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ABSTRACT
Chevron bracing configurations are often needed in braced frames to meet architectural
requirements as such configurations allow for centrally spaced openings for doors and hallways.
However, design of Special Concentrically Braced Frames (SCBFs) in Chevron configurations
currently requires that the beam be designed for the unbalanced vertical and horizontal results
calculated from the difference between the expected yield strength and post-buckling strength of
the braces. This results in large flexural and axial demands and the beams and correspondingly
large and expensive beam sections that take away from the braced frame’s typical economy and
efficiency. Prior research on chevron braced frames has indicated that yielding of the beam may
not affect the system’s deformation capacity and seismic performance. To address this, an
experimental and computational research program has been conducted at the University of
Washington with the support of the American Institute of Steel Construction to study the effects
of bema yielding on the behavior of chevron SCBFs. This experimental program tested six nearly
full-scale single-story chevron SCBFs having beams with different strengths and stiffnessess. The
results were then used to validate frame models in OpenSEES. Using the detailed models a
parametric study was performed to examine the impact of beam strength, stiffness, and local
slenderness on the chevron braced frame behavior. The OpenSEES models were used to
investigate the seismic performance of SCBFs designed with beams that yield under the
unbalanced load from the braces. The results of the entire program indicate that the current design
requirements in the AISC Seismic Provisions are overly conservative and that good seismic
performance may be achieved even if the beams of these braced frames yield in combined flexure
and axial loading. Based on the findings, recommendations for seismic design are presented.
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However, design of Special Concentrically Braced Frames (SCBFs) in Chevron configurations
currently requires that the beam be designed for the unbalanced vertical and horizontal results
calculated from the difference between the expected yield strength and post-buckling strength of the
braces. This results in large flexural and axial demands and the beams and correspondingly large
and expensive beam sections that take away from the braced frame’s typical economy and
efficiency. Prior research on chevron braced frames has indicated that yielding of the beam may not
affect the system’s deformation capacity and seismic performance. To address this, an experimental
and computational research program has been conducted at the University of Washington with the
support of the American Institute of Steel Construction to study the effects of bema yielding on the
behavior of chevron SCBFs. This experimental program tested six nearly full-scale single-story
chevron SCBFs having beams with different strengths and stiffnessess. The results were then used
to validate frame models in OpenSEES. Using the detailed models a parametric study was performed
to examine the impact of beam strength, stiffness, and local slenderness on the chevron braced frame
behavior. The OpenSEES models were used to investigate the seismic performance of SCBFs
designed with beams that yield under the unbalanced load from the braces. The results of the entire
program indicate that the current design requirements in the AISC Seismic Provisions are overly
conservative and that good seismic performance may be achieved even if the beams of these braced
frames yield in combined flexure and axial loading. Based on the findings, recommendations for
seismic design are presented.

Introduction
Chevron bracing configurations are often needed in braced frames to satisfy architectural
requirements as they enable openings for doors, windows and hallways. However, when chevron
configurations are used in Special Concentrically Braced Frames (SCBFs) for seismic loading, the
beam sizes necessary to meet the requirements of the AISC Seismic Provisions, AISC 341-16 [1],
often negate other efficiencies of the system. Beams in chevron configured SCBFs are required to
be sized for the demands resulting from the difference between the expected yield strength of the
tension brace and the expected degraded post-buckling strength of the compression brace, as
illustrated in Figure 1. While the requirements for beams in chevron configured SCBFs result from
previous research beginning with [2], there is reason to believe that they may be overly
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conservative for the stated goal of collapse prevention in the Maximum Considered Earthquake
(MCE) in ASCE 7-16. The previous research identified deflection at the beam and cracking in
floor slabs; however, such damage is generally tolerable in large earthquakes. Recent research [3]
included a test of a two-story chevron configured braced frame designed to simulate a retrofit of
an existing older braced frame where the braces and connections met modern SCBF requirements
but the beam was undersized for the unbalanced loads by nearly a factor of 3. That test
demonstrated that good system ductility can be achieved in chevron braced frames even when the
yielding mechanisms are inelastic brace buckling and flexural yielding of the beam.
To further explore the behavior of chevron SCBFs with yielding beams, and perhaps provide
justification for reducing the strength design requirements, a series of experiments and numerical
analyses were conducted at the University of Washington.
Single-Story Tests of Chevron SCBFs with Yielding Beams
Figure 2 shows the setup used to test six full-scale, single-story chevron braced frames in the
Structural Research Laboratory at the University of Washington. The specimens were subjected to
quasi-static cyclic loading. Each specimen used HSS 4x4x5/16 square braces. Five of the
specimens used HSS braces complying with ASTM A1085 (a relatively new standard for HSS
sections), while one specimen had A500 braces for comparison. Of the five specimens with A1085
braces, four had W14 beams with different strengths as shown in Table 1 and are the focus here.
The beams were continuous across the brace intersection point, had shear tab beam-to-column
connections at their ends as shown in Figure 2, and did not include concrete floor slabs.

(a) Unbalanced Loads

(b) Horizontal and Vertical Loads
Figure 1. Unbalanced forces.

Figure 2. Test Setup for Single-Story Chevron
Specimens

Table 1 also shows the computed idealized demand-to-capacity ratio (iDCR) for the beams of of
the four specimens considered here. The iDCR is the value of the AISC axial-flexure interaction
equation considering the idealized axial and flexural demands on the beam from the loads in Figure
1 (assuming simple beam ends and that the axial load in the beam is equal on either side of the
brace-intersection point) and the beam’s plastic axial and flexural capacities. In design, if the beam
were assumed to be fully laterally braced for compression and flexure, an iDCR of 1.0 would

indicate a design satisfying the requirements for the chevron SCBFs without accounting for
composite concrete floor slabs.
Table 1. Test Specimens and Test Results
Specimen ID

Beam Size

iDCR

Chevron 1
Chevron 2
Chevron 3
Chevron 4

14x120
14x61
14x38
14x26

0.9
1.8
2.8
4.3

Drift at Brace
Fracture (%)
3.0
3.3
3.4
4.4

Max.
Base
Shear (kips)
234
206
177
162

Max. Vertical Beam
Deflection (in)
1.1
1.8
3.0
3.8

Figure 3 shows the base shear versus lateral drift for the four chevron frames with A1085 braces
with different W14 beams. All specimens achieved lateral drifts of over 3% prior to the occurrence
of brace fracture, which is large for SCBFs. Evidence of beam yielding was apparent in all
specimens with an iDCR over 1.0. Table 1 also shows the lateral drift at first brace fracture for
each specimen. The data indicate that the lateral drift capacity increases with increasing iDCR.
Also shown in Table 1 is the maximum lateral strength of the frames and Figure 3 shows the
“design” lateral strength, which is taken as two times the horizontal component of the design brace
compressive buckling capacity. This indicates that the strength of the frames decreases with
increasing iDCR but that all specimens except the largest iDCR achieved the design strength.
These test results indicate that beam yielding does not detrimentally impact chevron SCBF seismic
performance for single-story frames.

Figure 3. Experimental Base Shear vs. Drift
Results.

Figure 4. Drift Results from Numerical
Analyses for the 2% in 50 Year Hazard Level.

Numerical Analyses of Archetype Chevron SCBFs with Yielding Beams
A suite of archetype chevron braced frame buildings having beams with different iDCRs were
developed along with one building with an X-braced configuration for comparison. The buildings
were 3 and 9 stories, with the 3-story structures emphasized here. The buildings were braced frame
adaptations of the SAC model buildings and the braces were designed for a Seattle site. The beam
sizes for the three-story buildings varied, with iDCRs ranging from 1 to greater than 4.

Numerical models of the buildings were developed in OpenSEES and were consistent with
modeling methods used for SCBFs in previous research [4]. The models were calibrated against
the single-story experiments and simulated brace buckling and fracture, P-delta, and nonlinear
behavior of beams and columns. The buildings were analyzed for suites of 30 ground motions
selected and scaled to represent different hazards levels. Here the results for the 2% in 50 year
hazard level are shown in Figure 4. The results are shown as the probability that the inter-drift does
not exceed the value on the x-axis. The results indicate that all frames likely meet the building
code intent of collapse prevention in the 2% in 50 year hazard as only one ground motion in the
iDRC of 4 and the X-Braced frame cases caused 4% drift and all drifts were less 4% for the other
frames. (although a full FEMA P695 analysis would be necessary to fully calculate collapse
probabilities). Additionally, the results show that the chevron frames with yielding beams do not
concentrate drift on a particular more than X-braced frame configurations. Finally, the results show
that the frame with an iDCR of 4 has the largest potential drift but that the iDCR 1, 2 and 3 frames
are all somewhat similar and consistent with the drift demands in X-braced frames.
Conclusions
Experimental and numerical analysis results were presented on the seismic performance of
chevron braced frames with beams that yield under the unbalanced load demands resulting from
post-buckling degradation of compressive brace strength. The experimental results showed that
frames with beam yielding have system ductility capacity (drift capacity) equal to or better than
similar frames designed to avoid beam yielding. The numerical analyses indicated that drift
demands in the MCE hazard are not substantially larger for frames with yielding beams than those
for frames with strong beams or braced frames in X-braced configurations for beam demand-tocapacity ratios of up to 3. Additional numerical modeling and an upcoming multi-story test will
further investigate the behavior of chevron SCBFs with yielding beams, but the results to-date
indicate that the current design requirements for beams in chevron SCBFs are overly conservative.
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