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ABSTRACT: Steel bracing frames are efficient systems for resisting seismic loads. However, multi-
story steel bracing frames tend to concentrate seismic demands in one or more stories in response to
severe ground vibrations. Therefore, in recent years, mechanisms have been presented to distribute
inelastic demands over the height of the structure. Strongback braced frame is one of the efforts made
in this field. This system, using an elastic truss at the height of the structure, redistributes demands to
other floors. In most studies conducted on conventional steel braces, they have been used as energy

dissipation elements, while due to the buckling of the braces, adequate energy dissipation is not seen in  Keywords:

these structures. In this study, the possibility of improving the behavior of a buckling-restrained braced . cni-sh aped Brace

frame with a crescent-shaped brace was evaluated. Initially, to provide more flexibility in design, a three- )
. . o . . . Trapezoid Brace
part brace or trapezoid brace was introduced, and finally, the possibility of improving the behavior of a

strongback braced frame by adding a crescent-shaped or trapezoid brace was evaluated with Nonlinear Strongback Braced Frame
static analysis. The results showed that the use of a crescent-shaped or trapezoid brace, while improving ~ Nonlinear Static Analysis
the energy dissipation of the structure by up to 440.9% and increasing the shear capacity of the structure ~ Performance Improvement
by up to 57%, did not significantly increase the stiffness of the structure (maximum 14%) and the forces

generated in the elastic truss elements formed a uniform distribution over the height of the structure.

1- Introduction

One of the common failure mechanisms in buildings is
the soft-story mechanism. In this failure mode, due to the
loss of lateral resistance in a story, structural failure occurs,
preventing the optimal utilization of the structure’s capacity.
In conventional steel-braced structures, the formation of a
soft-story mechanism is likely during severe earthquakes [1].

To mitigate this mechanism, various structural systems
have been proposed and studied, including dual systems [2],
zipper-braced frames [3], and spine systems [4]. Lai and
Mahin [5] introduced the strongback system, which consists of
an elastic truss, responsible for ensuring uniform deformation
in the structure, along with a nonlinear section that facilitates
energy dissipation and yielding. The nonlinear section in this
system offers significant flexibility in configuration, allowing
for the use of various energy absorption mechanisms.

Among the technologies developed to enhance the
structural behavior, crescent-shaped braces can be mentioned
[6]. In this study, while introducing the three-part brace
or trapezoid brace as a novel configuration, the potential
improvement in the performance of steel strongback-braced
frames(which was introduced by Lai and Mahin [5]) by
adding crescent-shaped and trapezoid braces has been
investigated. Numerical simulations are performed using
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Opensees software.

2- Three-part or trapezoid brace

The aim of this configuration is to facilitate retrofit
operations, enhance design flexibility, determine the failure
behavior, and allow for the incorporation of replaceable
components. Additionally, when using this brace for
retrofitting existing structures, the designer can adjust the
diagonal inclination based on the structure’s dimensions
to ensure feasibility in execution. Fig. 1. illustrates the
configuration of this brace.
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Fig. 1. The geometrical configuration of the trapezoid
brace
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Fig. 2. Monotonic force-deformation curve of trapezoid
braces: a) Tensile Behavior, b) Compressive behavior

3- Design Flexibility

Fig. 2 presents the monotonic force-deformation curve
of the specimens. Under tensile loading, it can be generally
stated that reducing the eccentricity of the braces leads to an
increase in their initial stiffness. Moreover, increasing the
length of the inclined region reduces the diagonal inclination,
thereby decreasing the geometric hardening. Based on the
obtained results, it can be concluded that the behavior of
this brace is well-controllable by the structural designer and
offers high flexibility in design.

4- Concentration of Nonlinear Behavior in the Central
Section

In this brace, by increasing the stiffness of different parts,
failure can be concentrated in specific regions. Focusing the
failure in the central section not only reduces the length of the
vulnerable region but also provides more favorable practical
conditions for replacing the damaged regions or components
as shown in Fig. 3.
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Fig. 3. Cyclic force-displacement curve of trapezoid
brace with: a) L1=30% and (=8%, b) L1=35% and
=9%, ¢) L1=40% and (=9%

5- Behavior improvement of Strongback Braced Frames
using crescent or trapezoid brace

The advantages of the crescent-shaped brace include
its ability to dissipate energy in the early cycles and at low
forces, as well as its high deformation capacity and favorable
performance during large earthquakes. Utilizing this feature
for the retrofitting of conventional concentrically braced
systems can enhance the structural behavior, improving both
performance and ductility in this structural system. In Fig. 4,
the illustration of the proposed models is presented, and in
Fig5 ., the hysteresis analysis results are shown.

Adding a crescent-shaped brace (SBS-C2S) resulted in a
10.4% increase in the maximum shear capacity and a 10%
increase in the initial stiffness of the structure compared
to the base model (SBS-Base). After the complete failure
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Fig. 4. Elevation views of models

of the primary braces at 3% drift, the crescent-shaped
braces reached their maximum tensile capacity, providing
structural resistance. Given that half of the story braces were
simultaneously subjected to tension, the structural resistance
in the final loading cycles was approximately half of the
maximum base shear of the baseline model. The use of a
crescent-shaped brace led to a 202.5% increase in energy
dissipation.

Adding the trapezoid brace (SBS-C3S) resulted in a 13%
increase in the maximum shear capacity, a 10.9% increase
in the initial stiffness of the structure compared to the base
model (SBS-Base). Overall, the use of the trapezoid brace
resulted in a 134.8% increase in energy dissipation compared
to the baseline model.

Adding the dual crescent-shaped brace (SBS-2C2S)
resulted in a 57% increase in the maximum shear capacity
and a 13.7% increase in the initial stiffness of the structure
compared to the base model (SBS-Base). The total energy
dissipation of this model increased by 440.9% compared to
the baseline model.

6- Conclusions

The strongback braced frame with conventional steel
braces does not exhibit adequate ductility or energy dissipation
capacity. In this study, while introducing a new crescent-
shaped brace configuration to enhance design flexibility, the
potential improvement of cyclic behavior in steel bracing
systems through the addition of crescent-shaped braces was
evaluated. The key findings are summarized as follows:

1- The behavior of the three-part (trapezoid) brace can be
effectively controlled by the structural designer by adjusting
key parameters such as eccentricity and inclined region
length, providing greater design flexibility. Additionally, the
behavioral characteristics of this brace, including stiffness
and geometric hardening, align with the relationships derived
for the two-part crescent-shaped brace, allowing engineers to
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Fig. 5. Cyclic static pushover curves of models

tune its performance based on these formulations.

2- Adding crescent-shaped and trapezoid braces to the

fully steel strongback bracing system does not significantly
increase the initial stiffness of the structure (only between

10% and 14%). However, it enhances energy dissipation by

up to 440.9%, demonstrating favorable structural behavior.
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Table 1. Modeling Parameters of the Crescent-Shaped Brace
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Fig. 5. (a) Details of the Experimental Specimen by Palermo et al. (b) Loading Protocol
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Fig. 6. Force-Displacement Curve of the Numerical Model and Experimental Results under:, (a) Tensile Loading,
(b) Compressive Loading, (c¢) Cyclic Loading
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Fig. 7. Geometry of the Trapezoid Brace
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Fig. 8. Comparison of Hysteresis Curves of the Cres-
cent-Shaped Brace and the Three-Part Brace
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Fig. 9. Monotonic Force-Displacement Curve of the Trapezoid Brace with Geometry Effects Analysis:
(a) Tensile Behavior, (b) Compressive Behavior
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Table 2. Percentage Change in Stiffness and Compressive strength of Trapezoid Braces with Geometry
Effects Analysis (%)
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Table 3. Model Names with evaluation of Nonlinear Behavior Distribution in the Central Section of
the Trapezoidal Brace
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Fig. 10. Force-Displacement Curve of the Trapezoidal Brace with Analysis of 30% Inclined Region Length and
8% Eccentricity of the Total Length: (a) Hysteresis Behavior, (b) Compressive Behavior
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Fig. 11. Force-Displacement Curve of the Trapezoidal Brace with Analysis of 35% Inclined Region Length and
9% Eccentricity of the Total Length: (a) Hysteresis Behavior, (b) Compressive Behavior
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Fig. 12. Force-Displacement Curve of the Trapezoidal Brace with Analysis of 40% Inclined Region Length and
9% Eccentricity of the Total Length: (a) Hysteresis Behavior, (b) Compressive Behavior
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Table 5. Modeling Parameters for the Materials of Beam, Column, and Brace in the Numerical Model
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Fig. 14. Experimental Specimen Detail of Lai and Mahin
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Table 6. Model Names with evaluation of the Effects of Adding Two-part and Three-part Braces
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Fig. 16. Schematic Diagram of the Models: (a) SBS-Base, (b) SBS-C2S, (c) SBS-2C2S, (d) SBS-C3S
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Table 7. Roof Displacements Considered According to the Numerical Model of Lai and Mahin
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Table 8. Maximum Base Shear and First and Second Mode Periods
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Fig. 17. Hysteresis Curves of the Models: (a) Separately, (b) Together
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