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Structural frame systems with lateral bracing are widely used due to their ease of construction
and cost-effectiveness. On the other hand, the out-of-axis alignment of braces is a common
structural execution problem. Given the impact of this deviation on the structural behavior and
buckling of braces, examining this issue is of great importance. According to the design codes
for steel structures, the alignment of converging braces should pass through the intersection of
the beam and column axes. In some structures, due to neglecting this issue and problems such
as neighboring wall constraints, eccentricities both inside and outside the plane of the frame
with a bracing system occur. In this research, the effects of in-plane and out-of-plane
eccentricities of brace alignment on the critical buckling load of cross-braced building frames
are investigated using the finite element method. In this regard, all frame members are modeled
using shell elements in SAP2000 software, and buckling analysis is performed. The results
indicate that in the case of in-plane eccentricities, when the brace alignment passes through
the column, the critical buckling load of the brace decreases. Furthermore, as the thickness of
the connection plate decreases, this reduction becomes more significant. For braces with out-
of-plane eccentricities, the critical buckling load also decreases, and the greater the
eccentricity, the more the axial load-carrying capacity of the brace is reduced.
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Introduction

Examining steel structures that were damaged in past earthquakes reveals that one of the
main reasons for the destruction of steel buildings is execution problems, including
improper connections. According to building codes, bracing members in systems with
converging braces must be aligned. This means that the alignment of the members at the
connections should pass through a single point. However, in many damaged buildings or
those under construction, it is observed that braces are executed with eccentricities at the
connections. These eccentricities can occur in two forms: in-plane and out-of-plane. This
issue generally arises due to negligence during construction or constraints such as the
presence of neighboring walls.

In some cases, the amount of out-of-plane eccentricity is such that the connection plate
is only attached to the column and is executed without connection to the beam. Given the
significant effect of the eccentricity of bracing members on the behavior of building
frames during an earthquake, numerous studies have been conducted in this area. Using
the finite element method, Richard [2] analyzed 60 brace samples with angles of 30, 45,
and 60 degrees and eccentricities ranging from 8 to 14 inches. The results of these
analyses showed that if the alignment of the brace does not pass through the performance
point, the connection plate becomes smaller, leading to higher buckling resistance of the
plate. Additionally, when the alignment of the brace does not pass through the
performance point, a moment is created in the frame that the frame itself must resist.
Gonzalez et al. investigated braces with intentional out-of-plane eccentricity (BIE). For
this purpose, they employed a seismic design method based on displacement. They
modeled 4, 8, and 12-story frames with braces exhibiting intentional out-of-plane
eccentricity (FIEB) with final drifts of 1.5% and 2.5% and concentrically braced frames
(CBF) for comparison. Their analysis showed that the design method used for braces
with intentional out-of-plane eccentricity was appropriate, and their seismic performance
was satisfactory, indicating that these frames could be a cost-effective option compared
to concentric braces.

A review of the conducted research indicates that the effect of the eccentricity of brace
alignment on the buckling behavior of bracing members has yet to receive attention from
researchers. On the other hand, the reduction in the buckling capacity of bracing members
due to the out-of-axis alignment significantly affects the performance of braced buildings
under seismic loads. Therefore, this study explores this practically significant issue. In
this regard, a two-story frame with cross-bracing is modeled using SAP2000 software,
and the critical buckling loads of its bracing members are obtained using the software's
capabilities. Subsequently, the values of these loads under various eccentricities are
determined and compared with the case of no eccentricity.

Method

This study investigates the effect of in-plane and out-of-plane eccentricities of cross-
braces on the critical buckling load of bracing members in a single-span, two-story
building frame. The span length of this frame is 515 centimeters, and the heights of the
first and second floors are 310 and 330 centimeters, respectively. To examine the effect
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of in-plane eccentricities, eccentricities of 5, 7.5, 10, and 15 centimeters (where the brace
alignment passes through the beam) and eccentricities of -5, -7.5, -10, and -15 centimeters
(where the brace alignment passes through the column) were applied to one of the braces
on the second floor. Additionally, to investigate out-of-plane eccentricities, eccentricities
of 1.25, 2.5, 3.75, and 5 centimeters along the flange of the beam and column were
applied to the braces on both floors, and the effects of these applied eccentricities on the
critical buckling load were examined. The frame under investigation is a cross-braced
frame with a 2UNP140 brace on the first floor and a 2UNP100 brace on the second floor.
In this frame, the columns have a cross-section of 2IPE200 + 2WP230*8, and the beams
have an IPE200 cross-section. The beams, columns, and braces were modeled using Shell
elements (Shell-Thin) in SAP2000 software. The Shell element always has six degrees
of freedom activated at each corner.

Results

It is observed that when the alignment of the brace passes through the beam, the
maximum load-bearing capacity increases by approximately 1% compared to the case
without eccentricity across various eccentricities. Therefore, eccentricities, where the
alignment passes through the beam, are not critical regarding brace buckling. For
eccentricities where the alignment passes through the column, it is noted that even the
smallest eccentricity reduces the maximum load-bearing capacity, reaching up to 18%
for a -15 cm eccentricity. Consequently, there is no safety margin for eccentricities on
the column, which are considered undesirable. By changing the thickness of the
connection plate from 1 centimeter to 0.9 and 0.8 centimeters, the buckling load
decreases by approximately 20% and 38%, respectively, across various eccentricities.
This highlights the significance and impact of the connection plate thickness on the
critical buckling load. In the case where the thickness of the connection plate is reduced
from 1 centimeter to 0.9 and 0.8 centimeters, the buckling load decreases by
approximately 20% and 40%, respectively, indicating the importance of the connection
plate thickness and its impact on the buckling load. Considering the points above, it
becomes evident that there is a minimal safety margin for out-of-plane eccentricities, and
the introduction of eccentricity reduces the maximum load-bearing capacity and,
consequently, the buckling load of the brace.

Conclusions

One of the most common mistakes observed in many earthquake-damaged structures is
the presence of eccentricities in the connections of converging braces. These
eccentricities can occur either in-plane or out-of-plane, causing bending and twisting
moments in the frame. Accordingly, this research investigates the effect of the
eccentricity of brace alignment in bracing connections on the critical buckling load of
cross-braces. The results of this investigation indicate that in the case of in-plane
eccentricities, if the deviation is such that the axis of the brace passes through the beam,
the maximum load-bearing capacity and, consequently, the buckling load of the bracing
member slightly increase. However, for eccentricities where the brace alignment passes
through the column, the opposite occurs, and the buckling force of the brace decreases,
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with this reduction reaching up to 18% for a 15 cm eccentricity. Therefore, eccentricities
directed outward are undesirable. The connection plate's thickness significantly affects
the bracing member's buckling capacity. Additionally, reducing the thickness of the
connection plate leads to a greater reduction in the buckling force for in-plane
eccentricities where the brace alignment passes through the column. In the case of out-
of-plane eccentricities, it was observed that even the smallest eccentricity reduces the
buckling force of the brace. Specifically, for a 5 cm eccentricity (with the connection
plate at the end of the beam), the critical buckling load of the brace decreases by
approximately 8%.
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