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ABSTRACT

Rectangular hollow structural sections (HSS) are commonly used as bracing in concentrically braced frames (CBFs) designed and detailed
for seismic design requirements. As the primary yielding component in CBFs, braces are expected to sustain large inelastic axial deforma-
tion during earthquake loading. It is well known that their deformation capacity depends on the width-to-thickness ratio (local slenderness).
Until 2013, HSS sections were produced to meet ASTM standard A500/A500M; after 2013, the ASTM 1085 specification was implemented,
and since that time, HSS sections have also been produced to meet ASTM A1085/A1085M standards. Where the ASTM A500/A500M speci-
fication requires minimum yield and tensile stress values as well as a minimum elongation and tolerances on the wall thickness, the ASTM
A1085/A1085M specification also requires a minimum Charpy V-notch (CVN) toughness, a maximum yield stress of the steel, and tighter
tolerances on the wall thickness and radius of curvature of the corner. These requirements offer a more reliable brace for CBFs in seismic
regions. Yet there has been limited research investigating the cyclic axial response of these members. A research study was undertaken
to investigate the response of ASTM A1085/A1085M tubes using the response of ASTM A500C tubes as their reference. Forty-one brace
specimens were tested under cyclic inelastic axial deformation. Comparison of the data shows that most of the ASTM A500/A500 M Grade
C and ASTM A1085/1085M braces meet the respective requirements of their respective ASTM standard and that the differences between
the performance of ASTM A500/A500M and ASTM A1085/1085M braces are not dramatic. In addition, the study investigated the impact of
width-to-thickness ratio, global slenderness, and displacement history on the response of the braces. The data show that the current AISC
341-22 high-ductility slenderness limit for special concentrically braced frame (SCBF) braces is slightly conservative. However, the data
suggest that the moderate ductility slenderness limit used for ordinary concentrically braced frame (OCBF) braces is significantly more con-
servative than required for consistent seismic safety. Further research is required to determine appropriate limits; this paper provides some
initial recommendations based on this dataset.
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In 2013, a new standard for tubes was introduced, the
ASTM A1085/A1085M (ASTM, 2022) specification. In
comparison to the ASTM A500 specification, the ASTM
A1085 specification requires a minimum Charpy V-notch
(CVN) toughness, a limit on the maximum yield stress,
and tighter tolerances of the thickness of tube wall, cor-
ner radii, and mass per unit brace length. For simplicity,
ASTM AS500/A500M Grade C sections will be referred
to as A500C and ASTM A1085/A1085M sections will be
referred to as A1085.

A1085 HSS are manufactured as a single grade compara-
ble to A500C with a specified minimum tensile yield stress
of 50 ksi. Both A500C and A1085 HSS sections are formed
by a cold-forming process. As a result, the HSS sections
experience significant strain hardening during manufac-
turing, and the measured yield stresses vary and are typi-
cally significantly larger than the specified minimum yield
stress. Similar variation in the measured tensile yield stress
is also noted.

This variation in stress is quite critical in capacity-based
provisions for seismic design. It is accounted for in the ratio
of expected yield stress to the specified minimum yield
stress, R,. AISC 341 defines R, as 1.25, 1.4, and 1.3 for
A1085, A500 Grade B, and A500 Grade C, respectively.
The ratios of the expected tensile stress to the specified
strength for these steel grades, R;, are 1.15, 1.3, and 1.2,
respectively. Note that the lower values of R, and R, for the
A1085 tubes typically will result in smaller design demands
on the connections, which has the potential to result in a
more cost-effective lateral force-resisting system (LFRS). It
is noted that A, for A500C braces is based on reduced wall
thickness, whereas for A1085 sections, it is based on the
full thickness; this difference might result in similar tensile
force capacities for both braces.

Relative to A500 braces, far fewer research studies have
focused on the cyclic response of A1085 tubes used as
braces. This research study was undertaken to investigate
the cyclic response of A1085 braces using AS00C braces
as the reference member. The test matrix for the study was
developed in collaboration with structural engineers, aca-
demics, and institutes [the Steel Tube Institute (STI) and the
American Institute of Steel Construction (AISC)]. A total
of 41 braces were tested to investigate the following param-
eters: (1) HSS producer, (2) width-to-thickness ratio, b/,
(3) global slenderness ratio, KL/r, and (4) deformation his-
tory. The measured behavior of braces was then compared
and used to evaluate current design provisions with an eye
toward advancing the governing provisions for both OCBF
and SCBF with A1085 tubes used as braces.
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BACKGROUND AND LITERATURE REVIEW

A substantial body of test data is available for the inelastic
behavior A500 rectangular HSS braces under cyclic load-
ing. Sen (2018) developed a database including 70 cyclic
load tests completed between 1988 and 2018. These data
were used to develop improved models for the envelope,
full cyclic response, and a simple yet effective deformation-
based limit to predict brace fracture. The data include tests
documented in 23 different papers and reports (Johnson,
2005; Herman, 2007; Kotulka, 2007; Powell, 2010; Clark,
2009; Lumpkin, 2009; Fell et al., 2009; Yang and Mahin,
2005; Uriz and Mahin, 2008; Shaback and Brown, 2003;
Hanetal., 2007; Lee, 1988; Liu and Goel, 1987; Sloat, 2014;
Johnson, 2014; Ballard, 2015; Sen, 2014; Swatosh, 2016;
Ibarra, 2018; Richard, 2009). See Sen (2018) for additional
details about these prior test series.

The local slenderness limit, b/t, varied between 10.5 and
31.4 in these tests. This is a very wide slenderness range
covering rectangular HSS that are both within the limits
of highly ductile and moderately ductile braces as well as
sections that are well above these local slenderness limits.

SCBEF design is based on the hypothesis that, on average,
the brace will not fracture before story drifts of approxi-
mately 2.5% in both directions (a story-drift range of 5%).
The highly ductile slenderness limit is based on the need to
use this inelastic deformation capacity during the maximum
considered seismic event. This brace deformation capac-
ity and the well-known moderate lateral resistance and
stiffness of braced frames after brace fracture ensure that
SCBEF:s satisfy the collapse probability limits for the maxi-
mum considered earthquake in the United States (which has
an approximate return period of 2500 years depending on
the location).

The cyclic axial deformation of the brace is quite differ-
ent from the cyclic story drift of a braced frame. Figure 1 is
a geometric illustration of this effect. The figure shows that
the brace tensile elongation or compressive shortening, d,
neglecting deformation of the connections is:

=L, L, 3

where L; and Ly are the original undeformed brace length
and the final deformed brace length, respectively. The hori-
zontal story deflection, A, is small compared to the dimen-
sions of the frame and the brace angle does not change
significantly with increased story deflection, and so & and
A are related by:

d=AcosH “)

where 0 is the brace angle measured from the horizontal
axis.



Normally, story drift is quantified as a ratio or percent-
age of the story height, H,, which can be expressed as H =

. . . A .
L;sin®. The story-drift ratio, F, and brace elongation are
5

related using Equation 5.
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The brace angle is typically about 45° and i will be

s

for that geometry. The brace angle may vary between

30° and 60°, and E will be V34

1 N
cases, the axial shortening, or elongation, ratio is less than
half the story-drift ratio. This geometric relationship does
not depend on the system configuration.

Prior testing by Lehman et al. (2008) found that axial
elongation occurs when the brace is in tension for most
braced frame configurations; the exception is that most
chevron-configured SCBFs do not fully yield the brace in
tension even when designed with large beams intended to
remain elastic under reversed cyclic loading. In contrast,
most of the axial shortening resulting from compressive
demands on the brace is accommodated by the geomet-
ric shortening resulting from brace bucking, as illustrated
in Figure 2. The images in the figure show the progres-
sion of buckling and fracture. Initial buckling is shown in
Figure 2(a); the out-of-plane deformation resulting from
compression displacement demands on the brace increases
with increasing story-drift demands [Figure 2(b)]. At large
story-drift demands, local cupping initiates at the midpoint
of the brace, as shown in Figure 2(c), due to the large com-
pressive deformation demands on brace. Cupping occurs
regardless of the b/t ratio; however, the brace deformation

N

at these extremes. In all

corresponding to cupping depends on the b/t ratio—that is,
the compressive deformation initiating cupping is larger
for smaller b/t ratios. As story drift increases, the global
buckling deformations become very large as shown in Fig-
ure 2(b), and the cupping deformation also becomes large
as shown in Figures 2(c) and 2(d). As the brace is cycled, it
buckles, straightens, and buckles again, resulting in large
inelastic strains that accumulate in the cupped region.
Eventually local striations occur at the corners of the brace
as shown in Figure 2(d). With increased cycles and defor-
mation demands, ductile tearing initiates at the corner
striations [see Figure 2(e)], and tearing progresses across
the wall of the tube. Full fracture of the cross section [see
Figure 2(f)] occurs after increased deformation and after
the tearing has developed to a sufficient length.

After cupping, yielding in both tension and compres-
sion primarily occurs in the central cupped region; this is
expected because the stresses are much larger in the cupped
region due to the combination of axial load and large P-
moments. This concentration of strain is demonstrated by
measurements in this region. It is important to note that
cupping deformations result from demands in the plastic
hinge region, which occurs in the center of the brace under
compressive loading. Note that although this appears to be
wall buckling, it does not cause stability issues of the brace
or the CBF system.

Sections with small local slenderness ratios, b/t, spread
the cupping deformation over a significant length, and the
development of local striation, tearing, and fracture are
delayed until large axial deformations of the brace occur.
Sections with large b/t ratios have very concentrated cup-
ping and striations; tearing and fracture develop more
quickly.

As such, the b/t ratio is one of the most important design
parameters, as recognized by AISC. However, these lim-
its were established prior to the prevalent use of AS00C
or the introduction of A1085 HSS sections. As such, a

Fig. 1. Relationship between story drift and brace deformation, neglecting beam displacement.
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(a) Initial brace buckling (b) Large out-of-plane deformation

(e) Ductile tearing initiates at corners (f) Fracture after ductile tearing
and progresses across the tube wall of most of cross section

Fig. 2. Buckling, tearing, and fracture of rectangular HSS braces.
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comprehensive testing program was undertaken to evaluate
current design limits for both steel grades. The following
presents the experimental program and results. The final
section evaluates the current limits and proposes modifica-
tions to meet the intended drift limits and extend, if pos-
sible, the number of sections available to meet the highly
ductile and moderately ductile limits. In addition, the test-
ing program evaluated the influence of the HSS producer,
the global slenderness ratio (KL/r) and the displacement
history.

EXPERIMENTAL PROGRAM

Forty-one square HSS specimens of various sizes and steel
grades were provided by four different HSS producers
(Table 1). The HSS sections were tested as braces in four
series at the University of Washington’s Structural Research
Laboratory. The tube producers are identified as “Yellow,”
“Red,” “Blue,” and “White” to maintain producer anonym-
ity. A naming convention is used to uniquely identify each
specimen, in the order listed: (1) HSS shape, (2) steel speci-
fication (A1085 or A500C), and (3) producer (Y for Yellow,
R for Red, B for Blue, and W for White).

Test Series

Table 1 shows four test series that were conducted to study
the range of parameters that include ASTM specification,
producer, length (and therefore KL/r), loading protocol, and
HSS section (and therefore b/f). Test series I and II included
a total of 32 tests that focused on the impact of producer,
ASTM specification, and HSS section; all tests in these
series had a brace length of 237.5 in. (6033 mm) and were
tested under a standard increasing amplitude cyclic loading
protocol as described later. Series I consisted of A500 and
A1085 braces in the full range of section sizes, where the
Yellow producer provided all A1085 braces and a mix of
the four producers provided the A500 braces.

Test series III investigated solely A1085 HSS with a
length of 237.5 in. (6033 mm) to study the impact of dis-
placement histories; prior research suggests that the perfor-
mance of HSS braces depends on the deformation history
(Fell et al., 2009). Specifically, HSS8x8x%s, HSS7xX7x%,
and HSS5x5x% braces all from the producer marked Yel-
low were tested using three different loading protocols.
These sections were selected because they provide a sub-
stantial range of local slenderness. As Table 1 shows, the
loading protocol used for most tests was a symmetric pro-
tocol based on ATC-24 recommendations (ATC, 1992).
Two alternative loading protocols identified as “chevron”
or “near fault” were used in Test series III. The chevron
protocol was compression dominant and intended to repre-
sent the behavior of a brace within an SCBF with a chevron
configuration (Roeder et al., 2019). The near-fault loading

protocol was tension dominant and intended to represent
the pulse demands of a near-fault ground motion (Fell et
al., 2009). Additional details on the loading protocols are
provided in a subsequent section.

Prior research has shown that deformation capacity of
HSS braces is also a function of the global-slenderness
ratio, KL/r. To investigate this, Series IV tested A1085
HSS8x8x%8, HSS7x7x38, and HSS5x5x34s braces that were
all from the Yellow producer and were 184 in. (4660 mm)
long such that their response could be compared with that
of the braces that were 238 in. (6033 mm) long. Series IV
specimens were subjected to the symmetric cyclic loading
protocol with increasing displacements, but the magnitude
of displacements was scaled to be proportional to the brace
length and have the same normalized deformation history.
These shorter specimens had “Short” appended to their
designations.

Test Setup

The test setup was designed and built to impose cyclic
compressive and tensile axial deformations on the brace
specimens (HSS or other sections used as braces including
BRBs). A drawing of the setup is shown in Figure 3(a); a
photograph of the setup with a brace specimen in place is
shown in Figure 3(b). The premise of the setup is to subject
an HSS section attached to tapered plates at each end to the
specified cyclic axial displacement history.

Two actuators with a combined capacity of 1,000 kips
(4448kN) and +10 in. (25.4 cm) of stroke were used to
impose the specified displacement demand under displace-
ment control. The actuators were attached to a sliding
beam on one side and a fixed reaction block on the other
[Figure 3(a)].

The sliding load beam shown was an ASTM A992/
A992M (ASTM, 2020) W33x201 section with % in. side
plates welded to the flanges on both sides to form a box sec-
tion. The box section was filled with concrete to increase its
stiffness. Low-friction polytetrafluoroethylene (PTFE) on
greased and polished stainless-steel surfaces facilitated the
sliding action with minimal lost resistance. Doubled shear
plate connections were attached to the sliding beam and
the central anchor block, and the gusset plate connections
at each end of the brace fit between the shear plates and
was shimmed as needed [Figure 3(c)]. The bolted connec-
tion was conservatively designed with 1 in. (25 mm) ASTM
F3125/F3125M Gr. A490 (ASTM, 2019) bolts in double
shear to minimize local slip and avoid local yielding. The
gusset plates were designed by the balanced design proce-
dure to develop the expected capacities of the specific brace
section (Roeder et al., 2011).

Extensive instrumentation was attached to each speci-
men to measure the applied loads and deformations, as well
as the distribution of strains and deformations, including
out-of-plane (buckling) response. Axial load was measured
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with load cells attached to the actuators. A series of string
potentiometers measured axial and out-of-plane deforma-
tions of the brace. Strain gauges were attached at the quar-
ter points of the brace to measure axial force and bending
moments since the brace remains nearly elastic outside the
central region and the regions attached to and near the gusset
plates. A noncontact instrumentation system, the Optotrak
system by Northern Digital Inc., was used to measure three-
dimensional displacements at different locations along the
brace. The Optotrak works by observing the movement of
affixed LEDs with a special set of cameras and to within a
millimeter. LEDs were concentrated within the gusset plate
and the end of the brace—that is, the regions where signifi-
cant inelastic action was expected. The measurements are
used to determine local inelastic deformations and strain

| ey

\END REACTION
STEEL CONNECTION BLOCK
PLATES u
HSS TEST
Hg_i / SPECIMEN

ACTUATOR
REACTION BLOCK #1

9'-9f"

a_.j 2 g:;:‘?‘ 3
|
ACTUATOR/J TUATOR
# - b

:| 'T ~ \ -
l o ‘
SLIDING BEAM
VERTICAL VERTICAL

CONSTRAINTS CONSTRAINTS

‘ =]

f——STRONG FLOOR———~

Ho [

(a) Test setup
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REACTION BLOCK #2

estimates and to provide a redundant check of key poten-
tiometer readings. Duncan linear potentiometers are also
placed at various location where small movements are pos-
sible to ensure functionality of the test and test setup. For
this setup and instrumentation, the direction of buckling
must be controlled in the experiment. To achieve this, each
brace was welded to the gusset plate with a small, predeter-
mined eccentricity.

MATERIAL PROPERTIES OF TEST SPECIMENS

Yield stress and tensile stress, the CVN toughness, and the
steel thickness were measured for each supplied HSS steel
section (including those of the name nominal dimension
from different suppliers). All CVN tests were conducted

[

(b) Setup with a specimen in place
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(c) Typical brace and bolted connection

Fig. 3. Test setup and brace specimen connection.
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at room temperature. These properties were evaluated
and compared to the ASTM standards. In addition, com-
parisons were made between A500 and A1085 tubes and
between different producers of tubes. Table 2 summarizes
the measured yield, tensile stress, and CVN toughness for
each section produced by each producer. Tube wall thick-
nesses were measured; all of the thicknesses were within
the tolerance of the respected ASTM standard.

As expected, the yield and tensile stress within each
ASTM specification varied because of the cold-forming
process, but the variation is within the tolerances of the
respective ASTM standards. The following statistics were
calculated using all of the HSS braces tested as part of this
research program.

e The average measured yield stress was 63.95 ksi with a
standard deviation of 4.49 ksi.

* The average R, value was 1.28 with a standard deviation
0.09.

* The average tensile stress was 72.58 ksi with a standard
deviation of 4.13 ksi.

e The average R, value was 1.13 with a standard deviation
of 0.066.

Most importantly, the difference between the AS00C and
A1085 tests was relatively small compared to the standard
deviation of the overall data. This suggests that A500C
HSS sections outperform expectations because they meet
some or all of the requirements of the A1085 standard.

Three CVN tests were completed for each specimen and
the reported toughness in Table 2 is the mean value of the
three tests. The average CVN toughness for all specimens
is 82 ft-lb. This number is somewhat low because energy
larger than 120 ft-Ib could not be measured, and specimens
designated as 120+ exceeded this value.

The average CVN toughness for the AS00C specimens
was 62 ft-1b, which is approximately 75% of the average
value of the A1085 specimens. It is noted that many of the
specimens were subsize because the thickness of the steel
was less than the size required for the standard CVN test.
The subsize specimens are identified with the asterisk in the
table, and their CVN toughness values were adjusted by the
relative thickness of the specimen. This adjustment appears
reasonable and is recommended in ASTM A370 (ASTM,
2023), but there is little documentation to verify that it is
appropriate or correct. As a result, the toughness data must
be viewed with caution. With this adjustment, two sections
fell slightly below the 20 ft-1b limit for A1085 tubes.

Nearly all the toughness specimens were taken from the
flat portion of the tube. However, specimens were taken
from the corners of two of the thicker tubes. The values
from the corners might be smaller than the actual value
because of cold working. The CVN toughness of the six
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coupons taken for the corners were significantly tougher
(nearly twice the value) than the CVN toughness taken
from the flats of the same tube.

The thickness of all tubes was measured with a microm-
eter. The variation was well within the tolerances of the
AS500C and A1085 standards. In general, these combined
data suggest that A1085 may consistently have slightly
greater CVN toughness, but the overall the difference
between the A1085 and A500C tubes is not significant.

TEST PROTOCOLS

The tests in this program were conducted by applying quasi-
static cyclic axial displacements to one end of the brace
while the other end of the brace was pinned. The two actua-
tors were programmed to run under identical displacement
control using MTS Multipurpose Testware software (MTS,
2011). In all cases, tests started with very small cycles at a
displacement amplitude of 1%46 in. to ensure that all equip-
ment was functioning correctly. Then small but increasing
amplitude cycles were applied until initial brace buckling
and tensile yielding occurred.

One of three different displacement histories were
applied to each test specimen. Figure 4(a) shows a displace-
ment history based on the ATC-24 protocol (ATC, 1992).
The history is symmetric, with displacement amplitudes
based on a multiplier times the initial yield deformation
until failure. The yield and buckling displacements were
determined as a function of the brace length, as served as
the basis for the displacement history applied to each brace.
Figure 4(a) shows the deflections that were applied to the
long (238 in.) specimens. The protocol for the short speci-
mens is the same shape but scaled to the smaller deforma-
tions calculated for yield and buckling.

The chevron displacement protocol, shown in Fig-
ure 4(b), was based on previous research that showed
that beam deflection in chevron configurations results in
increased compressive deformations and decreased tensile
deformations (Roeder et al., 2019). In this displacement
protocol, the target compressive displacements increased in
the same progression as the symmetric protocol. However,
after initial yielding the tension cycles are limited to the
deformation at which the brace axial tension force reaches
the magnitude of the recorded brace buckling load.

The near-fault displacement protocol, shown in Fig-
ure 4(c), was developed as a modified version of a loading
protocol used in previous research to represent nonsym-
metric pulse-type demands for a braced frame subjected to
near-fault ground motions (Fell et al., 2009). This proto-
col follows the shape of the compression-dominated near-
field loading protocol used by Fell, but this protocol was
inverted to be tension dominated and the magnitude of dis-
placements was modified to reflect the buckling and yield
deformations.



Table 2. Measured Properties for Test Specimens
HSS Yield Stress Yield Stress | Tensile Stress | Tensile Stress Percent CVN Energy

Section (ksi) Ratio (ksi) Ratio Elongation (%) (ft-1b)
5x5x% A500 Y 65.38 1.31 71.9 1.16 30.79 17.0*
5x5x%s A1085 Y 66.04 1.32 74.6 1.15 32.83 25.0"
6x6x%%6 A500 R 57.37 1.15 72.8 117 34.65 81.6”
6x6x%6 A1085 Y 62.07 1.24 71.9 1.1 34.11 46.0"
6x6x¥%8 A500 R 61.19 1.22 76.4 1.23 35.36 56.5"
6x6x¥%s A1085 Y 66.81 1.34 72.6 1.12 31.86 25.0"
6x6x¥2 A500 R 62.84 1.26 67.1 1.08 33.48 120+
6x6x%2 A1085 Y 67.85 1.36 72.0 111 34.88 27.8
7X7x%e AS00 Y 62.71 1.25 70.0 113 31.16 23.6”
7x7x%e A1085 Y 57.70 1.15 64.1 0.99 33.12 27.8*
7X7x%s A500 Y 61.35 1.23 72.2 1.16 30.76 19.0*
7X7x% A1085 Y 61.89 1.24 70.1 1.08 31.32 23.0"
7x7x¥2 A500 B 57.82 1.16 69.1 1.1 29.6 42.0
7X7xY> A1085 Y 64.38 1.29 .7 110 32.7 28.7
8x8x% A500 W 66.19 1.32 76.5 1.23 34.44 87.1*
8x8x%¥%s A1085 Y 60.37 1.21 721 1.1 34.2 11.3*
8x8xY2 A500 W 65.47 1.31 72.0 1.16 34.27 67.3
8x8x¥> A1085 Y 64.42 1.29 75.4 1.16 32.23 40.3
10x10x% A500 W 59.02 1.18 69.5 1.12 34.2 120+*
10x10x% A1085 Y 58.34 1.17 73.8 1.14 34.94 27.5*
5x5x% A1085 R 68.82 1.38 77.52 119 34.92 30.9*
5x5x¥%s A1085 W 69.53 1.39 75.03 1.15 38.06 102.4*
5x5x% A1085 B 78.15 1.56 87.62 1.35 27.90 40.9*
6x6x%s A1085 R 60.41 1.21 74.29 114 33.26 54.0*
6x6x%8 A1085 W 67.66 1.35 73.22 113 37.53 110.2*
6x6x% A1085 B 69.05 1.38 73.59 113 34.75 120+*
8x8x%s A1085 R 61.20 1.22 75.42 1.16 32.44 77.8*
8x8x%s A1085 W 63.19 1.26 70.67 1.09 40.55 94.0*
8x8x%¥%s A1085 B 68.24 1.36 71.63 1.10 3718 120+*
8x8x2 A1085 R 58.54 1.17 64.27 0.99 34.43 120+
8x8x¥> A1085 W 58.54 117 64.27 0.99 42.02 120+
8x8x)2 A1085 B 66.36 1.33 70.51 1.08 39.56 120+
* Indicates tests that were conducted with a subsize Charpy test specimen and with toughness values adjusted by the ratio of the thickness of a standard

Charpy specimen to the subsize specimen.

+Indicates specimen that reached the maximum energy that could be measured.

EXPERIMENTAL RESULTS

For each specimen, the load-displacement response was
measured. In addition, the progressive yielding and damage
to the specimens was observed during the tests and noted.
To determine the damage states and their corresponding

deformation demand, clear damage criteria were estab-
lished as shown in Table 3. These damage states were devel-
oped in prior research (Roeder et al., 2012) and relate to
potential repair costs and the sequence of behaviors leading
to brace fracture as summarized earlier and described in
prior research (Lehman et al., 2008). For the brace alone,
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the important damage states (DS) on the degree of buckling
(DS B1- B3) as well as brace tearing (DS B3-T) and fracture
(DS B4) result from cyclic loading and cupping of the tube
walls in the plastic hinge region.

Forty-one tests were completed. Table 4 summarizes
the results, where Py, is the brace maximum tension
force, Pcyax is the maximum brace compression force, P,
is the brace yield force calculated with measured mate-
rial properties, P., is the brace buckling force calculated
with measured material properties, Az, is the maximum
brace elongation in tension prior to brace fracture, Ac ,qx
is the maximum brace compressive deformation, Ax.. is
the cumulative brace deformation, Y. Ep;s is the cumula-
tive energy dissipation, A, ,, is the measured cross-sectional
area, and F), is the measured yield strength. The last col-
umn in Table 4 is the accumulated energy dissipated prior
to brace fracture normalized to the tensile force predicted
from the measured properties of the tube. This measure is
an approximate and relative comparison of the stable cyclic,
nonlinear response achieved by each specimen.

Four tests of series I and II are presented in greater
detail—specifically, specimen 5x5x% A1085 Y, specimen
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6x6x%8 A1085 Y, specimen 7X7x% A1085 Y, and specimen
8x8x%8 A1085 Y. These specimens were selected because
they have the following properties in common: (1) A1085
HSS sections, (2) same nominal thickness, and (3) same
producer. This permits direct comparison based on varied
design parameters—that is, the global and local slenderness
ratios. Specifically, the four tests have b/t ratios of 10.3, 13,
14.2, and 18.3, which represent members well below the
high ductility slenderness limit, members approaching the
high ductility limit, members exceeding the high ductil-
ity limit and approaching the moderate ductility limit, and
members clearly exceeding the moderate ductility limit.
Results for series III and IV are focused on a single param-
eter and are discussed separately.

Impact of Width-to-Thickness Ratio

Figure 5 shows the axial force/deformation plots for the
highlighted specimens (highlighted specimens are shaded
in Table 4), and Figure 6 provides photos of these specimens
at the maximum compressive deformation prior to initia-
tion of tearing. The following summarizes the observed and
measured response of each of the highlighted specimens.
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Fig. 4. Test protocols.
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Table 3. Brace Damage States for Performance Assessment

Sketch/Photograph of Damage State Abbreviation Damage State Description

Brace midspan deflection visible

B1 Initial global buckling but less than the brace depth
B2 Moderate global Brace midspan deflection
buckling exceeds the brace depth
. Visible local cupping
B3-C Local cupping deformation near midpoint

deformations of the brace

Striation lines begin in the
B3-T Striations and tearing | cupped (plastic hinge) region
of brace

Brace fractures through

B4 Brace fracture . .
the entire cross section
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Table 4. Summary of Test Specimen Performance with Highlighted Specimens Indicated

P1max (Kips) |Pc,max (KipS)| Azmax (in.) | Acmax (i) | Arange (in.) | Aacc (in.) > Eose
HSS Section (Prmax/Py) | (Pemax/Pcr) | (Drift %) | (Drift%) | (Drift%) | (Drift%) | AgmFym
5x5x% A500 Y 43(?:82) _9(8::938) (2:12?3) (i:g% 1(2:22) 1(33:2;) 20.57
5x5x¥%s A1085 Y 44(?:82) _g(gg% (igg) (igg) 1(2:;2) (ﬁggg) 21.74
6x6x%s A500 R 40(?:(732) _12(8:22) (2122) (315?) (g:gé) (zstg:gg) 1929
o | o | o | on | &E | @ | e
“ion |y | am | 610 | e | ey | 14
6x6x% A1085 Y 51173% - 8(88?) (ggg) (23123) (572‘71) ZS?;) 13.63
6x6x/2 A500 R Yoo |Taoy | em 630 | o | eren | T
6x6x12 A1085 Y 72(17:52) _21(328% (3122) (221227) (2217 g) (317:311) 2236
7X7x%6 A500 Y 49(?:82) _20(2:22) (1 471:431) (1 22) (Sgs) 58519) 5.82
7735 A1085 Y 47(?:2)%) _2%:28) (1:22) 5135) <§Z§§> (22;:23) 801
Moo | Coay | e | o | e | goay | 1
7x7x% A1085 Y 61{?:8% _25(322% ﬁjg% é:gg) (ié;) (217:‘2%) 570
72202 A500 B “hoe | oo | cen | 6an | Gen | eoom | ™o
7X7xY> A1085 Y 80(?:2)?1) _30(8:;?1) (ggg) (3223) (6722) (ggl%) 18.21
8x8x% A500 W e R ot 158 2o | 1s09 97
8x8x% A1085 Y 67(?82) _32(322% 511882) (?:182) (g:gg) (2227:23) 218
8x8xY2 A500 W 90(‘?282) _43(3223) é:;z;) é:gg) (2:22)) (if;ﬁg) 1208
8x8x12 A1085 Y 92(] jﬁ% _41(3122) é:ig) (g:g% (giig) é;‘;% 1929
10x10x% A500 W 788:3?) _48(8:173) (%172) (513% (g:gf) (2?:471;) 596
10x10x3s A1085 Y 81(?3% _5%:210) (12% (123) (23‘71) (]ggg) 4.67
5x5x% A1085 R 45(?:8?) - 1(‘11:12 ; ;{;32,) (2212‘;) 1(3222) (: gg:? 18; 1879
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Table 4. Summary of Test Specimen Performance with Highlighted Specimens Indicated (continued)

Prmax (KipS) |P¢,max (KipS)| Agmax (in.) | Acmax (i) | Arange (in.) | Aacc (in.) 2 Eose
HSS Section (Prmax/Py) | (Pomax/Pod | (Drift%) | (Orift%) | (Orift%) | (rift%) | AsmFym
5x5x% A1085 W 46(?252) B 1((1)::)%) (g:g?s) (?1252397)) (g:gg) 1((9))?:? ;) 1764
5x5x% A1085 B 53(?252) - 2(?24212) (2132) (i:g;) (%g?) (?3?:32) 15:50
6x6x% A1085 R 52(1 :gg) - 7(323% (2:23) (g:jé) (2132) (gg:gg) 1730
6x6x% A1085 W 54(?:88) - 8(?:33) (g:gg) (g:g;) (g:zg) (gizz) 1402
6x6x% A1085 B Moy | e 249 272) 619 | @ey | 07
8x8x%s A1085 R 66;8‘91;) _32(8:28) (ggg) (1471;) (g;‘?) (3?‘712) 817
8x8x%s A1085 W 71(:1I 82) _3?(1):23) (5313) (?Sg) (ggg) éggg) 8.30
8x8x% A1085 B 76(?:8% _36(333) (1 :Z,Aé) éf g) (g:g% (ggj?) 67
8x8x1: A1085 R 81(?::)3) _42(8:52) (2:%) é:ig) <§Z§% (:g:gg) nr
8x8x12 A1085 W %{:jgf) _44(2:2% é:gg) (2:538) (2:23%) (A:;S?:gé) 1310
8x@ A1085 B Too | oom 259 259 son | eaon | 109
5x5x% A1085 Y Chevron 43382) _g(gg;) (ggg) (6725) 1(;:312) (21\%;193(7)) 2312
5x5x¥s A1085 Y Near Fault 46(‘113;1) _g(ggg) (gg% (ggg) (1312 5) (12?23) 24.92
7X7x3% A1085 Y Chevron 25(222) _2%:;3) ((1);67) égj) (45121) (ggg;) 581
7x7x¥% A1085 Y Near Fault 67((1)19 g) _25(8:1877) (ggg) (}22) (ig;) (ggfl?) 12.78
8x8x% A1085 Y Chevron 3323:23) _32(8:;3) ((1):;%) (Sjgg) (g:gg) (2?:314615) 582
8x8x% A1085 Y Near Fault 71(?:82) —30(3:471;) (ggg) ((1)32) (3:358) (gég;) 11.43
5x5x% A1085 Y Short 43(?:818) - 4(822) (ggg) (g;lg) (;16%) (ggég) 1594
7x7x¥%s A1085 Y Short 61(178% _32(5:21) (122) (1:;;) (223) (‘11223) 710
8x8x3s A1085 Y Short 66(?:?)?) —39(8:%)) (1 ?l) (132) (gg) (124712) 6-98
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Specimen 5x5x% A1085 Y buckled at a compressive load
of 98.4 kips, which is the peak compressive force, at a com-
pressive axial displacement of 0.19 in. The B2 damage state
was noted during the 1.25 in. compressive-displacement
cycles. The specimen reached a maximum tensile force
of 443.6 kips at an axial displacement of 1.83 in., and the
tensile forces slowly decreased during later cycles. Local
cupping at the center of the specimen was observed at a
compressive axial displacement of just over 5 in. Tearing
at the center of the specimen was initially observed dur-
ing the second cycle of the 5.75 in. target displacement, and
the tearing quickly spread across the east, top, and bottom
walls of the section. The brace fractured in tension during
this same cycle, at an axial displacement of 5.25 in.

Specimen 6x6x%s A1085 Y buckled at a compressive
force of 180 kips at a displacement of 0.15 in. The B2
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(c) 7TX7x36A1085Y

damage state was observed during the 1.75 in. target dis-
placement cycles. This specimen reached a peak tensile
force of 547.9 kips at an axial displacement of 1.76 in., and
the peak tensile forces decreased slightly in subsequent
cycles at larger displacements. Local cupping deformations
were initially observed at an axial displacement of about
3.06 in. Striations and tearing developed at the center of
the brace during the second cycle of this 3.75 in. target dis-
placement, but the brace did not fracture at the peak tensile
displacement. Only the west wall of the specimen remained
intact, and when the loading was reversed and the brace
was put into compression, it fractured at a displacement of
0.55 in. prior to reaching its neutral position.

Specimen 7xX7x% A1085 Y buckled at a compressive
force of 254.9 kips at a displacement of 0.27 in. Local cup-
ping was observed at a compressive displacement of 2.27 in.

T T
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Fig. 5. Axial force/deflection curve for four highlighted braces.
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A maximum tensile force of 615.9 kips was reached at an
axial displacement of 1.53 in. The brace eventually frac-
tured during the tension portion of the first 3.25 in. target
displacement cycle at an axial displacement of 2.31 in.

Specimen 8x8x% A1085 Y buckled at a compressive
force of 328.8 kips, which was the maximum compressive
force, and an axial displacement of 0.31 in. The maximum
tensile force achieved was 672.6 kips at an axial displace-
ment of 1.2 in. Local cupping was initially observed at
an axial displacement of 1.68 in. As the brace was cycled
into tension during the second 2.25 in. target-displacement
cycle, striations and tearing developed at the center of the
brace. The tearing spread across the east and bottom walls
of the tube, leaving the west wall and much of the top wall
intact. Complete fracture occurred at an axial displacement
of about 2.18 in.

(c) 7x7x3% A1085 Y

Figure 6 shows the damage state of cupping just prior
to brace tearing and fracture as well as the deformation at
which this state occurred. Together, Figures 5 and 6 show
that the severe cupping state B3-C occurred at sequen-
tially smaller compressive deformations as the b/t ratio
increased. (Recall that the HSS sections with larger widths
have increased b/t ratios because the thickness of the four
specimens is the same.) Further, Figure 6 shows that cup-
ping deformation are concentrated over a shorter length as
the b/t ratio increased.

The length of cupping can be assessed relative to the
specimen depth. The HSS5x5x% and the HSS6x6x%5 sec-
tions meet the high ductility demand slenderness limit, and
the cupping is clearly distributed over a longer (approxi-
mate 6 in.) length. The HSS8x8x%s section has a higher
b/t ratio, which exceeds both the highly and moderately

\_i\

p RN, & i
(d) 8x8x38A1085Y

Fig. 6. Severe cupping (state B3-C) just prior to tearing for the four highlighted specimens.
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ductile slenderness limits; its cupping is distributed over a
length that is approximately one-third of the highly ductile
sections—that is, approximately 2 in. The largest inelastic
strains develop in the cupped region, but the strain is dis-
tributed over a shorter length with larger b/t ratios, which
leads to earlier fracture.

Impact of Loading History

The series III tests evaluated three different loading pro-
tocols; specifically, it compares chevron (compression-
dominated) and near-fault (tension-dominated) test pro-
tocols with the conventional symmetric ATC-24 protocol
used for the rest of the tests. Figure 7 shows the force-
deflection behavior of A1085 5x5x38 Y braces tested under
the compression-dominant, chevron, and tension-dominant,
or near-fault, protocol. Figures 7(a) and 7(b) are compared to
Figure 5(a) to evaluate the impact of the three different load
histories on the response of the specimens. The chevron test
shown in Figure 7(a) ran out of actuator stroke in compres-
sion well before specimen failure, and large tensile defor-
mations were then applied to induce brace fracture. The
near-fault protocol was completed to failure. The chevron
and near-fault hysteretic behaviors are more one-sided than
the ATC-24 protocol test. However, beyond this obvious
difference, the behavior is very similar. Note the ATC-24
test achieved +2.25% axial deformation prior to brace frac-
ture, and this resulted in 4.5% axial deformation range. The
chevron test achieved —3.25% and 1.5% for a 4.75% range.
The near fault achieved —1.5% and +3.25% for a 4.75%
range. The maximum compressive forces were 98.4 kips,
93.3 kips, and 95.4 kips, respectively. The maximum tensile
forces were 432.4 kips, 409.1 kips, and 464.2 kips.

There is very little difference in the post-yield (i.e.,
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(a) Chevron test protocol

inelastic) behavior for the three displacement histories used
in this study. The resistance of the specimens subjected to
the near-fault protocol is slightly larger than the same speci-
men subjected to either of the other two histories. This dif-
ference is most likely due to the greater strain hardening
with the near-fault protocol. The deformation range is simi-
lar in all cases but slightly smaller for the symmetric ATC-
24 load history. This suggests that the symmetric ATC-24
test protocol is the more damaging than the other two for a
given drift range.

Similar tests were performed with HSS7x7x% and
HSS8x8x%5 braces with the same general results. This
quite clearly shows that focusing on the total deformation
range rather than the maximum brace deformation is a
rational way of evaluation brace deformation capacity. This
has been noted in other prior studies (Lehman et al., 2008).

Series IV consisted of three tests of these same three
brace sizes with shorter brace lengths to clearly evaluate the
impact of K//r on brace response. Figure 8 shows the force-
deformation behaviors of the three shorter brace lengths
and these figures can be compared to longer brace lengths
in Figures 5(a), 5(b), and 5(c).

These specimens were subjected to that ATC-24 defor-
mation protocol, which was adapted to the shorter brace
length by adjusting the yield displacement. The 5x5x%s
A1085 Y Short test specimen developed a maximum
compressive force of 140.8 kips and a maximum tensile
force of 438.6 kips. This buckling force is larger than the
98.4 kips achieved with 5x5x%s A1085 Y because of the
smaller KL/r value, but the tensile resistance was similar
at 443.6 kips. The axial deformations varied from —2% to
1.6% for an axial deformation range of 3.6% compared to
4.5% achieved by the longer specimen.
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Fig. 7. Near-fault and chevron test protocol with A1085 5x5x35 braces.
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The 7x7x¥%s A1085 Y Short test specimen developed
a compressive force of 3279 kips and tensile force of
617.5 kips. The longer specimen, 7X7x%s A1085 Y, devel-
oped a 254.9 kip compressive force due to its larger KL/r
value and a similar tensile force of 615.9 kips. The shorter
specimen developed an axial deformation range of approxi-
mately 1.75%, while the longer specimen achieved approxi-
mately 2.75%.

Specimen 8x8x% A1085 Y Short developed a compres-
sive force of 393.6 kips and a maximum tensile force of
666.4 kips. The companion long specimen, 8x8x% A1085
Y, developed a 328.8 kip compressive force due to its larger
KL/r value and a similar tensile resistance of 672.6 Kips.

The axial deformation range for the short and long speci-
men was similar at approximately 1.5%.

These comparisons clearly show that the normalized
inelastic deformation capacity tends to be smaller for shorter
specimens, and examination of the photos of the cupped
regions suggests that the probable cause is the plastic hing-
ing and cupping of the buckled braced that is concentrated
over a shorter length with shorter braces. This result is logi-
cal. Cupping is caused by plastic hinging under compres-
sive loading. The length of the cupped region occurs over a
shorter length for shorter braces due to the local deforma-
tions in the shorter plastic-hinge region.
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Fig. 8. Effect of shorter brace length.
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EFFECT OF LOCAL SLENDERNESS
OF BRACED FRAME DESIGN

Inelastic axial deformation of HSS braces is the primary
yield mechanism in concentrically braced frames (CBFs).
Through yielding in tension, buckling in compression, and
post-buckling deformation, the brace is the main source
of energy dissipation and inelastic deformation needed to
resist demands from major earthquakes. As the brace expe-
riences large axial deformations due to story drift, the mid-
span of the buckled brace forms a plastic hinge, and the
brace develops local deformations or local cupping, which
will ultimately lead to brace fracture. The ability to with-
stand large inelastic deformations without brace fracture
is the basis of good seismic performance. The local com-
pactness ratio, b/t, and global slenderness ratio, KL/r, have
a significant impact on the initiation of local cupping and
fracture of HSS braces. An HSS brace that has smaller local
slenderness, b/t, and a larger global slenderness, KL/r, nor-
mally develops larger inelastic deformations prior to local
cupping and fracture and that cupping is spread over a lon-
ger length.

Deformation demands for CBFs are usually stated in
terms of story drift. As a result, the axial deformations for
each test were converted to story drifts in Table 4, assuming
that the total story drift is a result of the brace; this is a con-
servative approximation as additional deformation results
from gusset plate yielding and frame action. As noted with
prior discussion and shown in Figure 1, story drift and drift
range are conservatively estimated as two times the nor-
malized axial deformations.

For SCBFs, story-drift demand is estimated as +2.5% in
AISC 341-22 (AISC, 2022). There is no specific limit pos-
tulated for OCBFs, but it is expected to be less than that
for SCBFs since their response modification factor, R, is
smaller and the resulting seismic design force is signifi-
cantly larger. In addition, OCBFs are not permitted in high-
seismic regions, and, as such, have received less attention in

the literature, suggesting this system should be considered
in future studies.

In a past study, Hsiao performed research that provides
some insight on this expected demand (Hsiao et al., 2013).
In that study, CBFs were designed to different resistance
levels with R values between 3 and 8 for the seismic hazard
in Seattle, Washington. The buildings were designed to seis-
mic design standards for 3-, 8-, and 20-story height with the
floor plans used for the SAC Steel Project (FEMA, 2000).
In the study by Hsaio et al., SCBF requirements (geometric
limits on the framing members as well as the brace, con-
nection design) were used for all of the simulation models.
Validated nonlinear models were developed to simulate the
inelastic deformation of the brace, the frame and the con-
nections including brace yielding, buckling, post-buckling,
fracture, and post-fracture performance. The models were
verified and calibrated to measured behavior from experi-
mental research. Then 20 earthquake acceleration records
were selected and scaled to the to the seismic hazard for
the building location for a 2% probability of exceedance
in 50 years and 10% probability of exceedance in 50 years
seismic events. Nonlinear response history analyses were
performed, and statistical evaluation of the response and
expected damage were made. Figure 9 is a plot of the aver-
age maximum story drift for each level of the structure
for the various building heights, design criteria, and seis-
mic hazard. The plot clearly shows that the drift demand
depends on the seismic event, the value of R, and the num-
ber of stories. Because the latter is not accounted for the
building code, it will not be discussed here.

SCBFs currently have an R value of 6, and Figure 9
shows a 2.5% story-drift limit is about right for the three-
story SCBFs. For taller buildings the average maximum
story drift (MSD in Figure 9) is less than 1% for R = 6 and
the 2% probability of exceedance in 50-year event.

OCBFs are designed for a response modification factor
of 3.25 (simplified to 3 here), and Figure 9 would suggest
that this requires a deformation capacity of about 1.0%

: 3-Story SCBF 9-Story SCBF 20-Story SCBF
9 20 ————
o 10/S0R=3 8 o 10/SOR=3]| 18 o 10/S0R=3
‘ & 10/50 R=6 - & 10/S0R=6| 16 & 10/50 R=6
2 ——us0R=3 || o 10/SOR=8|| 14 o 10/50 R=8
g TYS0RSS || ps ——2S0R=3 (| » 12p & —e—2/50 R=3
Z 23 ——2/50R=6 | 3100 &3 —a—2/50 R=6
i1} oa 3 ——usoR=8 || ¢ —— S0 R=8
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Fig. 9. Average maximum seismic response of OCBF and SCBFs (Hsiao et al., 2013b).
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story drift prior to brace fracture for all three buildings.
The experimental data discussed earlier show that story-
drift range is a more accurate measure of the deforma-
tion capacity of an HSS brace because it is not influenced
greatly by test protocol or seismic excitation. Thus, a 2.5%
story-drift target in one direction for SCBFs is expressed
as a story-drift range of 5%. The prior analysis does not
provide data on drift range, but the maximum story drift of
2.5% implies a drift range less than 5%. These data are for
a single location and should not be considered conclusive,
but the data suggest that a maximum story-drift demand of
approximately 2.5% is appropriate for SCBFs and a demand
of 1.0% is appropriate for OCBFs.

Figure 10 shows the relationship between local compact-
ness and story-drift range from the test data of this experi-
mental research study. The measured yield stress is used to
plot the data point for each specimen. The figure shows that
a decrease in the local compactness ratio is associated with
an increase in story-drift range. This figure clearly shows
the importance of local slenderness limits for ensuring
the inelastic deformation capacity of CBFs. All specimens
meeting the highly ductile limit achieved a story-drift range
of above 5%, indicating that the current highly ductile limit
is sufficient and slightly conservative. Additionally, all the
specimens achieved the 2.0% drift range as proposed for the

moderately ductile limit and OCBF design with 1.0

yty
as the local slenderness limit. Using this limit should pro-
vide satisfactory OCBF performance and greatly increase

10.0
9.0
8.0
7.0
6.0
50 8 e

4.0

Story Drift Range (%)

3.0

2.0

1.0

0.0

0.3 0.4 0.5 0.6 0.7

0.8

the number of rectangular HSS braces that are suitable for
OCBF design. The figure includes the long (238 in.) speci-
mens as well as both A500C and A1085 tubes; shorter spec-
imens would have somewhat reduced deformation capacity
as noted earlier.

Figure 11 illustrates the effect of the KL/r ratio. All
the AS00C and A1085 specimens that meet the AISC 341
highly ductile local compactness requirement achieved a
story-drift range of at least 5%, regardless of value of KL/r.

Figures 10 and 11 show that the deformability of HSS
braces depends on the local slenderness ratio, b/t, and the
global slenderness ratio, KL/r. The scatter in Figure 10
around a single value of b/t is largely due to differences
in KL/r. Likewise, the scatter in Figure 11 is largely due to
differences in b/t. The effects of these ratios are not inde-
pendent of one another, and their interaction should be con-
sidered in design limits and numerical models simulating
buckling brace behavior.

SUMMARY AND CONCLUSIONS

ASTM AS500C and A1085 rectangular HSS sections are
used for braces used in CBFs. In comparison with the
AS500C standard, HSS sections meeting the A1085 stan-
dard must satisfy a tighter tolerance on wall thickness and
maximum yield stress, as well as meet a minimum CVN
toughness. In comparison to AS00C HSS sections, A1085
HSS sections are newer (introduced in 2013) and therefore
are not as common in structural steel construction. The

Highly Ductile Limit
= = = = [Vloderately Ductile Limit
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Fig. 10. Story-drift range vs. normalized width-to-thickness ratio.
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tolerances on the A1085 HSS braces make them particu-
larly attractive for seismic design because of the control
on the geometry, toughness, and strength, yet there have
been few tests of CBFs using A1085 HSS braces. As such,
this research study was undertaken to investigate the differ-
ences in the two steel grades and the effect of those differ-
ences on the cyclic axial inelastic behavior of the brace and,
therefore, the CBF.

Large-scale experiments and material testing were com-
pleted at the University of Washington Structural Engineer-
ing Testing Laboratory. Forty-one specimens were tested.
The specimens were tested in four series. The first two
series evaluated both A500 and A1085 HSS braces with b/t
ratios ranging from of 9 to 25.7 and KL/r ratios ranging
from about 60 to 127. The range of b/t values also permitted
a study of the current limits in AISC 341 (2022) for high and
moderate ductility limits, with the high ductility limit being
set for SCBFs and the moderate ductility limit for OCBFs.
In addition, series 3 and 4 tests permitted a direct compari-
son of several other study parameters, including (1) type
of HSS (A500C or A1085); (2) HSS producer; (3) global
slenderness ratio, KL/r; (4) local slenderness ratio, b/t; and
(5) loading protocol (symmetric or chevron or near fault).
The cyclic response of each brace specimens was analyzed
to assess deformation capacity, energy dissipation capacity,
and variations between manufacturers and materials.

The major conclusions from this work include:
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Deformability: The ductility (and energy dissipation
capacity) of HSS bracing members is most significantly
affected by both the local and global slenderness ratios
(b/t and KL/r), which are interdependent.

Cyclic response: The cyclic deformation capacity and
energy dissipation increases with a decrease in local
slenderness ratios and increase in global slenderness
ratio.

Steel grade: The variability between producers of
A500C and A1085 were negligible. The variation in
wall thickness was slightly greater for A500C braces,
and A1085 have somewhat greater CVN toughness, but
material properties were not significantly different.

Local and global slenderness ratios: These ratios affect
system deformability. Identical braces with identical b/t
ratios provide greater inelastic deformation capacity with
larger KL/r. Braces with similar KL/r will have more
deformation capacity as the b/t ratios decreases.

Deformation range: The defortmation range is a key
engineering demand parameter for buckling braces.
Under symmetric, cyclic loading, the response of the
brace depends on the tension capacity, and the fracture
life of the brace is determined by the response in
compression, as affected by local and global slenderness
limits. The maximum tensile deformation depends on
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Fig. 11. Story drift range vs. global slenderness.
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imposed deformation history, and therefore, the highest
tensile displacements were measured for the symmetric
and pulse-type (tension-dominated) history. However,
the deformation range does not depend on imposed
displacement history. Therefore, story drift range is a
better measure of the maximum deformation capacity,
rather than the maximum drift in any single direction.
Further, the symmetric protocol provides a more
conservative estimate of deformation capacity than the
other protocols.

Additional research is needed to fully explore the range
of b/t ratios for both types of HSS braces. In particular, HSS
braces with larger b/t ratios (above 25) should be tested to
investigate the possibility of increasing the moderately duc-

tile limit from 0.76 £ to 1.0

; the latter term is
RyF,

yly
supported by the results presented herein. In addition, the
results of these tests should be used to update nonlinear
models to investigate the impact of changes in the b/t limits
on building performance. In addition, the research clearly
shows that both local slenderness and global slenderness
impact the deformability of square HSS braces. This inter-
action might be included in future revisions of AISC 341,
Table D1.1a. Finally, the results of any future research study
should be combined with this data to revisit both the highly
ductile and the moderately ductile limits in AISC 341.
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