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1 Summary

The cast-in-place concrete industry enjoys healthy commercial market share when competing against
structural steel. Even when a project is comprised of steel for its primary structural frame, the
concrete industry has achieved significant advantages with more economical and often times better
performing lateral systems. In many cases, steel framed buildings with concrete core wall lateral
systems are more the norm than the exception. Current structural steel design provisions for seismic
load resisting systems have unfortunately contributed to the economics of this trend rather than
mitigated it.

Seismic load resisting systems for structural steel buildings have undergone considerable evolution
over the past fifteen years. The overriding theory driving current design approaches is to provide
systems that remain stable under relatively large story drifts, while at the same time experiencing
controlled inelastic deformations to dissipate energy. As can be seen by various systems described in
the “Seismic Provisions for Structural Steel Buildings,” March 9, 2005 by the American Institute of
Steel Construction, this is primarily accomplished by proportioning elements such that specific major
components experience inelastic deformations. Components that connect major lateral load
resisting elements, as well as components that are not intended to resist lateral loads, are
anticipated to remain substantially elastic and undergo minimal damage. While the idea of isolating
large deformations to anticipated components and locations has considerable merit, the current
design methods by which this concept is applied poses some possible inefficiencies and
shortcomings.

The controlled and predictable yield of major components has resulted in considerable limitations on
global and local member geometry. To achieve desired compactness requirements and slenderness
ratios, often beam, brace, and column sections gravitate to sectional areas well in excess of that
which is required to resist loads derived from the load combinations of the applicable building code.
This places considerable force demands on connections, which in seismic applications are typically
required to develop the expected yield strength of the primary member. The results are increased
material and connection costs.

To develop the expected yield strength of members such as beams or braces, welded connections
are typically required. The reason is the area reduction due to holes for bolted connections typically
results in inadequate available tensile strength at the net section to achieve the required expected
yield strength of the member. Because nearly every component of many seismic connections
requires welding, typically some magnitude of welding must occur in the field. In the case of
moment frames, often complete penetration field welds are specified. Because field welding is
arguably the most expensive process in steel construction, this considerably increases the relative
expensive of the steel frame making it less competitive with other lateral load resisting systems. The
costs associated with demanding field inspection, such as that typically required for complete
penetration welds, adds further expense.



Primary structural components such as beams and columns are extremely expensive by structural
standards and difficult to adequately repair or replace, particularly when equipped with fully welded
connections. Typically these components, by design, are fully integrated with the overall structural
scheme and in most cases are relied upon to carry gravity loads in addition to lateral loads.
Therefore, replacement of such components once significantly damaged is often unrealistic, leaving
complete demolition and replacement of the building as the only viable option. The resulting
expense to the owner or insurer from a significant seismic event could be economically devastating.

New innovations in seismic load resisting systems have recognized the approach of isolating inelastic
deformations to primary, permanently attached components may, in fact, be flawed. By instead
isolating inelastic deformations to easily accessible, bolted components that can be relatively
inexpensively removed and replaced, a serviceable seismic load resisting system can be achieved.

The idea of replaceable fuses, for example, supports this line of thinking. While continuity of major
structural members has historically been considered an advantage of cast-in-place concrete, in the
case of serviceability after a significant seismic event, the opposite is true. The spalling and cracking
of major beams and columns due to major seismic damage almost ensures a cast-in-place concrete
structure requires demolition and replacement. Structural steel systems, conversely, possess an
inherent advantage over cast-in-place concrete systems in that damaged components can potentially
be replaced if the system is properly designed.

Herein a serviceable system is defined as a frame where inelastic deformation has been
accommodated in such a way the damaged element can be reasonably removed from the
frame after a seismic event and replaced with a similar element, e.g., a buckling restrained
brace (BRB). Connections and other members are designed to remain substantially elastic
and can therefore be reused.

Serviceable seismic load resisting systems pose many advantages. Components that are relatively
easily replaced characteristically exhibit easy initial installation. Therefore, the field labor associated
with initial installation of a serviceable system may be reduced over the current labor intensive
installation processes described previously. Reduction in field labor typically translates to reduction
in overall cost. More importantly, the potential creation of national criteria for serviceable structures
sets the stage for a national certification program. Such a program may include pre- and post-service
field inspection requirements to evaluate the level of damage sustained to specific components and
determine whether replacement is necessary. A structure with enhanced potential to be viably
salvageable after a significant seismic event is directly marketable to owners. Furthermore, a
building that has met the design and pre-service inspection criteria of a certified serviceable
structure program is likely attractive to insurers, who in turn could offer increased coverage and/or
reduced premiums to owners for building such a structure. The ultimate result could introduce new
structural steel framing options in moderate and high seismic regions.

To adequately address a wide spectrum of building program needs, proposed serviceable
connections and components have been developed for moment frame and braced frame systems.
To ensure maximized economy, in addition to aforementioned reduced field labor costs, the systems



proposed utilize readily available or easily fabricated components designed to carry minimal force
levels as required by the applicable building code. The proposed systems are: Fully Bolted Buckling
Restrained Braced Frames (BRBF), and Ductile WT Moment Frames.

Part | of the final report addressed the Ductile WT Moment Frame connections, especially the WT
behavior. More testing will be necessary on the full connection assemblage to completely validate
the concept.

Part Il of the final report is this document. It contains the results of two full-scale BRBF one-bay, one-
story frames. The frame connections were fully bolted and detailed such that after a major seismic
event the brace would absorb most of the inelastic energy. The BRB could be replaced by unbolting
the damaged brace and replacing it with a new one. In the present test series, a Star Seismic BRB
(WC250) was initially installed in the test frame. The Appendix T of ANSI/AISC 341-05 (AISC 341,
2005) translation/drift test regime was used. The BRB and connections performed well and the
system illustrated robust and stable hysteric behavior. The frame was re-plumbed and another brace
(WC 200) was installed.

Testing of the second brace again employed the ANSI/AISC 341-05 regime with a two-percent
maximum drift. The frame was examined for damage and then tested again under the ANSI/AISC
341-05 regime, only in this test with a three-percent drift. The brace and the connections performed
well. The hysteric behavior again was stable for all cycles. Three percent was the limit of the test
configuration, so the test series was ended.

This report contains the test description and results for global behavior for the frame and local
strains in areas of interest. The information from these tests was used to develop recommendations
for proportioning and configuring the members and connections.

In summary, the concept of designing for a serviceable frame after a major seismic event appears to
be viable. Connection details can accommodate the significant drift requirements. The replacement
of the brace was demonstrated.



2 Background

2.1 Buckling Restrained Braced Frames -- Overview

The performance criteria for seismic design currently adopted by reference in the 2006 International
Building Code (IBC) is based upon preserving life safety by avoiding major structural failure or
collapse (FEMA, 2003). In order to achieve these criteria, structures are anticipated to experience
inelastic deformations within the primary structural system during a significant seismic event (ASCE,
2010). In high seismic regions it is probable that structures will experience such inelastic
deformations during the course of its service life. (McManus, 2010)

The inelastic deformations can occur in several ways depending upon the goals and type of system
being designed. The buckling restrained braced frame (BRBF) system uses diagonal braces and these
elements are design to yield in a predictable and favorable manner.

Figure 1 illustrates a typical BRBF and the BRB application in the two-story X-bracing configuration.
These gusset plates are welded to the columns and beams.

Figure 1 - BRBF Example Lawrence Berkeley National Lab (Star Seismic)

Figure 2 illustrates a schematic of a BRB which is made of three distinct sections: the core that is
design to yield, the transition zone and the extension plate. The steel core and transition are
encased in a grouted tube that restrains the core from buckling under compressive loads. Typical
cross section details are illustrated in Figure 3. The details for the tested BRBs are changed to
accommodate bolting. The BRB details are provided in Appendix A.
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2.2 Serviceable BRBF Seismic Systems

Buckling Restrained Braced Frames (BRBF) are an efficient and well performing lateral system.
Because the core of the brace need only be proportioned to provide sufficient stiffness to meet story
drift requirements, or to carry the loads from the applicable building code without considerations of
buckling, the required strength of the connections to develop the expected yield of these braces is
typically far less than that of other types of seismic braced frames. Forces to the connections can
therefore be adequately addressed with bolted connections. However, tests of BRBF assemblies to
date have consisted primarily of welded connections between the brace and gusset, and almost
entirely of welded connections between the gusset and the beam and column. Test results in braced
frame systems often result in significant damage at the interface between the gusset and beam or
column due to the large rotations induced at the connection under the large story drifts simulated in
seismic testing. Therefore, even if the BRBF were bolted to the gusset but welded to the primary



members, a serviceable system would not be achieved should damage to the gusset occur during a
seismic event.

By bolting the gusset to the brace as well as the beam and column as shown in Figure 4, a serviceable
system can be produced. Connection angles can be adequately proportioned for strength but likely
offer more flexibility than directly welded connections. The reduced restraint may help to mitigate
the damage sometimes observed in welded connections.

Figure 4 - Fully Bolted Buckling Restrained Brace Connection (prior to test)

2.3 Research Goal

The primary goal of this research was to evaluate fully bolted buckling restrained braced frames as
serviceable seismic load resisting systems though experimental testing. A secondary goal was to
verify fully bolted connections designed using current AISC provisions adequately develop the BRB at
code required story drifts. Thirdly was the development of linear and nonlinear analysis procedures
that adequately represent the behavior. Recommendations for design as well as linear and non-
linear modeling are developed. The intent of the design is to limit inelastic deformation to the BRB,
while the connections and other members remain elastic.



3 Fully Bolted Buckling Restrained Braced Frame

3.1 Brace and Frame Design

3.1.1 Beam and Column Design

Primary framing members for the test frame and reaction frame were intended to remain elastic
during the tests. Initial design was consistent with simple hand methods that are common in
professional practice. The adjusted brace strength of the WC250 in compression was assumed to
develop in the brace. The adjusted brace strength in compression is defined within the AISC Seismic
Provisions as BwR,P,sc where {3 is the compression strength factor, w is the strain hardening factor, R,
is the ratio of expected yield stress to minimum specified yield stress, and P is the axial yield
strength of the core (AISC 341, 2005). The ratio of compression strength to tension strength, B, was
assumed to be 1.14 based on test data from the University of Utah (Romero et al., 2007). From the
same data, the hardening factor, w, was assumed to be 1.58. Because Star Seismic performed tensile
coupon tests on the braces provided for the testing herein, R, was taken as 1.0. The forces in the
primary framing members associated with the assumed adjusted brace strength were calculated
using statics and the strength was checked using standard AISC-LRFD procedures. Member were
assumed to have pinned ends with an effective length factor, K = 1.0. All wide flange sections were
ASTM A992 steel.

Seismic compactness criteria and available sections from the fabricator assisting with the project
were also considered in the design. The lightest seismically compact nominal 14 in. by 14 in. (356
mm) wide flange shapes were used for the columns in the test frame (see Figure 5). The high and
low ends of the BRB (diagonal orientation) were initially configured such that the actuator force
would be delivered to the brace through the upper beam of the test frame. Consequently, the upper
beam was initially sized to carry this force. It was also sized based on availability from Puma Steel,
flange geometry to adequately receive bolted connections, and flange and web compactness ratios
within the maximums allowed by the AISC Seismic Provisions (AISC 341, 2005). However, the brace
direction was switched later in design such that the actuator and brace would be in compression at
the same time. This was done to ensure the strength of the brace was developed recognizing the
strength of the brace and capacity of the actuator were both greater in compression than in tension.
With the new configuration, the upper beam of the test frame theoretically became a zero force

member.
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The lower beam of the test frame transferred the horizontal component of the brace force through a

diaphragm plate to the reaction frame (see Figure 6).
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Figure 6 - Section of Diaphragm Plate at Bottom of Test Assemblage

This beam was designed assuming strong axis brace points at the member ends and weak axis brace
points at the ends and at third points. Strong axis eccentricity was not considered in the initial design
because eccentric forces were assumed to be easily resolved through the frequent bottom flange
connections to cross beams within the reaction frame. The lower beam was sized using similar
considerations to the upper beam except that the web compactness ratio was slightly above the AISC
maximum seismic compactness limit. Exceeding the web seismic compactness ratio was intended to
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challenge to the beam capacity and ensure, through successful performance, that all compact
sections could be assumed to perform adequately. Additionally, the web of the lower beam was
slender for shear strength calculations per the AISC specification (AISC 360, 2005).

Primary members within in the reaction frame were also chosen based on material availability, but
were primarily intended to provide elastic stiffness several times that of the test frame.
Consequently, demand to capacity ratios in the members were relatively small and seismic
compactness was not considered. Adequate capacity of all members was verified in later analytical
modeling.

3.1.2 Design of BRB-to-Frame Connections

In general, for any bolted joint in the seismic load resisting system (SLRS), the joint can be designed
as a bearing type connection if standard holes are used in all plies, but must be constructed as slip-
critical. Thus, the bolts must be pretensioned, and the faying surface must meet at least Class A
requirements (Class B and C faying surface requirements would also be acceptable). This
requirement is intended to limit deformations within the joint during an earthquake. An exception to
this requirement is for bolted joints at diagonal brace connections. In this case, oversized holes are
permitted in one ply of connected interfaces provided the connection is designed as slip-critical. This
exception was added to the 2005 AISC Seismic Provisions based on feedback from erectors, who
indicated that fit-up of bolted brace connections was very difficult with standard holes.

Finally, for any bolted joint in the SLRS, the nominal bearing strength cannot be taken greater than
2.4dtF,where d is bolt diameter, and t and F, are the thickness and rupture strength of the material
being connected, respectively. Chapter J of the AISC Specification permits the nominal bearing
strength to be taken as high as 3.0dtF,. However, at this level, significant hole elongation occurs.
Consequently, in order to again limit movement at bolted joints during an earthquake, the Seismic
Provisions limit the nominal bearing strength.

The uniform force method was used to determine the force distribution in the brace connections.
The uniform force method determines force distribution to connection components and primary
members based on the geometric extents of the primary members being connected. Further
description of this method can be found in the AISC Steel Construction Manual (AISC 13, 2005).
Special Case 2, as defined by AISC, was used at the upper brace connection to theoretically eliminate
shear to the beam. This addresses multiple force distribution approaches through the testing. The
gusset plate at the upper connection was attached to the column web, whereas the gusset was
connected to the column flange at the lower connection to incorporate multiple framing conditions
into the testing as well.

All plate and angle material was ASTM A36. All bolts were 7/8 in. (22 mm) diameter. ASTM A325
bearing bolts with threads excluded from the faying surfaces were used to connect angles to gusset
plates and primary members. ASTM A490 bolts were used to connect the BRB to the gusset plates
using slip critical connections. A Class A faying surface preparation was provided with standard holes
in the gusset plates and oversized holes in the connection plates on the BRB.



The probable brace forces used for connection design were based on  and w factors recommended
from tests of Star Seismic braces at the University of Utah (Romero et al., 2007), which was discussed
previously regarding member design. Star Seismic uses these factors in practice, and the intent was
to be consistent with their typical design approach. Standard LRFD ¢ factors were applied in
designing for each of the connection limit states.

Governing design limit states of the gusset-to-beam/column connections were bolt shear, prying
action, and bolt bearing on the gusset. A490 slip critical bolts in oversized holes were used to connect
the braces to the gussets. Thus slip critical bolt shear capacity governed the brace-to-gusset
connections. Demand/capacity ratios varied between roughly 0.9 up to 1.1 for these governing limit
states. The 10% overstresses were typically on prying action checks in the connection angles.

3.2 Experimental Testing

3.2.1 TestProcedure, Arrangement, and Equipment

Full-scale testing of the braces first involved one trial run on the test specimen without any brace
installed. The intent of the trial run was to verify that the data acquisition software would work
properly with the instrumentation. Testing of the two buckling restrained braces was done per
recommended procedures of AISC 341-05 Appendix T. The initial test regimen was based on a
maximum of two percent drift in the test frame and the required cumulative inelastic deformation of
200 times the yield deformation of the brace. To account for deformations external to the brace
tendon, such as in connection components and primary members, the yield deformation used for
development of the test regimen was conservatively calculated assuming a work point-to-work point
tendon length of 246 in. (6250 mm). Coupled with an assumed yield stress of 43 ksi (296 MPa), the
yield deformation was approximated as 0.365 in. (9.27 mm). The actual yield deformations
calculating using the average yield stress for each tendon from coupon tests and the tendon length
from shop drawing details were 0.160 in. (4.06 mm) and 0.166 in. (4.21 mm) for the WC250 and
WC200, respectively. Using the larger of these values, the actual cumulative inelastic deformation
requirement for the braces is 33.2 in. (843 mm). Upon successful completion of the test on the
WC200 brace, the regimen was reconfigured based on a maximum drift of three percent and
successively applied to the same WC200 brace and brace connections. The same beams, columns,
and beam-to-column connections were used for both tests.

A reaction frame with an actuator rated to produce 600 kips (2850 kN) push force and 450 kips (2140
kN) pull force was constructed to perform testing as diagramed in Figure 7. The reaction frame was
arranged so that lateral bracing of the test frame had minimal restraint in the plane of the test. The
orientation of the actuator was such that pushing force would put the BRB into compression and
pulling would create tension in the brace. The actuator was used to produce translation-controlled
loading of the test frame. The accumulated translation of the test frame was calculated from the
collection of top translation relative to base translation at the outer test frame column.
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The test specimen was instrumented with two string potentiometers, one linear potentiometer,
pressure gauges on the actuator to determine load to the test frame, and multiple strain gauges on
beams, connection angles, and the gusset plate, see Figure 7.
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Figure 7 - BRB Test Frame Instrumentation

The first string pot was mounted along the BRB long axis to measure total axial deformation of the
brace tendon. The second string pot was mounted at the top of the test specimen on the outer
column measuring the total drift. The linear pot was mounted on the outer column as well in order
to measure any movement at the bottom, see Figure 8. The string pots were mounted on timber
elements. Bolts and hooks were welded to the test frame and reaction frame to receive the timber
mounted instrumentation. Nylon cable ties and glue were used to attach the linear pot and the
string pot on the outer column. Two clamps were also used to secure the string pot on the top of the
outer column to prevent any slip.
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Figure 8 - Bottom of Frame Linear Pot Mounting

The strain gauge orientation for the first test on the WC250 was primarily located around the bottom
gusset plate connecting the brace to the beam and column. Strain gauge one (SG;) was mounted
vertically on the gusset plate. SG, was mounted on the gusset plate aligned with the brace. SG; was
mounted horizontally near the same location as one and two with the intent of capturing the in-
plane state of stress in the gusset, see Figure 9.

Figure 9 - WC250 Strain Gauges

SG, was located on the angle connecting the gusset plate to the bottom beam, and was placed near
the outermost bolt hole. SG; was placed under the top flange of the bottom beam directly below
SG,, see Figure 10. SGg was placed on the outstanding leg of the angle connecting the gusset plate to
the column next to the outermost bolt hole similar to SG,, see Figure 11.
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Figure 10 - WC250 Strain Gauges

Figure 11 - WC250 Strain Gauges

For the WC200 test, SG; through SGs were in the same locations as in the WC250 test. However, SGg
was placed on the web of the bottom beam, see Figure 12.
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Figure 12 - WC200 Strain Gauges

The initial trial run of the data acquisition software, with gusset plates in place but no brace,
provided information to adjust the software, but also unintentionally resulted in pulling the test
frame to a drift of nearly 3%, which caused local web yielding and web crippling in the bottom beam
in the test frame. Note the beam was intentionally slightly outside the limits for seismic web
compactness and the web was slender for shear. The proportions were selected to minimize scrutiny
of the sections used upon successful completion, but leaves question as to whether web yielding and
crippling would have occurred if a compact section were used. The mistake was the result of an error
in the software that pushed the frame passed the target deformation and continued until the
program was shut down manually. Also it was determined that the original automated software
could not function properly due to high load spikes produced when slip critical bolted joints slipped
into and out of bearing. The pressure gauges in the actuator were not designed for dynamic loading,
thus would read pressures beyond the recordable limits of the sensors when small, sudden
movements in the frame occurred. Based on these limitations, it was decided to conduct the test
manually with one computer operator controlling the actuator until the desired test frame
displacement was reached. This approach proved to be adequate and was used for all subsequent
tests.

The data acquisition software used to collect translation, pressure, and strain data was National
Instruments’ LabView 2010 Version 10.0.0. All strain gauges used were Vishay Micro-Measurements
& SR-4 general purpose strain gauges. The digital string pot used on the braces was Celesco model
SR1E with an incremental encoder output signal and a stroke range of 125 in. (3180 mm.) The
smaller string pot mounted at the top of the column with a 10 in. (254 mm) stroke was UniMeasure
model JX-EP-10 .The linear potentiometer used at the base of the outer column was ETI Systems
model LCP12S-100. Details are provided in the associated manuals, see Appendix F.
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3.2.2 Test1 Results - WC250 Brace

Due to “banging” from built-up load and subsequent slip in the joints, much of the information was
simply filtered to remove transients. Only data corresponding to the system in motion was filtered.
Translation measured along the length of the BRB was not properly collected due to a
programming/hardware problem, and thus deemed not representative of brace tendon elongation.
There was negligible translation at the base of the test specimen, as expected. The applied load vs.
displacement history exhibited stable and repetitive behavior with positive incremental stiffness, see

Figure 13.

W(C 250 Hysteresis at 2% Drift

=] /
A /
a//Ne ViR
W/
-.:

Load (kips)
TN

Frame Translation (in)

Figure 13 - Test 1 WC250 Hysteresis

The test regime was designed such that the frame accumulate translation would reach 131.6 in.
(3343 mm). Actual accumulated frame translation was measured to be 134.5 in. (3416 mm).
Because tendon elongation was not properly measured during this test, the ratio of inelastic
deformation to frame translation from the WC200 test was used to approximate the cumulative
inelastic deformation for the WC250 test. This is reasonable because tendon length and yield stress
are similar between the two braces. Using the ratio from the WC200 test, the cumulative inelastic
deformation for the WC250 was approximately 64.7 in. (1642 mm), which is nearly 400 times the
calculated yield deformation and approximately twice the AISC minimum requirement of 33.2 in.
(843 mm).

Strain data are shown in Figure 14 through Figure 20. SG; measures strain on the gusset in the
vertical direction. The strain shows an asymmetrical response to load. At an assumed steel modulus
of 29,000 ksi (200 000 MPa), the max stress in the vertical direction was 7.2 ksi (50 MPa) at a strain of
€=247u. Hereafter, similar data are paired, e.g., (247u, 7.2 ksi) and the results are discussed in terms
of stress.
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SG, is consistent with the axial forces from the brace into the gusset plate, and matches the
hysteresis of the system (symmetric with loading). The max strain and stress are (1300x, 39 ksi) at
SG,. SGz measures the strain in the horizontal direction on the gusset plate along the beam
connection. SGsexhibited behavior similar to SG; with an asymmetric response to loading, (231, 6.7
ksi). This asymmetric response is to be expected as the load transferred from the brace to the gusset
is 43 degrees from horizontal in relation to SG; and SG;. With this orientation of the brace, the
vertical component of strain (SG,) is affected more by tension forces from the brace and less by
compression when the gusset is bearing on the bottom beam. The horizontal strain (SGs) is more
affected by compression forces from the braces.

SG, was located along the bottom angle connecting the gusset plate to the bottom beam, positioned
perpendicular to the longitudinal beam axis. The gauge was positioned next to a bolt and reported a
value largely in excess of 36 ksi ( 250 MPa) specified yield stress (2100, 60.9 ksi) when the brace
was in tension and the angles resist forces through bending. Much lower values were present when
the brace was in compression and the angles were bearing on the beam flange. At the maximum
strain recorded in tension the approximate stress was calculated to be (718 y, 20.8 ksi). Stress in
excess of theoretical yield is not surprising at this location as the stresses vary considerably across
the outstanding leg of the angle and concentrations are likely present near bolts.

SGs measured strain perpendicular to the length of the bottom beam on the underside of the beam’s
top flange. The stress does spike close to yield during the two largest displacement cycles at
approximately (1840u, 53.5 ksi) which is reasonable given the higher rotations of the frame at this
point and thus more tension near the bolt holes in the top flange. Similar to SG,, concentrations
likely are present near the bolts.

Strain 1 - WC250 2% Drift
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Figure 14 - Test 1 WC250 SG,
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Strain 2 - WC250 2% Drift
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Figure 16 - Test 1 WC250 SG3
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Strain 4 - WC250 2% Drift
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Figure 18 - Test 1 WC250 SG;
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Strain 6 - WC250 2% Drift
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Figure 19 - Test 1 WC250 SGg¢
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Figure 20 - Test 1 WC250 SG;

SGg measures strain in the angle connecting the gusset plate to the column near the outermost bolt
in the horizontal direction. This connection shows similar behavior to SG, with higher strain when the
brace is in tension and lower strain in compression (bearing on the flange). The approximate stress
measured was (1220, 35.4 ksi), which indicates lower stress in this element than in the angles

connected to the beam or in the beam flange.

SG; was only recorded in the WC250 test, and was measured roughly at the work point of the upper
beam where the actuator load was applied to the test specimen. Stresses at this point were low,

19



reaching a maximum of near (76u, 2.2 ksi). This value suggests approximately 40 kip (178 kN), or 12%
of the load in the actuator, was transferred to the beam. Thus 88% was resisted by the brace.

The University of Utah reported a maximum force in WC250 during testing to be 404 kips (1797 kN)
in tension and 474 kips (2108 kN) compression. This project used a connection design axial force in
the brace of 435 kips (1935 kN) in tension and 496 kips (2006 kN) compression. During testing of the
WC250 the maximum axial force achieved in the brace was 404 kips (1797 kN) in tension (equal to
the University of Utah max) and 451 kips (2006kN) compression (95 percent of University of Utah
max).

SG; through SG; can be used to determine the state of strain (or stress) in the gusset plate along the
brace located at the point of coincidence of the gages. See Figure 9 (and Figure 12 for the WC 200).
Given the three normal strains at the peak load of 451 kips (2006 kN), the shear strain can be
determined to be (229 y, 6.6 ksi). This corresponds to the maximum principle shear stress of 25.0 ksi
and principle normal stresses of 24.9 ksi, and 25.1 ksi, see Appendix D Figure 59 for calculations. The
von Mises yield criterion would predict yield at approximately 0.57 x F, = 20.8 ksi. Therefore the max
shear stress in the gusset exceeded the theoretical yield stress at the maximum load during the test.

While the upper connection of the test specimen was not instrumented with strain gauges, visual
inspection of the primary members and connection components after the test indicated no
noticeable damage. In connecting the gusset plate to the web of the column, the relatively high out-
of-plane flexibility of the column web appeared to accommodate frame rotation without distress to
connection components or primary members. Consequently, in consideration of a serviceable
system, this configuration was demonstrated to be significantly more desirable than connecting to
the column flange.

3.2.3 Test 2 Results -WC200 Brace

The WC200 test resulted in similar behavior to the WC250 test. Filtering similar to the previous test
was used. Translation along the length of the brace was properly measured in this test and produced
usable hysteretic information. The frame translation verse applied load also exhibited stable and
repetitive behavior with positive incremental stiffness, see Figure 21.
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Figure 21 - Test 2 WC 200 Load-Translation

The total brace elongation is illustrated in Figure 22. The second regime of cycles for 3% drift begins
at scan 6000. Translation along the brace shows a slightly asymmetric response to loading with
larger displacements in tension than in compression during the 2% test, and larger displacements in
compression than in tension during peak loads in the 3% test. The maximum elongation during the
2% drift test was 2.1 in. (53 mm) in tension and 1.9 in.(48 mm) in compression. The maximum
elongation during the 3% drift test was 2.8 in. (71 mm) in tension and 2.9 in. (74 mm) in compression
equal to 2.5% and 2.6% strain, respectively.
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Figure 22 - WC200 Brace Translation

Strain data for the WC200 test shown in Figure 23 through Figure 28 displays the two consecutive
tests done with 2% drift first, followed by 3% drift. The second test at 3% drift begins at

21



approximately scan 6000. See Figure 22. The testing regime reached an accumulated frame
translation of 133.3 in. (3386 mm) during the 2% drift test, and reached a total of 265.9 in. (6754
mm) by the end of the 3% test. The cumulative inelastic axial brace deformation, as measured by the
string pot on the exterior of the brace, was 64.1 in. (1628 mm) for the 2% drift test and 68.4 in. (1737
mm) for the 3% test. Thus the total cumulative inelastic deformation was 132.5 in. (3366 mm), which
corresponds to almost 800 times the calculated yield deformation or approximately four times the
AISC minimum requirement.

SG; at the top of the test frame was not measured in this test because of broken wiring. SG; through
SGs showed behavior similar to that in the WC250 test. SGg was at a different location in the WC200
test and measured the stresses in the beam web perpendicular to the long axis of the beam. It was
observed by strain at SG, that once the connection angle yielded it performed at approximately the
same strains during the 2% drift test as when subjected to 3% drift. The “upward ratcheting” of SG,
is due to yielding. Note that the downward shift is consistent with the yield strain of strain-hardened

steel.
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Figure 23 - Test 2 WC200 SG,
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Figure 28 - Test 2 WC200 SG¢

SGs and SG¢ showed some interesting behavior in the beam once subjected the 3% drift cycles. It is
observed that after an accumulated translation of 175 inches (4445 mm) SGs shows the flange close
to yield at a stress of 38.6 ksi (268 MPa), and at the same time SGgshows that the web is yielding and
reaching a strain of over 6000u. At this cycle the brace was in tension; however because of the frame
rotation the angle between the column and beam closes and tends to “pinch” the gusset. This
results in compression in the beam web. The web continues to exhibit some nonlinear behavior as it
buckled slightly out of plane and thus Figure 28 shows total strain (compression and bending) due to
buckling.

Similar to the WC250, post-test visual inspection of the primary members and connection
components at the upper connection indicated no noticeable damage. This again suggested
connecting one side of the gusset plate to a relatively flexible web of a primary member is desirable
in consideration of a serviceable system.

3.3 Numerical Modeling
The objective of analytical numerical modeling is twofold:

a. Use the available BRB design parameters to verify the design of the test frame and reaction
frame.

b. Compare the numerical model to the observed test results with no “tuning” of the numerical
model or BRB backbone curves.

With testing of the computer-simulated model, the linear and non-linear behavior for the brace and
test frame can be verified. Thus methods for both linear and non-linear frame analysis can be
developed based upon the test results. With this information, accomplishing the second objective
provides valuable modeling parameters for use in designing and evaluating future frame and/or
building models. Correct stiffness, yield points, and BRB behavior can be determined for future use.
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Material and brace properties used are from previous research and testing performed outside of this
project. Tensile strength for the brace cores were reported by MSI Testing and referenced by Star
Seismic, which was also used in the analytical numerical modeling. (See Appendix D — Data Sheets for
MSI results) The tensile testing results are further discussed in the following section.

Research on the Star Seismic braces was referenced and reviewed prior to initial modeling of the
braces and the test frame to verify the given Star Seismic parameters. Full-scale testing of the braces
completed by (Romero et al., 2007) provided regression equations to model the backbone curves
that were normalized by yield strength. The results from axial tests performed on seven BRBs were
compiled into a single plot to develop the tension and compression strain vs. hardening curves, see
Figure 29. Figure 30 illustrates typical results for a BRB, in this case a WC250. Note that a WC250
was used in one of the present tests.
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Figure 29 - WC backbone curve (Romero et al. 2007)
The linear regression equations from the resulting curves were established; see EQ 1 and EQ 2.
EQ 1
EQ 2

where EQ 1 is the tension regression equation and w is the tension hardening (the load at maximum
deformation normalized to yield stress). EQ 2 is the compression regression equation and wg is the
compression hardening.
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Figure 30 - Typical Load Translation Test Result (WC250) (Romero et al.2007)

The dashed line illustrated in Figure 30 approximates the backbone with a bi-linear function. The
normalize version of this function is provided in Eg. 1 and Eq. 2.

Star Seismic provided the University of Utah (Romero et al., 2007) a table with the dimension of the

steel core for the braces, which was used to check the accuracy of a spread sheet developed for the
research herein, see Table 1.
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Table 1 - Dimensions of Steel Core for the Braces (Romero et al. 2007)

Brace Designation
WC150 WC250 WC500 WC780
Specified yield strength, Fy, ksi 41.4 39.9 39.9 39.9
Thickness
% e, in 0.75 2 2 4
o Width
g bap, in 9 9 9 185
w X Length
§ L. in 13 19 23 23
Stiffness )
Kxe, kipfin 15,058 27,474 22,696 93,304
# of Plates 1 1 2 4
Thickness )
to. in 0.75 1 1 1
Total
Thickness 0.75 1 2 4
tr, in
Width )
@ - brz. in 10 10 10 10
& 2o Length
o ®» SN
o g 181 = Ltz in 14 14 14 14
5 © -
o = E"ff“e.ss.‘ 15536 | 20714 | 41420 | 82857
7z, kip/in
o Width 4.90 575 575 488
IS bvz, in
oN Length . )
% = Lvz, in 152.7 134.7 1347 132.6
°© Stiffness .
= Kz, Kip/in 698 1,238 2,476 4,269

For the WC200 and WC250 braces provided in this project, the dimensions were calculated from the
shop drawings for input into the developed spread sheet. See Appendix A for the shop drawing.

3.3.1 Brace Modeling

In order to verify strength, results from tensile testing on the brace steel cores were provided by MSI
Testing Inc. from Salt Lake City, UT (Test Method ASTM 370.) The report was referenced with the
Nucor Mill Group of Jewett, TX report for the material properties of the core utilized in the Star
Seismic braces. In the case of the steel used for the WC250, MSI Testing concluded that the average
yield strength of 43.1 ksi (297.2 MPa), which was greater than that stated by the mill test report of
39.2 ksi (270.3 MPa). Star Seismic noted that the average from the MSI Testing report was used in
the design of the braces; thus the same value was used in this project. The same was not observed of
the WC200 with an average test value of 43.2 ksi (297.9 MPa) and a mill reported yield strength of
43.5 ksi (300 MPa). Star Seismic used an average of the MSI Testing and the mill report for the
WC200 with a value of 43.3 ksi (298.5 MPa).

The brace was first modeled based on the geometric information provided by Star Seismic LLC, and
using the brace backbone model (Romero et al., 2007), developed from the University of Utah Full
Scale Testing of WC Series Buckling-Restrained Braces.

A backbone curve was developed from the University of Utah test data based on the load at
maximum deformation normalized to the yield load for each test specimen. Regression equations
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were developed to model the Force vs. Translation relationship, including the elastic and inelastic
behavior.

The areas and dimensions of the BRB steel core extension plate, transition zone, core plate, and
yielding zone were assumed to be proportional to the University of Utah (UT) test specimens. An
individual stiffness value for the different zones within the steel core was calculated based on area
multiplied by the modulus of elasticity divided by the length. The effective stiffness was then
calculated by assuming the individual sections would act as springs in series. See Figure 31.

Figure 31 - Springs in Series

The springs represent the transition, core, and extension plates. The equivalent elastic stiffness is
computed from:

-1
I‘<equivalent = i + i + i
kl kz k3

Given the shop drawings and information, the effective stiffness for the WC200 and WC250 was
determined using the assumptions previously stated. The calculated effective stiffness values were
used in SAP 2000 v12 with multi-linear links to model the response of each BRB. A multi-linear link
and a Wen model were created to ensure that the multi-linear response was accurate when
compared to the UT data for validation. (SAP 2000 v12)

Again, the inelastic behavior was modeled using the UT backbone curves. Figure 32 and Figure 33
illustrate the SAP 2000 models of a single BRB using the multi-linear plastic model, the Wen model
and data from one of the University of Utah WC250 tests.
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Single BRB Link Model in SAP 2000
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Figure 32 - Single BRB Link Multi-Linear Plastic Model vs. University of Utah Test Data

Single BRB Link Model in SAP 2000
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Figure 33 - Single BRB Link Wen Model vs. University of Utah Test Data

By comparison the SAP2000 modeling of single BRBs is more of a coarse approximation of the actual
behavior as demonstrated by the University of Utah testing results. Also itis shown that the
numerical model does not show any asymmetrical pattern as the actual brace does when loading in
compression verses tension.
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3.3.2 Full Frame Modeling

Due to the complexity of modeling the entire testing apparatus in SAP 2000 v12 (hereafter SAP
2000), the frame was modeled in multiple steps. First, the geometry of the frame was modeled with
undefined shapes and stiffness to determine which frame members would be necessary for the full
analytical model see Figure 34. Based on a nominal 100-kip load applied to the top of the frame,
each member was analyzed for axial and shear forces to determine its influence on the system during
testing. Initial modeling of the angles bracing the test specimen from movement out-of-plane of the
load direction, were removed due to an undesirable transfer of shear forces to the test frame in the
SAP 2000 model. These angles were connected with single bolt pinned ends in the actual test
assemblage, and did not resist any shear forces as they would slip and rotate under frame
translations. Constraints were imposed on the nodes where the angles connected to the test
specimen as a more effective means of modeling the system. When modeling the large rigid plate
connecting the test reaction frames to the test frame, it was determined that deformations in the
plate were small enough that the connection could be assumed rigid, the expected result.

)

Figure 34 - Initial Full Frame Model in SAP 2000

More load tracking review was done in SAP 2000. By observation, and as expected, it was
determined that the majority of the deformation was occurring in the test specimen due to the much
greater stiffness of the reaction frames, see Figure 35.
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Figure 35 - Full Frame Deformed Shape with 100 Kip Load (SAP 2000)

The next step was to model the test frame alone with constraints on the nodes that would normally
be attached to the reaction frame. A few assumptions were made to simplify the model.
Connections were assumed to be either rigid or fully pinned, as the actual stiffness of the
connections was not fully known. The previously developed links were imported into the test
specimen model and placed appropriately, see Figure 36. With the 100 kip load applied to the test
specimen, it was determined that the link was working properly when compared to hand
computations.

t + +
bt
D D LED PN
bt

Figure 36 - Simplified Analytical Model (SAP 2000)
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3.3.3 Comparison of Numerical Modeling and Experimental Results

By using the link developed in SAP2000, it was possible to run the same time history test on the
analytical model as was done on the physical test frame. The target translations for the experimental
testing were input into SAP2000 and a displacement controlled loading cycle was run. The results
from the multi-linear model of the brace were then plotted against the experimental data for
comparison; see Figure 37 and Figure 38. In order to produce a more accurate comparison, the
output from the SAP 2000 model was link force, column shear, and axial force in the top beam, which
is equivalent to the pressure gauges in the actuator measuring forces on all these elements during
the test. Notably the multi-linear model behaved similarly to the experimental model. The WC200
model did predict a slightly higher peak load at maximum positive translation, but at the max
negative translation, the model and experimental data are almost identical. The WC250 model is
much more in line with the experimental data, and is even slightly conservative at max negative
translation having a peak load slightly lower than the experimental data.

WC200 Testing and Modeling Results

NS
=
-]

300 ===
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— r ’
%) 7|
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—

== = = WC200 Testing

200
uw

WC200 $AP2000 Results

A0

Translation (in)

Figure 37 - WC200 Testing and Multi-Linear Plastic Modeling Results
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WC250 Testing and Model Results
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Figure 38 - WC250 Testing and Multi-Linear Plastic Modeling Results

Utilizing Wen modeling of the two braces produced a more accurate hysteresis of the frame behavior
than the multi-linear plastic models. The hysteretic loops match more closely with the test data, see
Figure 39 and Figure 40, and had a slightly higher value at the maximum displacement similar to the
multi-linear plastic model. These similarities suggest that the backbone curve developed from the

University of Utah test gives proper values for modeling.

W(C200 Testing and Modeling Results

(Kips)
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L

= Testing Results

= SAP2000

-400
Translation (in)

Figure 39 - WC200 Testing and Wen Modeling Results
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W(C250 Testing and Modeling Results
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Figure 40 - WC250 Testing and Wen Modeling Results

It should be noted that both the multi-linear and the Wen models are fully symmetrical in their
response to loads in tension and compression. This explains the minor offset when comparing the
testing results to the SAP 2000 modeling, as the BRB does perform somewhat different in tension vs.

compression.

3.4 Conclusions from Modeling and Experimental Testing

e AISC 360 and 341 provisions are appropriate for fully bolted BRBF connections
0 The configurations of connecting gusset plates to the column flange or web
demonstrated adequate capacity to carry required loads
0 The use of standard Uniform Force Method and Uniform Force Method - Special Case
2, Minimizing Shear in the Beam-to-Column Connection were shown to be
appropriate for connection force distribution
e Rotational stiffness of all-bolted BRBF connections does not attract significant frame load,
thus the majority of the load to the frame is delivered to the BRB
e Orienting columns such that the gusset plate is connected to the column web allows for
rotation of the gusset connection under large drifts without noticeable damage to the
primary beams and columns
e Orienting columns such that the gusset plate is connected to the column flange results in
connection restraint against frame rotations that can cause damage to unstiffened primary
beams and columns
e Linear and non-linear behavior of BRBF can represented reasonably by analytical modeling
using parameters from BRB backbone curves
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3.4.1 AISC Acceptance Criteria

According to AISC 341, the required similarities between the brace test specimen and prototype
were met in this test due to the full-scale testing apparatus. All of the brace rudiments were met
because a full scale brace was used. The cross-sectional shape and orientation of the steel core was
exactly how the prototype would be configured. The axial yield strength of the steel core was equal
to that of the prototype, and the material for, and method of, separation between the steel core and
buckling restraining system were exactly that of the prototype. All connection details and materials
used were that of an actual system used in actual building frames.

Loading history and sequence during the testing met or exceeded the AISC requirements outlined in
section T6. Plots of applied load versus displacement exhibited stable, repeatable behavior with
positive incremental stiffness. The tension testing requirements were met and reported by MSI
Testing prior to the BRB testing (see Figure 60 through Figure 63.) Throughout all testing cycles no
fracture, brace instability or brace end connection failure occurred.

4 Design Recommendations

The research herein has shown that with proper compression strength and strain hardening
adjustment factors for the buckling restrained brace, the connection design provisions of AISC 360
and AISC 341 result in desirable braced frame behavior using fully bolted connections. In addition to
the provisions of these documents, the following general recommendations are made to facilitate
constructability and maximize connection strength. Furthermore, the following serviceability
recommendations are made to promote an easily repairable system in which inelastic damage to the
primary beams and columns is minimized.

4.1 General Recommendations

1. Bearing bolts in standard holes or slip critical bolts with oversized holes in one ply of
connecting interfaces may be used to connect the ends of buckling restrained braces to
gusset plates.

2. Bearing bolts in standard holes should be used to connect gusset plates to double angle
connection assemblies, and double angle connection assemblies to primary beams and
columns.

3. Boltrows in the connection angle assemblies may be aligned or staggered. Staggered
assemblies are recommended to allow for reduced bolt gauges on the flanges of the primary
members.

4.2 Serviceable Recommendations

4. Beam and column flange thickness should exceed connection angle thickness to limit bolt
bearing deformations in the primary members.
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5. To reduce the possibility of inducing yield in the beam or column flange, the bending capacity
of the primary member flange, including the effects of prying action, should exceed that of
the outstanding legs of the connection angles. Primary members should be oriented such
that at least one side of the gusset plate is connected to the web of either the beam or the
column.

a. Orienting primary members such that the gusset plate is connected to the flange of
both the beam and the column results in “pinching” forces between the gusset plate
and primary members, which can result in local damage to the primary members.
These forces are alleviated by connecting one side of the gusset plate to the web of
primary member because of the relative out-of-plane flexibility of the member web.

5 Conclusions

The following are conclusion drawn from the experimental testing and numerical modeling of both
the full frame and the individual braces.

- Inreference to AISC 341 acceptance criteria, testing of the full scale fully bolted buckling
restrained braced frame met all strength requirements, and even exceeded the required
testing regimen of two percent drift. The frame design exhibits the ability to withstand
multiple seismic events without fracture, brace or primary framing member instability, or
brace end connection failure.

- Generally all members in the frame, aside from the non-seismically compact beam, and
connections remained elastic, thus the inelastic deformations were substantially limited to
the brace.

- The serviceable system was proven through testing of the WC250 brace followed by
successive testing of the WC200 brace, through which the frame performed substantially as
expected. The ability to easily replace the braces and connection components, and still have
full functionality of the frame demonstrates the advantages of the fully bolted design.

- The methods used to develop a numerical model of the buckling restrained braces in
SAP2000 were effective, and could be easily adapted to different brace sizes for various
systems. Utilization of the link properties in a full frame model accurately predicted behavior
of the system. Multi-linear approximation was adequate to model the behavior of the BRB in
the frame, but the Wen model provides a more accurate prediction including the nonlinear
transition near yield.
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8 Appendix A - Experiment Test Drawings
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9 Appendix B - Experimental Testing Results

9.1 Test 1 Results - WC250 Figures

WC250 Strain 1 vs. Translation
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Figure 42 - WC250 Strain 2 vs. Translation



WC250 Strain 3 vs. Translation
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Figure 43 - WC250 Strain 3 vs. Translation
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Figure 44 - WC250 Strain 4 vs. Translation
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Figure 45 - WC250 Strain 5 vs. Translation

WC250 Strain 6 vs. Translation
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Figure 46 - WC250 Strain 6 vs. Translation
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9.2 Test 2 Results - WC200 Figures

WC200 Strain 1 vs. Translation
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Figure 49 - WC200 Strain 1 vs. Translation
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B-5



WC200 Strain 3 vs. Translation
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10 Appendix C - Experimental Testing Pictures
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Figure 58 - Brace String Pot Mounting
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11 Appendix D - Data Sheets
. g

Strain gauge rosette
£y E-E-I:l:li{u:l: + .sll.--s'l:r_{u.u;l2 +Egy zinfeg)- cosiz)

Ep tm Ep TOS(E + ﬂjz + Ej-sir_{u+ E}E + Eﬁ-si:n{u+ B-cosfee + 1)

Ep = Ey-Losiz + |3-+*'T:|2 + ET-EEI:({'!+ ] +f1:|1+ EL.}.-sin[u+ B+ )hcosfee + 3+ )

Given: Stain data for 3G 1-3 at peak load of 451 kip

am 0 Bmdd o)y dTf | ey = 00000261 gy = DODIILT g c= 00000203
1RO 120
Given
1 N .
Ey= exc0s(e)” + E-F-Em[ﬁ:] + wwsm(u}ms{u;l
2 . 2 .
Ep = Ex-cos{o+ B + E}--SL'I:I.I:H + @+ '1}_-}--51:.[& + oo+ @3

ol gl
Er = Ep-0sfee+ {4 ) + EF-sin[rx+ |3+"|']"+’T,;_rain[u+ B+ n)cosfez+ 3+ )

Strain Matnix
360100 61 1070
Find(ey . ey, M) = | —20.3 x 1079 em| 2031079

-

3

=2340121 « 107 2240120 « 107

Principal Strains * Assuming plane stress

7 3
_— (£1+ 5 +J{E' ) +[?J - L0 107

3 4
9 1

E 4+ E £ —&.f e,
i = |: 11 ]}-J[ 1 ; 2 +[T’] -—1122 % 1073
Frincipal Stresses Eom 20000kSE vim 03 Gom — o o 11154 ksi

241+ )

E ; E-[1- .

g = [EELI:%”"] - M7k oy - [”m—w - 25 06-ksi
1+ -3

T — g -

S LEE'”] - 24.904.ksi

Figure 59 - Principal Stress and Strain Calculations for WC250 Peak Load
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» MSI TESTING, INC.

“SERVING THE INDUSTRY FOR 30 YEARS"
=} 50 WEST LOUISE AVE. * SALT LAKE CITY, UT 84115

TELEFHONE (501) 484-1789
REPORT of ANALYSIS
Star Setsmic Agpril 20, 2009
3070 Rassmsscn Road Sube 260 Project # 09-113
Park City , Utsh $4098 P.0. # Vrbal Carter
Page1of2
Arm : Comer Mackey

The follorering e the results of the testing dons on the sarmphe(s) you providad:

Sample # Description :

1 910-1216 1* Piste
[2

3 910-1210 34" Plate

4 910.1213 1* Plas

3 910-1212 344~ Plate

& 910-1214 1" Piste

Longitudinal Tewsile Test: Test Miethod i accardance with ASTM A370 .

Sample Dia- Arca Tenske Temsik Yidd  Yid FEiomg  Reducton
meter Load  Streogth Load Suength % of
(LBS) _{PSD (LBS) (P50 Are
TT o ———_ 5011971 12581 64000 5150 41400 34— &8
12 A9 IOW 12240 630007800 39000 X2 62
134 IEE 12,729 67500 TA% 3040035 64
21 A% 1917 12920 67,500 7984  4L70 315 BF |
22 A% 1956 12,801 65500 3267 42300 343 65
23 A8 1948 12872 66000 3305 4570 12 68
T ASH—dae3 11,961 63000 7232 38200 295 66
3-2 A97 1940 12408 5000 — 406 44800 32 56
33 A% L1948 12A15 63,500 7462 43400 —— 64

Etar Seismic Hote:

Average Fyac of mill and MSI testing = 43.3 kei. Use 43.3 kel in design.

Figure 60 - WC200 Steel Core Tensile Test



soLp STARSIESMICLLC
TO: 3070 RASMUSSEN RD
STE 260

CERTIFIED MILL TEST REPORT Page: 1
NUCOR - PLYMOUTH IS AN 1.5.0. 9001 AND AN AB.S. CERTIFIED MILL

NUCOR

BAR MILL GROUP

PARK CITY, UT 84098 _ .
’ PLYMOUTH DIvViSioN Shpfom
Nucor Steel - Utah
SHIp CRANE CONSTRUCTION NW, INC. yeor Stee) - oran -
To. 669 West 200 South, Bidg #2 W Cemetery Road 20 L e
SALT LAKE CITY, UT 84101- PLYMOUTH.

Material Safety Data Sheets are available at www_nucorbar.com or by contacting your inside sales representative.

Load Number: 141175

NEMG-03 March 24, 2002

PHYSICAL TESTS CHEMICAL TESTS
HEAT NUM. * DESCRIPTION YELD ‘ TENSILE ‘ ELONG ‘ BEND W % W y‘ y‘ % -
E-NE L= AN DEF Ni Cr Mo A Ch Sn o
PO# => 90305
PLO910121201 Nucor Steel - Utah 43,667 63,349 31.0% A0 a7 008 027 28 27
34x10" FL 45 301MPa 437MPa A0 09 031 oo7 001 010
A36 YLD 38-44 43,283 63,224 32.0%
ASTM A36 Low Yeild 298MPa_436MPa
PO# => 90305
PLOPTOTZT402  Nucor Steel - Utah 43,562 63,113 29.0% M 58 009 025 24 29
34x10" FL 45 300MPa 435MPa .08 .08 023 .0o7 001 010
A36 YLD 38-44 43,452 62927 29.0%
ASTM A36 Low Yeild 300MPa 434MPa
CMTR COMPLIES WITH DIN EN 10204 - 3.1.B
1 HERERY CERTIFY THAT THE ABOVE FIGURES ARE CORRECT RS CONTAINED IN THE RECORDS OF THE CORPORKTION.

ALL MANUFACTURING
MELTING, HAVE OC

FROCESSES OF THE STEEL MATERIALE IN THIE FRODUCT, INCLUDING
RED WITHIN THE UNITED STATES. ALL
MERCURY, IN ANY FOPM, HAC NOT BEEN USED IN THE FRODUCTION Of TESTING

FRODUCTE FRODUCED ARE WELD FREE.

OF THIE MATERIAL.

QUALITY
ASSURANCE:

Scott Laurenti

Sean Qi

Figure 61 - WC200 Steel Core Tensile Test
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MSI TESTING, INC.

“SERVING THE INDUSTRY FOR 30 YEARS"
50 WEST LOUISE AVE. » SALT LAKE CITY, UT 84115

TELEPHONE (801) 484.1789
REPORT ANALYSIS
Star Seismic October 13, 2008
3070 Rassmussen Road Suite 260 Project & 08-265
Park City , Utah 84098 PO.#

Avm : Carter Mickey

The following arc dhe results of the tosting done oo the senple(s) you pravided:

Sample# Description
1 I~ Plaic Hem # 600 GiC- 11 | (g
2 I” Plate Fleat # GRS KD - 777717
3 [~ Plate Hext # #8EDR Tl - 31
q T~ Flmz Hewl ¥ G- 1115
Tensihe Testz Test Method ASTM AST0 .
Sample Dis-  Arsx  Tengile Temmle Yicld Yield  Elong. Reduerion
meter Load Load Swength % of
B3y (P30 (LBS (P3N Asth
b 01 1971 13,146 66500 B.564 43,500 35 &0
1-2 TG 963 13,054 66500 BAR7 43,200 — 3§ 62
1-3 503 IS7_13.231 66,500 8323 — 41900 32 54
2.1 A2 1901 12506 66,500 B264___ 43500 33 T
22 _ADTTIM0 12,844 66,000 8366 4310035 68
Bl 489 .13TE 12499 66500 8051 42000 338
i1 AS4 1917 12878 67,000 B9 43000 34 67
2 A3 1009 12,790 E7,000 B,165 42800 35 &8
33 S00 1963 13,199 67000 BS54 43600 37 67
4l TTTS02 1979 13531 68500 BEM0 44800 35 —— 10
12 ASE L1813 TERO00——EERIT 45300 s &8
43 a9 T THE 15,122 67500 8930 4590031 47
¥ield 2% offset,
Elongamion 27
Craig Gri {Prasi [ Tesemg, Ine)
Etar Seiomic Hota: ".

M11l Fysc ranga differs from MEI range. MEI testing avarage of 43.1 used.

Figure 62 - WC250 Steel Core Tensile Test



soLD PKM STEEL bace.
LD PO BOX 920 NLIC IR  CERTIFIED MILL TEST REPORT age: 1
SALINA, KS 67410-0000

BAR MILL GROUP  ghipfrom:
JEWETT DIVISION Nucor Steel - Texas

sHIp PKMSTEEL 8812 Hwy 79 W Date: 57.aug-2008
TO: %T Sﬁgﬁasomgmup TRANSLOAD JEWETT, TX 75848 B.L. Number: 197602
YARD 5 TRACK 430 903-626-4461 Load Number: 117155
SALT LAKE CITY, UT 84101-
Material Safety Data Sheets are available at www nucorbar.com or by contacting your inside sales represantative. MEME-03 May 18, 2008
PHYSICAL TESTS CHEMICAL TESTS
HEAT NUM. * DESCRIPTION YIELD | TENSILE ‘ ELONG ‘ — W y‘ W CE
PSIL PS.I. % IN 8 DEF Ni Cr Mo V4 Ch Sn
PO#=> 71024-8083
JWOB10777402 Nucor Steel - Texas 42 300 61,800 24 0% 10 85 018 020 20 49
JWOB107774C  3/4x10 Flat 38 292MPa 426MPa 14 16 036 003 001 .008
A36 PLT LW YLD 41,300 62,100 21.0%
ASTM A36 Low Yield Plate 285MPa_428MPa
PO#=> 71024-8083
JWOB10777501 Nucor Steel - Texas 39,900 61,900 23.0% 09 a7 .020 040 23 .38
JWOB107775B  1x10 Flat 38" 275MPa 427MPa A7 16 039 004 001 007
A36 PLT LW YLD 38500 64000 23.0%
ASTM A36 Low Yield Plate 265MPa_441MPa
PO#=> 71024-8083
JWOB10777601 MNucor Steel - Texas 40,300 58,100 25.0% 09 84 018 030 2 A1
JWOB107TT6 1x10 Flat 38" 278MPa 401MPa 13 15 033 003 001 .009
A36 PLT LW YLD 41,700 61,900 25.0%
ASTM A36 Low Yield Plate 288MPa 427MPa
PO#=> 71024-8083
JWOB10777601 Nucor Steel - Texas 40,300 58,100 25.0% 09 84 .018 030 22 41
JWOB107776 1x10 Flat 45' 278MPa 401MPa 13 15 033 003 00 009
A36 PLT LW YLD 41,700 61,900 25.0%
ASTM A36 Low Yield Plate 288MPa 427MPa
PO#=> 71024-8083
JWO8B10777701  Nucor Steel - Texas 39600 65500 25.0% 10 a1 014 020 19 34
JW0B107777 1x10 Flat 38' 273MPa 452MPa 14 13 033 .003 001 .006
A36 PLT LW YLD 38,800 59,300 25.0%
ASTM A36 Low Yield Plate 268MPa 409MPa
1 HEREBY CERTIFY THAT THE ABOVE FIGURES ARE CORRECT ASE CONTAINED IN THE RECORDS OF THE CORPORATION. 1"' Heat #B1ﬂ_???5
MEREE | 1N R o, HAE Ho% THE ETES SATES, | Mk sRobuces rRcieems nn wmp v QUALITY [‘ L—

ASEURANCE: Ben Cave

Figure 63 - WC250 Steel Core Tensile Test
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SR1E

Industrial Low Cost String Pot

Incremental Encoder Output Signal

Designed for Outdoor / Wet environments

The SAIE & rugged, low-cast, high perfarmance string pot
built to withstand wet ervironments and cutdoor applica-
tions. Designed for construction equipment and factory use,
the SAIE is the perfect low-cost solution for OEM and stocking
distributors.

At the heart of this sensor is a robust incremental encoder that
defvers a linear resolution of 101 pulses per inch. The SRIE
ships with an industry standard push-pull encoder driver that
can be powered by 5-30VDC. (Other resolutions and compli-
mentary channels are available, please consult factory). Each
sersor ships with a 4-pin, field installable, M12 connector and
an additsona! 13 ft. {4 m} cordset is also availeble. Just fke the
rest of cur SR1 series, the SRIE & in stock for quick defivery.

SPECIFICATIONS
Input Veltage 5-30VOC
Input Currant 100 maA max., no load
Sarsor Incremantal encoder
Cutput Driver Type push-pull note: Vin = Vout)
Output Driver Current 20 mA man, sourca'sink
Maximum Velocty &0 Inches 2 metars] per sacond
Maximum Accsleration 10 G ratraction)
Opsrating Tempsmture £ t0185 F 20 1085 O
Endlosure polyarbonata
Maasuring Cable 034-Inch dia. mylon-coated stainless
Hectrical Connection M12 Connector (mating phag indudsd)
waight 25/bs. 13 Kg)

Calasco Transdacer Products, Inc.
N0 Fuswmer Stast + Chatwwarth CA 91111

Linear Position Measurement up to 125 Inches (3 meters)

O

= ey —

|_rnm -1_1

—  Orderinginformation

1% orch mamussert mage
pudime par inch

SRIE-128 M 3
nciuen & pon M12 commactor

: optiond Corhiat
b %n 0368100040 ¢ o w1z comvmeter

Consult factory for alternate resolution and
differential cutput signals.

S D003 = 41018 PILIT% = lx: 41518 00LI790

cm-*t%

Figure 64 - Celesco String Pot Data Sheet



Flectical Canneds:

Flald Installable Connector
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=, 1 530 VX
A" — 2 cowvece
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3
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Cord Set Connections
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1

Changing the Mexsuring Cable Exit and Flectrical Connector Direction

Changing Msasuring Cable Exit

To changs the drraction of the measuning cable,
remove the 4 mounting brackat scrows and
rotate brackst to onse of four avail:ble posttions.
Soo figurss 1 - 4 on the following pages for
mounting dimersions.

Changing Electrical Connactor Dirsction

To changs the position of the dectrical connector,
remove the 4 roar cover scrows and carsfully sopa-
r2ta rsar cover from the sonsor body.

Rotate the rear cover to desired position being cara-
$ul to not tangle the wiring hamess that runs to the
connector.

R

fr corsucisr =gred

1 brown 5. 30V
z whits torrece
3 bhoe chareed A
4 black charnd E
cabs wp
on ks
win gl 1
ks Fpera e
‘s colar il

19}
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sea fig. 4
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JX-EP series

INGITAL QUTPUT

The UriMessure JX-EP serles linear position transducer with digtal output Is orented
for use In modarEte duty applications In hestlla wet or dry emimaments. The chemical
t thammoplastc ces2 of the trensducar wih Integred dust wipar |s faciory configu-
2 to NEMA 12 (IP-52) for dust prosaction or o NEMA 4 [IP-85) for applcatians whes
apoEUne 1o weshdowT, raln, of and other iquids mey oocur. The saaled case b achisved B
through the use of o-rings and & low fricton shatt seal.  Tha wire rope axit directicn may W
be specified at tme of arder or may ba usar adusiad at Ime of Installaticr. Tha stendsnd
alacirizal connection INcludis & sedled bulkhaad fHing and mu-conductor electrical cabla,
An opticnal cabie % cabia connector with mating connector mey ba edded to the alecircal
cahie. .ﬁﬂE'ﬂ'IEmEr!.'. e cabla b cable conneclor may be oroered without tha maung connaclorn Tha maung cannaciorwith e
|E'|'Ig'ﬂ'| ol elecirical cabls gttechad mE'_I'DE-I:II'UEi'Ed a5 3 E-E'FIE.I?IE' Hem. A= B comveniBncs, IZFIIIII'IH] cormechor lozations on the
trEnsducar body e oiered. The standent electrical cutput of tha unit ks a TTL Ieval two channel Square weve In guadratra,
Optienal cutpuss Include Ina driver and push-pull clrcuits,

Ce

.

SPECIFICATIONS
Gerarml L [lo wira rmoe replzcamant]
Measramant Rang —............. Ega Ranga Tazka balow Fanges 10" @ 25"... ..o, 1,000,000 2 shioka opoies
Eensing DOVios: ... .....o......._... igital Encoder Fanges 30° @B 500,000 Rl STobkn oycies
Mominal Resoistion Elwctrizal
" mange. oo ... 45 counRnch, 175 counls'mm ExcizdonVotage ..ol 500 +025 %I T
15", 30" rangs ... < 22T coumisfinch, 126 countsfmm DUl e 2 Charmal SQUAME WOE IN QUadTR-
20", &0 rEnge .. —.. <. 246 ooenisfinch, 0.7 counsimm for TTL bowsd cunent sinking wih
25 EIP rEgS ... <. 158 oouniafinch, 7.8 munkwimm &S K pulups
BO” rangs... «e—.. 166 ozzniainch, 6.5 count='mm Environmanial
BO" rangs. eeeteemameeeneenrs 126 OOATRANCH, 5.0 DOUNEMTIM Opemting Tamparabra ... ... 4075 o T0°G
LINGay oo oo 20U Full Scala Elorage Tomparsum ..., 07T o BOMC
H%ﬂq Dipcrating HUmRy ..., 5% R H. non-condansing IP-52
i 1 founting moda]........ +1 Counl, rangas 1o 25" s 100% RLHL IP-E5 casa
+2 Conis, mnges 3¢ o 80" VBN e 200 TS MEdmIM
Comstnaction ... ... ... Themoples3c Eody Ingress Frolacton... ... ... NEWA 12 or 4, 17.52 or &5
Wra Aopa oo BL0B (0LSE M) Jockmled Sizinices
Elgd FOOTHDTES TO SMCFCITRG
1. Duoarenia Duis eeion ke 8d e of 14 Zores pacem

Ega Suppiemanal Dza'
e B30 [180gT)
....24 AWG Enkidod Elctical Tabia

Model Number Configuration

JX-EP- - . 0-

» p—
Lo Cable = il mamhecsr Wil FEY DTS
K Cabis i e

Far Oeion
wvnkain o P 1D

:m-n::l-h-t:l.:l L]
e whare T i recuired lengih N madey

Sen TRELE 3, Elecirical Tutset Dpbiona, Fage 12 for
wavrlcemn and oulpesd stsge confiqurabicn

ROTE =xnmpla
1) Shaded options avallabia at addRlomal cost. J-EP-S-NA 4110420

Em UnMaRaurs| +17= =W Rassarch Way, Corvalls, DR 57333 | Tal: 549.757-3158 | Fox: 541.757-0858 | Emait :-HH-ilLrIm:a:-unml

Figure 65 - UniMeasure String Pot Data Sheet
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JX series

SUPPLEMENTAL DATA

HMEMSIOMAL IMFOAMATION

Rarges o (1.5 ) ana 0" @)

TH T} ]

A—y 1

e
[

Damormica |  Tim"" 'I-I'-E.
iy (e | o)

| ® SN | FELL]

A

=TT 1T

N

w il

Tmhia R
Fomml
Fa- [iVirn
D-_:"- D '8, 1-“:

B .?i e mame)

8 e i s o i
e i il i,

jrh-h

e ——
.

it i’

TABLE 3 Electrical Ouiput Options—JX-EP Series

Option Output Type Output Stage Waveform
— a3 WOT
DS LI oS AT S0S, » SRt
K L - .
L Ircut witaga . - .
i )
2 5\'1:-umuum*5|nu1g DHtesnt ] Lins Dva 7"'?45 i)
N drive pUped. 2K infemal s,
:“:H:_ “‘“ﬁﬂ P"'IF II:::I'-&-— Yo
5 VD2 Push-Full Dffesailal Ling Dva e
3 Push-Pull, current scuscing and cumord sinking ouiput. 5WEC
& DuputE i wEh recuiramants of TIAEIA- saczecn
e 7
am 23 VDG Curmnt Sinking Cifleesnitlal Ling Difva +B i3 +30 VIS
4 nuum:mm-m:mmmw.pm l6s
h:r: Bt 250D Incut voka e Wt
E &2 26 VDT Push-Pull Difareniial Line Driva TH8 e iR
g | FushPull cumont soumhng andcumenl sirikng cutut. Bl 28 %_»..
VI Inpud volags. I
Accassory—I1006T Auxiliary Wire Ropa Extension Kit
e Bl 10067-CM-_
I i s o ke, F— Conpieid ki o desig i mqurad)
| I Lnkminatsd iz ad
T 2423 mmf {Oip and crimp sheave RcCld ed In K

Tha modlary wire ropa axlension may ba usad o Rolizie moundng tha trarsducar

* LezveDiznk. WO casignami mqured.

remclaly from tha meassement poinl. The dip o the exansion atachas o tha o

fidng on the banscucer Tha aye THing on tha opoosia end  which Is Idendcal o tha Cimansion "L*
fting on tha tenscucar mounts @ ta moving elamant. Tha aiension ki ks eiso aezll Spacty dimansion "L In cerdmalars
anka Wit tha cip end umierminated for s tuabions whera | 15 mons: comesniant 5o st "o ihe nadre sl whols contimestar.
tha wirg rogs: kanglh during Irstaliz3on. The cllo and oimpskkove am nciuded &5 kosa o 1. fom e D3, § ke 300 cm

Feom 7. Ghormed et "L m 5 o jecprodrmelaly T

partsdor usar Serminzson.

| UniMagSUrS| 417 =W Rassanch wWay, Corsalls, OR 57333 | Tal: 541-T57-3158 | Fao: 541-757-D858 | Emait 52k & Ll mea surs. com

D-11



	1 Summary
	2 Background
	2.1 Buckling Restrained Braced Frames -- Overview
	2.2 Serviceable BRBF Seismic Systems
	2.3 Research Goal

	3 Fully Bolted Buckling Restrained Braced Frame
	3.1 Brace and Frame Design
	3.1.1 Beam and Column Design
	3.1.2 Design of BRB-to-Frame Connections

	3.2 Experimental Testing
	3.2.1 Test Procedure, Arrangement, and Equipment
	3.2.2 Test 1 Results – WC250 Brace
	3.2.3 Test 2 Results –WC200 Brace

	3.3 Numerical Modeling
	3.3.1 Brace Modeling
	3.3.2 Full Frame Modeling
	3.3.3 Comparison of Numerical Modeling and Experimental Results

	3.4 Conclusions from Modeling and Experimental Testing
	3.4.1 AISC Acceptance Criteria


	4 Design Recommendations
	4.1 General Recommendations
	4.2 Serviceable Recommendations

	5 Conclusions
	6 Acknowledgements
	7 References
	8 Appendix A – Experiment Test Drawings
	9 Appendix B – Experimental Testing Results
	9.1 Test 1 Results – WC250 Figures
	9.2 Test 2 Results – WC200 Figures

	10 Appendix C – Experimental Testing Pictures
	11 Appendix D – Data Sheets

