w /5 .
) ABDVE SPECIFICATION AND ALSD WITH THE REQUIREMEN]S CALLED FOR THE ABOVE ORDERL : ) : §
) . " : . * Ganeral Managar of QA Team.
Qreods scamar App & “Qroal” 2017.00 26112539 2121266 HRSS L JO2IAK-T  AMZIRTSY)
. - i -, 1 -
[« P [} et R
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Specimen C3 or C5 Beam (.4 (

MUCOR - YAMATO STEEL COMPANY

NUCOR - YAMATO STEEL COMPANY Date CERTIFIED MILL TEST REFORT
PO Box 1228 2014-03-31) 100% Melted and Manufactured in U.5.A
Blytheville AR 72316 Al Shapes produced by Mucor-Yamato Steel are cast and rolled to a fully
usA, killed and fine grain practice
S50LDTO SHIP TO
SAMN BERMARDIND STEEL [1rvelce Bill OF Lading
:zmmnmnmnu €/0 KEEP ON TRUCKING [e21653 149118
STOCKTORN CA 95208 cucan CA FOR TRK DEL TO . C MNo. Customer P.O.
* SAN BERNARDING CA 92235
1179 1362 3483
UsA
Specifications: ASTM AD92/A0020-11 AST2/AST2M GRS0-13a, ASTM AT0S/AT00NM-13a GRS0 (345) , ASTM ATOS/AT0NM-13a GRS05 (3455) , C5A G40,21-13 SOWM [345WH)
, ASTM AB/AGM-13a

Product Description Heat Quantity Heat Mumber Length
W3EN150.0 (W9I20K223) 5 421418 62 ft 0in| 18.90 m)
Mechanical Propertles
Yield To Tensile Ratio | UOM Yield Strength Tensile Strength Elong % | Temp FfC | Impact Enengy | Freq [ Loc
0.79 ] 57 T2 28
0,77 K5I 55 71 4
P2 393 496 ]
MPa Eris 480 4
Chemical Proparties
C Mn P 5 5l Cu Ni Cr WMo v Ch 5n CE Pom ]
08 110 019 028 25 .24 08 A2 03 o 019 01 a2 A7 i}
&HEAI‘IBHBME&OH 8,00 10CH GAUGE LENGTH CARBOMN EQUIVALENT CE= Cbin/G+{Crbo-tV]/SHNHCul 15
= CASH 304 M/ 200 Cu G 04Cry 20+ Moy 154/ 10458 8=4 pprox .OO0S) Barcury has not hesn wsed In the direct manufacturing of this material
nsion Indes= 36,01 (86003 DR{SHE+1.2{%Cr}+ 1 A5+ 17, 30[3P |- T.20 [0 | 5N5)-9, T0[RHI[DEP)-32_30/KE W) A2

I hezreby cortify that the contants of Elsmpnrtuman:urulz and

correct, All test results and operations performed by this material m'b“r""'l‘ar‘“_
manifasturer ara In compliance with the requirements of the Courity of Mississippi
material specilications, and when designated by the purchaser, Swarn to and subseribed bafope me
mueat the applcable specifications.
Chiof Matallurgist a0 H’EM {:"T‘:

Ky commisslon expinas unﬂ?fl]',f!lll;
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$pegimen C3 or C5 Beam

v

. “ ] f
Inveice Mo, |EEEED MUCOR-YAMATO STEEL CO. ) WERTIFIED MILL TEST REPORT
- - 8,0, BEY 1220 BLYTHEVILLE, AR 728 100%: Melted and Manufactured In U.5.A
Wil of l.LI[FIII!_I 20HGT \all Shapes produced by Nucor-Yamato $teel are cast and rolled to a fully o 'ﬂl -'?Y,:J
( '|_|:-.|:-|11L'-|'|\||. lled and fine grain prastica e DD
Cistomer OB e Dt BO15-07-01
§ IHERRICK CORPORATION i, |STOCKTEN STEEL C/0 ASTI ADBI/AGIZNM-11 ASTH/ASTIM GRE0. 132
« |nox 42 v [iEEP N TRUCKING BNSF A/R ASTR ATOSFATOSM-130 GR50 (345)
. P ASTIV AT0R/ATISN-132 GRSDS {3455}
OCKTOMN CA 55208 STOCKTON, CA FOR TRE £5A B40.21-13 S0WM [JA5W)
T USA T |BELTO STOCKTON CA D5212 ASTIV ABSAEM-14
- # lusa
Iechanical Propestles Chitnical Prapesties (wt %)
Yikd Tanslla aoNa Char py Inpaet
Fald k2| syrengeh | Strengi
Iterm | Maim Dascription 0Ty Hagatd Tonsls Mg E Tl:'ﬂn lingact Enargy |loc e | sin " & 4 o | W e lwol v o | o sn | Pem
Kailo K5l (23] ] F Atedinl
WP BPa L3 "C 1
WARKI50.0 L] T L]
B4 or? 55 Tl i
1 T 1| dapedi o Py ey o 147 | odv | oev | 20 | Eg o p A3 f A7 | 04 | o0 | dg | 34 amo | 7
| 1159 m) 3 490
Wanisn.n Ed T i)
SANEIn orr 55 Tl i
z WO i | dapaas a7 Pert ey Sk | 147 0a7 | v | 20 | 26 | A% | A7 | 04 | o0 | maS | 34 | 0 A7
| 16.66 mj 3 490
WIENIS0.0 55 T kL]
Bl B o 53 Tl 1B
k] wid 2| dqnEas o ey 0 or {112 | od1f @22| 22 | 20 | o9 | 4 | 2 | 00 fod9)| 31| 001 ) 16
| 18.80 mi EEL] 430
w3100 59 7l FL]
N0 077 | 54 71 H] e P
L a9 1| 440851 o am 290 AF | 130 ) L4 | 027 19 | 39 | a2 | .23 | 048 (01 | DR 2
119,51 n 400
WALKIS00 55 71 bL:] L
54110 .76 55 72 2
L] WO 1| AdDESE 076 a1 208 08 | Laof o1y | o2x) 2| 25 | a2 [ 42 | o8 | 00 | e a2 [ | J6
| 36,45 m) 3rg 406
WIBIELD 55 71 L]
561t 4 I a7? 54 Tl L]
] WoioW3I0 1| 4q094d 076 e 450 o8 | L0 o0 | 024 f 22 | 27 | a1 o0 | oF | 60 | 023 | A1 [ 01 | a6
[17.17 m) ELF] 490
ELONGATION BASED 0 B,00 INCH GALGE LENGTH CARDON GOUIVALENT CE= CoMRjGH{Crimoevls  [HIsCul 15
Pomrs CrSlf 30N 200 Cuf20+ NGB0+ Caf 204 Mo 15+ 10+ 38 S=Appros 0005 ) Miercury has not been wsed In the direct manufacturing of this material,
Corraslon Indowe 3600 00 +3. 88 0%M) 1L 2[5 0r]+ 1 40051 +1 F.26|5P)-T 22| RCu k) 5. 10BN [HP 33 33 KCujs 2
150 BODL-2008 corlified {Reglstratlon ¥ 0825-07).
Al mechanbcal testhag |8 peifarmed by i Qwallty Tesing Lab, which |5 Independent of the production depariments.

| hzreby certify that the comtents of this report are sccurate and
earrect, Al Lest results and operations perdormad by this materla

manulacturer are in comgllance with the requirements of the
matarial spocifications, and when designated by the purchaser,

et Lk applicabie spesifications.

Chief Mataliungist

Stale of Arkansas

County of Mlssissippl
Sworn 1o and subscribed before me

Ayt e

bty commmisslan explres on O 1T/2023

an 2015-07-01
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Invoice No. [EERES NUCOR-YAMATO STEEL CO.

Bill of Lading [Er3s
Customer No., I?95°
Customer !".'l'"J

P.0. BOX 1228: BLYTHEVILLE, AR 72316

100% Melted and Manufactured in U.S.A
Al Shapes produced by Nucor-Yamato Steel are cast and rolled to a fully
killed and fine grain practice

CERTIFIED MILL TEST REPORT

Date 2018-05-24

ASTM ASOZ/AS92M-11 AST2/A572M GR50-15

; HERRICK CORPORATION ; SAN BERNARDING STEEL
. |soX 8429 ' |€/0 KEEP ON TRUCKING Pty :’Tgﬂmﬁ bt “’;;:;Ln
o P 505
TOCKTOM CA 95208 RANCHO CUCAMONGA, CA FOR TRK DEL TO CSA G40.21-13 SOWMT (345WMT
v usa T |SAN BERNARDINO CA 52235 ASTM AB/AEM-14
USA
Mechanical Properties Chamical Propaerties
Tenill Charpy Impact
- Yield to | ek Strength ELONG
! I Strength
tertitem Description aTy  Heat | onsile Temp JimpactEnergy lloc | dyn !l p | s | s fco|m|c|[mo| v |en sn |sem| @
Ratio |__KSl kS| % | °F f» Ibf
MPa MP3 % °C 1
W2TX235.0 52 71 28 70} 99 }141]114| Cor
27 ft 4in 073 54 71 26 21 |134]191{155 -
1 5 31 . | : . . . K | J .
WESOHIS0 1| 483640 | 366 490 08 [131|.023| 022 20 | 27 | .13 | .19 | .05 | .04 | .001 01} .19
(833 m) 370 490

NGATION BASED ON 8.00 INCH GAUGE LENGTH

ems CH5i/30+Mn/204+Cuf20+Ni/B0+Cr/20+Mo/15+V/ 1045B(B=Approx 0005}
rosion Index= 26.01(%Cu)+3.8B(%Ni)+1.2{%Cr)+1.99{%511+17. 28(36P)-7.20(%Cu) {36 Ni)-

A0(Z6NI)(2P)-33 39(3Cul2
150 §001:2015 certified (Registration # 0985-07),

CARBOM EQUIVALENT CE= C+Mn/6+{Cr+Mo+V)/5+{NI+Cu)f15
Mercury has not been used in the direct manufacturing of this material
This material was produced in accordance with the Nucor-Yamato Steal Quality Manual.

Al mechanical testing ks performed by the Cuality Testing Lab, which is independent of the prodiiction departments.
The Charpy machine striker gaometry used by Nucor-Yamato Steel is the & mm (0.315")striker {KV ) per ASTM A370 Section 22.1.2 and 180 148-1 Section 7.3.

| hereby certify that the contents of this report are accurate and

carrect. All test results and aperations performed by this material

manufacturer are in compliance with the reguirements of the
rmaterial spacifications, and when designated by the purchaser,
meet the zpplicable specifications,

Ll

Chief Metaliurgist

State of Arkansas
County of Misstssippl
Sworn to and subscribad before me

Al 8
on :msm—aaw N v

My coimmission expires on 07/17/2023
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=EVRAZ|ceaoncw -  REPORT OF CHEMICAUPHYSICALTESTS [coeEwn o "

Evraz Oregon Steel 4400 N, Rivergate Bivd, Porttnd, Oregon 57203 . 1595258] Mar 07, 201§ 1°
: . ] : S ‘WILL GRDER NO. DATE -
s HERRICK CORPORATION [SAN BERNARDINO| THE HERRICK CORPORATION 319495 )
ISO 9001 o PO BOX 8429 PO BOX 8429 (95208) : CUSTOMER GRDER WO,
L ATTN: ERIN BILLINGSLEY A 3003 E.- HAMMER LANE - 20018-013
DEARETEER | P | srockrow, ca 95208 | sTockTON, ca 9s212 J03RED 1.
?fmnﬁj T Usa . _ . ) . UsA : )
L] . ' SHIPPING NO. DATE i
. ) . _ . 1595258 - | 03/07/2018 '
mnmmmmmmnmmmmmvmmmmnmmmm ) CARRIER, . i
HSLA STRUCTURAL QUALITY DLATE ASTM A572-15 GRADE 50 ASME SASTZ GRADE 50 2017 BURLINGTON NORTHERW
3 0 LEED FINE-GRAIN-PRACTICE: - : CARITRUCK MO, -
. : ) PINK
YELD | TENSLE 1% ELONG HARDHESS . .IMPACTS |

‘}E‘ 1 [0.3750 % 96.000ME X 360.000 ' -1

N17266 ) 625, 815 31 (CUT

. 6 BCS 22050 LBS JE -
: . 640 82519 . I{ INME
3 pcs 11025 1BS _ alw17268 630] 805 |28 (OUTER)
. - 640/ 80s{1s| | { INNER|
2 | 0.5000 X 96.000ME X 360.000
2 BCS 9802 1BS ' ~lN16987 740 10| |23 {m

700| 815|18 T .

11 PCS 42877 1BS TOTALS

HEAT NO. -f

AN17268
N16987

HEAT WITH |(A) WHRE ROLLED IN [THE [USA.

BEEEEE

|mmamenumasmwinmwdsdmm.m By
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= EVRAZ%mm -

: mmmm m Pertend, Oragsn 5200
ISO 9001.

R

.. OREGDN m MILE
m JOBBER .

14400 ¥. RIVEREATE EIVD
PORTLAND, - OR 857203

o= im-w

. mmmmmnmmmmmm
MELA STHUCTURAL QUALTTY PLATE
EILLED FINE GRATN PRACTICE.

SPECIFICATIONS AND PURCRASE ORDER REQUIREMENTS
RgTH ASYV2-13A GRADE 59 ammnmso 2013-

%-.’5 0.5250 X 96.000ME X 360,000
4 7CB 24504 ILBs *in17ass sao| eas| |2s] .
. . ,-*"‘"‘""--\ . 575~ 765 20|
4 PCE " 24504 LS. .*f_émm L1 s10| 70s|as|-
. . 5250 7is|2T
. ‘8 PCS 49008 LBS TOTALS . A
o

5 Il’EI-,-

TI7355 {16 i10 | To5T | o00F 3
- fEL7707 (14 .nzn .006 |23

. HEATP INDECATED WITH| (+) WERE

““l'!-‘. as

. mayafer | .

wesaveiaf BHD DF BEPORT  af.uusal

05 LD 3 y :
ﬂ “os ﬁ "o [aas | 202 | ‘o0
EELTEDR] & MANDFACTPRED IN ;|; TEA.I HE

b33

HERTE

-1-- ' G!.

« D00
. 002}

(RO CRTED

ety sboveto b et the et of
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Specimen CB-G Stiffener Plate p116
H : MTR#:96146-
non
NUCOR Mill ?ml;u!gﬂt . Lot #:120200856720
NUCDE CORFORATION W CEMETERY ROAD
MUEDE STEEL UTAR FLYMOUTH, UT 84330 US
B00-453-2886
Fax; 435-458-2309
Sold To:  INTSEL STEEL WEST LLC Ship Te:  INTSEL STEEL WEST - SALT LAKE
PO BOX 21714 1887 S 700 W
HOUSTOMN, [TX 77226 US SALT LAKE CITY, UT 84104 LIS
Customer PO | SLC-14255 Sales Orgder # | 120910074 - 9.1
Praduct Group | Hot Roll - Merchant Bar Quality Product # | 3017258
- Grade | Migor Multigrade - Lot g | 120200588720
Sizf- 05" x 6" Heat # | 1202005567
______ BOL # | BOL-190444 Load & | 96146
- . Hot Roll - Marchant Bar Quality Flal T/2" x 8* Nucor Mulligrade
Description 07 [240°] 2001-6000 Ibs Customar Part #
Production Date | 0816/2018 Qly Shipped LBS | 18332
Product Counlr . B
ol HuJum States Qty Shipped EA | 80
Original llem Qriginal lbem
Dasoriplion Number
| vty ooy thar e el o howmin Bac boan masty tscured in accerduacs with the zations and siancasts Raled koo and that & satstes foss reguinest.
Mell Country of Origin : Uinited States Metlting Date: 084352015
CiH)  Mn (%) P %) 5 %) 8i () NI () Cri%]  Mo{®) GCu(%)  Ti{w W {3 M 3]
0.4 0.68 0.006 0028 023 0.08 0,08 002 0.30 0001 [iie] 0.000
St (%)
Do R _— B
ASTW AS29 578.2 CGE|(%) : 0.38
ASTH A2 5.4 CE (%) @ 0.35
Yield {PSl): 54300 Yigd [PSI}: 55000 Tensile (PSl) : 75300
Tersile (PSI] ;76200 Elangatian in 8 (%) : 340 Elongation In 8 (3¢) : 33,0

KUCOH MLILT iEHM
ASTN AJEMIEM-14,
ASTZAETZM-1B GRE
C5A GaD.21-13 GR4
AASHTD METOM2TO
Mucar-Fymouth iz an|
matarials in this prodd
Mersury, in any foern,

PE MEETS I'HE REQUNREMENTS OF:

AS2ALZINA-14 GABD,

D, ATOAATOOM-1 el GRIAGED MO CVN,

W AOOWLGE RS 350W),

I-15 GRIGIGAS, ASME SASESAIEM-13

IS0-5001 and an ABS certfied mill. CMTR complies with DIN EN 10204 — 3.1 Al manulaciuring procssses of the stesl
Izt including melting. casting, and hat rolling have occurred in the United States. All praducis eradiucad are wald frae,
has not baen used in the production o testing of this material.
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E EVRAZ'WNCNA

REPORT OF l:l'l_ml_t:nurllmcn TESTS.

CERTIFICATE NO. | DITE ) PAGE .
Evraz Oregon Stecl 14400 bi. Rivergate Blvd,, Forfland, Oregon 57202 1603151 r 26, 201 1
. ° : : e N HALL ORDER MO, - DATE
| ¢ | A HERRICK CORPORATION [SAN BERNARDINO| THE HERRICK CORPORATION 321637 )
|S° 9001 o PO BOX 8429 : : PO BOX 8429 (95208) CUSTOMER URDER WD,
L ATTN: ERIN BILLINGSLEY | 3003 E.- HAMMER LANE - 20018-012
EETEEE | P | srockron, ca 95208 STOCKTON, CA 95212 T
%Q“'EM T usa . USA ' .
(<] SHIPPING KO. . DATE
. ) B : . 1603151 - 04/26/2018 |
THIS MATERIAL HAS BEEN MANUFACTURED, TESTED AND FOUNDTO MEET THE SPECIFICATIONS AND PURCHASE ORDER REQUIREMENTS GARRIER .
HSLA STRUCTURAL QUALITY PLATE ASTM A572-15 GRADE 50 ASME SAS72 GRADE 50 2017 UNION PACIFIC’
R 8 g5l B LEED - FINE GRS RALCT B N0
TPPX8111010R

1 [0.3750 X 56.000ME X 360.000 .
2 pcs 7350 LBS ~|N17704 585 770| |28}
o . 665 81018
% 2 |0.5000 X 96.000ME X 360.000
7 PCS 34307 LES w770 | - B40| 780 32
: 650| 78017
9 PCS 41657 LBS TOTALS
HEATNO. | © | Mn | P S$i | Cu [ N |V | A
"NL7704 [14 . : . - T0L | .05 [ 018 |.014 048 | .02
*N17704 |14 f.07 [.011°}.004 {25 |.01 |.05 [018 |.014 048 .02
HEATE IND{ICATED WITH| (+¥) WERE MELTED| & MANUFACTDRED IN THE| USA.
watanris XD DF REPORT .|.....

(oUT
(T

ROLLED IN |THE

USA.

|mmammucommmmmahmmmmmam By -
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9960

Contract No. HYU"BF“
Customer GS GLOBAL STEEL
PO No, 46201711AB16 INSPECTION CERTIFICATE PAGE. LI 1)
Factory 6363 Donghacan-rNam-guPohang-siGyeongsangbuk-daSKoea
L/C No. EN 10204(2004) TYPE 3.1 -
( ) Cerlilicate Mo, |IH20180205012-7
Commodity H-BEAM Cass cartfcats Mo
Specification | ASTM AS72 G50/AR92/0SA GA0.21-13 SOWMG4TVM) Issue date 2018-02-23
AL o Tt
£ W"s’muamu‘%& i
: ot .Jf_.;h RELD R S Ration
(k)2 oc"[£5|'=|m mq m:f-m|<cr.. cheran] S b ;
T 3|7 B daiopER T R T e e
549 | 422 | 245 0760
wis w23 |uje]2]r ]y |n|2iz|y 253 | a5 | 523 loeo
539 [ 392 | 26.2 |0720
i 1% S Sl S Rl Kl I el R N ot I Bl Wl el 543 | 35 | 255 10720 O VO A O
21 556 | 418 | 27.8 0750
3500 FT| 4HUSED al  wae0f17 | 00|17 |10 1.?_ w3 |nfajo]:|s|n 2 | 431 | 373 (0730 i
556 | 418 { 27.8 | Q750
360124160 5000 FT| 3H0560 3] 1weerfi7f1af0|wiw|7{wo| 3|3 f0| )]s |3 28 | 431 | 573 o730
556 | 418 | 27.8 | 0750
36X124160 50.00 FT| 3110560 3] 1eez|1r|{afwofr|w|wr]|wo] a2 ]2 :n_ 1] 2 3? se0 | a1 | 273 (0750| i .
X170 1000 1| 3H0S54 3| ewss|1r) 14 wle|1o|alss]2]6 |28 238 | 200 | 230 om0 | B
548 | 391 | 245 |o710
3610 5000 FT| 363655 1 3856 | 18 1 Ssf7 |30 6|27 |0 . 351 | 303 | 240 |o710
565 | 415 | 24.5 (0730
36X124210 4000 £T| 310563 2 60|18 |14 0Lz e afn) 2]l 4ss)z]o)a 2e3 | 417 | 343 lo730 L
USSR IS DR S — DRSS PR OO SOV AV R S IV IR S weee] e earmde USRI FRDU DU SN NSRS SR S
S [P L. S . . S N G SV PRUDHS I S SR
TOTAL ' A T "

Conditions of supply : As Rolled
(1) Con; (CE=CrMAyG=CifS+ /54 MafS «NifL5+Cuf15)
{2) Gauge lengih : 200 mm

(3) YR = YSTS

£ HEKEB'! CERTIFY THAT THE MATERIAL H

Soro.

. J

Ay

General Manager of QLA Team

This tesk report can be verified te suthenlicity to scan the lop-right QR wdn via 'Qraal™ mnlile app.

2018 02.27.10:24:46
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Ifvoice No. |95m,5 NUCOR-YAMATOQ STEEL COQ. CERTIFIED MILL TEST REPORT
R TR ©.0. 60X 1220 BLYTHEVILLE, AR 72316 100% Melted and Manufactured in U.S.A 9960
Billiof Lading |3 All Shapes produced by Nucor-Yamato Steel ore cost and rofied to a fully
Ciustomer No. |?5|:|3 killzd and fine grain practice
Cutomer P.O [[BEH| Date 2019-04-17
£ |BROWN STRAUSS STEELCO, + |BROWN STRAUSS-FONTANA ASTM A992/A992M-11 AS72/AST2M GRSO-15
t [2685 URAVAN ST I |C/O MHX FONTANA - NAPA ASTM AT09/A709M-15 GRSQ (345)
L P ASTM ATOS/AT03M-15 GRSOS (345
AURORA CO B0D11 13600 NAPA STREET CSA 540.21-13 SOWM {35WM)
T |USA ) T |FONTANA CA 92335 ASTM AG/AGEN-10
0 o
usa,
Mechanical Properties Chemical Properties (wt %)
Yiekd Yield Tersile ELONG Champy Impact
1t Item Description Heaty {7t Strength | Strength T Impact E Lee
am | fam Lescrip QN Heall 4 rensile S | mpad neEy c|m| e | s | st m|e|m| v || celsn]|eem
Ratio KS1 kS % F frelbf
MPa MPa % *C )
W33X141.0 55 m 24
601t 0In 0.77 53 83 L
1 | maoxzo 2| 4se7s | oo | oo s 08 {11w0f.m2|om| a8 ]| 26| 09| a3 | os| 00 |00 32) o .18
[18.29 m) 364 477
W33K141.0 . ) 73 7
S0t0in 0.81 &0 74 %
2 | adona1o 1| soas79 | oo e 03 o8 |1awjor2|os| 23| 2| a2 0] 04 00 | 32|
[15.24 m) 414 510
W33N1410 57 74 %
S0ft0in X 0.78 56 |, 74 6
3 | aaonz10 1| so2am1 | oo 385 09 08 |114| 012025 24| 30| a3 | 23| 04 | 1 a8 33 | m | a7
S LY i 86 | s10
W33X141.0 I 53 ) T
0.77 53 &9 29
4 | aionaio 5| soeis0] oo 364 &0 07 fso1|o1mfozal 2| 30 10| 22| o2z | 01 | o22) 2@ | 01| s
12,19 m) 363 473
ELONGATION BASED ON 8.00 INCH GAUGE LENGTH CARBON EQUIVALENT CE= C+Mn/64{Crito rV]fS+(NirCu)f15
Perns C+51/30+Mn/204Cu/ 204N /504Cr/201 Mo/ 15+V/104 SB( B2 Apprax .0008) Mereury has not beenused in the direel manufacturing of this matenal.

[Corrosion Index= 26,01 (38Cu)+3.88(36MNI) #1.2(44Cr)+ 1 A%{1651) 1 17.28(%P)-7 29(%Cu(36NI)-9.10[3Ni){%P)-33.38 (HCu)* 2
IS0 9001 :2008 cevtified (Registration N 0985-07).
All mechanical testing Is parformed by the Quality Testing Lab, whech is ndependent of the production departments.

| herebry certily that the contents of this report are accurate and . State of Arkansas @@ @- H
correct All Lest resulls and operations performed by this material County of Mississippi *¥-

manufacturer are in compliance with the requirements of Lhe: sworn toand subscribed before me
materizl specifications, and when designated by the purchaser, -~
mzet the applicable specificalions. \ e

Chief Metallurgist ek T3
! Ly on 2019-04-17 ,9"‘"‘
My commission expires on 07/17 /2023
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[E\:'[)icu Nuo. |!513CD NUCOR-YAMATO STEEL CO. CERTIFIED MILL TEST REPORT

TR ] a7a5as]  F-O.BOK 1223 BLYTHEVILLE, AR 72316 100% Melted and Manufactured In U.S.A
HEOT Lading All Shapes produced by Nucor-Yamato Steel are cast and relled 1o a fully

C:ﬁtumcr NO EeE] killed and fine grain practice

Cistomer P.O|[[BE Oate 2019-00-17
= 9960

s [BROWN STRAUSS STEEL CO. 5 [BROWN STRAUSS-FONTANA ASTM AB92/ASZN-11 A572/AS72M GRSD-15
« |2495 URAVAN ST ¢ C/0 MHX FONTANA - NAPA ASTM AZ09/ATOIM-15 GRSO (345)
o * L3500 NAPA STREET AST ATOU/ATOOM- 1S GRSOS (3455)
AURORA CO 80011 CSA GAD,21-13 SOWM (345Wh)
7 lusA, T |[FONTANA CA 92335 ASTIM ABSAGM-14
[ L]
USA
Mechanical Propertics " Chemical Properties {wl %)
¥iald Yield Tensile ELONG Charpy Impact N
ield ta| strength | Strength
Item | item Deseription am| Heath Tersile B ngl Temp |impact Energy |Loc clmml o " g | e N e Lol v 1wl cel sn
Rali ST KSI % °F ftelbf
atic
MPa MPa % C 1]
WAIK1160 53 1] b1
Eﬁn 078 54 0 28
1 WE0K173 6 [ 504954 098 266 488 03 |100| 0w o244y 20 32} 23| 0] 04| 01 |o20 31| O
|18 29 m) A 373 480
W30K116.0 =4 ! 28
55N 0in a.77 55 7 28
2 WIEOK1T3 1| 506364 077 75 490 08 | 1.02 | 015} 027 | 22 | .32 A2 | A7 | 8| ;1 jog) B2 ] .
| 16.76 m) 379 492
W30X116.0 54 T 28
55 0in 0.7 55 n 27
3 WTE0X173 2| 506366 0.78 372 483 07 |100) 050 024 22 | 31 | 24 | A3 | 04 | 01 | 019 | 30 | .01
[16.76 m) 381 487
{ELONGATION BASED ON 8.00 INCH GAUGE LENGTH CARBON EQUIVALENTCE= CoMn/E+{Cre Mo+VHfS+Ni+Cul/15
Pem= CHSHA04 MY 204 Cu 20+ NIE0+Cr 204 Mo/ 154V 1 0+58[B=Apprax L0005} Mercury has not been usad in the direct manulacturing of this matenal.
Corrosion Index= 26.01(%Cuj+3,B5(3Ni)+1.2[%Cr)+1 49[%5])+17.28(3%F)-7 22(%Cu)[XNi)-9.10(%NI) (3%#)-33.39 (% Cu)"2
150 9001:2008 certified (Registration # 0985-07).
All mechanital testing is performed by the Quality Testing Lab, wiuch is independent of the production depactmants.

| hereby certify thal the contents of this report are accurate and State of Arkansas @ @ H’ E
correct. All test results and cperations performed by this material County of Mississipp! B
manulacturer are in compliance with the reguirements of the Swan to and subseribed before me
material specilications, and when designated by the purchaser, -
meet the applicable specihcations. ' B 0 {"[: L) B

i ’ sk Py Vo
Chief Metallurgist 0n2019:0817 ‘1}1,1. ;

My commissian expires on 07/17/2023
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9960

Contract No. HYU nnn l
Cuslomer GS GLOBAL ST E EL
PO No, 452018044803 INSPECTION CERTIFICATE PACE 14/ %7]
Factory 63, Jungtong-Daeio, Dong-gu, Incheon, S Korea
Mo, EN 10204(200
w (2004) TYPE 3.1 Certificate No. | IH20180606058-4
Commodity H-BEAM Clase certficzte No
Spacification | ASTM AST2 GE0/AD92/CSA GAD21-13 SOWMB4EWM) Tssue date 2018-06-29
ot . et TostL =
Quantity| Welaht Chamizal Compositian . Tonsile Test . | yiold | BEND ”;ﬁill? . Remarks
ua al . L - luation| TEsT - .
Dimanions longth |HaatNo:| ooyl G € [ i [l P |5 J<al i [me G | ALV o] on (el | | | sl - wve] 1| 2 | 3 |Mmeenamen
%100 x1000 2100 x1000 A /minz % | .- - .
24X0%34 5000 FT| N 042175 1| amfwe|w|sluwla|w]nslajulafn|afs|e Bl B B
5000 F N 042176 1] 2m2|e|is|alole|antalz|iz]sfa]1le]e g%g 405 | 223 14777
24%9%94 S0.00 FT|N 042036 7| 149zaf18 |1z [1o2f1e |2 fasf ] 1 fuaf 2 |af3]s|a 260 41z | 270 10738
209404 5000 FT{N 042939 5| 10ee0]19 |16 (o9 |2z| 7 f2efaf1 |u|alaa|alelan 55‘3% 3 %gf} &;gé
204050 6000 FT|N 042037 1| ass{asfuafos |22 |1 ]2aftaf1 fra)3]1s]| 4|10 338 | 108 | 380 0739 '
24954 6000 FT|N 042938 IR 7771 B REAPTRS RURRY F'3 NUN RN KPS RN KEY IET AP Y AR HE
24x9x94 65.00 FT| N 042038 5| 1seofis |12 |o2fw || |w|z2]k|3]|s]a 30| 2| 2o (a8
2a%0%94 65.00 FT|N 042939 vl ziafrofs |2z v fe]e 1 || afnaja]efan é‘;; 380 g?—g g:;gg
24X9K103 45.00 FT| N 042035 g| s2fmfis|os || 4 fas|o] 2 1z]afra]a]r2]2e ?“;g 492 g?:g a1
24%9%103 45,00 FT|N 042936 2| awslis|1a|sefor| 7 (28| o1 a]3]a ] m ;?_,g 3%‘5’ %.ﬁg
T e T R e R D T o
Mote
(1) Cq; (CE=Co M6+ Co/S eV/5+Mo/5+ N15+Cus15)
(2) Gauge length * 200 mn
@) VR = Y505
WE HEREBY CERTIFY THAT THE MATERIAL HAS BEEN MADE AND TESTED IN ACCORDANCE WITH THE . y = /44’!

ABOVE SPECIFICATION AND ALSO WITH THE REQUIREMENTS CALLED FOR THE ABOVE ORDER.

* . R

. . General Manager of QA Team
This test raport eon b verified tho authenticity to sean the top-right QR code via *Qreal” mobile app. 2018 0629 141021 21266 HMS 1 102[A)-3a  AA[2104T57)

RWAB e
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NI S R ——— R

wT= % 996
CERTIFIED MILL TEST REPORT

R NUCOR-YAMATO STEEL CO. 1011 MELTED AND SARUIEACTURED M LS A
PO, BOX 4228w BUYTHEVILLEAR 72316 Al shssis preducesd by Hecar ¥ amato Steed are cast
and rolied 4o o fully kiled end fine grain peactics,
2L0E07
g 8| ASTM A953SAS0IM-06a ASTASAGTIM GRG0-06 1
H1£373 4 amgm STEEL Pl nowe A'ruaﬁmum-n'r EB‘EHJE!-LE] !
|| cfo mmep oo TROEED E| st ATOS/ATOM-0T GRS0S (3453} i
7938 Pl ERECHD COCRHONGCA, CA FOR TEE DEL TO o AE/REN-TT
. SRH BEERMARDIRG, Ch BI23IE 1
§ 285312-3538 Q |F
G
0 | HERRICH OORFORATION T
: i 9960
PO BOK 0429
;| soocsmos, oA 95208 : W - 10001 !
o ;
MEGHANCAL FROFERNEE F@
WELD | 1y, | Dot fEowp| SHARPYIRACT o | g si Mo |mMe|v | oolce
I nmaﬂf.rﬁlm ary | MEATE | g [T T?p AT EERSY 3 Cu
“‘E‘“r = -'F FTABS | &n Pesnt o
RATL S N -
1wz -358.00 1lamassd . TE000| 26 |+70 an 4z 1.36 .006).007 .27| 28| .cof oo .02 .os].oc0n] Las
341 gn 75| 57000} Tenna| 28 e T
MESD x384.0 3 ga4| =26|s21] 52 =
10,566 M sa4| 28
2|Wz7 -asp.0| 1[zmassy . Te000| 2E|4T0| 70| 1.38 .oas(.ms 27| 27| .20| .os{ .03 .05|.000) .3
l:zl dn . Te000| 26|+70) 70 KT T
90 x384.0 sza| 2i|ea1| 99
11,809 M 407 m3m| 26|+ 85
+70 (117
421 |18
3|wzr -2sp.0| 3lsz:aesy .76 seooo Teopo| 28 (sTOf T 1.38 .o22|.020| (24| .30) .08 .21 .03 .05|.000 (T
4z 76| BEODG T4OD0|  28|+70 (129 T T
[HE50 x334.0 g10| 2a|+21[100
B2 M s1o| 2a{421/175
+70 110
#21 149
sfpz7 2%, EEE MR anoa|  @8(+vo| Te 1.38 o022 (.0@0| .24| .30 .08 .zy .| Los|.omal L3
= — .76 5E0DI| T4000| 2A[+70 123 : e
50 x384.0 3 s10| 28421100
A6 M s10| 28421175
+70(110
421|149
5 —=Z38.0 2131588 .75 5TO TEQDd 25470 | 47 1.38 014 |.0d&| .=z8f .27| 0% .07 .02 .05 .002] .56
laar .7e| BEODN TEOOD| 24 ! N T
1840 sx4| 25|421) 64
13,411 M 4 24|
[ -29@.0| 2|321581 .78 500G 7S000| 2s[+70|141) 241) 1.37) 013 |.009| .28) .27| .08 .10| .om| Lom| .00z (i
44 7 72000 27|+70] 7| 100 o s
90 x384 .0 517 26| 421 |15 A2
13.411 W 510 a7 [421| 207
70| 95 |
+21 /129|157 |
7|27 -258.0| 4 (321558 .75 Ssood vIopa| 29|470) =5 A9 1.3 .020[.0200 .26) .26 .10( .11 .co| .os|.00%) .37
l:g; 77| Bsoog TI00A| 27{+T0) 55 ol L1e
0 x384.0 a7 soa| 28ls2a| TS| o4
13,715 M 388 sos| 27|sa| 78| e
e B i G N - F il umnmmu-cu,unw«wmmml ‘s T A ¢ S aLmcats)
BE B WS 1
FLOMGATION BASED OM 2,00 BICH GAUGE LENGTH STATE OF ARIKAMSAS COUNTY OF MISS
SWORNK TO AND SUBECRIIED BEFORE
by eartthy ihst the coments of fis report am .
accurate and comect. Al tes] results and ozertions 3o fayal

pudaried by this matersl masafactums are in
I with the: af tha eralaral
specifizafons listed in the Spedficaions Bock above.
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Inveoice No. . 62
Bill of Lading |TEE0
Customer No. |23

NUCOR-YAMATO STEEL CO.
P.0, BOX 1226: BLYTHEVILLE, AR 72316

CERTIFIED MILL TEST REPORT

100% Melted and Manufactured in U.S.A

Il Shapes produced by Nucor-Yomato Steel are cast and rolled to a fully
killed and fine graln

praciice

9960

Custonter P.O lpm-mz&na-l_ Date 2018-11-05
s-[ 5. o A [AST20 GRSO-15
COCSTEEL NG I |CEC STEEL NG GO \STMLASS2/A3
t 2576 E VICTORIA ST i |ANCON TRANS BNSFR/R ASTM ATOS/ATOSM-15 GRS (345}
o v [ASTM A703/A709M-15 GRSDS (3455)
NCHO DOMINGUEZ CA 90220-0000 VERNON, CA FOR TRK DELTO CSA GAD.21-13 SOVWAI [345WNT)
1 lusa T |[COMPTON CA 50224 ASTM AB/ABM-14
o o
usA
Mechanical Properiles Chemilcal Properties
Teruls Charpy Impact )
_ Yield o |Yeld Srengh] o Ty | ELONG
terpiitem Description ) Heat Temp {mpactEnerey J02 | ¢ {ma| p | s | 5[ co| m | e nto]| v]ew|c]sn|rm| a
Matio [ % F fiv IbF
MPa MPa % *C 1
WI142ES.0 53 70 i
60ftDin 075 | 4 70 o7
EN i 1fasB0 | (B o ag2 06 |135|.o@).o22| .27 | 23 |09 | a3 | 03| 05 |o02) 34| 01 .36
[ 18.29m) 370 451
WZIX17B.0 5 Ti 26
358 0in 079 | = 73 2%
2 [omsoiats 1| aserre | 0T S 00 07 | 120|013 |.o28| 25 | 28 | a0 | A1 | 08 | 02 [o19) 33| 01| a7
[ 10.57 m) 306 £02
W27X178.0 7 7] 26
E04tDIn 079 | 7 73 28
3 wag 1| 496778 078 302 409 L7 | 120 013 | o028 | 28 JB | W10} a1 | aB L2 (019 23 L a7
3% 502
W27E217.0 =13 75 26
077 | =8 75 2% :
4 S T [l et o8 .07 {135 |.016|.020f 26 | 29 | a1 | a3 | 03 .05 | 003 36| o1 | a7
(13.72 m) 399 516

NGATION BASED ON 8.00 INCH GAUGE LENGTH

= CHSEf204M /204 Cu/ 20+ NIfB0+Crf204niaf L5V 104 S8 [B=Approx 0005)
rroslon Indexs 26.01(XCu)+3.88(MXNi)1.2(HCr)+ L4051+ 17,28(54F - 7.29(3 Cu (% Mi}-

NI % P33 30(5%Cul ML

150 9001:3015 cartified (Registration # 0985-07).
Al mechanical testing Is performed by the Quality Testing Lab, which isindependent of the production departments.

CARBON EQUIVALENT CE= C+Mn/6+(Cr+MorV)/S+{NisCu) /15
Mercury has not been used In the direct manufacturing of this materfal
This materdal was produced in accordance with the Nucor-Yamato Steel Cuality Manval,

The Charpy maching striker geometry used by Nucor-Yamato Steel is the 8 mm (0.335")striker (KVy) per ASTM A370 Section 22,12 and 150 148-1 Section 7.3,

I hereby certify that the contents of this r

eportare accurate and

correct. All test resul

performed by this

manufacturer are In mmpllar’lﬂ with the reguirements of the
material specifications, and when desfanated by the purchaser,

meet the appiicable spediications.

Chief Metallurgist
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State of Arkanses
County of Misslssippl
Swaorn to and subsaribed before me

“Ttussal M&D

My commission expires on 0717/2023

on 2016-12-05




Pl B ERR A ERAT

EitA 104 4 LARNE—B YRG0
6f.No.3Sec.1,Chang-on ERd.Taipei Cityl0441,Talwan

’HE " £ e

9960

Tel4 BBG-2-25511100 Fuw+EBB6-2-2462 6620 mIzEm Feb, 25 2019
2D, 23,
Miooli Weiks M[LL TEELC ERTIFICATE ;Ar:mc::;rsmi )
No.22, Pinyding. Esthu Village, In accordnnce with ASTM A992 H03738
Silus Tawnship, Misoll Couiity 36842, Taiva CERTIFICATE ND,
BFER . 9 ' - REEN .
CUSTOMER BEST-STEEL TRADE CORP. » K SHIPPING DATE Feh. 23, 2019
GE i ARHBIA
e mcrno, | usien (ORDER NO:H21840) ; A oiry | WIDE FLANGE BEAMS
W i Ghm
PROJECT MO, US-1A-L-357 fotal wigr | **69L716 (ka)
Jrlihute UFEE-80 -4 " =
STANDARD ASTM A992-11 RunnLEs pircesy | 10 18 (249 ¥)
o ARKS CREDIT NO(ISSUING BANK):)
EREYPROIUCT DIMLNSIONS SLHTE MECHANICAL PROFERTY TESHE L) CHEMICAL COMPOSITION (%) TYPE:L
~ 8 1Y i an talg | SOOI | wdd | Ml wat
SPECIFICATIEN pEEE | WEIGHI | HLATRO, wrn TENSNE Fia YR )
LEMGTH POy | STRINGTH | in20Qinm ClS Mg P| 5|{CufM|Cr|Mal VIML|Sn] M {Cew [:31d
HIOTALRCS) 2| w| x| o x| 2§ 2| x| x HE1ES R RAD,
[p———" fitpes kg T w % 100|100 100 Ji 100 {100 | 100 |L000] LOOD | L0OCHLONT| 1000 1000] TESF
Min, M5 450 180 50
Ban. 450 BS 23 pap |160) 3% |45 | B0 |25 | 35 [tSo 15| sB | 20| 15 (450
W 2001275 4620 3500 1718 HFTaeL 79 400 Saa 267 3 iIsfefueliz)e |22 7|9 {20]12|10|17| 12 |30 LK
[£1] [E]] k] 516 244 FE] . R
I W 24.0012.75¢ 1620 I 40,00 nez0 J w7740 820 A0 544 267 73 (ERNUREIT] BEY - -2 I AT R VR BTN NN R ELH oy ak
) [E] 1 516 4 74 .
Wo20x127541620| 5000 22050 | 77192 TH0 ayi 55H 20 75 a2 jusfe |6 || 78 |03 |0Lf16]|12)|396 ox
1] 16} 368 539 Mo ) .
Wo240r1275¢1620¢ 5500 12129 | HI282L ADE 352 355 20a n G| al juejis ) 7 |24 9 J10|23 )16 |01 |10 | L0 j397 =13
1) 1y w6 S50 220 7
HiT4T =026 00 544 267 73 1519 |uefi2fo f2z] 7|9 |ao)1z]|de]w)iz]m oK
(#2] e 514 a4 73 .
W 24012752 1760 4000 a.580 H71vM 3196 386 513 364 5 M2 |oF 14| o 35| 7|8 |15)15]10| 10| 10 j349 oK
EH] m 383 517 A 76
 FARRFRFEERNHA - IENHR fiit: g AY . 5
T"hllmul et certficate repert conlonts neither can be dugsicated non exteaed. 1 dupleeated, ﬁﬂ]m T TIRIECIN QUALITY CONTROL MANAGER
aimanding, or ralrmrton, o dale amd e centifraled mateial oo repont ane thavefane invalid, )
s
- LIUSWATS | WERIBHERM - SR - EIRARA ‘Tﬂ(- . )
f W herely certily that the red in acLardane ¢ M\ -
- wh 1hvslmr.hlLh.and:qlmli:alimmerlhm! tv_u\mu: amlllnl it 4atisdies the resquitements, ﬁHE L\ a o "/{(1 .
EUMHIAEeR RSSO - HABRom .
. Th imgpact tost values with vaduorling are 1BV LI
sEmian TG - T -tk F Wi o TRESIDE AN AT« Thiscontillcate b invalld without the vime! veal of Tung Ho Stee Enteprise Corp, a
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i L Y - A I

=
= EVRAZ|srzncn REPORT OF CHEMICAL/PHVSICAL YESTS CERTERE 0.
Evraz Oregon Steal 149001, Bivd., Partiand, Oreg 16659290
. . MILL ORDER NO.
¢ | HERRICK CORPORATION [SAN BERNARDINO|  THE HERRICK CORPORATION 336231 .
ISO 9001| @ | 2o sox saze PO BOX 8420 (35208) GUSTOMER ORDER IO, -
v ol 5| aTmi: Ermw smunimestev 3003 E,. HAMMER LANE 20019-021
STOCKTON, CA 95208 STOCKTON, CA 95212 . J0BIFERL 0.
‘?& M T usa . Usa —
o SHIFFING NO. DATE
. - 1665990 05/04/2019
THIS MATERIAL HAS BEEN MANUFACTURED, TESTED AND FOUNDTO MEET THE SPECIFICATIONS AND PURCHASE ORDER REQUIREMENTS CARRIER

PHYSICAL PROPERTIES

HSLA STRUCTURAL QUALITY PLATE ASTM AS572-18 GRADE 50 ASME SAS72 GRADE 50 2017
ASTM A709-18 GRADE 50. KILLED FINE GRAIN PRACTICE.

1
1
BUELINGTON NORTHERN |

ViELo | TENSILE |% ELONG
DESCRIPTION HEAT NO. | SLAB | pai 100 | PSiX100 | &* &° IMPACTS
2 |0.5000 X 96.000ME X 360,000
" | pr# 6251
. 9960/9970 - Plate 1/2"
2 pcs 9802 LBS AlN21707 61s| 790 |31 (OUTER)
. 665| 815|16 (INNER)
4 [1.5000 X 96.000ME X 360,000
PT# 6266 :
2 PCS 29404 LBES »|n20800 635 840{19
590| 795)23 .
4 PCS 39206 LBS TOTALS ’

438

¥

HEAT NO. Mn | P Si 41 N v : Cr T N
21707 |14 [.06 |.015 |.007 |22 |.01 |.04 |018 |.018 [ 035 |.03 |.00 | .002 004
MN20800 . L16 L.12 | .017 '|.006 (22 .01 | .05 1055 .000 LO31 | .03 | .00 | .000 016
HEATS INDECATED WITH|(+) WERE MELTED|& MANUFACTURED IN THE|USA.| HEATS IND{ICATED| WITH |(4) WERE ROLIED IN [PHE [0SA.
veveeei.|END PF REPORT .|...:.. ' /
4 Pe———
Icertfy the above to b tas contained in the of EVRAZING,NA By qﬁ%ﬁ%




ZEEVRAZcwerc

Evror Oreqon Sheed 16400 1

AJ 0|

REPORT OF CHEMICAL/PHYSICAL TESTS

OSM JOBRER

ISO 9001

o Tron

OREE0N STEEL MILL

14400 W. HIVERGATE EIVD
PORTLAND, OR S7203

L8t PLATE

Wos_252 17142

EhT
ub%mjwf Baa

DEECAIFTION

RO.#__ ol =20 ERPFNGHE. B
. TATE 1654232 ] 02/20/2010
THES MATERIAL HAS EZEN MAKURVCTUHED, TESVED AND FIUNINTO MEET THE SPECIFCATIGNS AND PURCHASE ORBER [ CARITER ]
mmmmmmu-nnmsnmmzmsnnm. MITCHELL BROS
EILAED PINE GRATH PRACIICE. - CATHLERRG,
13367

YIELD % :
PERXIDOfFEIX 0] &° 2 | %AA

IMPACTS

1 |0.6250 X 96.000ME X 360.000

1ps 6126 LES

1 BC

" E126 RS TOTRALS

)i
\ /8

_ 805|213

9960-Plate 5/8"

000 034 | .02 | <00 | - sl

PRED I

™\

1 ceriify the sbom to'be comect 25 contsined I the eoords SFEVRAZ INC.HA. By

ParanCpRs oy T = T
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MET - 04 Rev. No.- 3 Rev. Dats02/27/2015—

P ot L METALLURGICAL TEST REPORT
BAYTOWN, TX 77528 312812019
ulletin_[Order item__Heat FO No. Shipping Mode Order Dimenslons Slab Origin JrC Ne.
R052303 JEW12177-04] 527292 ‘2001 9-013 RAIL PTTX 136460 ~0,75x86x360 h052303-?292-1
9960/9970-
Plate 3/4"
Eclﬂuﬂuns arking Instructions :
tencll In 1 location(s); X Loc. 18 Y Los. 30; CUST: EINUSA PN PO;

lates Manufaclured In the USA

D; Slab ID

IM GRADE; FREIGHT ORDERITEM PLATEID SHIPWEEK SLABID
RANSMODE Stamp in 1 location(s); X Loc. 18 Y Loc. 12; Slab 1D; Slab

HERRICK CORPORATION P.Q. BOX. 8429 STOCKTON, CA 95208

HERRICK CORP C/O MHX LLC 11355 ARROW RT. BNSF TRACK 1362 RANCHO CUCAMONGA, CA 91730 |

[Test [c M| P[s[siJoumfermfsn]a]w]|v]e [nn]w]ca [cE]

134 0012 0003 031 0010 0.010 0.020 0.000 0.000 0.033 0.0060 0.069 00001 0.001 0.002 00022 038

Carben Equivalent CE = C + Mn/8 + (Cr + Mo # V)5 « (Ni + Cu)/1s
PCM = C+ Sif30 + Mn/20 + Cuf20 + NU60+ Crf20 + Ma/15 + VI10 + 58

LADLE 0.4

Piate | Siab Gaugo | Test |Test|Yield |Tensile Elong SiUTS Yiald Strenght | | |
Tested | Identity Testad | Cond | Dir. |Point| Stgth. Datermind At

1122857 02D 07500 AR T BB 81 400% 072 0.2%

Plates Gertified E’ The Abwn Tasts

440

Material | Thick(N)] Width(N) [Len(N)|_Wagt(LB)




Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

80

40
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o 1
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20

o L

o
=+

20

o 1

80

40

20

o L L

0.0 0.05 0.10 0.15 0.20 0.25 0.30

APPENDIX D: TENSION COUPON TESTING

Spec C6-G Beam Web 1

Elongation: 23.4%
Fu: 74.89 ksi

0.0 0.05 010 015 0.20
Strain (in./in.)

Spec C7 Doubler Plate 1

Elongation: 24 3%
Fu: 72.07 ksi

0.0 0.05 010 0.5 0.20
Strain (in.fin_)

Spec C7 Doubler Plate 2

Elongation: 23.4%
Fu: 72.38 ksi

0.0 0.05 010 015 0.20
Strain (in./in.)

Spec C3 Column Web

_——7\———“

Elongation: 29.6%
Fu: 75.51 ksi

Strain (in.fin.)

Spec C6-G Beam Web 1

/ /
8
~ / /
g 4 /
2 %0 / /
o
£ / /
sl / /
4 / E:28154ksi
Fy: 62.61 ksi
J/ . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec C7 Doubler Plate 1
/ /
3 / /
- e —— —_——
2.l /
@ /
o
= /
] /
J/ E27278ksi
/ Fy: 5124 ksi
0.0 0.002 0.004 0.006 0.008
Strain (in.fin.)
Spec C7 Doubler Plate 2
) / /
®f / /
2ol [/ /
2 /
s /
] /
/ E 25611 ks
Fy: 51.7 ksi
/
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec C3 Column Web
/ /
gl / /
. L ) e S A —
£\ /
/
& /
Rt /
/ E: 28314 ksi
/ Fy: 52.61 ksi
0.0 0.002 0.004 0.006 0.008
Strain (in.fin.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Spec C7 Beam Flange

(] ﬁ
w0
g
5 |
Elongation: 24.3%
Fu: 68.86 ksi
o . . . .
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)
Spec C7 Column Web 1

B

o

=<

St

Elongation: 23.3%
Fu: 80.71 ksi

o s s s s
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)
Spec C7 Column Web 2

(=]
o Elongation: 21.9%
Fu: 83.03 ksi
- . . . .
0.0 0.05 010 015 0.20

Strain (in.fin)
Spec C6-G Beam Flange 1

—

(=]
=]
g
E |
Elongation: 24 1%
Fu: 71.05 ksi
o s L s s
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

442

Spec C7 Beam Flange

N / /
af /
ot /
g B //
] /
ol / EI 27597 ksi
/ Fy: 54 57 ksi
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
o Spec C,Y Column Web 1
/ /
% S ‘dd_,—\__.:__/'_ J—
/
- /
= /
/
at / |
/ E: 24834 ksi
Fy:61.73 ksi
o / . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
o Spec C7 Column Web 2
Il
(==]
/ /
. / /
T 7
/ /
T /
/
St .
/ E: 27088 ksi
Fy: 58.18 ksi
o / . .
0.0 0.002 0.004 0.006 0.008
Strain (in.fin.)
Spec C6-G Beam Flange 1
/ /
o
o J— —
4 /
ol /4 /
/
/
ol /
/B 27262 ks
Fy: 58.13 ksi
/ . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)



Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Spec C6-G Beam Flange 2

Spec C6-G Beam Flange 2

_\_/___,_/_——\__ ol / /
o D
w - _ —
~ 8 4 /
o 2 gl 4 /
-
2 o /
£ 8 /
=1 0 o L
T ™ /
Elongation: 24 3% ol / E: 28324 ksi
Fu: 68.73 ksi T Fy: 5565 ksi
o . . . . o / . .
0.0 0.05 010 015 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in./in.)
Spec C7 Beam Web 1 Spec C7 Beam Web 1
—————— == [
% ﬁ % - — - T —
— /
e /
? 2 3 /
k]
b= /
n
(=1 =N
o ™ / /
Elongation: 23.6% / / E: 20688 ksi
Fu: 74 15 ksi / Fy: 61.69 Ksi
o s L s s s L
00 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in./in.)
Spec C7 Beam Web 2 Spec C7 Beam Web 2
—————— —] /
S ’\/,—ﬁ) g ——#—
— / /
£ .l 4 /
g 2" 4 /
o]
& / /
n
g} gt/ /
Elongation: 23.8% / / E: 28256 ksi
Fu: 74 27 ksi / Fy: 61.66 Ksi
o s s s s s L
00 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in./in.)
Spec C5 Continuity Plate 1 Spec C5 Continuity Plate 1
i / /
) M//"/_,—’y’q—'_‘—\’ 1 /
3 —~ 4 /
w
£ _ / /
2 a1/ /
& 7/ /
n
! ]t/ /
= Elongation: 17.3% / / E: 29180 ksi
Fu: 78.71 ksi / Fy: 5979 ksi
o s s s s .
0.0 0.05 AL 0.15 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in./in.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Spec C5 Continuity Plate 2

Spec C5 Continuity Plate 2

444

Bf—————== =] / /
) M/F—ﬁ | L // _____
w —_—
2 /
2 2 9f /
o
= /
ol sl /
od
Elongation: 23.7% / E: 31211 ksi
Fu: 79.26 ksi / Fy: 59.92 Kksi
- . . . , . .
0.0 0.05 0.10 0.5 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in.fin.) Strain (in./in.)
Spec C6-G Column Web 1 Spec C6-G Column Web 1
—————— =] / /
3 )| S
_ 4 /
w
g i' S / //
©
& /
af 8
Elongation: 23.7% / E: 28502 ksi
Fu: 73.15ksi / Fy: 59.32 ksi
o . . . . . .
0.0 0.05 0.10 0.15 020 0.0 0.002 0.004 0.006
Strain (in./in.) Strain (in./in.)
Spec C6-G Column Web 2 Spec C6-G Column Web 2
————— —] / /
_ ﬁ Ny _
_ /
7]
= o ’/
- L
3 % = /
5 /
2] 2t /
Elongation: 23 5% / E 29913 ksi
Fu: 73.09 ksi Fy: 60.24 Kksi
o . . . . o / . .
0.0 0.05 0.10 015 020 0.0 0.002 0.004 0.006
Strain (in./in.) Strain (in./in.)
Spec C5 Column Web Spec C5 Column Web
ﬁ / /
o 3t /
e r _
_ 4 /
= g— g a / /
- 0] /
w
= /
0
g} 8f /
Elongation: 24 9% /  E:28142ksi
Fu: 71.57 ksi / Fy: 56.14 Kksi
0.0 0.05 010 0.15 0.20 0.25 0.0 0.002 0.004 0.006
Strain (in./in.) Strain (in./in.)

D.008

D.008

0.008



Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Spec C3 Beam Flange Spec C3 Beam Flange

—————— == / /
% 5 r — |
= / /
= fm.- g L / /
¢ / /
= 4 /
S R /
Elongation: 25.7% / E: 27283 ksi
Fu: 72.35 ksi / Fy: 57 .22 ksi
0.0 0.05 0.10 0.15 020 0.25 0.0 0.002 0.004 0.006 0.008
Strain (in.fin.) Strain (in.fin.)
o Spec C5 Beam Web Spec C5 Beam Web
o 0 ER—
ﬁ /
o st ]
© /
K /
g a8 < /
g
& /
=1 (=
oI ]
Elongation: 23.2% / E: 29021 ksi
Fu: 77 13 ksi / Fy: 65.61 ksi
o . . . . s .
0.0 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in.fin.) Strain (in.fin.)
Spec C6 Column Web 1 Spec C6 Column Web 1
/ /
g —— A ————=o
- / /
< /
¢ g /
o
g /
S 8t /
Elongation: 23.7% / E:28469 ksi
Fu: 75.91 ksi / Fy: 6275 ksi
- . s s L s .
0.0 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in) Strain (in./in.)
Spec C6 Column Web 2 Spec C6 Column Web 2
5 /—1
%“
=
¢ @
o
0
E |
Elongation: 23.8% / E: 27618 ksi
Fu: 75.1 ksi Fy: 61.59 ksi
o . . . . o / . .
0.0 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in.fin.) Strain (in.fin.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Spec C4 Beam Flange 1 _ Spec C4 Beam Flange 1

2
/ /
. / /
2 /
2 8 < /
& /
s} _ S / |
Elongation: 23.3% / E: 28611 ksi
Fu: 81.3 ksi Fy: 60.03 ksi
o . . . . o / . .
00 0.05 010 015 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in.fin.)
Spec C4 Beam Flange 2 - Spec C4 Beam Flange 2
or
/ /
8 //

Stress (ksi)
40

o
<t
2 _ S / _
Elongation: 22.1% / E: 27905 Kksi
Fu: 82 62 ksi / Fy: 59 43 ksi
- . . . . . .
0.0 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in.fin.) Strain (in.fin.)
o Spec C6 Beam Web 1 Spec C6 Beam Web 1
= :'T/_,_/—_?——\y__ /
8 S / /
] /
2 o ST /
o
& /
2 ]t /
Elongation: 21.6% / E: 28210 ksi
Fu: 78.01 ksi / Fy: 67 .29 ksi
o . . . . . .
0.0 0.05 0.10 0.15 0.20 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in.fin.)
Spec C6 Beam Web 2 Spec C6 Beam Web 2
Bf————= —5 / /
. —_— 3 7 N
3 — /
2 /
g ; g /
& /
R ] /
Elongation: 21.5% / E: 29073 ksi
Fu: 78.21 ksi Fy: 66.35 ksi
o L L L L o / L L
0.0 0.05 0.10 0.15 020 0.0 0.002 0.004 0.006 0.008
Strain (in./in.) Strain (in.fin.)
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Streas (kai)

Streas (kai)

Sfreas (ki)

Streas (kai)

Spec 53 Beam Web 1 Spec T3 Beam Web 1

s ] ; F
et T 3 — A
I ___7.{:__ — D
-——._f"ﬂ =L !
= . = / _l.r'
& /
E 2
-E F
i g
Hr !
Elongation: 21.8% 4 E: 288893 ksi
Fu: T8.67 ksi Py B7.10 ksi
f’ 1 1 I 1 i 1 1
0.o 0.05 0.1a 015 020 0.0 0.002 0.004 0.005 0.0a3
Strain (inJin.) Strain (in.fin.)
Spec C7 Column Flange - Spec CF Column Flange
=T T
S ———=—= — A S
/ /
= . —— .r'l
& ;
=, i
= 0 i/
L I
E !
3] 4
=1 P
L

!
Elongation: 22 5% S E: 27540 ksi

Fu: 80.06 ksi Fy: 57.63 ksi
& . . . : . .
0.0 035 0.10 015 0.20 0.0 0.002 D.0a04 D.005 D.038
Sirain (in.Jfin.) Strain {in.fin.)
Spec C3 Column Flange 2 Spec G2 Column Flange
= — ] ’
- / /!
o Y_/ B ——— £ -
o - A
= E = /
72 /
= =38 ¢
™ 4 i’
Elongation: 23.3% J E: 28830 ksi
Fu: 80.43 ksi * Py B0.12 ki
L= L L L . L= 'll.r L L
0.o 005 0.10 0.15 0.20 0.0 0.002 0.004 0.005 0.0a5
Strain (inin.) Strain {in.in.)
Spec C4 Column Web Spec C4 Column Web
g / B
.-";“-\.
= ' ;
el ) E ¥
= !
= b=
Elongation: 24.2% J  E: 2BBE28 ksi
Fu: 74.98 ksi * Fy: G0.05 ksi
= 1 1 1 1 I r 1 1
0.0 0LOsS 0.10 015 0.z20 0.25 0.0 0.002 D.004 0.005 D.00s
Strain (inJin.) Strain (in.fin.)

447



Stress (ksi)

Stress (ksi)

Stress (ksi)

:

Stress (ksi)

Spec C6G Column Flange

T
% -
=
g |
Elongation: 25.5%
Fu: 73.01 ksi
o s . . s .
0.0 0.05 0.10 0.15 020 025

Strain (in.fin.)

Spec C5 Column Flange

8 L_/_/;—\
g
&
Elongation: 24.2%
Fu: 71.5 ksi
o . . . .
0.0 0.05 0.10 0.15 0.20
Strain (in./in.)
Spec C6 Column Flange
% /7—\‘
g
8 L
Elongation: 25.4%
Fu: 74.17 ksi
o . . . . .
0.0 0.05 0.10 0.15 0.20 0.25

Strain (in.fin.)
Spec C5 Column Flange

(=]
-+
g L
Elongation: 23.9%
Fu: 73.98 ksi
(=] 1 1 1 1
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)

Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

448

Spec C6G Column Flange

/ /
3f /
g L
8 L
J E 26434 ksi
Fy:54.23 ksi
(=] '/ L 1
0.0 0.002 0.004 0.006 0.008
Strain (in.fin)
Spec C5 Column Flange
/ /
8 /
3 L
g L
E: 27285 ksi
Fy: 54 29 ksi
= '/ 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec C6 Column Flange
/ /
3t f—
ol /
/
/
8t /
/ E: 26628 ksi
Fy: 5559 ksi
- / : .
0.0 0.002 0.004 0.006 0.008
Strain (in.fin.)

Spec C5 Column Flange

E: 28387 ksi
/ Fy: 54.94 ksi

0.004 0.006

Strain (in./in.)

0.002

0.008



Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

W

40

o L L L L
0.0 0.05

40

20

(=] 1 1 1 1
0.0 0.05

BO

40

20

P= 1

= L 1

Spec C5 Column Web

Elongation: 23.8%
Fu: 75.1 ksi

010 015
Strain (in./in.)

Spec W4 Beam Flange

Elongation: 21.6%
Fu: 79 ksi

0.10 0.15
Strain (in./in.)

Spec W4 Column Web

Elongation: 23.8%
Fu: 8353 ksi

0.0 0.05 0.10 0.15

Strain (in./in.)

Spec W4 Column Flange

Elongation: 22 3%
Fu: 80.14 ksi

0.10 015
Strain (in./in.)

0.0 0.05 0.20

Spec C5 Column Web

/ /
3 / /
.‘:'J_'g“
v $f
w
4
(73]
g L
/ E:29882 ksi
" Fy:57.65 ks
/
o . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W4 Beam Flange
/ /
ol / /
.“;n“ e —
=
2 9
oy
]
g L
/ E:29320ksi
Fy:53.49 ksi
/
(=] 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W4 Column Web
(=3
© / /
-~ 3 /
£ /
% 2 /
& /
S / .
/ E: 28914 ksi
Fy: 66.34 ksi
D/ 1 1
L=
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
o Spec W4 Column Flange
o0
/ /
=) S / —
z / /
g% /7 /
& / /
ST / E: 28265 ksi
X si
4 / Fy: 57.38 ksi
/
- . .
0.0 0.002 0.004 0.006 0.008

Strain (in./in.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

% rV‘/?1
3
a
Elongation: 21.8%
Fu: 75.91 ksi
(=] 1 1 1 1
0.0 0.05 0.10 0.15 0.20
Strain (in.fin.)
2 Spec W3 Beam Web

..?

Spec W3 Column Web

3
g |
Elongation: 22 5%
Fu: 76.43 ksi
(=] 1 1 1 1
0.0 0.05 0.10 0.15 020
Strain (in./in.)
3 Spec W3 Column Flange
% b\/”7—\
S
g L
Elongation: 22 9%
Fu: 76.76 ksi
[=] 1 1 1 1
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)
Spec W3 Beam Flange

s

g
g L
Elongation: 23.9%
Fu: 71.33 ksi
o . . . ,
0.0 0.05 0.10 0.15 0.20

Strain (in./in.)

Spec W3 Column Web

/ /
% _
;‘T';‘
w 9T
w
g
i
3 /
/B 27930 ksi
Fy: 60.18 ksi
(=] F/ 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in.fin.)
Spec W3 Beam Web
I A 4
=3 /
= / /
= 4 /
2%/ /
& 4 /
&f 4
E: 27402 ksi
4 / Fy: 66.55 ksi
(=] / 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W3 Column Flange
."‘_;‘
=
w
w
g
n
E: 30023 ksi
Fy: 58.25 ksi
0.0 0.002 0.004 0.006 0.008
Strain (in.fin_)
Spec W3 Beam Flange
/ /
3t / /
y - |
—_ /!
w
= g} ,;'/
§ /
= /
& gl
E: 28609 ksi
/ Fy: 56.29 ksi
- / . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

W

20

40 60

20

o 1

B0

G0

40

20

o 1

G0

40

20

o 1

Spec W2 Column Flange

Elongation: 24.2%
Fu: 76.04 ksi

010 015
Strain (in.fin.)

Spec W2 Beam Web

—

Elongation: 21%
Fu: 76.17 ksi

0.20

0.0 0.05 010 015
Strain (in.fin.)

Spec W2 Column Web

Elongation: 23.1%
Fu: 77.38 ksi

0.0 0.05 010 D15
Strain (in.fin.)

Spec W2 Beam Flange

]

Elongation: 26.3%

Fu: 7037 ksi

0.0 0.05 0.10 0.15 0.20 0.25

Strain (in.fin.)

Spec W2 Column Flange

/ /
% I ——
= /
2 /
w I /
w
o
& /
] /
/ E2M171ksi
Fy: 59.68 ksi
/ 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W2 Beam Web
]! / /
= /
< /
(/)] ? [ x”
w
g
& /
8t /
/ E: 27686 ksi
Fy: 67.83 ksi
(=] / 1 1
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W2 Column Web
/ /
gt 7
= /
< /
=
/
& /
g L
/ E: 28726 ksi
Fy: 63.93 ksi
s / ) .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
o Spec W2 Beam Flange
/ /
8 L
= / -]
2 o
i
(/)]
$ sl
ﬁ = L
o
ol /  E: 28304 ksi
/ Fy: 54 .92 ksi
o / s s
0.0 0.002 0.004 0.006 0.008

Strain (in./in.)
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Stress (ksi)

Stress (ksi)

Stress (ksi)

Stress (ksi)

60

40

20

0.0 0.05 0.10 0.15 0.20

§

60

40

o 1

0.0 0.05

3

40

20

= 1 1 L

Spec W1 Column Web

]

Elongation: 24%
Fu: 74.02 ksi

Strain (in./in.)

Spec W1 Beam Flange

Elongation: 20.1%
Fu: 8569 ksi

Strain (in./in.)
Spec W1 Beam Web

Elongation: 23.3%
Fu: 7875 ksi

0.0 0.05 010 015 0.20
Strain (in.fin.)

Spec W4 Beam Web

Elongation: 23 6%
Fu: 81.26 ksi

0.0 0.05 010 015 0.20
Strain (in.fin.)

0.10 015 0.20

Spec W1 Column Web

/ /
gL /
- /
2 .| /
/
& /
] /
/ [E:28571ksi
Fy: 59.49 ksi
/
o . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
Spec W1 Beam Flange
= / /
o
= / /
¢ 9 /
& /
gt / .
7 / E: 29703 ksi
Fy: 68.94 ksi
/
L= 1 1
0.0 0.002 0.004 0.006 0.008

Strain (in./in.)
Spec W1 Beam Web

Stress (ksi)

/ E: 27486 ksi
Fy: 52 34 ksi
/
= . .
0.0 0.002 0.004 0.006 0.008
Strain (in./in.)
3 Spec W4 Beam Web
/ /
N /
- /
/
& /
gt /
E: 29316 ksi
/ Fy: 60.54 ksi
- . .
0.0 0.002 0.004 0.006 0.008
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Strain (in./in.)



Stress (ksi)

Spec W1 Column Flange

R —==]

8 -
E“

= Py
w
g
&

g L

Elongation: 25.3%
Fu: 72.83 ksi
o s s . s .
0.0 0.05 0.10 0.15 0.20 0.25

Strain (in.in.)

453

Spec W1 Column Flange

f( ff
= / /
/
ol /
=+
/
/
] /
/ E 29416 ksi
/ Fy: 52.55 ksi
0.0 0.002 0.004 0.006

Strain (in.fin.)

0.008



APPENDIX E: WELDING PROCEDURE SPECIFICATIONS

The Herrick Corporation FIELD Welding Procedure Specification Index
Herrick Job #3870

ELECTRODE LINCOLN PREGQUALIFIED
WPS ID # JOINT ROOT/IANGLE POSITION | DIAMETER ELECTRODE CVH D1.8 YES NO DATE [REV#

FCAW - Complete Penetration Welds
FCAW CP-2 BTC-Uda-F 114" 457 Vert (3G) 072 NR-232 Yes Yes X 324014 1
FCAW CP-22 BTC-Uda-F DS Flat (1G) 332" NR-305 Yes Yes x 24014 1
FCAW - Fillet Welds
FCAW F-3 Fillet Fillet OH (4F) 072 NR-232 Yes Yes X 324014 2
MIXED WELDS
M X2 Field E71T-8 & EVOT-S 1G 0.72 & 3/32" | NR-232& NR-305 | YES YES X 7201 0

09/13/2018 Field WPS Index Rev £3 6/09/17 Page 1of 1
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Hel‘r]ck PREQUALIFIED __X__ QUALIFIED BY TESTING

|dentification # FCAW CP -2
Revision __#1 %ﬂngﬁ& By JWG
Compary Name ____ The Herrick Corporation Authorized - Date _07/25/13
Wekling Process (es) FCAMY Type - Nnual™| ) Semi - Automatic [ X)
Supporting POR Mo, (s} (& 1) (] Autormatic |}
OINT DESIGN USED POSITION
ype BTC-U4a-F Pasition of Groove _ Vert (3G) Fillet A
ingle { x} Double Weld { ) Vartical Progression Up{ %) Down( |
Eiacking Yes [ x) Mo { )
Backing Material _A38 14" Min. ELECTRICAL CHARACTERISTICS
Root Opening _14"_ Root Face Dimension o
Groove Angle 45" Radius (J - U) NiA___ | Transfer Mode (GMAW)
{Back Gouging Yes { ) Mo () Method _ NiA Short - Circuiting ( ) Globular [ ) Spray { |
aterial Spec. AWS D11 Table 3.1 Group 1,2, 3 Power Source: CC{ ) CV ()
T].I'FIE or Grade [E!mmuﬂ 3 to Group 3} TECHMNIQUE
Thickness Groove LUnlmited — Fillet___NA - syinger or Weave Bead Stringer Bead
[Diameter (Rebar) NIA Multi - pass or Single Pass (per side) ___ MulliSinale
|FILLER METALS Mumber of electrodes One
AWS Specification A5.20 Longitudinal MiA
AWS Classification ETIT-8 Lincoln's MR-232 Lateral MNIA
A,
SHIELDING Arge o MA
Flux hiA Gas_ hA Gontact Tube to Work Distance 34" - 1 1/4”
Composition A )
Electrode - Flux (Class) Flow Rate MIA Peaning. Mona ) ) o
g, Gas Cup Size NI, Interpass Cleaning _Preumatic Chipping Hamrmer or Brush
PREHEAT POSTWELD HEAT TREATMENT
P Temp., Min. See el * Temp, _Mone* v
Interpass Temp., Min Sesbelow Max 550°F Time
WELDING PROCEDURE
Filler Matals Current
Infhdin
Pass or Wire In/Min
Weld Type & Feed Travel
Layer (s}| Process| Class Diarn. | Polarity | Amps | Speed Wolis Speed
ALL | Foaw |ETAT-8 | 072 | DCEN | 258 170 21 7
+10% +10% | +7% +15%
Heat Input Range: 30 - 78 KJ/in
ALL |FCAW | ETIT-8 a7z DCEM 315 250 24 ar
=10% | 10% 7% +15% 'mTNIEWFw oF
R=+1M6, -0 + 15, = 116
Heat Input Range: 30 - 78 KJ/in o=, - * 0, -5
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UPTO 34" OVER 34" -11/2" OVER 1127 -2 117" OVER 2 172"
MOMWE * 80 °F 150 °F 225°F

*When Base Metal is Below 32 *F, preheat to at least 70" and maintain during welding. For Material A913-65 use elevated preheal
temperature as per AWS D1.1-(2010) Table 2.2 Catagery C. This procedure conforms to ANSIAWS D1.1-(2010),
see project specification for additional notes. The maximum pass width for 16, 2G, and 4G, is 5/8" and 1" for 3G.

Thicknass of weald laver in aroove weld, excent surface laver. shall not exceed 1/4°,
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Herrlck PREQUALIFIED __X__ QUALIFIED BY TESTING

Identification # FCAW CP -22
Revision __#1 te 0324014 By JWG

Company Name The Herrick Corporation Authorized - Date _ 07125013
Welding Procass (a5} FCAW Type - ) Semi - Automatic | X)
Supporting POR Ma. (s} A Machine { ) Automatic { )

JOINT DESIGN USED POSITION

Type BTC-UMa-F Position of Groove _ Flat (1G Fillat MNiA

Single ( x) Double Weld () Wertical Progression Upi 1 Down { )

Backing Yes (¥ Me ()

Backing Material A3 1/4° Min ELECTRICAL DC(I:-II&RACTERLSTICS

Raot Opening _3/8" _ Root Face Dimension o

Grocve Angle 300 Radius (J - U) A Transfer .hl'lnde (GRAAW)

Back Gouging  Yes [ ) No (%) Method _ N/A Short - Circuiting ( ) Globular { ) Spray { )’

BASE METALS Current  AC { ) DCEP (x) DCEN{ ) FPulsed [ ]

IMaterial Spec. AWS D1.1 Table 3.1 Group 1,2, 3 Power Source: CC{ } CV(X)

Type or Grade (Except for Group 3 to Group 3 TECHNIGUE

Tr_1icknes-s Groove _ Unlimited Fillet s Stringer or Weave Bead Stringer Bead

Diameter (Rebar) M Multi - pas= or Single Pass (per side) Multi/Single

FILLER METALS Mumber of electrodes One

AWS Specification A5.20 Longitudinal MIA

AWS Classification EFOT-& Lincoln's ME-305 Lateral MiA

SHIELDING Angle hid,

Flux MiA Gas _ T S . .

Composition NIA E:Dnle_h:t Tube to Work Distance 168" -21/4
Electroda - Flux (Class) Flow Rate A Peening. None
I Gas Cup Size A Interpass Cleaning _Pneumatic Chipping Hammer of Brush

PR AT POSTWELD HEAT TREATMERNT

Pratieat Temp,, Min. Sse talow * Temp. _Mona® ,/‘T\ Jose W Garcia

Inferpass Tamp.,  Min Seebeiow  Max  550°F Time LB cwn semosat

Y ©7F

WELDING PROCEDURE

Filler Metals Current
InMin
Pass ar Wire In/Min
Weld Type & Fesd Travel
Layer {s)| Process| Class Dam. | Polarity | AmMps Spesd | yous | Spesd
ALL | Foaw | ETOT6 | 332" | DCEP | 425 240 25 13

0% £10% +7% +10%

Heat input Range: 35 - 66 KJ/in
ALL FCAW |E7OT-6 | 332" | DCEP 475 300 28 17"

£10% | 210% | £7T% +10%
R=+ 118, -0 + 1M, - U8
Heat Input Range: 35 - 66 K.Jlin 0=+ 107, .07 +10%. - E
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UPTO 3647 OVER 34" -1 1/2° OVER 1102 -2 4/2" OVER 2 1/2°
MOME * B0 °F 150 °F 225 °F

«\When Base Metal is Below 32 °F, preheat to st keast 707 and maintain during welding. For Matarial A913-65 use elevated preheal
temparature as par AWS D1.1-(2010) Table 3.2 Category C. This procedure conforms to ANSUAWS 01.1-(2010},
see project specification for additional notes. The maximum pass width far 13, 26, and 4G, is 58" and 17 for 3G,

Thickness af wield laver in aroove weld. exceot surface laver. shall not excesd 1/4%
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Herrick PrEQUALFIED X  QUALIFIED BY TESTING

Identification # FCAW F-3
Revision __#2 e DA24/14 By _ JWG
Company Name The Herrick Corporation Autharize . Date _ 07R25M13
Welding Procass (&s) FoAW Type - () Sami - Automatic (X)
Supporting POR Mo. (8) MIA Machine (] Automatic ()
WOINT DESIGH USED POSITION
Type Fillst Pasition of Groove A Fillet __ OH (4F)
Single {x) Double Weld { ] wertical Progression Up( ) Down{ )
Backing Yes [ ) Mo (x)
Backing Material NIA ELECTRICAL CHARACTERISTICS
Root Opening _N4 _  Root Face Dimension ___N/A
Graove Angle hIA Radius (J - U) A Transfer I‘u'lnd.e. [GMAW)
Back Gouging Yes | ) Mo (X Method Mk Shart - Circuiting ( ) Globular { ) Spray { )
BASE METALS Current AC [ ) DOEP () DCEM (x)  Pulsed ()
Material Spec. __ AWS [1.1 Table 3.1 Group 1,23 Power Source: CC( ) CV(X)
T:.-pa or Grade {Except for Group 3 E_ Group 3] : TECHNIGUE
Thickness Groove __tia  Fillet_Unlimited _ |syinger or Weave Bead Stinger Bead
Diameter (Rebar) MIA Multi - pass or Single Pass (per side} Muli'Single
FILLER METALS Mumber of electrodas One
AVWWS Specification A520 Longitudinal A
AWWS Classification ET1T-8 Lingoln's MR-232 Lateral MiA
SHIELDING Angle MU
Flux A Gas MiA " . .
Composition NiA Contact Tube to Work Distance F4' - 1114
Electrode - Flux (Class) Flow Rate NiA__ |Peening. None
Gas Cup Sizs M Interpass Cleaning _Fn ic Chipping Hammer of
PREHE [FOSTWELD HEAT TREATHRENT
Prehest Temp,, Min, Ses below Temp. _Mone® 'ﬁf‘h é“ﬂ“" Garcia
Interpass Temp.. Min Ses bew Max_550° F Time il SQup C en10%e
WELDING PROCEDURE
Flller Matals Current Jaint Details
Ir/Min
Pass or Wire Inilin
Weld Type & Faed Travel
Layer (s)| Process| Class | Diam. |Polanty | Amps |Speed | vVoits | Speed
ALL FCawW | ETIT-B 072 | DCEN 285 170 1 I
+10% +10% | 27% +15%
Heat Input Range: 30 - 78 Kl/in
ALL FCAW | ETIT-B 072 | DCEN 315 250 24 9"
+10% +10% 7% +16%
FILLET
Heat Input Range: 30 - 78 KJlin Min. Weld Skze See Table 5.3

MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UPTOD aid’ OVER 34" -1 112" OVER 1102 -2 12" OVER 2 112"

MONE * 50 °F 150 °F 225 °F

“ When Base Metal is Below 32 *F, preheat to at least 70 and maintain during welding. For Material A213-65 use elevated preheal
temperature as per AWS D1.1-(2010) Table 3.2 Categery C. This procedure conforms ta ANSHAWS D1.1-(2010), see project
gpecification for additionsl notes. The maximum singls pass fillet weld size for 1F and 3F is 1/2°, for 2F is 38", and for 4F is 516
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Herrick

PROCEDURE QUALIFICATION RECORD (PQR)

Company Mame The Herrick Corporation

ldeniification #

Wielding Process (es) Foaw Revision By
Autharizad Date _ 07112001
Type - Semi - Automatic | X)
chine [ ) Automatic{ )
JOINT DESIGH USED POSITION
Typs B-L2a-F Position of, Graove _Flat (1G) Fillet ____MiA
Single (¥ Double Weld { ) Wertical Progression. Up( ) Dawn [ )
Backing Yes | X) Mo [ )
ELECTRICAL CHARACTERISTICS
Backing Material AJG 12" oo
Foot Opening _5/8"  Root Fece Dimension ____ 0
Groove Angle _ J0°  Radius (J- Uyt [Transfer Mode (GMAW)
Back Gouging Yes [ ) Mo {x) Methed MIA Ehl:ll'l-l:lll'ﬂl.;lgl'lg [ ) Clobular [ ) Spray | jF.II o (]
BASEAETALS Current; [y DCEP (x DCEMN (x} Fu
Material Spec ST Dther
Type or Grade al TECHNIOUE
Thickness Groove 34" Fillst P& IStringer of Wasve Bead Stringer Bead
Ciameter (Fipe) /A Mulli - pass or Single Pass (per side) Multiple
FILLER METALS Mumber of elacirodas One
AWNS Spechiation 520 Electade Spacing  Longitudinel ____ NA
AWSE Classifigation _ETOT-6 i Lincoln's MF-305 ) Latersl NI
AWS Classification_E717T-8 (Lincoln's NR-232 ) Angle N
SHIELDIMNG
Flux MiA Gas__NIA____ |contact Tube te Work Distance 1-1/2" and 344"
Elecirade - Flux (Class) Cor ”:5""‘"“"&?— Peening Mone .
NIA FlowRate _____MNA __ linssrpass Cleaning _Preumatic Ghi
Gas Cup Size WA
PREHEAT POSTWELD HEAT TREATMENT
Preheat Termp,  Min___70°F [Temp _Nona
Interpass Temp , Min __70°F Wlax _S50°F Mime NiA
N
57
{ o1
,
DETAIL mﬂiﬂi
\cm
Filler Meials Current
Pass or Infhiin
Wald Type & Trawel
Layeris) | process | Cless Diam. | Polerity | Amps | Volis Speed
1-4 FCAW ETOT-G Aazn DCEP 25 28 15"
5-14 FCAW ETIT-E ar2 DCEM 250 22 o

Tested as per FEMA

353
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ACCURATE WELD TESTING LAB

£223 TWEEDY BLVD., SOUTH GATE, CA 90280 PH[323)564-5879 FX(323)564-3843

Date: July 24, 2001

SAN BERNARDING STEEL/HERRICK CORF.

5454 N, INDUSTRIAL PARKWAY
SAN BERNARDINO, CA 92427

Test Date: 12470
WESH:
LAB#

CHARPY “¥" NOTCH

MIX#E2

176

TAKING SAMPLE OF THE WELD (@ MID THICKNESS

@THE WELD(G - 0°F.
NOTCH LOCATION IMFACT VALUE % SHEAR MILL. LAT. EXF

L WELDMETAL | i ] O

2 WELD METAL | 33 30 0307

3. *WELD METAL __ | 35 w0 o 036"

i, WELD METAL 33 30 NEE

5| "WELD METAL 26 a0 26"

* LOW & HIGH READING, AVERAGE OF REMATNING THREE.

AVG, FT. LBS.: 33.0

ACCTTRATE WELD TEBT]NG LAR

% iz
RONALD & MOBLEY, AGER

WE CERTIFY THAT THE ABOVE INFORMATION IS TRUE AND CORRECT
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ACCURATE WELD TESTING LAB

5223 TWEEDY BLVI, BOUTH GATE, CA $0280 PH(323)564-58T% FX.(323)564-3843

SAN BERNARDING STEEL/HERRICK.
5454 N. INDUSTRIAL PARKWAY
SAN BERNARDINO, CA 2427

MATERIAL: A-572, GR. 50

Daate:  OF/17001

M - #2

Lab#: 675

WPS# NMIX#2

CHARFY V" NOTCH
SAMPLE WAS TAKEN FROM THE WELD @ MID THICENESS

CWN SIZE: 10 MM X 10 MM TEST TEMF: +10°F. MIN. ACCEPATABLE VALLIE: 40 FT. LBS

NOTCH LOCATION IMFPACT VALLUE T SHEAR MILL. LAT. EXT
1. BASE METAL &0 e LT N
2. *BASE METAL [T} on i<kl
3. "BASE METAL | 51 90 56"
4, BASE METAL | 54 ] 050"
5. BASE METAL | 61 90 o 607
)
AVG. FT. LBS.: 60 (T -
-
= LOW & HIGH READING, AVERAGE OF REMATNING THREE, W it
it
ACCURATE WELD TESTING LAE

s ) il g

ROMALD 5. MOBLEY, LABRMANAGER

WE CERTIFY THAT THE ABOVE INFORMATION IS TRUE AND CORRECT
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INNERSHIELD® NR*-232

Mild Steel, All Position = AWS E71T-8, E7178-A2-C53-H16

KEY FEATURES CONFORMANCES
» High depasition rates for out-of-position welding AWS AS5.20/A5,20M: E71T-8-H15
» Penetrating arc AWS AS5.36: E7178-A2-(53-H16
+ Fastfreezing, easy to remove slag system ::':f ok ';:;:'&"‘6
s Meets AWS D1.8 selsmic lot walver reqxi!mems Uoyd's mn IYSHIS
DNV Grade: M YMS HIs
WELDING POSITIONS 6L IYH10S
Al BV Grade: SAIYMH
CWB/CSA W48-08: E4OT-8H16
TYPICAL APPLICATIONS o ENTIOTARA T N2
U EN758T423YN2
. Struc_htal fabrication, ncluding those subject to seismic MIL-E-24403/1:* MRL-71T-845
requirements FEMA 353
» Gereral plate fabrication AWS D18
» Hul plate and stiffenar welding an ships and barges "IN T49T38-1NA-H1S
= Machinery parts, tanks, hoppars, racks and scaffolding My { M7 T4 fr DO e (4, s
DIAMETERS / PACKAGING
Diameter 1351 (6.1 kg) Call 135 b (6.1 g Coll 211134
n fnm) 56 1b [24.5 beg) Marster Carton 56 15 {26.5 k) Harmetically Sealed Pul Steel Spoot
Q068 (1.9 EDN12518 ED030643
0072 (8 E0012522 EDO30232 EDO306AL
sS4 (2.00 ED012525 EDO30647
Dlamster 25 (11,3 k) Plastic Speal 501b{z07hg)
n mml (aceim Sealed Foll Bag) Cail
o068 (1.7 EDO12515
0072 (18 EDO30948 EDO12523
5/64 (20 EDO12526
MECHANICAL PROPERTIES! )
Yials Strengti® Tensile Suength Ehngation Hardness Chargy U-Rtotch / | ftaibly
MPa (s MPa s x Reckael 8 De29°C(20°)
Requirements - AWS £717-8 O mn | 4B0-655(70-95) |  22min = 27200 min
Typical Results™ - As-Welded | we0s20(85-75) | 575-615M83-83| 25-31 a7-90 47-75{35-55)

Mol of weld roeied #Macurnt w023 offiet “Ser beat wads ol
DU FEAR 353 e s
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DEPOSIT COMPOSITION'

'S win x5 s » W
Reguirements - /WS E717-8 030 max 1.75 max 0.60 max 0.03 max 003 max 18 max
Typical Results™ | 0.16-0.18 | 061072 | 026-031 | =001 | M | 05-08
TYPICAL OPERATING PROCEDURES
Diamater, o™ Wire Feed Speed VoRage™ Appros. Current Melt-Off Rate Deposition Rate Efficiency
Parity min () mimin (infein] | (elts) fenps) Ngfhe Obite) | hgihe Db L
28 g 18-19 195 23 (50 13 {39 78
33 130} 13-21 225 28 (62) 20 WA 7%
Q068N (1.7 meml, 19-32 38 150} 19-21 250 a2 (an 24 (53 5
- (37461 1/6) 63 170} 20-22 270 35 (78 28 61 78
50 {195) 23-24 300 43 (94) 312 () %
B4 2% 23-24 3% 54 (18 40 {80 76
74 |320) 2527 wo 53 (152} 52 {14) 75
20 [80) 15-18 130 78 (L0 15 a3 &3
35 |140) 18-21 225 33 (84 25 {55 81
00720 (1.8mml, 19-32 38 |155) 19-22 24D 33 (72l 27 60 83
oC- (Bra-1174) 63 [ 20-23 255 35 (80 23 165 &1
64 (250} 22-24 35 53 (1 43 ag) 82
74 12900 23-25 350 62 (138 50 o 81
15 (60) 16-17 145 7 (3.9 12 29 3
S/841n (2.0 mml 18-32 28 |15 13-20 260 32 (20 25 [55) 78
oC- (3/4-1174) 30 haod 13-20 210 33 (73 26 157 78
33 (130 20-21 285 35 (78] 28 162} 79
46 (180} 22-23 365 50 (109) EX Y] 8
s g 2Cland. 24 St
Moteval Sofedy Doda Sheets MSOS) and Certificotes of Confarmance ove ovalatis o owr mebsite ot mwwcoheleckicaom
JESY RESULTS
&mﬂznmummu Wmnam&?u m&sﬂxmmmwmgm;mz
mmmwwm Cathon testing, o0 SAtNRY of vy wekdng
CUSTEMER RSSISTANCE POLICY
mmmmnnAu "&n’k:’." edice about th of ser prode d.-uh-uwe-m-uuuhnuu-um-umuuu
gy o - MOV, % Lo Massrane th
the parsir o o
’%uwmdb—hnmp i ypweteady Zact T y X R o
A 1he 1 mp:nm-:' B ey whfie the cantedl ot o ey
Sudectto (harge = Ths e et ez nefer for
THE LINCOLN ELECTRIC COMPANY

Pubsbcation C3.200012 | sue Dute 06/16
© Lincain Global, Inc. 4J Rights Resorved.
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22801 St Chir facros « Ogualand, OH « 44117-1198 « USA
Phane: +1.216481 8100 « www incalnelectric.
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FLUN-ORET SELF-SHIFLRER (AL AWCS] WIAR

INNERSHIELD® NR*-305

Mild Steel, Flat & Horizontal » AWS E70T-6, E70T6-A2-C53-H16

HEY FEATURES

= High deposition rates in the flat and harizontal pasi-

tors
= Smaoth arc and lows spatter levels
» Capable of producing weld

exceedng 27 | 20 fteluf] at -29°C {-20°F)
= Welds on bghtly rusted or primed plate
= Mgets AWS D1.8 seismic ot waiver requirements

WELDING POSITIONS

deposits with impact properties

CONFORMANCES

AWS AS.20/A5.200M:
RWS AS.36:
ASME SFA-AS.20:

FEMA 353
AMs D18
11523313

TYPICAL APPLICATIONS
» General plate fabrication

E70T-6 H16
E7076-A2-CS3-H16
EZ0T-6H16

T493T6-0NA-H15

= Shipyards, stiffener

: » Structural fabeication, weiding n barges
Flat & Horizontal inchuding those subjact » Welding over tack welds
10 selsmic raguirements made with stick electrode
« Bridges and offshare rigs
DIAMETERS / PACKAGING
Oiamatar 251 (113 vg) 25® (11.3 ) Plastic Sposl SO (22.7 ky) 2018 (22.7 k) 50 b Call
(e Steel Sponl (Vacuam Sealed Fall Bug) call {Uacuum Sealed Foll Bag)
5064 {20) EDO34185
332 24 ED0I0A71 EDO12533 EDO30005
MECHANICAL PROPERTIES'!
Yiald Strenpth* Tensile Strngth Elengation Mardness Hitbe
WP Do) MPa esi] * Hockwet 0 @-29°C-20°F)
Requirements - AWS £70T-6 400 (58] mn 4ED-655 (70-95) 22min - 27 (200 in
Typlcal Results™ - A5-Welded 065-535 (69-77) | s5e5-620fa2-90} 24-28 | 86-93 | Z-&vi20300
DEPOSIT COMPOSITION'™
; s X i 35 s W Al
Requirements - AV5 E70T-6 0.30 max 1.75 max 060 max 003 max 0.03 max 1B max
Typical Results™ 006006 | 108157 | 020-027 =001 | 001 | ECEE
TYPICAL OPERATING PROCEDURES
Diameter, o Wire Feed Speed Usitage Agprow. Corrent Melt-Off Rate Dapasition Rate Efficiency
Ftarity mm fied w/min finmis} | oits) fampu) ugihe Ouh) | g/ (i) )
a6 175 20-22 300 85 05 40 (aH) ™y
56 {220 21-23 330 60 [133) 50 (119) 83
SB[ 2.0 mml, 8.5 &£ [2e0h 2334 3E0 74 hey 354 134} &
Doy 113/8-2) 76 (3000 24-26 3715 82 |81} 69 (152) &
a3 (329 25-21 400 83 187 4 (184) 83
41 {160 21-23 330 50 133} 50 (110 82
3/32 24 mml, 41-56 6.1 {2800 26-26 425 91 00 726 (167) a2
DC+ 145/8-2 1L 76 (300 27-28 475 113 250 25 (210 b
102 {a00) 33-35 525 152 [33.6) 127 (280) 83
;’E’;—M“ e :\umdi = £
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Matasiol Sofely Db Sherts RA505) ond Certifindes of Conformance aee aviviabde on our welhsife o mvafncolvelsciic com

TEST RESULTS
nmnmm-&nwmmum lewrls were aabad bom 3 weld paduced and Sected o presoied stare
2 be o 5 ks il
mw:::u :;-m 4 i un.ml:mammnsg -vwm:gmmmm?. M%ﬁam

CUSTONTR ASSISTANCE POLICY
The Unooh Bedric Cormper P = :
eqactators mar—h;::hun‘l - smﬁﬁmmu%-lmwma?-mﬁ'm«wnm»mmwm 20y st o iéamra-

y b cige thay rray Wu-ummummmum_uw * e
!ﬂ% b9 P WISA 4 ration Pk

5M:M'“?ﬂm&mm‘m-m‘mwm ALY Ty
ictdn Elactit i o et ) - < =
e e o Lreoin Bectix afk : L ks i
Sadpect tn Cunge = o, of an e o peeeng

Aubtiicathin £3200065 | ksue Dote 07496 22901 St Clai Awenue « Oeveland, OH « 24117-1199 .« USA T

@ Lincoh Gobed,bnc. A Rights Reserved Pheee: +1.216.481.5100 » wenwincorelactriccom ELECTRIC
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The Limcoln Electric Company
22801 St. Clair Avenue
Clevelend, Ohio 441171199

Product: Innershisld® NR*-305
Classification: E70T-6-H18
E707T6-A2-CS3-H16
Specificaton; AWS A5.20:2005 ASME SFA.5.20
AWS AS5.36:2012, ASME SFA-5.36
Date July 07, 2016

CERTIFICATE OF CONFORMANCE

THE WELDING EXPERTS"®

This Is o cartdy !at the product namead above s of he same classification(s) and design as the maberial usad far the lesls reported herein.  The
materid was tested according to the specfication)s) ndicated and met al requirements. I was menufectured and supplisd sccording to = Quality

1SO9001 amang  others & documentad on  The Lincoln  Elecidic  web  page

System  Program  that meats e requirements  of
(At Ancaielo o amps gralcerificaio X
< —
Operating Settings srnt-:«ms RESULTS
Electrode Sze 5164 inch 5/44 Inch
Current TypaPalarity DC+
Nominal Voltage, V 25
Wire Faed Spead, crfmin infmin) 711 (280)
Noeninal Current, A 380
Avarage Heat Input, kJimm (kJin) {35-65) 2.0 (50}
Contact Tip 8o Work Distance, mm (in) 35 (1 3i8)
PassiLayers a5
Preheat Temperature, *C (*F) (60 men. | 20(74)
Interpass Temperature, °C °F) (275-325) 165 (325)
Postweld Heat Treatment As-welded As-wekded
Mechanical properties of weld deposits
Tenslie Strangth, MPa (ksl) (70 - 85) 540 (79)
Yiedd Strength, 0.2% Offset, MPa (ksi) (58 min.) 440 (84)
Elongation % 22 min. 29
Average Impact Enargy | (20 min.) ] 52 (38)
Joules @) -29 °C {fHbs @ -20 °F) 52,
| Average Hardness, HRE | Info. Cnly | B5 |
cl ition of weld Its (weight %)
c 0.30 max. Q.07
Mn 1.75 max, 137
Si 0.60 max. 0.23
-3 0.03 max. .00
P 0.02 max, 0.01
Al 1.8 max. 08
Diffusible Hydrogen (per AWS A4.3) a&mﬁ. RESULTS
" Eloctrode Sae 5864 inch
Current TypalPolarity DC+
Nesninal Voltags, 24
Noeminal Current, A 358
Diffusible Hydrogan, mL/100g 16.0 max. 43
Abs, Humidity (gr moisture/b dry wir) 55

Page 10f4

Cert. No. Z3050
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The Lincoks Elecoric Copany

22801 St. Class Avesue CERTIFICATE OF CONFORMANCE
Clevelind, Ohio 44117-1199
THE WELDING EXPERTS*
Product: Innershiekd®™ NR®-305
Classfication: ET0T-6-H16
ET0TE-A2-CS3H16
Spacification: AWS A5,20:2005, ASME SFA-5.20
AWS AB.I6:2012, ASME SFAS.36
Date July 07, 2016
s ETOT-6-H16
e Regurements REsuLts
Elecatrade Sze /32 inch 332 inch
Currant TypaPalarity DC
Nominat Voitape, V 26
Wire Faed Spead, crnimin (infmin) 610 (240)
Nomingl Current, A 385
Average Heat input, kJimm (kJin} (40 - 65) 20(52)
Cantact Tip %o Work Distance, men (in) 41(1 58)
Pass/Layers s
Preheat Tamperature, *C {*F) {60 min.) 20(71)
Interpass Tamperalure, °C (*F) {275 - 325) 165 (325)
Postwsld Heat Treatment As-weldad As-welded
Mechanical proparties of wekl doposits
Tansila Strength, MPa (ksl) {70 - 95) 550 (80)
Yield Strength, 0.2% Offsat, MPa (ksi) (58 min.} 450 (65)
Elongation % 22 min. 28
| Avernge Impact Energy l (20 min.) 43 (36)
Joules §) -29 °C -20 *F}) A7,48,52 (35,38,38)
[ Average Hardness, HRB 1 Info, Onky | 88 ]
Chemical ition of weld de its (weight %)
c 0.30 max, 0.06
Mn 1.75 max, 141
8i 0.60 max. 0.2
s 0,03 max 0.00
P 0.03 max. 0.01
Al 1.8 max. 0.9
Diffusible Hydrogen (par AWS A4.3) &‘.’J.‘&.“.‘..L RESULTS
Elecirode Size 3132 inch
Currant Typa/Polarity DC+
Noming Voltage, V 27
Naminal Current, A 41
Diffusible Hydrogen, ml/' 00g 16.0 max. 6.1
Abs, Hurnidity (gr melsturedb dry alr) - 86
Cert. Ne. 23050

Page 2ot 4
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The Lincoln Electric Compasy
22801 St Clalr Avesue
Cleveland, Ok 441171199

CERTIFICATE OF CONFORMANCE

THE WELDING EXPERTS”
Product: Innershiald® NR®-305
Classhication: E70T-6-H16
ET0TG-AZ-CS3H1G
Specification: AWS AS.20:2005, ASME SFA-5.20
AWS A5.36:2012, ASME SFA.5.26
Date July 07, 2016
Operating Setti EY'O‘T&M-CS&!H6
Eleciode Size 5I84 inch 554 inch
Currant Type'Polarity DC+
Nommal Valtage, V 25
Wire Fead Spaed, cm/min {(infmin) 711 (280)
Nammal Current, A %50
Average Heat Inpat, kd/mm (kJin) (35 - 85) 2.0 (50)
Cangact Tip to Wark Distancs, mm (in) 35(13'8)
PassiLavars a5
Prehzat Temperature, *C (*F) (60 min.) 20 (71)
Intarpass Temparature, *C (*F) (275 - 325) 165 (325)
nt Ag-weldad As-weldad
Mechanicsl properties of weld deposits
Tensile Strength, MPa (ksi) (70 -95) 540 (79)
Yiel Strangth, 0.2% Offset, MPa (ksi) (58 min,) 440 (64)
...... _Elomgation % 22 min. 28
[ Average knpact Energy (20 mun.) 52 (38)
___Joutes @& -28 *C (N-Ibe {0 -20 “F) 52,52,53 (18,38,38)
[ Average Hardness, HRO = Infa. Only | 85
Chemical composition of weld d (woight %)
[& 0.30 max. 0.07 =
Mn 1.76 max. 137
Si 0.60 max. 0.23
s 0.030 max 0.004
P 0.020 max 0.014
Al 1.6 max. 0a
8 Not Specified 0.0014
i
Dittusible Hydrogen (per AWS A4.3) g RESOTTS
Electrode S@e 5464 inch
Current TypaPalarity DC+
Nominal Vokaga, V 24
Nominal Current, A 358
Diffusible Hydrogen, mL/100g 16 max. 4
Abs. Humidiy (grr b dry sk} 55
PageJof4 Cert. No. 23050
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The Lincels Electric Company

22501 St. Clodr Averime CERTIFICATE OF CONFORMANCE -
Clevelind, Ohio 44117-1199

THE WELDING EXPERTS"
Product: innershicld® NR™305
Classfication; ETOT-6-H16
ETOTEA2CE3IHIE
Spacificatan: AWS A5.20:2005, ASME SFA-5,20
AWS AS.16:2012, ASME SFA.8.36
Date July 07, 2016
E70T6-A2-CSI-HiC
Operating Sattings rements RESULTS
[ Electrada Stze 3132 nch /32 inch
Cutrent Type/Pelatity DC+
Nominal Voltage, V 26
Wire Feed Spaed, amémin (infmin) 510 (240)
Nominal Current, A 385
Avaraga Haat Ingut, klmen (klinj {4D - 85) 2.0(52)
Contact Tip 1o Wark Distance, mm (in) 41 (1 58)
PasalLayerns as
Preheat Temperature, *C (*F) (60 min,) 20(71)
Inferpass Temperature, °C [°F} (275 - 325) 165 (325)
Postweld Heat Treatment As-weided As-welded
Mechanical properties of wald deposits
Tensile Strength, MPa (ksl) (70 - 95) 550 {30)
Yield Strength, 0.2% Offset, MPa {ksi) (68 min.) 450 {65)
Elongation % 22 min. 28
Average Impact Enargy | {20 min.) I 49 {36)
Joules §& -28 *C (N-ibs @ -20 “F) A7 48,62 {3536 29
Average Hardness, HRB | Info. Only | 88 ]
Chemical position of weld its (welght %)}
Cc 0.30 max. 0.06
Mn 1.75 max. 141
Si (.80 max. 022
3 0.030 max 0003
P 0,030 max 0013
Al ~ _1 B max. a8
H16
Diffusible Hydrogen (per AWS Ad.3) 57&'::‘“'0“ aSieek RisLTe
Electrade Size 3132 inch
Gurrent Typa/Polarity DC+
Nerninal Voltage, V 27
Neminal Current, A 41
Diffusinle Hydregen, mL/100g 16 max. L]
Abs. Humidity (gr moisture/id dry air) 88
1. This documant meels the requirements of EN10204, type 2.2, whsn o specific kt or ordes number is referenced. [t does not mest the requirements of
typa 3.1,

2. Fllst Weld Test (positions as recuired): Mot requiremants.

3. Radographic Inspecion: Mot requiressenis.

4. The vath and el ion props reporiad here were obtained from danzils k arifically aged at 106°C (220°F) for 48 hows.

5. Strength values in S1units s repocted 1o the nearest 10 MPa cormrted from schusl dats, Prehuat and ntegass tempensturs valuss n S units are
reparted to the naarest § dagrees,

Z‘;‘é 4"“‘7"‘“ July 07, 2016 WW July 07, 2016

Torordo Cunningham, Cardfication Supervisor Date Mark: Quintana, Director, Coneumetia Compliance Date

Page 4af 4 Cart. No. 23050
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The Herrick Corporation SHOP Welding Procedure Specifications Index
Herrick Job #9960

WPS ID# | PROCESS [ JOoINT | TYPE WELD | POSITION | ELECT.DIA | ELECTRODE TYPE | CVN | PREQ | QUAL| DLS | REV. | DATE
COMPLETE PENETRATION WELDS

THC-CP7 FCAW-G B-Udb 0-45 Deg CP 1G-2G 3/32" DSXLH-70 YES [ YES YES 1 [ 5/28/14

THC-CP8 FCAW-G TC-U4b 0-45 Deg CP 1G-2G 3/32" OSXLH-70 YES | YES YES 1| 528114
THC-CP12 FCAW-G B-Udb 0-30 Deg CP 1G-2G 3/32" DSXLH-70 YES YES | YES | 2 | 5/28/14
THC-CP13 FCAW-G TC-U4b 0-30 Deg CP 1G-2G 3/32° OSXLH-70 YES YES | YES | 2 | 5/28/14
THC-CP43 FCAW-G Dbir-F 5/8 - 30 Deg CP FLAT 3/32" OSXLH-70 YES | YES YES | 0 | 53119
PARTIAL PENETRATION WELDS

THC-PP1 | FCAW-G | BTC-P4 ] 0-45 Deg PP | 1G-2G 3/32" 0SXLH-70 | YES [ YES | YES [ 1 [&28/14
FILLET WELDS

THC-F1 | FCAW-G | FILLET ] FILLET | 1F-2F 3/32" 0SXLH-70 | YES [ YES | YES [ 2 [ &84
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Herl‘lck PREQUALIFIED __X  QUALIFIED BY TESTING

Identification # THC- CPT
Revision __# 2 Date 5/28M4 gy Joe Kraft
Company Mame ____ The Herrick Corporation Authoriz e p— Date _ 1011112
Welding Procass (e5) FCAW-G Type (] Semi - Automatic {X)
Supporting POR Mo, (s) A Machine { } Automnatic | )
QINT DESIGN USED POSITION
ype B-L4b-F Position of Groowe _ (1G) & {2G) Fillet MiA
ingle { x) y Double Weld [} Wertical Progression Up{ ) Down{ )
Backi =1 ]
™ Barking AR ELEGTRICAL CHARACTERISTICS
n " DCc
Root Opening _0-1/8"  Root Face Dimension _ 0-1/8
Graove Angle 45° Fadius (J - U) [N Transfar Mode (GMAW)
Yes (X)  No { ) Method Al Short - Circuiing () Globular { ) Spray { }
Current AC [ ) DCEP (¥ DCEN{ )} Pulsed { )
IMaterial Spec. __ AWS D11 Teble 3.1 Group 1, 2. 3 Power Source: GG [ ) GV IX)
Type or Grade ___( Except for Group 3 to Group 3 ] TECHNIOUE
Thickness Groove _Unliimited  Filet ___NA ___ |gyinper or Weave Bead Stringer Bead
Diamatar (Rabar) NA Multi - pass or Single Pass (per side) ___ MultiSingle
FILLER METALS Mumber of electrodes — Cne
AWS Specification A5.20 Langitudinal MiA
AWS Classification _E70T-8 Li ' H-T0 Lateral (ke
SHIELDING Angle _ NIA
Flux MIA Gas o2 . .
Compasition 100% Ennls_uct Tube to Wark Distanca A-1/8
Electrode - Flux (Class) Flow Rate 50 CFH Peening. None _
MU, Gas Cup Size 5/8" Interpass Cleaning _Preumatic Chipping Hammer or Brush
FPREHEAT POSTWELD HEAT TREATMENT
Preheat Temp., Mi - Temp. Mone™ Jose W Garcia
[interpass Temp.,  Min Sesbelow  Max  550° F Time PIA, CWI 98010941

TCTEXP. 122018

WELDING PROCEDURE

Filler Metals Current Joint Details
In/Min I F
Pass or Wire Invilin
Weld Type & Feed Travel

Layer (s)| Process| Clazs | Diam. | Polarity | Amps [Speed [Walls | Speed
ALL  |FCAW-G|ET0T-2 | %32° | DCEP [311-379 (135185 [ 23-27 | g*14°

Heat Input Range: 30 - 80 KJ/in - T
ALL FCAW-G|ETOT-8 332" | DCEP |400-480 (180220 | 27.31 |12%20° TOLERAMGCES
AS DETAILED | AS FIT UP
R=s1iM6, -0 + 1M - 1
Fe+1M8,-0 MOT LIMITED
Heat Input Range: 30 - 80 K.J/in Bmee .-

MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UPTO 34" OVER 3@ -1 127 OVER 112" -2 1/2" OVER 2 172

NONE * 50 °F 150 °F 225°F

* \When Base Metal is Below 32° F, preheat o at least 70 and maintain during welding.
**This procedure may vary dus to fabrication seguence, fit-up, pass size, stc. within the limilation of variables given in
the ANSIAWS D1.1 (2010). See project welding specifications for additional notes.
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Herrick

WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
PREQUALIFIED __X__ QUALIFIED BY TESTING

Identification # THC-
Revision __# 2 Date 528014 By Joe Kraft
Company Name _The Herrick Corporation Authaorized e Date _ 101112
Welding Process [es) FCAW-G Type ) Semi - Automatic | x)
Supporting POR No, (s) MiA Machins [ ) Automatic ()
MOINT DESIGN USED FOSITION
Type TC-Uab-F Position of Groove _(1G) & (2G) Fillet Mt
Single () Double Weld { | Wartical Pregression Upi J Down | )
Backing Yes { ) Mo ()
Backing Maberie) NIA ELECTRICAL CHARACTERISTICS
Root Opening 0-1/2"  Roct Face Dimension _ 0-1/8"
Groove Angle 450 Radius (J - ) BiA Transfer Mode (GMAW)
Beck Gouging  Yes (X) Mo [ ) Meathod Al Short- Circulting () Globular [ ) Spray ( )
BASE METALS Current:  AC { ) DCEP (¥ DCEN () Pulsad [ )
terial Spec. ___ AWS 01,1 Table 3.1 Group 1, 2, 3 Power Source: CC{ ) CWVX)
Type or Grade ___ ( Excent for Group 3 to Group 3 ) TECHNIGUE
i ickness  Groove _ Unlimitad Fillat MiA, Stringer or Weave Bead Stringer Bead
lamatar (Rebar) WA Multi - pass or Single Pass (per side) Multi'Single
FILLER METALS Murnber of electrodes One
AWS Specification A5 20 Langitudinal MiA
AWS Classification _E70T-8  [Lincoln's ©SXLH-T0} Lateral hiA
SHIELDING Angle B
Flux MiA Gas o2 N .
Composition 100% Gnnba::‘t Tube to Work Distance 1-1/8
Electrods - Flux (Class) Flow Rate __ 50 CFH lFBBﬂ'"g- Mone
HIA Gas Cup Slze 5B Interpass Cleaning _Pneumatic Chipping Hammer ar Brush
PREHEAT FOS 0 HEAT TREATME
Praheat Temp.. Min. Ses beiow * Temp. _Mone™ - [F, Jose W Garcia
Interpass Temp., Min Sesbelow  Max  550° F Time [T ) _1;}" 08010541
b T PYIITITE
WELDING PROCEDURE
Filler Metals Current Joint Details
IndMin H G
Pass or Wire inMin | \“!ka
Weld Type & Faed Travel : T
Layer (s)| Process| Class | Diam. |Pelarty | Amps |Speed |Volts | Speed 3
ALL |FCAW-G|ETOT-8 a3z2" | DCEP  |311-379 [135-1685 | 23-27 Br147
i1
Heat Input Range: 30 - 80 KJ/in g =F
ALl [Focaw-GlEToT-8 | 3@ DCEP  [400-480 [180-220 | 27-31 12200 TOLERAMNCES
AS DETAILED AL FIT P
R=+1M18,-0 +1ME .- 1B
f=+ 16, -0 HOT LIMITED
Heat Input Range: 30 - B0 KJ/in a=+10,-0 +io, &

MINIMUM PREHEAT AND INTERPASS TEMPERATURE

UF TO 34" OVER 34" -11/2°

OVER 11/2° -2 12" OVER 21127

MNONE *

50 °F

150 °F 225 °F

*When Base Metal is Balow 32° F, preheat to at least 70 and maintain during welding.
**This procedure may vary due to fabrication sequence, fit-up, pess size, etc. within the limitation of vanables given in
the ANSHAWS D1.1 (20101, See project welding specifications for additional notes
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WELDING PROCEDURE SPECIFICATION (WPS) YES (x)

L]
H err]{:k PREQUALIFIED QUALIFIED BY TESTING _X
Igentification # THC- CP12
Revision_ #2  Date  S/28M4 By _Joe Kraft
Company Mame __ The Herrick Corporation Authorized et Date _10/1112
Welding Process (es) FCAW-G Type - {1} Semi - Automatic {X)
Supporting POR No. (5] FCAW-CP-4b chine () Automatic | )
CINT DESIGN USED POSITION
ype B-Udp-F_ Position of Groove (151 & (23) Fillet 7
ingle { x) Double Weld { ) ertical Progression Upi{ } Down { )
Backing Yes () Mo (x}
Backing Material NIA ELECTRICAL ggmrmsms
oot Opening 0-1/1168"  Reot Face Dimension __0-1/18"
Groove Angle a0 Radus (J - U) WA Transier Mode [GMAW)
Back Gouging Yes (3 No { ) Method AIRARC Short - Circuiting { ) Globular [ ) Spray ()
BASE METALS Curent: AG () DCEP (¥ DCEN () Pused ()
terial Spec. ___AWS D1.1 Table 3.1 Greup 1,2, 3 Power Source: CC( ) CWiX)
Type or Grade __{ Except for Group 3 to Group 3} TECHNIGUE
led:nass Groowve _ Unlimibed Fillet MiA Stringer or Weave Bead Stringer Bead
{Diameter (Rebar) NIA Mult - pass o Single Pass (per skle) ___ MultiSingle
|FILLER METALS Mumber of electrodes One
AWS Specification AS20 Longitudinal MiA,
AWS Classification _E70T-2 iLineodn's OSXLH-70 ) Lateral A
SHIELDING Angla MiA
[Flus [ [ Gas co2 ' .
Composition 100% Cunis_lc! Tube to Work Distance 1-1/8
Electrode - Flux (Class) FlowRate____S0CFH ___ |Peening. None
NIA Gas Cup Sze 5S¢ [interpass Cleaning _Pneymatic Chipping Hammer or Brush
PREHEA POSTW HEAT TREAT
Praheat Temp., Min, Sse celaw * Temp. Ellﬁﬁﬂ .,.4:%--"‘ Jose W Garcia
Interpass Temp., Min Sesbalow  Max 550" F Time WA ]
WELDING PROCEDURE
Fillar Metals Current Joint Details
In/Min 1 F
Pass or Wire Ir/Mim
Weld Type & Feead Traval
Layer ()] Process| Class | Diam. | Polarity | Amps [Speed |valts | Speed a
ALL  [FCAW-G| ETOT-9 332" | DCEP  [414-500 |180-220 | 2832 |12°-20"
R .\_‘K_<E-G
Heat Input Range: 30 - 80 KJ/in - T
TOLERANCES
AE DETAILED | AS FIT UP
Ru+iM6, -0 + 116, - U
Fe+1MG,-0 HOT LIMITED
a= 10 ,-0 10.- 5
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UP TO 3447 OWVER 34" -1 1/2° OVER 1 1/2° -2 152° OWER 2 172"
MOKNE * 50 "F 180 °F 225 °F

* \When Base Meatal s Below 32° F, preheat to at least 707 and maintain during welding.
**This procedure may vary due to fabrication sequence, fit-up, pass size, etc, within the limitation of variables given in
the ANSIAWS D1.1 (2010), See project welding specifications for additional nates.
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- O E QUALIFICATION RECORD (PQR THC-CP12
Herrlck PROCEDUR { )
|dentification # FCAW-CP-4b
Company Mame The Harrigk Corporation Bavisian By
Welding Process (es) FCAW-G Authoriz e Date 04002
Type - 1) Semi - Automatic { X)
Machine [ ) Automatic{ )
JOINT DESIGH USED POSITION
Type B-L4b-F Position of. Groove Hor (2G) Fiflet A
Single { X Double Weld { ) Wertical Progression: Upi ) Down { )
Backing Yes () Mo { X}
TRICAL CHARACTERISTICS
Backing Matarial [ ey ELEC gg‘ RISTI
Root Opening __ 0 Root Face Dimenslon o Transfer Mode (GMAW)
Groove Angle __30°  Radius(J-U)____NIA__ | Short-Circuiting ( ) Globular [ ) _Spray i)
Back Gouging Yes (%) No ( ) Methed _AIRARC ~ |Cument AC () DCEP (X DCEN | } Pulsed ()
BASE METALS Power Source: CC (X)) CV(X)
Material Spec. AST2 Cthar
Type or Grade 50 TECHNIQUE
Thickness Groove 1" Fillzt MiA Stringer or Weave Bead Stringer Bead
Dlameter (Pipe) MYA ulti - pass ar Singhe Pass (per slde} Hmn@
FILLER METALS Mumbar of electrodas
AWS Specification A5.20 Electroda Spacing Longitudinal A
AWS Classification ET0T-0 { Lincoln's OSXLH-TO ) Lateral P
SHIELDING Angle NiA,
Flu i Gas____ COZ ___ |Contact Tube to Work Distance 1118
Electrode - Flux (Class) ooy —o 0% |Peening. NONE
M, w Rate ——'-'I—- interpass Cleaning _Ppeumatic Chipping Hammer gr Brush
Gas Cup Size 58
PREHE POSTWELD HEAT TREATMENT
Preheat Temp., Min __T0°F Temp. ng
Interpass Temp., Min _70°F 550° F . h
e Hw—?'/ —
¥
DETAIL
iy
LT w———— S ST
Pass or Fillar Metals Current I Mlin
Weld Type & Travel
Layer (s) | Process | Class Diam. | Polarity Amps Valts Speed
18 FCAW-G | ETOT-2 iz DCEP AG0 30 16"
0 FOAW-G | ETOT-S 3z DCEP 450 30 16"

* Backgouged to sound metal prior to wehd pass # 10
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THC-CP12

ACCURATE WELD TESTING LAB

5223 TWEEDY BELVD., SOUTH GATE, CA 90280 PH(323)564-5879 FX(313)564-3843

Diate: April 18, 2002

SAN BERNARDING STEELMERRICK CORF, Test Date: 04/1802
5454 N. INDUSTRIAL PARKWAY WPS#:  FCAW CP-db
SAN BERNARDING, CA 92427 Lab#: 739
PLATESIZE : 1" A-
RADIOGRAFPHIC TEST RESULTS: SATISFACTORY
SIDE BENDS
1 SIDE BEND SATISFACTORY | 2. SIDE BEND SATISFACTORY
3 SIDE BEND SATISFACTORY | 4. SIDE BEND SATISFACTORY
TENSION TEST RESULTS
MNo. w T Area Load PAL Location
1 55" 1000 75507 65,800 87,152 P.M _DUCTILE
765" 596" 7619 65,700 86,231 P.M- DUCTILE
' CHARPY “V™ NOTCH
ETHE WELDE +7T0°F.
NOTCH LOCATION IMPACT VALUE % SHEAR MILL. LAT. EXP
.| WELDMETAL 9 a0 073"
2 WELD METAL LE ] 065"
3.|  WELDMETAL 90 0 078"
4. |  WELDMETAL 57 0 07"
5. WELD METAL _ e 0 075"
AVG, FT. LBS.: 90.6
* LOW & HIGH READING, AVERAGE OF REMAINING THREE.
@THE WELD® +1F°F, |
NOTCH LOCATION IMPACT VALUE % SHEAR MILL. LAT. EXP
i HAZ 150 60 082"
2. HAZ 151 ol 093"
3. HAZ *176 100 0917
4. HAZ, 166 %0 090"
3. AL *147 [} - 085" 1
AVG. FT. LBS.: 155.6 5 W, GaRc
* LOW & HIGH READTNG, AVERAGE OF REMAINING THREE. _ a0
@ THE WELDE FF. L oW
NOTCH LOCATION IMPACT VALUE % SHEAR MILL. LAT. E
.|  WELDMETAL 64 ] s
2, WELD METAL *55 50 041"
3. WELD METAL 61 60 AdE”
4. | WELDMETAL *i6 60 054"
5. WELD METAL 57 1 45"

AVG. FT. LBS.: 60.6
® LOW & HIGH READING, AVERAGE OF REMAINIMNG THREE.

ﬁm WELD TESTING LAR
’j %%wm

RONALD 5. MOBLEY, LAE MANAGER
WE CERTIFY THAT THE ABOVE INFORMATION 15 TRUE AND CORRECT
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WELDING PROCEDURE SPECIFICATION (WPS) YES (x)

.
[‘] errICk PREQUALIFIED QUALIFIED BY TESTING _X
Identification # THC- CP13
Revision o/28M14 By Joe Kraft
Company Name ____ The Herrick Corporation Author T éE-—h Date _ 101112
Welding Process (es) FCAW-G Type - I {) Semi - Automatic | X)
Supporting POR Mo. (s) __ FCAW-CP=2b Machine () Automatic ()
UOINT DESIGN USED POSITION
Type TC-U4b-F Position of Groove _(1G) & (2G) Fillest WA
Single () Double Weld () Wertical Prograssion Up( ) Down | )
Backing Yes | ) Mo (%) SECTRIGAL
Backing Materisl NIA ] gﬂmmcmmsnc&
Root Opening 0-1118" Root Face Dimension  0=1/168"
Groove Angle 3o° Radius {J - U) MR Transfer Mode (GMAW)
Back Gougi Yes (¥) Mo ( ) Mathod Al Short - Circulting ( ) Globular () Spray { )
EASE NETALD Current AC ( ) DCEP (¥) DCEN | ) Pulsed ( )
Material Spec. _ AWS D1.1 Table 3.1 Group 1,2, 3 Power Sourcer CC( ) GV (X)
Type or Grade __ ( Except for Group 3to Group 1) TECHMIQUE
Tl_rllchness Groove _Undimited Filtet A Stringer or Weave Bead Stringer Bead
Diameter (Rebar) NIA |Mutti - pass or Single Pass (per side) ___Mulli/Single
FILLER METALS MNumber of electrodes _Oipe
AWS Specification A5.20 Longitudinal M
AWS Classification _E70T-9 n' HLH- Lateral MU
SHIELDING Angle WA
Flux Lo GE =5 GDZ.I o Contact Tube to Work Distancs 1-1/8"
Electrode - Flux (Class) Flow Rate 50 GFH Peening. Nane
MIA, Gas Cup Size /4" Interpass Cleaning _Pneumatic Chipping Hammer or Brush
PREHEAT POSTWELD HEAT TREATMENT
P Temp.. Min. . Temp, _MNone™
Interpass Temp., Min Sesbelow Max  650° F Time MA
WELDING PROCEDURE
Filler Metals Current
In/Mdin
Pass or Wire In/Min =
Wedd Type & Feed Travel
Layer ()| Process| Class | Diam. |Polarity | Amps |Speed |Voits | Speed
ALL |FCAW-G|ETOT-8 azr DCEP  (414-500 [180-220 | 28-32 [120-20°
Heat Input Range: 30 - 80 KJin = A=
TOLERAMNCES
AS DETAILED | AS FIT UF
Ro=s 1016 -0 +16,-18
f=a 16, -0 HAT LIMITED
a=+10,-0 =90, -8
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UP TO 314" OVER 34" -1 112" OVER 1 12" -2 12" OVER 2 172"
NONE * 50 °F 150 °F 735 °F

*When Base Metal is Below 32° F, praheat 1o at least 70° and maintain during welding
““This procedure may vary due to fabrication sequence, fit-up, pass size, elc. within the limitation of variables given in
the ANSUAWS D1.1 (2010). See project welding specifications for additional notes.
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1 CEDURE QUALIFICATION RECORD (PQ THC-CP13
Herrick PRO (POR)
Identification # FCAW-CP-4b
Compary Mame ____The Herrick Corporation Revision Dale By
Welding Process (es) FCAW-G Authorize —— Date _04/10/02
Type - [ Semi - Automatic (X}
Maching { ) Automatic | )
JOINT DESIGN USED FOSITION
Type Position of. Groove Horg (2G) Fillet A
Single (X} Double Weld { ) [ertical Progression: Up( ) Down{ )
Backing ~ Yes ( ) No [ X) ELECTRICAL CHARACTERISTICS
Backing Material MiA oc
Root Opening __ 0 Root Face Dimension Q Transfer Mode [GMAW)
Groave Angle an Radius (J-Uj____ NMA | Short- Circuiting { ) Globular { ) Spray ()
Back Gouging Yes (X No { } Msthed _ AIRARC | Curent: AC ( ) DCEP (x) DCEN () Pulsed [ )
BASE METALS b the
Material Spec. AGT2 r
Type or Grada A0 TECHMNIQUE )
Thickness Grogve 1 Fillet A Stringer or Weave Bead Stringer Bead
Diameter (Pipe) i1l Muiti - pass or Single Pass (per side) __M;pla_
FILLER METALS Mumber of electrodes
AWS Specification A5 20 Electrode Spacing Longitudinal A
AWS Classification ET0T-2 { Lincoln's OSELH-T0) Lateral Pl
Angle Mia
SHIELDING
Flux M/A Gas cog iContact Tubs to Work Distance 1-1/8"
Compositian 1005 Paaning. NOMNE
Electrode - Flux {Class] 8-
m,alﬂ ) FlowRate ___ S0CFH _  |\pterpass Cleaning _P ic: Chipping Hamam h
Gas Cup Size 24
PREHEAT POSTWELD HEAT TREATMENT
Preheat Temp., Min__70°F Temp.
Imterpass Temp., Min _T0°F Max _550°F Eima_ T
'
I
DETAIL ﬂ‘g
o
T
o e e s b
Pass or Filler Metals Current [r/Min
Wald Type & Travel
Layer (s) | Process | Class Diam. | Polarty | Amps | Volts | Speed
1-8 FCaw-G | ETOT-2 33z DCEP 460 30 16"
0 FCAW-G | ETOTS 32 DCER 450 30 16"

* Backgouged to sound metal prior to weld pass # 10
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- ACCURATE WELD TESTING LAB

5213 TWEEDY BLVI., SOUTH GATE, CA 90280 PH(313)564-5879 FX(323)564-3843
Date: April 18, 2002

SAN BERNARDINOG STEEL/HERRICK CORFP. Test Date: (471802
5454 N, INDUSTRIAL PAREWAY WPS#: FCAW CP-4b
SAN BERNARDING, CA 92427 Lakb#: e

PLATE SIZE : 1" A-572 GR, 50
RADIOGRAPHIC TEST RESULTS: SATISFACTORY

SIDE RENDS
1 SIDE REND SATISFACTORY 2. SIDE BEND SATISFACTORY
3 SIDE BEND SATISFACTORY 4. SIDE BEND SATISFACTORY
TENSION TEST RESULTS
M. w T Ares Laad P.5L Location
1 T5 LN RS 65,800 §7.152 P.M -DUCTILE
2 T63" 9967 76187 65,700 86,231 P.M- DUCTILE
CHARPY *V* NOTCH
ETHE WELDE +70°F,
NOTCH LOCATION IMPACT VALUE %% SHEAR MILL. LAT. EXP
I. WELD METAL a1 ] A7
2. WELD METAL 59 e 065"
3. WELD METAL 90 0 076°
4. WELD METAL *B7 a0 A7
T 5. | WELDMETAL *99 oi 075"

AVG. FT. LBS.: %6
* LOW & HIGH READING, AVERAGE OF REMATINING THREE.

@THE WELLNg +70°F.
NOTCH LOCATION IMPACT VALUE % SHEAR MILL. LAT. EXP
1. HAZ 150 6l JDEZ”
2 H.AZ 151 60 [
3. HAZ *1 76 104 s
4. HAZ 166 Q0 e -
5. HAZ *147 &0 JOBET
AVG. FT. LBS.: 1556
* LOW & HIGH READING, AVERAGE OF REMAINING THREE,
@THE WELD@ i°F.
NOTCH LOCATION IMPACT VALUE % SHEAR MILL. LAT. EXP
1. WELD METAL &4 1] 052"
2, _'WL I METAL =35 50 417
3. WELD METAL [31 60 4R
4. WELD METAL ] [ 547
5. WELD METAL 57 0 45"

AVG. FT. LBS.: 60.6
* LOW & HIGH READING, AVERAGE OF REMAINING THREE.
CURATE WELD TESTING LAE

(P .

e ROMALD 5. MOBLEY, 5B MANAGER
WE CERTIFY THAT THE ABOVE INFORMATION 1S TRUE AND CORRECT
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WELDING PROCEDURE SPECIFICATION (WPS) YES (Xx)

L
HerrICk PREQUALIFIED _ X . QUALIFIED BY TESTING
Identification # THC - CP43
3 Revision Date By
Sompany Name ____The Herrick Corporation Authorized by Joe Kraft Date _5/31/19
Nelding Process (es) FCAW-G Type - Manual ( ) Semi - Automatic (X)
3upporting PQR No. (s) ___Machine () Automatic {_)
OINT DESIGN USED POSITION
ype Dblr - F Position of Groove FLAT (1G) Fillet N/A
Single (X) w3 DD:ID'G(W)W () Vertical Progression Up( ) Down( )
Backing es (X o -
Backing Material Boa i ELECTRIGAl[SgI-IARACTERISTbCS
Root Opening Asﬂﬂ.oled Root Face Dimension ___ 0 Transfer Mode (GMAW)
Groove Angle 30" Radius (J-U) J Short - Circuiting ( ) Globular { )  Spray ( )
Back Go Yes () No (X) Method _N/A Current: AC ( ) DCEP (X) DCEN ( ) Pulsed ( )
BASE METALS PowerSource: CC( ) CV(X)
aterial Spec. __ AWS D1.1 Table 3.1 Group 1,2, 3 Other: N/A
Type or Grade :
Thickness Groove ___ Unlimited  Fiflet ___ N/A TSE.",{;:','S,“\E,W Bead Stringer Bead
iD"m‘“ (Rebar) N/A Multi - pass or Single Pass (per side) ___Multi-pass
FILLER METALS Number of electrodes One
[AWS Specification A5.20 Longitudinal NIA
AWS Classification E70T-9.  (Lincoln's QSXLH-70) Joseph E Kralt Lateral N/A
1t g gg: EXP. m’t‘am A LA
Flux N/A Gas co2 3 Adan
: Composiion ___100% Contact Tube to Work Distance 1-1/4
Electrode - Flux (Class) Flow Rate 50 CFH Peening.
N/A Gas Cup Size 5/8" Interpass Cleaning _Pneumatic Chipping Hammer or Brush
PREHEAT D HEAT TREATMENT
IPrehoat Temp., Min. Ses below * emp. _None™™ BO A
Interpass Temp., Min_See below Max_550° F ime N/A
WELDING PROCEDURE
Filler Metals Current Joint Details
In/Min
Pass or Wire InfMin
Weld Type & Feed .| Travel
Layer (s)| Process| Class | Diam. | Polarity | Amps |Speed |vVolts | Speed
ALL |FCAW-G| E70T-9 | 3/32° | DCEP |414-500 | 180-220 | 28-32 | 12-20" g
A
Heat Input Range: 35 - 80 KJ/in :",':‘2016 AWS D1.6 Figure 4.3

TOLERANCES
AS DETAILED AS FIT UP
R= +1/1e", 0" + 14", <110
a=+10°, 0° . 10*, .5*
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UPTO 3/4" OVER 3/4"-11/2" OVER 11/2"-21/2" OVER 2 12"
NONE * 50 °F 150 °F 225°F

* When Base Metal is Below 32° F, preheat to at least 70° and maintain during welding.
“*This procedure may vary due to fabrication sequence, fit-up, pass size, etc. within the limitation of variables given in
the ANSI/AWS D1.1 (2015). See project welding specifications for additional notes.

482



. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Herrick PReEQUALIFIED _X_ QUALIFIED BY TESTING

Identification # THC- F1
Revision __#2 ate S5/28/14 By Joe Kraft
Company Mame B Authorized e Date 1001912
Welding Process (es) FCAW-G Type - ) Semi - Automatic {X)
Supporting POR No. (s) MIA — Machine { } Autamatic { )
CIWT DESIGH USED ]PDSITI'DM
ype Fillat Position of  Graove P Fillet _{1F) & (2F}
ingle { %} Double Weld [ ) \artical Progression Upi ) Down | )
Backing Yes [ ) Mo ()
Backing Material [ ELEGTRICALS-GHARMTI'EHISTMS
Root Opening _NiA__  Roat Face Dimension ___ NI
Groove Angle MiA Radius {J- U} his T;nﬁfﬂré.llud?ﬁ{ﬁn}m;v] Cabuter { ) s O
ck G Yos No Mathad __ MiA ort - Circuiting labular pray
gisnzr::?rl:fe () (X Cument.  AC ( ) DCEP (x) DCEN ( } Pulsed ( )
Palerlal Spec. _ AWS D11 Table 3.9 Groun 1. 2 Power Source: GG ) CVIX)
Type ar Grade ___{ Except for Group 3 1o 3 TECHNIGUE
TI_'nckness Groove MiA Fillet _Linlimited Stringer or Weave Bead Stringer Bead
Diamater {Rakar) MiA Multi - pass or Single Pass (per side) Muilti'Single
EILLER METALS Mumber of electrodes — [o]3)
AWS Specification A520 Longitudinzl MIA
AWS Classification _ETOT-S Li ' LH- Lateral WA
et M
SHIELDING A
Flu A Gas coz . i
Composiion 100% Corﬂ.act Tube to Work Distance 1-1/8
Electrode - Flux (Class) Flow Rate ___ 50 CFH Paening. Mone o
M Gas Cup Size 5/ Interpass Cleaning _Pneumafic Chipping Hammer ar Brush
PREHEAT POSTWELD HEAT TREAR Jose W Garcia
Preheat Temp., Min_See below Temp. None i CWI 98010841
Interpass Temp., Min Seebslow Max 550°F Tirmea MIA QC1 EXP. 12172015
WELDING PROCEDURE
Filler Metals Current Joint Detalls
Infdin
Pass ar Wire Inibdin
Weid Type & Feed Travel
Layer (s)| Process| Class | Diam. |Polarity | Amps [Speed |Volts | Speed LLET
M |FCAW-G| E70TB | a3z’ | DCEP [311-379 |135-185 | 23-27 | &%14" Fi
Heat Input Range: 30 - 30 KJ/in Wi EEe 5
Al [FCAW-G| ET0T-8 | 332 | DGEP |[400-480 |180-220 | 27-31 |12%-20° e, e S e o aize
Thicker Past Jaimed [T} of Flilet Wield
- T<34 4;m'¥ﬂli
Heat Input Range: 30 - 80 KJ/in T e N led
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UP TO 304" OVER 34" -11/2° OVER 1 1/2°-2 172" OWER 21/2°
MONE * 50 °F 150 °F 225 °F

*\When Base Metal is Balow 32°
“This precedure may vary due to fabrication sequence, fit-up,

F, preneat to at keast 707 and maintain during welding.

pass size, tc. within tha limitation of variables given in

the ANSUAWS D1.1 (2010}, See project walding specifications for additional notes.
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
He]"]"]ck PREQUALIFIED __ X __ QUALIFIED BY TESTING

Identification # THC-PP1
Revision __# 1 ate __5/28/14 gy _Jos Kraft
Company Name __The Herrick Corporation Authorize T Date _10/11/12
Welding Process (es) FCAW-G Type - i) Semi - Automatic (X)
Supparting POR Mo, (s) M Maching { ) Automatic [}
OINT DESIGN LSED POSITION
Vpe BTC-P4-F Position of Groove (1G] & (2G) Fillet A
ingle {x) Double Weld () Wertical Progression Upi ) Down( )
Backing Yes () Mo (%)
Backing Material NIA ELECTRICAL SCHARACTEmsncs
RoctOpeningd __ 0 Rpot Face Dimension _1/8" (Min)
Groove Angle 45° Radius {J - U} M Transfer Mode (GMAW)
Back Gouging  Yes ( ) Mo (%) Method __ N/ Shart - Circulting { ) Globular { ) Spray | )
BASE METALS Gurrenl:  AC () DCEP (¥) DCENM ([ } Pulsed { )
Material Spec. _ AWS D1.1 Table 31 Group 1,2 3 Power Source: CC( ) CViX)
Type or Grade __ { Except for Group 3 to Group 3 |
Thickness Groove _ 14" Min Fillat Mis ;Eﬁg;lgrlﬁma Bead String rE
Diameter (Rebar) NiA Multi - pass or Single Pass (per side) Multi'Single
FILLER METALS Number of elecirodes Cine
AWS Specification AS5.20 Longitudinal RA
AWS Classification _ET0T-9 {Lingaln's OSXLH-T0 ) Lateral MiA
SHIELDING Angle ____ NBA
Flux MNIA Gas____ COZ ;
Composition 100% Cﬂﬂtﬂ.ﬂ Tube to Work Distance 1-1/2
Electrode - Flux (Class) Flow Rate &0 CFH Peening. Mone
Gas Cup Size 58" Interpass Cleaning _Preumatic Chipping Hammer or Brush
T FOSTWELD H_I;ﬁT TREATMENT
Preneat Temp,, Min._See bolow * Temp. _None™ g0 Jose W tared
Interpass Temp., Min Seebelow Max  550°F Time M i
WELDING PROCEDURE
Filler Matals Current
IndMim
Pass or Wire Iniin
Weld Type & Faed Travel

Layer (s)| Process| Class | Diam. |Polarity | Amps | Speed |wvolts | Speed
All FCAW-G|EFOT-9 | 3/32" | DCEF |311-379 |135-165 | 2327 | &-14°

eat Input Range: 30 - 80 KJ/in

Al CAW-G|ETOT-2 32" | DCEP  [400-490 |180-220 | 27-31 12°-20"
LA T —
LA TAEY ] & 1018
LR L + 0% B
Heat Input Range: 30 - 80 KJ/in =5~ Mani % par AWS 01,1
MINIMUM PREHEAT AND INTERPASS TEMPERATURE
UF TO 347 OVER 347 -1 1127 OVER 1 4/2" -2 1/2" OVER 21727
MOME = 50 °F 150 °F 225 °F

*When Base Meatal is Below 32° F, preheat to at leest 70 and maintain during welding.
**This procedure may vary due to fabrication sequence, fil-up, pass size, efc. within the imitation of variables given in
the ANSIAWS D1.1 (2010), See project welding specifications for additional notes.
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The Herrick Corporation SHOP Welding Procedure Specifications Index
Herrick Job #9870

WPSIDE | PROCESS | JOINT | TVPE WELD TPOSITION | ELECL.DIL | ELECIRODE INPE | CVN | PREQ | QUAL] DLS ] REV.] DAIE

FARTIAL FENETRATION WELDS

THC-PP1 | FCAW-G___ | BIC-PA | 045DegPP__ [ 162G | 332 | OSKLH-T0 [ YES [ YES | [ YES [ 1 [5/204

FILLET WELDS

THC-F1 | FCAW-G | FILLET | FILLET | 1F2F | 3/32" | 0SXLH-T0 | YES [ YES | | vEs | 2 [ &/28/14
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Herrick

WELDING PROCEDURE SPECIFICATION (WPS) YES (x)

PREQUALIFIED _ X _ QUALIFIED BY TESTING

Ideniification # THC-PP1
Revision _# 1 ate __5/28/14 By Joe Kraft
Company Mame The Herrick Corporation Authari T Date __1011/12
Weldirrg. Process (es) FCAW-G Type - () Semi - Automatic (x)
Supporting PQR No. (s) NIA Machine { ) Automatic | )
JOINT DESIGN USED POSITION
Type BTC-P4-F Position of Groove _(1G) & (2G)} Fillet NIA
Single { x) Double Weld () Vertical Progression  Up( ) Down { )
Backing Yes [ ) Mo {x)
Backing Material NIA ELECTRICAL CHARACTERISTICS
RootOpening _ 0 Root Face Dimension _1/8” (Min)
Groove Angle 45° Radius {J - U} MiA Transfar Mode (GMAW)
Back Gouging  Yes { ) Mo (X) Method _ MNA Short - Circuiting ( ) Globular { ) Spray [ )
BASE METALS Curent AC ( ) DCEP (x) DCEN( ) Pulsed { )
Material Spec.  AWS D1.1 Table 3.1 Sroup 1, 2, 3 Power Source: CC{ ) CV(X)
Type or Grade ( Except for Group 2 to Group 3 ) TECHNIQUE
Tr_"ck”ﬁ"‘ Groove __1/4" Min Fillet NIA Stringer or Weave Bead Stringer Bead
Diameter (Rebar) N/A Multi - pass or Single Pass (per sidz) ___MultiSingle
FILLER METALS Number of electrodes One
AWS Specification AS.20 Longitudinal MIA
AWS Classification _E70T-9 (Lincoln's OSXLH-70) Lateral MNiA
SHIELDING Angle NIA
Flux NI Gas coz ) .
Composibion 100% Cnnﬁc‘l Tube to Work Distance 1108
Electroda - Flux (Class) Flow Rate __ 60 CFH Peening. None
Gas Cup Size 58" Interpass Cleaning _Pneumatic Chipping Hammer or Br
PREHEAT POSTWELD HEAT TREATMENT
Preheat Temp.. Min. See below * Temp. _None Jose W Qarcia
Interpass Temp., Min Seebsiow Max 550° F Time NIA CWI baoioedi
Wy UCTERE o2y
WELDING PROCEDURE
Filler Metals Current Jaint Details
In/Min
Pass or Wire InfMin
Weld Type & Fead Travel
Layer (s)| Process| Class | Diam. | Polarity | Amps |Speed |wolts | Speed
All FCAW-G) ETOT-9 arazn DCEP [311-379 |135-165 | 23-27 87-14"
Heat Input Range: 30 - B0 KJ/in
Al FCAW-G|ETOT-9 3327 | DCEP |400-480 [180-220 | 27-31 12r-20° TELERANGES
R= *4MM&",-0 * 18T - 18T
= #u, -0 = 1/18"
TR [ - #10" . -5"
Heat Input Range: 30 - 80 K.J/in =8~ Minimum as per AWS D1,1

MINIMUM PREHEAT AND INTERFPASS TEMPERATURE

Ur 7O

34" OVER 3/4"-11/2"

OVER 1 12" -2 12 OVER 2 1/2°

NOMNE ~

50 °F

150 °F 225 °F

*When Base Metal is Below 32° F, praheat to at least 70® and maintain during welding.
**This procedure may vary due to fabrication sequence, fit-up, pass size, etc. within the limitation of variables given in
the ANSIAWS D1.1 (2010). See project welding specifications for additional notes.
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. WELDING PROCEDURE SPECIFICATION (WPS) YES (x)
Herrlck PREQUALIFIED __X__ QUALIFIED BY TESTING

Identification # THC- F1
Revision _#2 ate  B/2BM4 By Joe Kraft
Company Mame The Herrick Corporation Authorized Tee Date 101112
Welding Process (es) FCAW-G Type - ) Semi - Automatic | X)
Supperiing PQR No. {s) NiA Machine {_) Automatic ()
UOINT DESIGN USED POSITIONM
IType Fillet Position of Groove NiA Fillet _{1F) & {2F}
Single ( x) Double Weld { ) \ertical Progression Up{ ) Down { )
Backing Yes | ) MNa (X
Backing Material N ELECTRICAL SOHARHCTERESTICS
Root Opening _N/A__ Root Face Dimension ___ N/A
Groove Angle MIA Radius (J - U) MNIA Transfer MM@I{GMAW} G
Back Gouging  Yes ( ) No () Method __ N/A Short - Circuiting () _Globular () Spray { )
BASE METALS Cument: AC ( ) DCEP (X) DCEN( ) Pulsed ()
Iaterial Spec. _ AWS D1.1 Table 3.1 Group 1,2, 3 Power Source: CC( ) CV(X)
Type or Grade ___{ Except for Group 3 1o Group 1) TECHNIQUE
Thickness Groove MiA Fillet _Unlimited . |siringer or Weave Bead Stringer Bead
Diameter (Rebar) MIA, Multi - pass or Single Pass (per side) Multi'Singhe
FILLER METALS Mumber of electrodas One
AWS Specification A5.20 Longitudinal MIA
AWS Classification _E70T-8 {Lingoln's OSXLH-70 ) Lateral A
SHIELDING Angle WA
Flux MIA Gas co2 . .
Composition 100% Cnnm Tube to Work Distance 1-1/8
Electrode - Flux {Class) Flow Rate 50 CFH Peening. None _
MIA Gas Cup Size 58" Interpass Cleaning _Pneumatic Chipping Hammer or Brush
PREHEAT POSTWELD HEAT TR T Jose W Garcia
Preheat Temp., Min. See below * Temp, _Mone™ CWI 98010841
Interpass Temp., Min Ses below Max 550°F Time MAA QC1 EXP. 12172015
WELDING PROCEDURE
Filler Metals Current Joint Detalls
IndMin
Pass or Wire In/Min
Weld Type & Feed Travel
Layer {s)] Process| Class | Diam. | Polarty | Amps |Speed |Volts | Speed
a1 [FCAW.G| E70T8 | 3/32° | DCEP |311-379 |135-165 | 23-27 | 814" FILLET
Heat Input Range: 30 - 80 KJfin =
S TFCANGIE70T8 | 332 | DCEP [400490 [180:220 | 2731 | 220" | mane ews ikt o1 - sanimarm sies
Thicker Part Jained { T} af Fillet Weld
T304 404 ElnaTLr':m
Heat Input Range: 30 - 80 KJ/in T B8 e i
MINIMUN PREHEAT AND INTERPASS TEMPERATURE
UPTO 2/4" OVER 3/4"-11/2" OVER 1 1/2" -2 12" OVER 2 1/2"
MOME * 50 °F 150 °F 225 °F

*\When Base Metal is Balow 32° F, preheat to at least 70" a

nd maintain during welding.

~*This procedure may vary due to fabrication sequence, fit-up, pass size, etc. within the limitation of variables given in
the ANSIAWS D1.1 (2010), See project welding specifications for additional notes.
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@ @ FLLE-CORE [II*-.S SHI ..'IJ[I CAW-G) WIRE
Outershield” XLH-70

Mild Steel, Flat & Horizontal = AWS E70T-1C-H8, EF0T-9C-H8

Key Features

Conformances

¥ Meets AWS 01.8 seismic lot waiver
requirements for demand critical welds.

» HE diffusible hydrogen levels - controlled for
high resistance to hydrogen induced cracking.

» High deposiiion rates and excellent fast follow
characteristics.

¥ Siiff wire enables feeding over long distances.
» Tolerates mild levels of surface contaminants.
¢ Designed for welding with CO, shielding gas.

Typical Applications

» Structural fabrication  » Heawy equipment
» General fabrication

» Machinery
fabrication

¢ Seismic applications

AWS AS.20/A5.20M: 2005 EFOT-1C-HE, EFOT-9C-HA
ASME SRA-5.20: ETOT-1C-H8, EFOT-9C-Ha
ABS: 3YSA-H5

FEMA 353

AWS D1.8

Welding Positions

Flat & Horizontal

Shielding Gas

140 | THE LINCOLM ELECTRIC COMPANY

100% CO,
Flow Rate: 40-50 CFH
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FLLIK-CORED GAS-SHELDED (FCAW-G)WIRE

Outershield” XLH-70

(NS EFOT-1C, ET0T-8C)

DIAMETERS / PACKAGING
Diameter 50 b (22.7 kg)
in (mm) Coil
322 24) ED020236 EDO20360

WETE: G-t craras e ratien b oraper syl

o (=i}
@ -18°C (0°F) @ -20°C (-20°F)
Requirements
AWS EFOT-1C-HA 400 {58 430-660 22 27 (20) min. -
AWS EFOT-OC-HA . (70-95) il _ 27 (200 min.
Typical Rasults™
As-Welded with 100% C0, 480-530 (7I-77) | 570-620 (B2-29) 27-30 B1-134 (45-00) [ 42-107 (21-70)

DEPOSIT COMPOSITION! — As Reguired per AWS A

Roquirements - AWS ETOT-1C-H8, EFOT-OC-H 012 max. 1.75 max. 0.90 max.
Test Rasults™
As-Welded with 100% C0, 0.06-0.07 1.40-1.60 0.48-053
Diffusible Hydrogen
%5 %P (mLH00g weld deposii)
Requirements - AWS ETOT-1C-H3, ETOT-0C-H3 0.03 max. 0.03 max. 8.0 max.
Test Rasults™
As-Welded with 100% C0, =0.0H =0 36

TYPICAL OPERATING PROCEDURES
Diameter, Polarity ~ CTWD®  Wire Food Speed  Voliage Approx. Curremt  Melt-0ff Rate  Deposition Rale  Efficiency

Shielding Gas ~ mm(in) m/min (in/min) (volts) (amps) kphr (o)  kghe (b (%)

3.8 |{150) 2325 345 6.5 |{14.4 56 |(124) B

332 in. ZAmm), 0C+ | 32 5.1 |(200) 27-30 445 87|03 76 |16.8) &
100% G0, 1174 6.4 |250 28-31 510 100|240 05 |21.0 87

76 (@300 30-32 570 121|pey | 14|52 87

23 |{azg) 3133 500 142|@n | 1247 &

el ol ek kel Pmonrer wilh .5% ot P el reclty: cichrer btre. i eeroe P50, st 1 im0 e o CTAD

WELDING CONSUMABLES CATALOG 141
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The Lincoln Electric Company
22801 St Clair Avenue
Cleveland, Obio 441171199

Preduct: Outershield® XLH70

Classification: E70T-1C-H8, E70T-9C-H8
E70T1-C1A2.CS51-H8

Spacification: AWS A5.20:2005, ASME SFA-5.20
AWS A5.36:2012, ASME SFA-5.36

Date October 22, 2015

CERTIFICATE OF CONFORMANCE

(APPLIES ONLY TO US. PRODUCTS)

Oy,
THE WELDING EXPERTS*
[1Year)

This 13 to certify that the product named nbove and supplied on the referenced onder number is of the ssme classification, rsnufecsuring proeess, and materisl
requirements as the matenial which wes used for the test that was conclisded oo the date shown, the results of which are shown below. Alltutsmum'.dby the

specifications shawn for classification were performed at that time and the material tested met all reg;

It was

I d and 2 e o

the Quality System Program of the Lincoln Electric Company, Cleveland, Ohio, U.S.A., which mests the requiremenss of 1IS09001, NCA!BN AWS AS.DI
snd other specification and Military requirements, ss applicable, The Quality System Program hes been approved by ASME, ABS, and VATUV,

Operating Settings EO-hE RESULTS
Electrade Size 3132 inch
Polarity DC+
Shielding Gas (per AWS A5.32) 100% CO2 (C1-C-100) 100% CO2 (C1-C-100)
Voltage, V 20
Wire Feed Speed, cm/min {in/min) 508 (200)
Current, A 435
Average Heat Input. kJ/mm (kJ/in} 1.9 (48)
Contact Tip to Work Distance, mm (in) 32(1.25)
Postweld Heat Treatment As-welded As-welded
Pass/Layers 1115
Preheat Temperature, °C (°F) (60 min.) 20 (70)

L Interpass Temparature, "C (*F) (275 - 325)

Mechanical properties of wekd deposit

Tensile Strangth, MPa (ksi) (70 - 95) 630 (91)
Yield Strength, D.2% Offset, MPa (ksi) (58 min.) 540 (78)
Elongation % 22 min. 27
Average Impact Energy (20 min.) 67 (50)
Joudes @ -20 °C (ft-be @ -20 °F) 50,63,70 (44,46,58)
| Average Hardness, HRB Not Required | a3 |
Chemical composition of weld deposits (weight %)
C 0.12 max. 0.07
Mn 1.75 max. 1.68
s 0.90 max. 0.63
S 0.03 max. 0.01
P 0.03 max. 0.01
Diffusible Hydrogen (per AWS A43) ETNEaCHi RESULTS
Electrode Size 3/32 inch
Polarity DC+
Shielding Gas (per AWS A5.32) 100% CO2 (C1-C-100)
Diffusible Hydrogen, mL/100g 8.0 max. 4.7
Absolute Humidity (grains moisture/ib dry air) 59
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T Linok Hlctic Carpaay CERTIFICATE OF CONFORMANCE LINCOLN ™
Cleveland, Ohio 44117-1199 (APPLIES ONLY TO U.S. FRODUCTS) ELECTRIC

THE WELDING EXPERTS*
Product: Outershield® XUH70 [1Year]
Classlification: E70T~1C-H8, E70T-8C-H8
E70T1-C1A2-CS1-H3
Specification: AWS A5.20:2005, ASME SFA-5.20
AWS A5.36:2012, ASME SFA-5.36
Date October 22, 2015
0 ing Setti E70T1-C1A2-CS1-H8 8
Electrode Size 3732 inch
Polarity DC+
Shielding Gas {per AWS A5.32) 100% CO2 (C1-C-100) 100% CO2 (C1-C-100)
Voltage, V 29
Wire Feed Speed, cmimin (infmin} 508 (200)
Current, A 435
Average Heat Input, kdimm (kJfin) 1.0 {48)
Conlact T to Work Distance, mm (in) 32 (1.25)
Pestweld Heat Treatment As-welded As-welded
Pass/Lavers 1115
Preheat Temperature, “C (*F) (60 min.) 20 (70)
_Interpass Temperature, °C (*F) (275 - 325) 165 (325)
Mechanical pi rties of weld d it
Tensile Strength, MPa (ksi) {70 - 85) 630 (31)
Yield Strength, 0.2% Offsat, MPa (ksi) {58 min.) 540 (78)
Elangation % 4 22 min, 27
Average Impact Energy | (20 min.) 67 (50) J
Joules @ -29 °C (ft-lbs @ -20 °F) 50,63,79 (44,46.58)
[ Average Hardness, HRB | Not Raquirad | [ ]
Chemical composition of weld deposits (woight %)
C 0.12 max. 0.07 1
Mn 1.75 max. 1.68
Si 0.90 max. 0.63
8 0.030 max. 0.006
P 0.030 max. 0.008
Diftusible Hydrogen (per AWS A4.3) E’W‘“‘ RESULTS
Elecirede Size 3132 inch
Polarity DC+
Shielding Gas (per AWS A5,32} 100% CO2 (C1-C-100)
Diffusible Hydrogen, mL/100g 8 max. 5
Absolute Humidity (grains moisturefib dry air) 59
1. This centé fles with the i of EN 10204, Type 2.2
2. Tast assembly constructed of ASTM A36 staal,
a. Fllet Weld Test {posilions as required): Met requirements,
4. Radiographic Inspection: Met requiremants.
5. The gth and el ion proparties reported here ware obtained from tansie spacimens artificially aged at 105°C (220°F) for 48 hours.
6. Results balow the d limits of the ¥ or lowar than the precis) quired by the &re reporied 8s zero, Strength values In Si

units are reparted to the nearest 10 MPa corverted from actual data. Prehest and inlerpass temperature values in S! units are reported 1o the nearest
5 degreas,

Z;..,éé.wv.:_. October 22, 2015 e el (P Reamiim+  Oricner 22, 2015

Torento Cunningham, Certification Supervisar Date Marie Quintana, Director, Consumable Date
Complisnce

Page2of 2 Cert. No. 13500
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