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Abstract. This paper deals with the irreqular
profile of braced steel frame building along the
vertical direction with shear link bracing sys-
tems. The underlying fact of the paper is the
effect of the seismic force in braced frames with
different types of irregularities including geomet-
ric irreqularity, column discontinuity, and over-
hanging mass. For each successive model, the
position of shear link bracings has been fized to
make the study effective. This study has inves-
tigated the vulnerable effect of irreqular profiles
in steel frame buildings. To attain the nonlin-
ear property of each element of the frame, the
pushover analysis method along with the equiv-
alent static force method has been adopted for
the present study. UBC97 code has been used
here for linear static analysis while the param-
eters for nonlinear static analysis are authenti-
cated from FEMAS356. Investigations on differ-
ent frames exhibit that regular profile with sym-
metry in mass is more efficient while using over-
hanging mass is detrimental as the formation of
nonlinear hinge occurs at minimum load in the
model with overhanging mass compared to other
frames.
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1. Introduction

Steel bracings have become a common system
to retrofit steel framed buildings for the last few
decades. It has become accustomed because of
its affectivity on increasing strength, stiffness
and ductile properties of structures. Steel brac-
ing systems are the best mean for the proper
rehabilitation of existing structures which are
prone to the earthquake loads since earthquake
rehabilitation has become a challenge nowadays.
The use of shear links has made the method
more effective. With the development of the
concept of using shear links with seismic brac-
ings, researchers and structural engineers have
already represented its credible performances
compared to general steel bracings systems. Sev-
eral studies demonstrated the development of
this system for both steel and concrete struc-
tures [1-2]. Research works are still going to de-
velop the bracing pattern with or without links.
Studies with vertical shear links depict that they
provide more lateral stiffness to withstand the
seismic force [1]. The bracings are provided
not only in regular shaped framed structures
but also in irregular shaped framed structures.
The studies can be carried out either experimen-
tally or numerically. In the case of experimental
studies, the shaking table test is often adopted.
Shaking table test is a comprehensive test to de-
termine the affectivity of structural frames; how-
ever, it is very costly and not widely available.
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Alternatively, numerical approaches are widely
adopted.

Several researches are conducted based on
experimental studies and numerical analysis.
For example, Hosseini et al. [1] discussed the
pushover analysis of reinforced concrete build-
ings with vertical shear links steel braces. The
goal of their study was to strengthen the frames
providing steel bracings such as inverted "V"
braces, inverted "Y" shear linked braces. Sev-
eral models had been selected to conduct their
study. Frames of 4, 8 and 12 stories regular rein-
forced concrete buildings were analyzed to assess
their properties and behaviors. They carried out
the pushover analysis to evaluate the efficiencies
of their models and it was found that the in-
verted Y-linked braces are good enough to resist
earthquake forces as the formation of first non-
linear hinge has been found in shear links. Naik
et al. [3] presented the seismic performance eval-
uation of reinforced concrete frames with irreg-
ular elevations using nonlinear static pushover
analysis. The seismic performance of concen-
trically braced steel frames in multistory build-
ings with mass irregularity has been considered
by Tremblay and Poncet [4]. Multistory frames
having mass irregularity have been the focal con-
centration of their study. Seven incompatible
frames limited to eight-story have been reviewed
in this study to obtain the effect of mass irreg-
ularity. The mass irregularity along the height
has been evaluated. The equivalent static force
method and the response spectrum method have
been adopted to compare the performance lev-
els. Hossain et al. [5] discussed the seismic
evaluation of a simple steel-framed structure by
pushover analysis. A simple steel structure has
been developed to assess the nonlinear behavior
of a certain structural frame. Although several
research works have been reported, very limited
studies for steel frames with vertical irregulari-
ties considering the use of shear links have been
reported. Studies of irregularities are also found
in references [6-11].

The present research aims to perform a com-
prehensive study of the substantial effects of us-
ing shear links in different types of steel frames
that have vertical irregularity. Present research
deals with the study which contains some cases
to exhibit a notable behavior of the steel braced
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frames with shear links in different irregular type
frames in the vertical direction. The applica-
tion of shear link and its feasibility are already
studied [1]. Hence, this study considers the ap-
plication of shear links in braced frames. Ver-
tical irregularities are considered because the
structures are sometimes projected beyond the
mainframe to meet up the architectural require-
ment. Sometimes geometric irregularity and col-
umn discontinuity along the vertical direction
of structures are also observed. To investigate
the nonlinear behavior of irregular structures,
pushover analysis is carried out. The assessment
of seismic force capacity has been determined for
distinct cases. Furthermore, the consequences of
using shear links on all types of frames have been
reported. Four types of irregular framed struc-
tures have been considered in this study. Two
of them comprise geometric irregularity; one is
with column discontinuity in the upper story
and the remaining frame is with an overhanging
mass in the higher story. Shear link braces have
been used for individual systems. The shear link
includes the bracing in the form of invert "Y".
Finally, a comparison has been made among the
irregular frames which contain shear link brac-
ing systems. These frames contain geometric
irregularity or column discontinuity. The out-
come of the study shows certain effects due to
the geometric irregularity /column discontinuity
or overhanging mass in a frame that is rehabili-
tated with shear link steel bracing or invert "Y"
bracing. This is because the fact turns into a
challenge for a designer to opt for the optimum
system for acceptable rehabilitation.

2. Materials and methods

2.1. Materials

Specifications of materials for numerical analysis
have been adopted from the manual of the Amer-
ican Institute of Steel Construction [14]. The
details of the member specifications are listed in
Table 1. The loading conditions have been con-
sidered following the guidelines of UBC97 [12].
Estimation of different parameters for pushover
analysis is computed as per the guidelines of
FEMA 356 [13]. The relevant properties of the
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frame are demonstrated in Table 1. The cross-
sectional properties of the beams and columns
of all models are the same. The materials and
sections are kept the same for braces and links as
well. All types of material sections and property
have been adopted as per the American Institute
of Steel Construction (AISC).

Tab. 1: Details of members used.

Members Configuration
Beam size W16x40
Column size W21X83
Bracing size Pipe 5 std.
Link Beam size | W6X9

Total story 6

Bay width Sm

Story height 3m

2.2. Description of models

Frames with irregularity in geometry, disconti-
nuity in columns and overhanging mass along
height have been considered for the present
study. Bracing with shear links has been added
as well to observe the behavior and strength of
the dissimilar steel frames with certain irregu-
larities. Four irregular steel frames have been
considered for the study. Fig. 1 (Model-1) repre-
sents the frame as vertically irregular and asym-
metric as well. The 6-story frame having a ge-
ometric irregularity in every 2 floors has been
taken for pushover analysis. The geometric area,
as well as the mass of floor, decreased 25 percent
at the 3" story and 50 percent in the 5! story.
Fig. 2 (Model-2) constitutes a frame that has
geometric irregularity after the third floor but
has symmetry along the vertical axis. Geomet-
ric area and floor mass decreased on the 4" floor
with a value of 50 percent. Fig. 3 (Model-3) de-
picts a frame that has column discontinuity at
the fourth story. Fig. 4 (Model-4), on the other
hand, depicts an overhanging mass on the fourth
floor. The bay width and story height of each
model are kept constant (refer to Table 1).

(© 2019 Journal of Advanced Engineering and Computation (JAEC)

2.3. Pushover analysis

Pushover analysis is incorporated to assess the
nonlinear behavior of the models. The pushover
analysis method is mainly adopted in the case
of existing structures and to find the nonlinear
properties of frames. Several properties: effec-
tive stiffness, secant stiffness, and ductility and
target displacements along a certain direction
can be determined using pushover analysis. The
steel frames are assumed as ordinary moment-
resisting frames and ordinary braced frames.
Pushover parameters are estimated from FEMA

Fig. 1: Model 1.

Fig. 2: Model 2.
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Fig. 3: Model 3.

Fig. 4: Model 4.

356 [13]. The behavior of structures can be ex-
plained from the force-displacement curve which
is recognized as the capacity curve. From Fig.
5, the behavior of the force-displacement curve
can be observed. As per the notations in Fig.
5, point “A” represents the origin while point
“B” represents the endpoint of the proportional
limit. In a linear analysis, the material prop-
erties are considered based on the proportional
limit. The material property is referred to as
the stress-strain or force-displacement curve of
a material. The linear portion of the stress-
strain behavior is adopted. In pushover anal-
ysis, the nonlinear behavior of materials is also
considered. The nonlinear behavior as well as
the nonlinear hinges starts from point “B” as
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Fig. 5: Force vs. deformation/deformation ratio curve
[13].

shown in Figure 5. The nonlinear hinges start
from point “B”. The hinge levels are computed
when the forces reach 10, LS, and CP (Figure
5). After point D, the element responds with
substantially reduced strength to point E. The
parameters from UBC97 [12] have been listed in
Table 2 while the pushover criteria are shown in
Table 3.

The Base shears which have been applied for
pushover analysis were derived from the follow-
ing equations. The base shear is distributed over
the height of the models and used as a load pat-
tern for pushover analysis.

ey
" RT

\% w

(1)

where

T = Cy(hn)** (2)

Tab. 2: Values considered from UBC97 [12].

Parameters Values/
Standards

Zone factor, Z 0.075

Soil profile type Se

Seismic importance factor, i 1

Response modification factor, | 5.6

R

Seismic coefficient, C, 0.09

Seismic coefficient, C,, 0.13

Near-source factor, N, 1

Near-source factor, N, 1

Cy 0.0853
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Tab. 3: Pushover parameters.

Parameter Input value/
system

Frame type Moment resisting
frame

Geometric Nonlinearity | Included

Expected yield stress 250 MPa

Hinge type As per FEMA356

Damping 5%

Site category Class C

Mapped spectral 1.2

acceleration, F,,

Mapped spectral 1.7

acceleration, F,

The computed base shear (V) from equation
(1) must be less than that calculated by equation
(3) and must be greater than that calculated by
equation (4). In equation (1), W indicates the
self-weight of the frame.

2.5C, 1
V= w 3
7 (3)
V =0.11C,IW (4)

STAAD.pro v8 has been used for pushover
analysis. The assumptions through which the
pushover analysis has been followed are listed
below:

(i) The frames are moment resisting frames.

(ii) The geometric nonlinearity has been con-
sidered.

(iii) The expected yield strength has been as-

sumed as 250 MPa.

(iv) Total Load step is 100 and the nonlin-

ear hinges have been presumed as per

FEMAS356.

(v)

Deduction of the damping ratio is 5% and
the site class is Sc

(vi) Mapped spectral acceleration factor, Fa=
1.2 and Fv=1.7

A certain value has been entered to ter-
minate the pushover analysis after an ir-
refutable limit.

(vii)

(© 2019 Journal of Advanced Engineering and Computation (JAEC)

Linear static analysis following equations (1),
(2), (3) and (4) are also incorporated for each
consecutive case to obtain the maximum deflec-
tion.

3. Results and discussion

The analysis of the models is conducted follow-
ing the provisions of UBC97 [12] and FEMA356
[13] for linear static and pushover analysis se-
quentially. The equations and provisions are
discussed in the previous sections. The anal-
ysis demonstrates the behavior of the selected
frames. The objective of the research includes
the computation of displacement under linear
and nonlinear analysis by observing the nonlin-
ear hinge formation in the members. The for-
mation of nonlinear hinges at a certain load-step
defines the load capacity of the local element.

Table 4 presents the lateral displacements ob-
tained from linear static analysis while Table 5
and Table 6 define the results of pushover analy-
sis. Table 4 shows the lateral displacements due
to the linear static analysis. The differences in
maximum displacements of the models are sub-
stantial. Model-2 yields less effect while model-
4 yields the maximum. Normalized differences
are obtained by dividing the displacements of
the model with the displacement of Model-2. It
can be noted that normalized displacements of
Model-1 and Model-2 are close. Besides, there
is a vast difference in normalized displacements
of Models (3 &4) with Model 1. The computed
differences are 25 percent and 29 percent. This
indicates the severity of considering overhang-
ing and column discontinuity in any steel-framed
structures subjected to earthquake loads.

Tab. 4: Lateral displacements obtained from linear
static analysis.

Model | Maximum Normalized
displacement | displacements
(mm)

Model-1 | 4.081 1.009

Model-2 | 4.046 1

Model-3 | 5.045 1.25

Model-4 | 5.226 1.29
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Tab. 5: Nonlinear hinge formation.

Model Formation of hinge | Model 1 Model 2 Model 3 Model 4
Base shear | Base shear | Base shear | Base shear

Immediate occupancy (I0) 0.84W 0.89W 0.55W 0.5W

Life safety (LS) 1.27TW 1.33W 0.91W 0.81W

Collapse prevention (CP) 1.44W 1.52W 1.06W 0.90W

Tab. 6: First formation of the nonlinear hinge in the
mainframe (Beam & Column).

Model | First Nonlinear | Member
hinge formation | type
Model-1 | 1.18W Beam
Model-2 | 1.24W Beam
Model-3 | 0.86W Beam
Model-4 | 0.78W Beam

In Table 5, the first nonlinear hinge originates
for loads with different values. A detailed il-
lustration of hinge development is discussed in
Azad et al. [15]. The base shear has been nor-
malized as the fractional ratio of self-weights
(W) of each model. The lowest value of base
shear to form the first nonlinear hinge is found
in Model-4. Model-4 contains an overhanging
mass portion the decreases the global stiffness
of the structure. Besides, the highest value of
base shear to form the first nonlinear hinge is ob-
tained from Model-2. It has symmetry along the
vertical axis and it exhibits the stiffest character-
istics among the models. Model-1 and model-3
have the intermediate value of base shear to orig-
inate the first nonlinear hinges. Besides, Models
(1&2) and models (3&4) have closure shear val-
ues to develop hinges.

Table 6 shows that the nonlinear hinges are
induced in beams and columns of the mainframe.
Note that the minimum load for the formation
of hinges in the beam has been found in Model-
4. The value of the load is highest for Model-2.
It can be noticed that the value load for forming
hinge in the beam is closure for Models (1&2)
and Models (3&4).

The formation of nonlinear hinges in beams
(Main Frame) for push loads has been repre-
sented in Fig. 6. For the consecutive models
in Fig 6, it is evident that formations of hinges
in beams occur after the generation of hinges in
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three shear links at different load steps in mod-
els 1, 3 and 4, respectively, at the same levels.
However, a little bit different has been observed
in model-2. Hinge in the beam has been gen-
erated after generating hinges in 4 shear links.
It can be concluded that Model-2 is the safest
model among the considered models.

From Fig. 7, the pushover curve (force-
displacement curve) of different models can be
observed. The value of base shear is plotted
along the vertical axis and the value of the cor-
responding displacements is plotted along the
horizontal axis. It is noticeable that the peak
value of base shear is highest in Model-2. The
lower peak value of base shear can be observed
in Model-1. On the contrary, for Model-4, the
peak base shear has the lowest value. Model-3
has the intermediate values of peak base shears
for corresponding displacements. In this Fig-
ure, the peak base shear is considered because
the structural strength starts to reduce after this
point. It is substantial that the base shear de-
creases with the increasing displacements that
justify that the structural strength is dropping.

4. Conclusions

Numerical analysis has been carried out to in-
vestigate the effect of vertical irregulars of steel
frame with shear linked steel braces. Different
types of irregularities have been considered and
pushover analysis has been carried out. The
study presents results including force deforma-
tion curves, nonlinear hinge formation at differ-
ential load steps. The differences between lat-
eral displacements due to static load have also
been noticed. It is found that the lowest lat-
eral displacements occur in Model-2 while the
highest can be found in Model-4. The frame
with overhanging mass (Model-4) is the most
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Fig. 7: Capacity curve of all specimens.

critical for the irregularities considered in the
present study while model-2 is the safest one,
based on the pushover curve, nonlinear hinge
formations, and lateral displacements. It is evi-
dent that the response from linear static analysis
and pushover analysis follows a significant trend.
The responses of Models (1 &2) are significantly
closed. Moreover, the responses of Models (3
&4) are also close considering the numerical val-
ues. It depicts a model with column discontinu-
ity is also susceptible to vulnerable effects to a
good extent. Hence, there is a good agreement
between the outcomes of linear static analyses
and pushover analyses. As a conclusion, it can
be demonstrated that column discontinuity and
overhanging mass reduces the frame stiffness to
a good extent. The effect of geometric irregu-
larity can be minimized to maintain symmetry
while design and planning.
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