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INTRODUCTION

Research on alternatives for steel brace members and
their connections is highlighted. These studies are a
collaboration between Dr. Colin Rogers, Professor and Act-
ing Chair at McGill University, and Dr. Robert Tremblay,
Professor at Polytechnique Montreal. Dr. Rogers’s research
interests include structural steel connections, seismic design
of low-rise steel buildings, lateral-force-resisting systems
for cold-formed steel structures, and seismic-deficient
braced steel frames. Dr. Tremblay’s research interests
include seismic design, dynamic analysis and stability of
structures, steel, and steel-concrete structures. Dr. Tremblay
was recognized in 2022 with AISC’s Lifetime Achievement
Award for significant contributions to the development
of steel design standards and the advancement of seismic
design of steel structures, including braced frames. Service
contributions for Dr. Rogers and Dr. Tremblay include their
work on the Canadian Standards Association (CSA) S16
Design of Steel Structures committee. Some of the research
team’s investigations into novel approaches for steel brace
and connection design are presented, along with a preview
of future work.

BRACES WITH INTENTIONAL ECCENTRICITY

Research on braces with intentional eccentricity (BIEs) is
motivated by improvements in seismic performance com-
pared to concentrically loaded brace (CLB) members. A
brief summary of the background, motivation, and research
objectives is presented. Also provided are selected high-
lights of the experimental program and supplementary
finite element study.

Disadvantages for concentrically braced frames (CBFs)
stem from stiffness and overstrength. The frames see high
spectral acceleration demands and therefore large design
forces due to their initial lateral stiffness. The concentri-
cally loaded brace (CLB) members are sized based on their
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compression resistance. The resulting overstrength creates
challenges in capacity design, as other CBF members and
components are designed to resist the expected, or prob-
able, strength of the CLBs. Additional overstrength is due
to seismic width-to-thickness limits, established to improve
frame ductility and energy dissipation by delaying local
buckling and eventual fracture at mid-length plastic hinge
region. Meanwhile, CBFs experience low lateral stiffness as
the braces yield in tension and buckle in compression. This
behavior can concentrate in one story or a limited number
of stories, leading to large lateral drifts and the potential for
a soft-story mechanism.

The introduction of eccentricity in the brace can improve
the seismic behavior. Skalomenos et al. (2017) are credited
with the initial concept of offsetting the brace longitudi-
nal axis from the line of force, as shown in Figure 1. The
eccentricity produces bending in addition to axial force and
results in a lower initial stiffness. Rather than yielding uni-
formly over the cross section, yielding begins at the extreme
fiber. The subsequent progression of yielding through the
cross section results in a greater post-yield stiffness. The
flexural response also “induces a more even distribution
of the strain demands over the brace length, instead of
an earlier strain concentration at mid-length as in CLBs”
(Gonzalez Urefa et al., 2022). So, the onset of local buck-
ling is delayed, increasing the fracture life of the brace. The
eccentricity can be tuned to the desired initial and post-yield
stiffness. The eccentricity can also be adjusted at specific
stories to achieve a design with a “smoother distribution of
drift demands over the building height” (Gonzélez Urefia et
al., 2022). For a detailed analysis of the force-deformation
response of a BIE, refer to Gonzdlez Ureiia et al. (2022).

The potential benefits of braces with intentional eccen-
tricity are supported by system analyses conducted by the
research team. Gonzdlez Urefia et al. (2021) investigated the
seismic design and performance of frames with intention-
ally eccentric braces (FIEBs). The study included nonlin-
ear time-history analyses of 4-, 8-, and 12-story prototype
buildings designed with FIEBs for high-seismic demands.
Maximum and residual story drifts were “significantly
lower, owing to the substantial secondary stiffness of BIEs”
(Gonzélez Urefia et al., 2021). Also, the study demonstrated
that BIEs can be used to avoid the concentrically braced
frame tendency to concentrate drift demands within a story
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or limited number of stories. Refer to Gonzalez Urefia et al.
(2021) for additional conclusions and commentary on the
FIEB design.

The most recent work by the research team fills an
important gap in knowledge for BIEs. Skalomenos et al.
(2017) tested five half-scale BIE specimens using circu-
lar HSS and two different eccentricity values. Though the
potential of BIEs has been demonstrated, there have been
“no published reports on physical performance of full-scale
nor square HSS BIE specimens” (Gonzélez Urefia et al.,
2022). The team therefore tested full-scale square ASTM
A1085/A1085M (ASTM, 2015) HSS BIE and CLB speci-
mens under cyclic loading. One specific research objec-
tive was to evaluate the “response of BIEs complying with
and exceeding the CSA S16-14 limits for global and local
slenderness” (Gonzdlez Urefa et al., 2022). Supplemen-
tary finite element (FE) models of CLBs and BIE extended
the work, providing a look ahead to design of frames with
intentionally eccentric braces (FIEBs). Refer to Gonzélez
Ureiia et al. (2022) for a detailed presentation and discus-
sion of the FE models and results.

Highlights of the Experimental Program

Test specimen details were based on current specifications
and a prototypical frame. The team referenced CSA S16-14
(CSA, 2019) global and local slenderness limits for rect-
angular HSS CLBs. Dimensions were based on a 19.7 ft X
13.1 ft frame. Specimen 1 was a 5-in.-square, 0.315-in.-
thick (HSS 127x127x8) CLB, for comparison with the BIE
specimens. Specimen 2 was a BIE the same HSS section
as Specimen 1 but with an eccentricity of 5.12 in. Speci-
mens 3 and 5 were 10-in.-square, 0.512-in.-thick (HSS
254%x254x13) BIEs, tested to determine if eccentricity
could improve brace behavior. For these two specimens, the
global slenderness was below the CSA S16-14 lower limit of

70. Gonzalez Ureiia et al. (2022) noted that the lower limit
is “intended to preclude overly stocky braces, as low global
slenderness is correlated with a higher probability of unde-
sirable premature fracture.” The width-to-thickness ratios
(local slenderness) satisfied CSA limits. Specimens 3 and 5
had eccentricities of 7.87 in. and 11.8 in, respectively. Spec-
imen 4 was a thinner-wall version of Specimen 3. For this
10-in.-square, 0.394-in.-thick (HSS 254x254x10) BIE, the
local slenderness was greater than allowed by CSA S16-14.

The test setup was designed to represent a prototypical
FIEB. To create the eccentricity, an “eccentering” assembly
of two side plates welded to corners of the HSS connected
the brace to a knife plate, as shown in Figure 2. The knife
plate was detailed to act like a pinned connection, allowing
out-of-plane rotation with buckling of the brace. The knife
plate was then slotted onto a gusset plate and connected
with four bolted angles. The cyclic loading history applied
increasing displacements based on equivalent interstory
drift of the prototypical 19.7 ft x 13.1 ft frame. For exam-
ple, 1% drift corresponded to a brace axial displacement
of 1.31 in. Refer to Gonzélez Ureiia et al. (2022) for more
details of the test specimens, instrumentation, test set-up,
and loading.

The behavior of Specimen 1 was as expected for a CLB.
There was a “clear transition between the elastic and post-
yielding stages in tension, a nearly constant post-yielding
maximum force, and a distinct peak force in compression
before its strength deteriorated due to global buckling”
(Gonzalez Urena et al., 2022). The post-yield stiffness in
tension was only about 1% of initial stiffness. Local buck-
ling near mid-length began during the first 3% drift cycle
in compression. Fracture due to low-cycle fatigue occurred
during the second 4% drift cycle.

Specimen 2, the BIE version of Specimen 1, exhibited
markedly different behavior in tension and compression.
Specimen 2 had “significant post-yielding stiffness in
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Fig. 1. (a) Components of a BIE and (b) deformed shape under compression.
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tension, approximately 26% of the initial stiffness, and a
smooth flexural response in compression, displaying nei-
ther global nor local buckling” (Gonzédlez Urefia et al.,
2022). Specimen 2 achieved 58% of the theoretical tension
yield capacity for the concentrically loaded Specimen 1. A
decrease in the compression force after the peak was attrib-
uted to an increase in effective eccentricity due to bend-
ing. Specimen 2 started to fracture near the top eccentering
assembly during first excursion to 2% drift in tension, with
complete separation occurring during first 2.5% cycle. This
failure mode would be studied further with the supplemen-
tary FE models.

Specimens 3, 4, and 5 all exhibited similar behavior,
with local buckling and low-cycle fatigue fracture at brace
mid-length. Specimen 5, with the same section but larger
eccentricity than Specimen 3, had better fracture life (i.e.,
larger displacement) but lower initial stiffness and forces.
Specimen 4 had the shortest fracture life of the three, due to
its larger local slenderness. Initial stiffness and peak force
values correlated to the cross-sectional areas for the three
specimens, but post-yield stiffness was somewhat indepen-
dent of the HSS properties.

The complementary FE models provided supplementary
data as well as insight into the failure mode of Specimen 2.
The fracture near the eccentering assembly revealed a
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shortcoming in the BIE configuration. A BIE under tension
also experiences its largest flexural demands adjacent to the
eccentering assemblies. From the FE model, Specimen 2,
at time of failure, had reached its plastic bending moment
capacity and about 71% of its maximum tensile strength.
In another BIE FE model with the same failure mode,
the BIE reached its plastic bending moment capacity and
approximately 51% of its maximum tensile strength. In the
BIE configuration used, the combined axial and flexural
demands were being transmitted by welds along the corners
of the HSS, where cold working and the heat of welding
have affected the material ductility. Gonzédlez Urena et al.
(2022) considered that a configuration engaging the entire
perimeter of the HSS would improve performance, but they
also noted that Skalomenos et al. (2017) saw brittle failure
with such a connection.

Given these results, the research team conducted an anal-
ysis of rotational demands at the ends of the HSS braces
with the objective of developing design guidance. Noting
limited data from this study and a lack of published work on
rotational capacities of HSS under tension loading, they rec-
ommended that a conservative allowable rotation limit be
used for HSS BIE design. The team suggested a provisional
rotational limit of 10°. Refer to Gonzalez Urena et al. (2022)
for more details of this analysis and recommendation.
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Fig. 2. BIE test setup.
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Discussion

The highlighted work demonstrated the viability of BIEs
and research needs. The BIE specimens “exhibited overall
behavior and beneficial effects of the applied eccentricity,
specifically substantial post-yielding stiffness and delayed
onset of buckling at the brace mid-length” (Gonzalez Urefia
et al., 2022). The eccentricity can improve the fracture
life of HSS braces that do not satisfy CSA S16-14 limits
on global and local slenderness. Three BIE specimens had
low-cycle fatigue-induced fracture at brace mid-length.
One BIE fractured at the end, near the eccentering assem-
bly, due to large rotation demands. More research is needed
on allowable cyclic displacement capacities, especially at
the ends of the BIEs. The research team recommends addi-
tional work focused on development of eccentering assem-
blies with lower rotational and strain demands on the HSS
braces.

SLOTTED-HIDDEN-GAP CONNECTIONS

The slotted-hidden-gap (SHG) connection may eliminate
the need to reinforce HSS braces at knife-plate connections,
but existing design guidance is limited. The SHG prevents
net section rupture of the HSS at the connection, promot-
ing yielding throughout the brace length before rupture at
midspan. Studies have confirmed the viability of the SHG
connection, but the existing, empirical design approach was
somewhat limited by available test data. Through an exten-
sive, integrated program of numerical parametric studies
and physical tests, the research team developed SHG con-
nection design and detailing guidelines.

Characteristics of Slotted-Hidden-Gap Connections

The SHG connection differs from the conventional knife-
plate connection in that both the HSS brace and gusset plate
have slots. For the conventional connection, the gusset plate
is inserted into slots on two sides of the HSS brace member
and attached with fillet welds [Figure 3(a)]. This configura-
tion locates the reduced net section of the HSS at the welds.
The HSS also experiences shear lag and nonuniform ten-
sile stresses at its reduced section. For the SHG connection,
based on Mitsui et al. (1985), a slot is also cut into the gusset
plate as shown in Figure 3(b). Mitsui et al. first introduced
this “extended plate configuration” that, when assembled,
allows the gusset plate and welds to extend past the ends of
the HSS slots to the gross cross section (Figure 4). Stress
concentrations are therefore moved away from the reduced
net section. There is also a gap between the end of the HSS
slot and the end of gusset plate slot.

A primary benefit to using SHG connections is that
reinforcement of the net section is no longer needed. The
HSS braces are the energy-dissipating fuses in the system,
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and capacity design principles require that the connection
be stronger than the probable, or expected, strength of the
brace. With an effective net section reduced by the slots
and shear lag effects, section reinforcement (e.g., the addi-
tion of side plates) is typically necessary to satisfy capac-
ity design requirements. The SHG connection, meanwhile,
concentrates the inelastic demands away from the reduced
section. In cyclic testing of braces or concentrically braced
frames (CBFs) with SHG connections, Martinez-Saucedo
et al. (2008), Packer et al. (2010), and Okazaki et al. (2013)
did not observe any damage in the gusset plates, welds, or
HSS net section. The main findings included confirma-
tion that an increased weld length would reduce shear lag
effects (Martinez-Saucedo et al., 2008) and that an SHG
connection promotes extensive yielding in the brace with no
fracture at the connection (e.g., Packer et al., 2010). These
studies confirmed the viability of the SHG connection.

Research Objectives

The research team sought to improve seismic design and
detailing methods for SHG connections. Existing guid-
ance was “rather empirical and limited by the range of
connection geometries and materials that had previously
been tested” (Afifi et al., 2023). The work highlighted here
builds from the research team’s studies (Moreau et al.,
2014; Afifi et al., 2021) that already provided insight into
some details and brace behavior. For example, Moreau et
al. (2014) recommended a minimum overlap length of 5%
of the weld length as sufficient to develop the tensile yield
resistance of the HSS brace. The study also showed net
section fracture of conventional connections compared to
yielding on the gross area for the braces with SHG connec-
tions. The load-transfer mechanism and effects of different
parameters were extensively studied (e.g., Afifi et al., 2021).
The work demonstrated the importance of a weld overlap
length in avoiding net section rupture, benefits of smaller
weld sizes and longer weld lengths, and the ability of SHG
braced frame building models to achieve large interstory
drift ratios (Afifi et al., 2021).

The team continued to investigate critical parameters—
for example, weld configurations—and their effects on the
performance of SHG connections in seismic applications.
This work was accomplished through numerical parametric
studies coordinated with an experimental program. Design
and detailing recommendations were major outcomes of the
research.

Numerical Parametric Study

Critical parameters investigated included the HSS size
and thickness, weld overlap length, weld size and length,
and gusset plate width and thickness. The study was orga-
nized in four parts. In Part 1, four 6-in.- to 12-in.-square



HSS were studied. Thickness was initially constant across
the HSS, and then different thicknesses were investigated.
Part 2 focused on the gusset plate thickness, ranging from
0.748 in. to 1.25 in. Part 3 examined welds approximately
10 in. to 24 in. long and weld size varying from 1.25 in.
to 0.748 in. Part 4 focused on the overlap length—that is,
the length of the weld on the gross cross-sectional area of
the HSS. The overlap length was varied for a constant total
weld length.
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In the finite element (FE) model, solid elements and typi-
cal detailing and common grades of steel were used. First-
order reduced-integration, hexahedral, eight-noded solid
elements with hourglass control were used for the HSS,
welds, and gusset plate. The HSS slot width was typically
0.118 in. greater than the plate thickness. Slots had rounded
ends as is common detailing practice. HSS tubes were grade
CSA G40.20-21, 350 W Class C (CSA, 2018) with nomi-
nal F, = 51 ksi and F,, = 65 ksi. Plates were ASTM A572/
A572M Gr. 50 (ASTM, 2021) with nominal F', = 50 ksi and

(b) Slotted-hidden-gap (SHG)

Fig. 3. Exploded views of connection assemblies.

Fig. 4. X-ray view of slotted-hidden-gap (SHG) connection.
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F,, = 65 ksi. For the welds, matching 71 ksi electrodes were
used. For more FE model details, refer to Afifi et al. (2022).

The studies revealed how the different parameters
affected the concentration of inelastic demands at the con-
nections. The influence of HSS size and thickness is that
larger sizes and thicknesses show more inelastic demands
at the connection regions. As such, a larger weld overlap
length may be needed to accommodate the increased con-
nection stresses. Larger inelastic demands at the connection
were also correlated to the thicker gusset plates. Mean-
while, smaller weld sizes and longer weld lengths resulted
in a slight reduction in stresses at the connection. Finally,
with a 0.787 in. weld overlap length, the desired SHG con-
nection behavior was achieved. The study also revealed that
the optimal weld overlap length is independent of the over-
all weld length. For more results and discussion, refer to
Afifi et al. (2022).

Experimental Program

The experimental program and a companion FE study
built upon the work by Moreau et al. (2014) and Afifi et al.
(2021). Moreau et al. (2014) tested 4 conventional and 15
SHG connection specimens. Synthesis of the data and com-
panion analyses by Afifi et al. (2021) revealed the influence
of key parameters on the behavior of HSS braces with SHG
connections as compared to conventional connections. The
differences in the normalized load-deformation response
and energy dissipation are clearly shown in Figure 5. The
work also informed parameters requiring further investiga-
tion. The program described here expanded the range of
applicability with brace and steel selection.

4 0 4
Interstory Drift Ratio (IDR) A/ hy (%)

(a) SHG connection

Test Specimens and Setup

This most recent work expanded the ranges for brace size
and grade of steel. Specifically, 10-in.-square, 0.512-in.-
thick (HSS 254x254x13) ASTM A1085/A1085M braces
were used in this study. The HSS, the largest yet to be tested
with the SHG connection, were chosen as they are typical
of low- to medium-rise buildings in Canada (Afifi et al.,
2022). With its relatively recent introduction to the market,
A108S5 steel is not commonly seen in published brace tests.
Key parameters were tested with this extended range for
HSS brace size and grade of steel.

The test program was designed to evaluate weld over-
lap length with consideration for the larger HSS and newer
grade of steel. Specimens had SHG connections to pad-
dle plates at both ends of HSS long enough to “allow for
a uniform strain distribution at the central portion of the
HSS brace” (Afifi et al., 2022) (Figure 6). Gusset plates
were clamped by the grips of the loading device and were
designed to remain elastic. Four bolted angles formed the
gusset-paddle plate connection. For more details of the test
set-up, refer to Afifi et al. (2022).

The two-part program investigated different weld
configurations. The two specimens in Part 1 (weld con-
figuration A) differed by the HSS slot length (15.2 in. vs.
15.9 in.) and the resulting weld overlap length (0.787 in. vs.
0 in.). Weld size and length were held constant at 1.14 in.
and 15.4 in., respectively. In Part 2, longer, smaller welds
(weld configuration B) were investigated. The weld size
decreased from 1.14 in. to 0.748 in. Weld length increased
from 15.4 in. to 24.4 in. The other parameters, such as weld
overlap lengths, remained the same as in Part 1.

Tero gy
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(b) Conventional connection

Fig. 5. FE model comparisons of SHG and conventional connection normalized load-drift responses.
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The specimens were loaded in tension and instrumented
to capture the local strains as well as global force versus
displacement. The specimens were monotonically and
quasi-statically loaded so as to avoid strain rate effects.
Instrumentation included the displacement transducer
internal to the loading machine, string potentiometers for
global and local displacements, strain gages, and a digital
image correlation (DIC) system to capture local deforma-
tions. Additional details of the loading and instrumentation
can be found in Afifi et al. (2022).

Results

The results from monotonic testing and companion FE
models extended the range of applicability, supported
prior conclusions, and provided additional insights into the
behavior of HSS braces with SHG connections. As intended
for these tests, inelastic behavior was limited to the braces.
The paddle and gusset plates remained elastic. There was
no damage to the welds or connecting angles.

For weld configuration A, results were markedly dif-
ferent between Specimen 1 (0.787 in. weld overlap length)

and Specimen 2 (no weld overlap). Specimen 2 experienced
extensive yielding at the connection before net section rup-
ture at approximately 1.6 in. of displacement. The rupture
was at the bottom connection. Welds at the bottom connec-
tion were shorter than specified and shorter than at the top
connection. Specimen 1 experienced plastic elongation over
the length of the HSS before a mid-length brace fracture
at approximately 8.9 in. of displacement. Figure 7 shows
this contrast in behavior for specimens from the Afifi et
al. (2022) and Moreau et al. (2014) test programs. Note
that the specimen shown in Figure 7(b) has a conventional
connection.

Differences in behavior extended to the measured strains.
In Specimen 1, the strains were initially higher at the top
and bottom connections, reached peak strains, and then
dropped off. Meanwhile, the strains at mid-length steadily
increased for the duration of the test. In Specimen 2, strains
were initially higher at the top connection, but the strains
increased exponentially and were the highest at the bottom
connection at the point of failure (i.e., fracture). Strains at
Specimen 2 mid-length were less than half of the strain
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Fig. 6. Schematic of monotonic test setup.
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at the top connection. Overall, Specimen 1 experienced a
maximum strain of 55,000 pe compared to only 35,000 pe
for Specimen 2.

The contrast in behavior was similar for Specimen 3
(0.787 in. weld overlap length) and Specimen 4 (no weld
overlap), both of which used the smaller and longer welds
for configuration B. Specimen 4 fractured on net section at
approximately 1.6 in. of displacement. Specimen 3 yielded
and fractured near mid-length of the brace, near 6.2 in. of
displacement. Strain histories were also similar to those
seen for weld configuration A. However, strains exceeded
80,000 pe for Specimen 4 before fracture.

The test results confirmed expected effects of weld size
and length. Specimens had different gage lengths for weld
configurations A and B, so normalized load-displacement

curves were compared. Specimen 1 failed at 19.2% brace
strain compared to 22.3% for Specimen 3 with the smaller,
longer welds. Specimen 3 also 1.5% higher tensile strength
than Specimen 1; this was attributed to shear lag effects. A
similar pattern was observed for Specimens 2 and 4, again
with an increase in brace strains (2%) for the longer com-
pared to the shorter weld.

The weld overlap length was the most critical parameter.
Specimens with 0.787 in. weld overlap attained full capac-
ity (yield) of the HSS member before fracturing at mid-
length, away from the connection. No weld overlap resulted
in localized yielding, necking, and fracture at the net sec-
tion. As noted previously, for the same weld overlap length,
the specimens with the longer welds experienced higher
tensile loads and larger brace strains.

(a) SHG specimen

(b) Conventional specimen

Fig. 7. Extensive yielding along length of HSS and eventual fracture in SHG specimen from the Afifi et al. (2022)
study, in contrast with fracture of conventional specimen at the connection from a Moreau et al. (2014) test.
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The test results were supplemented with additional finite
element (FE) investigations. Afifi et al. (2022) first con-
ducted post-testing calibration of the FE models against
the test results. Then, 25 FE models provided additional
insight into the behavior of different SHG configurations
for square HSS braces. The analysis results showed that
thinner gusset plates are preferred. With the narrower slots
in the HSS, loads are transferred more uniformly from the
gusset plate to the HSS. The analyses also confirmed that
smaller size, longer welds have lower inelastic demands at
the connection and more extensive yielding over the brace
length. Additional conclusions and recommendations can
be found in Afifi et al. (2022).

Design and Detailing of SHG Connections

The research team sought to improve upon existing design
and detailing recommendations for SHG connections. SHG
connections prevent HSS net section rupture at the con-
nections during the “high force tension cycles (anticipated
strengths) of a seismic event” while eliminating the need to
reinforce the net section to satisfy capacity design require-
ments (Afifi et al., 2023). The design recommendation
development required additional parametric studies, as the
investigations thus far “did not assess the effects of vary-
ing different elements simultaneously” (Afifi et al., 2023).
In this parametric study, critical locations along the brace
and connection were assessed, further evaluating important
parameters for load transfer from the HSS to the plate.

The extensive parametric study was designed based on
limits and most influential parameters from the research
team’s prior work. The studies to date had a limited number
of square sizes, so the team explored 15 different HSS sizes.
The HSS ranged from 16 in. square and 0.866 in. thick to
3 in. square and 0.189 in. thick (HSS 406x406x22 to HSS
76x76x4.8). Each HSS was analyzed with 2 weld configu-
rations, 10 weld overlap lengths, 5 plate thicknesses, and
5 weld sizes. The gap length was kept at the 1.18 in. rec-
ommended by Martinez-Saucedo (2007). Afifi et al. (2023)
noted that the gap met “fabrication tolerances found in com-
mon practice” and that keeping the value constant would
minimize computations. The material properties (e.g.,
ASTM A1085 for the HSS) were also kept constant and
consistent with Afifi et al. (2022). Capacity design require-
ments dictated the ranges for certain parameters. Weld size
and length were chosen to be adequate for base-metal limit
states and weld-metal fracture. Gusset plate thicknesses
were also chosen such that yielding would not occur in the
plate. Afifi et al. (2023) also noted that the “range for each
parameter was chosen to provide a representative sample
size while optimizing the needed computational time and
cost.” Further details of the parametric study can be found
in Afifi et al. (2023).

The finite element modeling was as described in Afifi et
al. (2021, 2022). Some highlights of the modeling included
the stress-strain properties and gage length. True stress-
strain curves were based on coupon data from the stud-
ies reported in Afifi et al. (2022). Stress-strain properties,
accounting for the corners of the HSS and the longitudinal
residual stress distribution, were based on Koval (2018). For
comparison purposes, brace gage lengths were kept con-
stant—that is, the distance between the HSS slot and brace
mid-length was constant across the FE models.

The FE models were validated against prior work. FE
model predictions were compared to experiments by
Moreau et al. (2014) and Afifi et al. (2022) and prior numer-
ical studies (e.g., Afifi et al., 2021, 2022). The FE model
“accurately predicted” the overall connection response as
well as location of fracture (e.g., at connection or brace
mid-length) for braces with SHG connections with different
overlap lengths.

Primary observations from the study related to load
transfer and load overlap length. Free body cuts were used
to examine load or force transfer through the brace and
connection. Each critical location was assigned a “load
participation factor,” a percentage of load attributed to that
connection element. One observation was that the weld load
participation factor “increased uniformly with an extension
of the weld overlap length” within a range of parameters
(Afifi et al., 2023). Meanwhile, increases in weld overlap
length showed some improvement in ductility, delaying dis-
placement at failure when the fracture was at the connec-
tion. However, beyond the weld overlap length attributed
to brace yielding and fracture in gross cross section, there
was no benefit or increase in ductility with increase in weld
overlap length. For additional results, refer to Afifi et al.
(2023).

The main findings formed the basis for the proposed
design methodology for the SHG brace connections. The
expected, or probable, brace resistance is determined. The
minimum weld length for the connection is chosen so as
to avoid block shear rupture of the HSS at the connection.
Then other components such as gusset plate thickness and
weld size are selected based on the chosen weld length. The
weld overlap length is chosen so that fracture will occur
in at brace mid-length instead of at the connection. The
research team’s equation for minimum weld overlap length
is based on the ratio of HSS effective net area to gross
area and the slot thickness. Meanwhile, detailing require-
ments include a standard 1.18 in. gap as recommended by
Martinez-Saucedo (2007), correlating to typical fabrica-
tion tolerances. The gusset plate slot width is the HSS outer
dimension plus 0.118 in., also based on typical fabrication
tolerances. Details of these and other requirements can be
found in Afifi et al. (2023).
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Validation included design and detailing of three braces
and their SHG connections following the proposed design
and detailing methods. Full FE models were created of the
braces and their SHG connections. The models were sub-
jected to a cyclic load history of increasing displacements,
using a protocol similar to that for the long brace presented
in Moreau et al. (2014) and Afifi et al. (2021). The three FE
models exhibited the desired behavior, with buckling and
fracturing at the mid-length plastic hinge. For details of the
model and validation, refer to Afifi et al. (2023).

Discussion

Several numerical and experimental studies demonstrated
the viability of the SHG connection, provided insight into
important parameters, and supported the development of
design and detailing guidelines. HSS width and thickness,
plate thickness, weld size and length, weld overlap length,
and gap length are primary factors in the performance of
SHG connections. The proposed design method includes
determination of the target weld overlap length, at which
fracture occurs at brace mid-length rather than the net sec-
tion at the connection. Numerical simulations of braces
designed and detailed using the proposed method are able
to sustain cyclic load reversals until buckling and fracturing
at a mid-length plastic hinge.

FUTURE RESEARCH

The research team has advanced design of braced
frame structures through research and design develop-
ment for braces with intentional eccentricity (BIEs) and
slotted-hidden-gap (SHG) connections. Full-scale experi-
mental evaluation, supplementary finite element studies,
and nonlinear dynamic system analyses have demonstrated
the benefits of BIEs and highlighted areas requiring addi-
tional investigation. Design procedures, details, and per-
formance of eccentering assemblies and connections are
among the areas for future study. Afifi et al. (2022) investi-
gated constructability of the SHG braces and connections,
but this topic needs additional study as well. Another poten-
tial research topic is the influence of compression loading
and gusset detailing of SHG connections for HSS braces.
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