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Abstract: Eccentrically braced frames are renowned for their capacity to absorb seismic forces while
offering greater adaptability. These frames incorporate bracings that are joined to the beams with
an intentional offset, forming a connection within the beams. Nevertheless, there are drawbacks
associated with implementing these beam connections when renovating frames. This paper seeks to
enhance the design approach by introducing an eccentric link within the column of a composite
structure. Eccentric braced frames (EBFs) are hybrid systems that offer both ductility in moment
resisting frames (MRFs) and lateral stiffening in the concentrically braced system. The study exam-
ines composite frames with 5, 10, and 15 stories using eccentric X- and V-type bracings with an
eccentricity of 0.5 m and 1 m. Three different earthquake zones are considered, based on Indian
seismic code provisions: zone 3, zone 4, and zone 5. The structures are analyzed computationally by
nonlinear time history analyses. The lateral load-resisting behavior of the structure with the same
eccentricity in beam links and column links is compared. Then, the structure is subjected to a push-
over analysis to study the performance characteristics such as capacity curve, lateral displacement,
inter-storey drift, and plastification of the structure. As anticipated, compared to conventional mo-
ment resisting frames (MRFs) and concentrically braced frames (CBFs), eccentrically braced frames
have better energy dissipation. Furthermore, the behavior of X-braced column links is found to be
similar to the performance of beam links, but V-braced frames showed better performance in col-
umn link frames than in beam link frames. Also, the increase of the link length played a major role
in the ductility of the frames.

Keywords: eccentric bracings; column link; beam link; composite frames; pushover analysis; per-
formance-based design

1. Introduction

Today, high-rise steel-concrete composite buildings are commonly used due to their
ability to handle heavy loads and their high strength-to-weight ratio. Structural systems
that are subjected to seismic conditions often use braced frames, which can be either con-
centric braced frames (CBFs) or eccentric braced frames (EBFs), in addition to moment
resisting frames (MRFs) for better performance. The use of reduced beam sections (RBSs)
in MRFs, which take advantage of a rotational moment of inertia, has been studied by[1,2]
to enhance their ductility. The effect of semirigid connections on the performance of the
frames, as well as the optimization of MRFs without losing the lateral stiffness of the struc-
ture under seismic conditions, has also been studied by [3,4]. Previous research [5-7] has
shown that the concentric braced-X type performs better under seismic conditions in
CBFs. Five different types of CBF bracing systems under seismic loading conditions were
studied by [8] and found to exhibit good ductility at various heights. Previous studies
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have examined the use of EBFs in which one end of the bracing is connected to the column
concentrically and the other end is connected to the beam using K- and V-types of bracing
(Figure 1). The braces are connected to the beam with an eccentricity, creating a link in the
beam between the two braces. The EBF is a hybrid system that combines the benefits of
both the MRF and CBF, providing lateral stiffening and ductility to the structure under
lateral loads. Previous studies have only considered the location of eccentric links in either
the vertical or horizontal beams.

Researchers [5, 9] have conducted similar studies on composite frames. They ob-
served that the beam link undergoes inelastic rotation, increasing the ductility of the
frames. The length of the link determines the extent of inelastic rotation, which can occur
due to shear, flexure, or a combination of shear and flexure. All the aforementioned stud-
ies were conducted on a 2-dimensional frame system, either experimentally or analyti-
cally. The design approach for the linked column frames according to the theory of plastic
mechanism control (TPMC) was developed and studied by [10].

The failure of a structural floor system under a lateral load is often caused by plastic
deformation of the beam link, either by shear or flexure. Limited literature exists regard-
ing the unique features encountered in the analysis of the EBF. However, a new approach
involving active links in the column segments between braces and columns can be used
to study the ductility factor and stiff elastic mechanism during extreme cyclic overloads.
Placing the link in the columns instead of the beams offers advantages during construc-
tion, particularly when retrofitting structures with vertical bracings or creating openings
for architectural purposes.

Extensive research has been conducted on the behavior of EBFs with beam links. The
link behavior and recommended limitations to the AISC manual for EBF link length were
investigated by [11]. They studied the limitations of the link length and arrived at a for-
mula to calculate it based on the behavior of the link as a shear link, moment link, or
combined shear and moment yielding during plastic hinge formation in the structural
system. The inverted braced frames with zipper struts were studied by [12], while the real-
time failure of column links in an electric dust catcher was examined by [13]. The behavior
of long links subjected to cyclic loading in EBFs, which showed a large inelastic rotation
higher than 0.02 radians, as described in the AISC for bending criteria, was analyzed by
[14,15].

The plastic hinge formation in an MRF is scattered throughout the building, as dis-
covered by [8,16]. The formation starts with beams and progresses to the columns before
the collapse. In contrast, braced frames start with bracing and then transfer to the beam
and column. CBFs perform better than MRFs in resisting lateral displacements. The dif-
ferent types of EBF with beam links were experimentally and analytically studied by
[17,18] and it was concluded that such systems offer higher ductility and better lateral
displacement resistance under seismic loading. Research in the literature [5,6,19-26] ex-
plains the collapse performance of steel CBF and EBF structures, which assisted the opti-
mized design of concentrically braced frames. Some authors used a force-based design
approach, while others used a displacement-based design approach.

The column links are employed to improve the buildings’ structural integrity and
enhance their seismic resistance. In particular, the proposed design approach provides
flexibility in architectural design, construction efficiency, and compliance with building
codes. This paper introduces a novel approach for eccentric braces with links in columns.
By leveraging the column splice connection locations, it is possible to enable the construc-
tion of the column link within the structure. The analysis of column links in 3-dimensional
steel concrete composite frames with X- and V-type bracing systems across buildings with
5,10, and 15 stories is a unique contribution to the field. Previous works by [18,22,27-29]
have solely focused on vertical links, whereas this study emphasizes the provision of ec-
centric column links.
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(8)
Figure 1. Various concentric and eccentric bracing types from the literature. (a) Yang et al. [12]; (b) Tengfei et al. [9]; (c) Tong et al. [13]; (d)
Caprili et al. [27]; (e) Bouwkamp et al. [17]; (f) Erfani et al. [28]; (g) Nassani et al. [5].
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2. Analytical Model

The typical structural plan of 35 m x 25 m with five bays spaced at 7 m and 5 m along
the X-direction and Y-direction, respectively, with a 3 m storey height, is considered in
this study. In Figure 2, there is a display of the 3-dimensional (3-D) model and plan of the
structure. The center bay of the frames is equipped with bracings for symmetric arrange-
ment to prevent torsional effects in the structure caused by eccentricity between the center
of mass and the center of rigidity and to improve lateral resistance [20]. This study exam-
ines various structural systems, with the loadings as given in Table 1 in a single MRF sys-
tem and a dual MRF system with bracings according to Indian standards for the seismic
design of buildings [30].

The bracings are designed as buckling restrained bracings. Additionally, the study
investigates MRF configurations with X- and V-type CBF (XBR and VBR) as well as MRF
setups with X- and V-type EBFs that have eccentricities of 0.5 m and 1.0 m in both beams
(BXBR, BVBR) and columns (CXBR, CVBR), as illustrated in Figure 3. Table 2 presents an
analysis of 5-, 10-, and 15-storey structures using MRFs, CBFs, and EBFs as well as XBRFs
and VBRFs, with links incorporated in both beams and columns. These different models
enable us to draw conclusions regarding the performance of the structure with links in
the columns and emphasize the significance of eccentrically braced frames as the struc-
ture’s height increases.

For the structures of 5, 10, and 15 stories, the eccentricity of the links is altered by 0.5
m and 1.0 m from the centerline of the column work points to the brace-beam work points
in beam link locations and brace-column work points in the column link locations. The
following loading patterns are considered: (i) dead load (DL), which includes the self-
weight of the concrete slab and the structural steel elements according to Indian standards
for loadings [30-32]; (ii) superimposed dead load due to flooring of 0.4 kN/m?; (iii) live
load (LL) of 3.0 kN/m? and (iv) seismic loads based on the building location on medium
or stiff soil. Table 1 lists the remaining seismic parameters that are used for the analysis of
the structure. These parameters are important for accurately determining the base shear
of the structure using the equivalent static approach outlined in [30].

To ensure the foundation of the structure is strong, medium-stiff and soft soil types,
specifically of Type Il classification, are considered. The structure is a steel-concrete com-
posite, with a deck slab serving as the floor slabs. It is a commonly used choice in seismic
zones for its cost-effectiveness and performance. It has been classified as a special moment
resisting frame (SMRF) with bracings. The composite deck slab acts as a diaphragm, al-
lowing better dissipation of lateral displacement across all frames. The response reduction
factor is considered as per the codified provisions for the SMRF system.

ETABS v 2018 [33] software was used to analyze the structure, considering seismic
loads for both nonlinear static and dynamic analysis. The steel grade used was E350, while
M30 was used for the concrete. The structure was designed to include both gravity and
seismic load cases, with load combinations defined according to Indian standards [30-32].
Initially, the structure was analyzed as an MRF with static load cases, and the members
were designed to withstand the effects of the worst load combinations.
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(b) Plan view

(a) 3 Dimensional view

Figure 2. Five-storey moment resisting frame (MRF) structure.
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Figure 3. Elevation view of column links in five-storey V- and X-braced frames.
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Table 1. Seismic Considerations of the Structure.

General Design Levels Parameters Considered
Soil Type II
Seismic Hazard
Seismic Zone Zone-3, Zone-4 & Zone-5
Structural Steel Fe 345
Material Grade of Concrete M30
Reinforcement Steel HYSD 550
Self-weight of the Steel Members &
. Dead Load & .
Loading Concrete Slab and Flooring
Live Load 3 kN/m?
Structure Modelling Structure Model SMRF with Dual System
Table 2. Fundamental period (seconds) of vibration for three modes of braced and unbraced
frames.
2a—Mode-1
Type of Frame CONC- CONC- 10 10 10 10
) MRF XBR VEBR 0.5BXBR 0.5 CXBR 0.5BVBR 0.5 CVBR BXBR CXBR BVBR CVBR
No. of Stories
5 1.15 0.57 0.74 0.6 0.63 0.81 0.76 0.65 0.77 0.92 0.9
10 2.3 1.38 1.61 1.42 1.45 1.72 1.63 1.47 1.63 1.88 1.74
15 3.47 2.32 2.57 2.36 2.39 2.7 2.58 2.42 2.58 29 2.71
2b—Mode-2
e of Frame CONC- CONC- 1.0 1.0 1.0 1.0
W MRF o Top. 05BXBR 05CXBR 05BVBR 05CVBR oo obn pine cupg
5 0.83 0.48 0.56 047 0.52 0.57 0.58 0.49 0.57 0.61 0.66
10 1.85 1.17 1.32 1.17 1.23 1.33 1.35 1.19 1.32 141 1.41
15 2.95 2 2.18 2 2.07 2.19 2.22 2.02 2.18 2.29 2.29
2c—Mode-3
e of Frame CONC- CONC- 1.0 1.0 1.0 1.0
W MRF o vBr  O3BXBR 05CXBR 05BVBR 05CVBR _ bo  yno pibn cUBr
5 0.8 0.35 0.45 0.36 0.39 0.48 0.47 0.38 0.46 0.55 0.55
10 1.8 0.87 1.03 0.89 0.92 1.09 1.05 0.92 1.04 1.21 1.14
15 2.79 1.53 1.71 1.54 1.58 1.78 1.73 1.58 1.71 1.93 1.83

2.1. Nonlinear Analysis

According to [30], linear dynamic analysis is only suitable for structures with a height
of less than 15 m that are located in Zone II. As the structure being studied in this paper
is taller than 15 m and falls under Zones III, IV, and V, the recommended nonlinear dy-
namic analysis methods in accordance with [30] are the response spectrum method, modal
time history method, and time history method. Consequently, in this investigation, a time-
history analysis is carried out.

Investigating the response of structures to seismic loads in a sequential manner can
be achieved using nonlinear dynamic analysis. In this process, the structure is analyzed
under seismic excitations in three distinct zones: Zone 3, 4, and 5. To obtain the necessary
time history data for these zones, three different locations in India—Chamoli, Uttarkashi,
and Bhuj—were selected, as depicted in Figure 4.

The data on the earthquake ground motion are sourced from the strong motion cen-
ter. The base shear is scaled to ensure its validity in both static and dynamic load cases.
To obtain the necessary time history data for these zones, three different locations in In-
dia—Chamoli, Uttarkashi, and Bhuj—were selected, as depicted in Figure 4.
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Figure 4. Time history data for Zone 3, Zone 4, and Zone 5 in India.
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In this study, to determine the performance parameters of a structure, a non-linear
dynamic procedure, i.e., displacement-controlled pushover analysis as recommended by
[34] is performed. This analysis helped us to obtain the various performance characteris-
tics like the capacity curve, ductility demand, and inter storey drift ratio. The recom-
mended target displacement is 4% of the building’s total height, according to the Ameri-
can Technology Council [35]. To perform the pushover analysis, ETABS [33] software was
employed, and auto hinges were assigned to beams and columns by the American Society
of Civil Engineers [36,37]. For beams and columns, the hinges were placed at the ends of
the member, and for braces, they were positioned at the center of the member. The struc-
ture was then pushed in the X direction until the target displacement was achieved. The
pushover analysis was conducted on moment-resisting braced frames with 0.5- and 1.0-m
beam links and column links. The capacity curve, sequence of failure, ductile capacity,
ultimate load level, and deflection of the structure at the point of failure were meticulously
observed.

The examination of recorded time history data has yielded information on inter-sto-
rey drift ratios, storey drifts, storey displacements, and storey shears. To delve deeper into
the performance of the analyzed structures, a modal analysis was conducted to identify
different mode shapes. Table 2 presents the fundamental periods of the first three modes
for both frames with bracing and frames without bracing.

After analyzing Table 2, it was discovered that the period for 5-, 10-, and 15-storey
MREFs is greater than that of the concentric and eccentric braced frames. This indicates that
braced frames are more rigid than unbraced frames. In addition, it was determined that
structures with a column link are stiffer than those with a beam link in the case of V-braced
frames. But in the case of X-braced frames, beam links are stiffer than column links. The
length of the link and its placement in either the beam or column also had a significant
impact on the time period. When the link is longer and in the column, it results in a shorter
time period compared to a beam link with the same length in the case of V-braced frames,
whereas in the case of X-braced frames, it is observed to be a higher time period.

Regardless of how the eccentrically or concentrically braced frames are connected
within the structural system, the X-braced frames are stiffer than the V-braced frames.
However, the V-braced frames are stiffer if the link is in the columns than if the link is in
the beams.

The validity of this model is confirmed by comparing it with the base reaction of the
analysis through manual calculations. The critical column design is then checked using
manual calculations, which only vary by approximately 0.19%. The outcomes of nonlinear
time history and pushover analysis for both braced and unbraced frames with the beam
link and column link are compared.

2.2. Design Guidelines by the AISC 341-16 [38], EC3 [39], EC8 [40] and IS 1893:2016 [30]

The American Institute of Steel Construction [38], European Codes of Practice [39,41],
and Indian Seismic Code[30] recommend using EBFs in all seismic zones for high ductility
behavior. The limits on the length of link with or without link stiffeners are given in the
American standards [38]. According to the codified standards [38], one end of the brace
should be connected to one end of the link created in the beam or column. The eccentrici-
ties should be less than the beam depth, and the brace connection should provide elastic
deformation through shear or flexural yielding.

Moreover, according to [36,42], link lengths can be categorized as short, intermediate,
or long. This study only focuses on the short and intermediate links. As stated in CLF.
3.4a, Figure 5 illustrates the rotation angle of the link, assuming that the total storey drift
is equal to the design storey drift. It is worth noting that the link rotation angle must not
exceed certain limitations.
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Figure 5. Link rotation angle.

For links 1.6 Mp/Vp length or less, the link rotation angle = 0.08 rad. (1)

For links 2.6 Mp/Vp length or greater, the link rotation angle = 0.02 rad. 2)

Linear interpolation between the above values if the link length is between 1.6 Mp/Vp
and 2.6 Mp/Vp. When the link length is less or equal to 1.6 Mp/Vp, it satisfies the require-
ments of moderately ductile members.

Link length ratio (p),

p = (e Vp)/Mp (3)

where Mp —plastic moment capacity, Vp—plastic shear capacity, e—eccentricity.

To classify the links in the beams and columns into the shear and intermediate link
category, specific eccentricity measures are employed. This paper considers the eccentri-
cities of 0.5 m and 1.0 m. The type of classification is given in Table 3.

Table 3. Classification of link.

Link Length Considered Classification
0.5m Shear Link
1.0 m Intermediate Link

The 5-, 10-, and 15-storey buildings are analyzed using ETABS [33] software by var-
ying the link distance X- and V-bracings. The impact of the link distance on the beam and
column is studied, and the analytical results are investigated.

3. Performance under Seismic Loadings
3.1. Storey Displacement

To ensure optimal performance of a structure, the storey displacement must meet the
acceptable limits recommended by the code for service requirements. If a building’s dis-
placement is larger, it is more ductile. Figures 6-8 illustrate a comparison of storey dis-
placement for 5-, 10-, and 15-storey buildings with braced and unbraced frames.

It can be inferred that an MRF has higher storey displacement, which can be reduced
by 50% by providing concentric X- or V-type bracing. With the introduction of beam links,
regardless of bracing type, the storey displacement is almost the same as that of the CBF.
When eccentric column links are introduced in X-bracing, the storey displacement is 10%
higher than that of beam links but still lower than that of the MREF. It is also evident that
beam links and column links perform similarly in all three zones for V-bracing. Therefore,
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in V-type bracing, the presence of links in beams or columns results in similar storey dis-
placement.

Based on the data, it was observed that column links with a length of 0.5 m exhibited
lower storey displacements compared to those with a length of 1 m. This suggests that the
lateral resisting capacity of the structure is affected by the eccentric distances. Therefore,
to ensure the building performs as intended, it is recommended to use link lengths that
are less than twice the depth of the connecting beam.
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Figure 8. Storey displacement of 15-storey braced and unbraced frames under seismic effect.

3.2. Inter-Storey Drift Ratio

The inter-storey drift ratio is the ratio between the storey drift and its corresponding
storey height. By providing column links, it is observed that the drift ratio is reduced,
similar to the reduction in storey displacements, regardless of the considered cases. The
reduction in percentage is higher in zone 3 compared to zone 4 and zone 5. However,
increasing the link length drastically increases the drift ratio, indicating that column links
make the structure more ductile, allowing for larger displacements. However, this can
lead to the plastification of members and promote the collapse of the entire structure. Us-
ing a minimum 0.5-m column link results in a lower drift, making the structure more rigid
and reducing the displacement between consecutive stories, keeping all members in the
elastic stage.

Column links reduce the drift ratio, similar to the X-bracing system. In lower zones,
shorter column links reduce drift, while in higher zones, they do not perform well. It is
not advisable to use links in higher zones for X-bracing. The percentage reduction is the
same for both zone 3 and zone 4. Conversely, in zone 5, drifts slightly increase, but within
5%.

For V-type bracing, it is preferable to use column links in higher zones, contrary to
the X-type bracing system. Therefore, providing suitable links with proper eccentricity
can prevent failure and ensure the desirable performance of the structure.

3.3. Base Shear

The diagram in Figure 9 shows the time periods when the structure experiences max-
imum base shear. The base shear capacity of 0.5-m beam links and column links performs
similarly in X-bracing. However, 1 m column links exhibit reduced base shear, similar to
the storey shear. This implies that the structure becomes less rigid when links are intro-
duced in columns with greater eccentricity, and vice versa. Regardless of the location of
bracings in the structure, beam links, or column links, the base shear capacity remains
unchanged. Comparing the results, it is concluded that the base shear capacity is greater
for a link length of 0.5 m. Therefore, it is advisable to provide less eccentricity between the
bracings to improve the base shear capacity of the structure.

In low-rise buildings, the V-braced frames exhibit better displacement resistance than
the X-braced frames. Similarly, in this study, the V-braced frames perform better in lower
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zones (as seen in Figures 6-9). It is also noted that in taller structures, the X-braced frames
demonstrate superior performance in terms of displacement criteria. The X-braced frames
display smaller displacements in this study, similar to the results of the author [5].
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Figure 9. Capacity curve for braced and unbraced frames from pushover analysis.

3.4. Capacity Curve

By analyzing push load cases, hinges were incorporated into structural elements to
achieve the desired target displacement. The base shear ultimately fell within the target
range, as seen in Figure 9 for both braced and unbraced frames. The unbraced frames’
capacity curve in Figure 9 was bilinear, indicating that it was in the elastic stage with a
linear slope. As the seismic load increased, certain columns and beams transitioned to the
inelastic stage, causing a shift in the slope of the capacity curve. EBFs and MRFs showed
more ductile behaviors, with EBFs featuring beam and column links of similar lengths
behaving similarly and exhibiting greater ductility. Bracing improved ductility, with V-
braced frames proving more effective than X-braced frames.

With an increase in the number of stories, the frames exhibited an enhanced capacity
to withstand higher seismic forces. In particular, V-braced frames with column links ex-
hibited a greater capacity for dissipating energy, and the formation of hinges resulted in
a redistribution of moments within the frames. Currently, V-braced beam links are the
primary option for dissipating energy in frames exposed to significant seismic forces.
Nevertheless, in unavoidable situations, column links outperform beam links. Conse-
quently, column links can also be employed in tall buildings to attain improved perfor-
mance parameters.

4. Plastic Hinge Formation

Overall, beam links in eccentric braced frames contribute to the earthquake resilience
of structures by improving energy dissipation, ductility, and overall seismic performance,
while also offering design flexibility and cost-effectiveness.
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Based on the results from the pushover analyses, it is evident that column links have
a higher yield point than beam links. Delay in the failure of the structure by better moment
redistribution as well as the enhanced ductility and dissipation of column links are the
added benefits of using column links over beam links. Figures 10-12 illustrate the for-
mation of plastic hinges in braced frames with both beam and column links for 10 and 15
stories. Hinge formation is determined to be scattered in an MRF [8], with hinges forming
throughout the building. In MRFs, hinge formation begins with beams and progresses to
columns before collapse. However, in braced frames, hinge formation starts with the brac-
ings and is then transferred to the beams and columns.
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Figure 10. Plastic hinge formation of 10-storey for 1 m column links, beam links in X- and V-braced

frames.

The 5-storey MRF, CBF, and EBF behave similarly. The CBF is preferred for lower-
storey structures that are subjected to heavy loads and experience higher base shear. The
MRF showed better performance, and it is an economical option when the height of the
building is less than 15 m. On the other hand, when the number of stories is greater, it
leads to an increase in the seismic demand of the structure, which also increases the weight
of the structure in the case of an MRF. The dual system of an MRF with braces can address
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the seismic demand; however, better ductility can be achieved by employing the links in
the structure.

In this study, the formation of hinges for an EBF was found to be very similar to the
[8] study of CBFs. In X- and V-braced frames, hinges initially form in the braces, followed
by hinges forming in the beams and columns, respectively. The columns suddenly col-
lapsed into V-braced frames with beam links rather than column links. In 10-storey X- and
V-braced frames, column failure was not observed, and the frames performed well. For
the 15-storey building with beam and column links, the sequence of hinge formation was
similar to the 10-storey building, but the column hinge reached its ultimate state in the
column link case, while the ultimate yield state of the column was not attained in the X-
braced beam link structure. The column is non-composite. Therefore, the steel column
tends to promote the development of a hinge mechanism similar to that observed with
beam links, rather than exhibiting brittleness.

0
O
-0

o

T g g e

A ® N @ © % 2o B

T

P§eq]

w

u
=

-

(a) 15-1CXBR



26 of 29

Buildings 2023, 13, 2970

2

Storey 3

Storey
[ syt

Base

MWJ suoanooavetN

J [ eoms

lelolalel LT kR
.J

L

Jo
Q

(b) 15-1CVBR

. / A y
\ N LN v’

s & W e

e et
‘%\‘“&“W\\o\\\sﬂ

.ﬂ...‘/....u.i...\o...wﬂﬂ».‘..wm-u\.\ 1)
XX N\ AS7 XA ,
>¥I\. { A
%%

(c) 15-1BXBR



27 of 29

Buildings 2023, 13, 2970

r ot

el
S“ﬁﬁﬂﬁ907ms4321 M R X Q2 ¥ ¥F @ @ © ~ ©®© © ¢ ® N -~
-
fle]
» MMMMMhi = » » 7 » @ mmmm.m
e
[=1
81,'] = VM [COR
=
OO - P _2 § = km Ce- = =
: — s |
....h m Go- .500 -
eo- e {215 2 ——d_
e g B @
2 g 1
OO~ P—— — .In. ce- =
m _
2
g
e mm— = . g ce- y\
ﬁ %
5
ce- 5. e ;7
NERR 1Tk |
g |
~ 9
S
>
m o
- g
o .8
- &
z E
£
5]
o1}
5
<
g
D
S
[a )
—
-
g8
B &
[Fag=

Y. vavs o
PN
\ X a®

ray e

(a) 15-CONC.XBR



Buildings 2023, 13, 2970

28 of 29

i i i i " Sioey 5
|® "
d | Sty B
& \' 2
® "
| O silfey 0
® ohoyo
el 8
7
| | iy Y-
_ | e o) | R
Storey 4
| | ono
‘ | Storey2
| Storey 1
SN BT S LS N S

(b) 15-CONC.VBR

Figure 12. Plastic hinge formation of 15-storey for concentric X- and V-braced frames.

The hinge formation in the 15-storey building is similar to the 10-storey V-braced
frames. Hinges initially formed in the braces, followed by the beams and columns. In the
15-storey building, the V-braced frames perform better when linked to the columns rather
than the beams. As the height of the building increases, the structural capacity decreases,
even when the sequence of hinge formation remains the same. Figure 12 shows that the
CBF is stiffer but has lower ductility compared to the EBF, which has higher ductility and
energy dissipation characteristics. This makes the EBF the preferred choice for a perfor-
mance-braced design.

5. Concluding Remarks and Recommendations

This study delves into the impact of link columns in eccentrically braced frames,
drawing comparisons with moment-resisting frames when subjected to seismic condi-
tions. The investigation encompasses X-braced and V-braced frames, each featuring ec-
centric beam and column connections with standard eccentricities of 0.5 m and 1.0 m.
Models of composite frames are scrutinized across typical building heights of 5, 10, and
15 stories, subject to three distinct seismic scenarios in accordance with the Indian code.
Key findings include:

o The length of the connections significantly influences the performance of V-braced
frames compared to X-braced frames.

e The categorization of eccentric connections as either shear or intermediate links plays
a pivotal role in determining the structure’s lateral displacement and energy dissipa-
tion.

e The column link length of 0.5 m showed a stiffness reduction of 5% when compared
with the beam link of the same length. However, when the number of stories in-
creased, the difference was less than 1%. Additionally, when the column link length
is increased to 1.0 m, the stiffness reduction is increased by 15% in low-rise buildings
and <5% in high-rise buildings.
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e  The eccentric X-braced frames are stiffer when compared with the V-braced frames
when the link is in the beams. When the links are in the columns, the V-braced frames
are stiffer than the X-braced frames.

e In the case of column links, lateral deformation is observed to be approximately 10%
greater than that of beam links but 30% less than in moment-resisting frames (MRFs),
consistently falling within the recommended displacement limits specified by ATC
40 and AISC 341.

e The lateral deformation of the MRF is controlled by braced frames, and X-braced
frames offer more stiffness against lateral deformation compared with V-braced
frames. The EBF with a link beam and link column is not effectively utilized in low-
rise buildings. The 1.0-m eccentric link column in V-braced frames can be used for
better performance in high-rise buildings when compared with the 1.0-m link beam
in V-braced and X-braced frames.

Consequently, link columns can be an alternative design approach where installing
link beams is impractical, including retrofitting projects that share similarities with the
eccentric placement of dampers in bracing systems. The characterization of beam-column
connections is not employed in the structure. It is worth noting that the study does not
explore the cost-effectiveness of this structural approach. Further research is also essential
to explore the degradation of link column members and their overall impact on the per-
formance of composite frames featuring column links.
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