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Abstract:

In this study, the pre-approved connection and the proposed connection have been
investigated and analyzed using Abaqus finite element software. Non-linear static analysis
was performed with reciprocating loading. In this study, in order to compare the proposed
connection and the direct connection, two one-story and six-story frames has been modeled
and the behavior of the two connections in these frames has been investigated. According to
the software models, it can be seen that in all the models, the bending moment capacity of
the connection is more than 40% of the calculated plastic moment in the connection. In
connection with the reduced cross-section, this percentage has reached nearly 20%. The
results of the proposed connection behavior show an improvement of approximately 25-34%
compared to the pre-qualified connections in accordance with the American Institute of Steel
Construction (AISC) standards. The structure with the proposed connection has a higher
coefficient of behavior than direct connection. With the increase in the height of the
structure, the coefficient of behavior of the structure has also decreased.
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Steel connection, Abaqus finite element software, 2800 standard, nonlinear static analysis of
time history.

1. Introduction of these studies was to examine

Connections have been one of the most
important concerns of structural science
scientists in recent decades. Paying more
attention to the beam-to-column load transfer
path and making sure that this load transfer
path is safe at the ultimate limit of the
behavior of the lateral load-carrying system is
one of the major differences in recent
approaches.

The first written functional study of concrete
beam-to-column connection was done by
Hansen and Conner at the Portland Cement
Association (PCA) laboratory [1]. Since then,
this issue has been studied by researchers in
many countries. Although the goals of these
researches were different, the main emphasis

connection behavior and create deformable
behavior in cyclic loading [2]. The result of
this research led to the drafting of the first
regulations for the design of reinforced
concrete joints. ASCE-ACI Committee 352
published the first design recommendations in
1976. At the same time, several
recommendations  were developed by
different statutes, but these recommendations
and laws had differences with each other in
practice. In the following years, more
research by researchers [4-3] led to the
amendment of the ASCE-ACI-352
committee's recommendation, which in 2002,
1991 and 1985, new editions were published
[5-6 and 2]. In recent years, with the
development of the use of high-strength
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concrete, fiber concrete and self-compacting
concrete, research in this field has focused on
investigating the performance of joints made
with the above materials [7 and 10]. An
experimental and numerical study related to
the cross-section of reduced IPE beams using
box stiffeners was done by Roudsari et al
[11]. Considering the reduction of beam width
in RBS section potentially increases the
possibility of lateral buckling connection, the
idea of box stiffeners was proposed to
overcome this deficiency. The results showed
that the stiffeners significantly increase the
ductility of the joint without changing its
strength. Montuori and Sagarese [12] used
RBS steel to increase the ductility of wooden
structures. They proposed a set of criteria to
guarantee the creation of a plastic joint.
Finally, a design diagram was presented that
can be used for similar connections.

In 2019, Wang et al. [13] investigated the
behavior of a steel beam connected to a
column with an end plate. The test results
showed that the plates in the joints can
effectively move the plastic joint on the beam
away from the column and reduce the force.

In 2019, Ahmadi et al. [14] conducted a
laboratory investigation of the bending
connection with stiffener. The proposed
connection has very high resistance, stiffness
and ductility and is classified as a resistant
and stiff connection.

In another study conducted by Atmaji et al.
[15] in 2019, on the steel connection model,
based on the results of the modeling that has
been done, it has satisfied the connection
modeling that has sufficient ductility.

Other researchers have conducted research on
the rules of the European regulation [16].
Jamshidi et al. [17] in 2020, to control the
elastic behavior of columns, the use of
columns with steel box-shaped sections filled
with concrete as boundary elements and ring-
shaped panels as webs is suggested. In order
to control the elastic behavior of the column,
the outstretching of the wing adjacent to the
filler sheet has been investigated. It can be
seen that the use of ring-shaped sheets has a
significant effect in reducing the outward
elongation of the column wing. In other

words, the use of ringed sheets can prevent
vertical boundary elements from yielding.
Ghalenoi et al [18] have conducted a research
in 2019. The present research has studied the
behavior of steel columns under compressive
load with eccentricity with a laboratory
approach. The results show that samples filled
with fiber concrete have more energy
absorption than concrete samples filled with
simple concrete.

In 2017, Hijazi et al [19] conducted a study
on the performance parameters of welded
joints under cyclic loading. In this research,
the behavior of the connection plates in the
convergent bracing steel frame has been
investigated using double profile braces and
connecting pieces. Investigations showed that
removing the free line of bending greatly
increases the values of the plastic strains of
the plate-bracket weld and the plastic strains
of the plate connection. The highest amount
of energy loss in the sample with stiffener
was at the edge of the sheet, which increased
by 15.4% compared to the sample without
stiffener.

In the work of Hejazi et al. [20] in 2014, by
using numerical modeling by nonlinear finite
element method in the ABAQUS software
environment, the behavior of composite
columns including steel pipes filled with
concrete under lateral loading and axial
compressive load was studied. According to
the results obtained in short columns in
unrestricted contact mode, the composite
column has more axial load capacity. Based
on the analysis results of group (b) models,
with the increase in column length, their
lateral load capacity decreases drastically.

2- Numerical modeling with Abaqus
software

In this section, modeling of connections in
Abaqus  software is discussed. The
specifications entered in the software are as
follows. In this research, the uniaxial behavior
of steel was simulated by the classical
plasticity model of metals in Abaqus
software. In this model, the behavior of the
steel is assumed to be completely elastic-
plastic and the yield surface is von mises, and
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the tensile and compressive strength of the
steel is assumed to be the same. Figure 1
shows the stress-strain diagram of steel.
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Figure 1- Stress-strain curve of steel
longitudinal reinforcements (stress in MPa)

According to Figure 1, after the yield point,
the slope of the second segment of the stress-
strain curve reduces to 10% of the elastic
modulus (E). This reduced slope represents
the strain-hardening behavior of ST37 steel in
the plastic region, where the material's
stiffness decreases to 10% of its original value
in the elastic range. For the steel model, the
properties of Ductile Damage have been used.
Table 1 presents these values.
Table 1- Ductile Damage specifications for steel
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Each parameter in Table 1, which specifies
ductile damage for steel used in Abaqus, is
explained below:

1. d3: This  parameter typically

represents the damage parameter
associated with the plastic
deformation of the material. It can
reflect the onset of ductile damage and
is critical for defining the transition
from elastic to plastic behavior.

2. d2: This parameter usually indicates
the critical damage level at which
significant plastic deformation occurs.
It helps define the ductile behavior of

the material and can influence the
material's response under loading.

3. d1: Often referred to as the initial
damage parameter, it represents the
damage accumulation threshold at the
onset of yielding. This parameter is
essential for establishing the point at
which the material begins to exhibit
significant plastic deformation.

4. c2: This parameter is related to the
energy absorbed by the material
during loading. It may represent the
threshold energy required for the
initiation of damage or the energy
dissipated during plastic deformation.

5. c¢l: Similar to c2, this parameter
indicates the energy associated with
the damage process but may relate to a
different stage or aspect of the energy
dissipation mechanism.

6. c: This parameter is often a scalar
value that can influence the damage
evolution law. It may be used to adjust
the sensitivity of the damage model to
loading conditions.

7. B: This parameter typically refers to a
material constant that can affect the
rate of damage accumulation. It plays
a significant role in defining how
quickly the material reaches the
damage threshold under applied loads.

8. A: This parameter is generally a
scaling factor that influences the
overall damage evolution behavior. It
can affect the material's ductility and
how damage evolves under cyclic
loading conditions.

These parameters are essential for accurately
modeling ductile damage behavior in steel



within  Abaqus, helping predict how the conditions. Table 2, all models examined, as
material will perform under various loading illustrated.
Table 2- The models examined in this research
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The proposed connection

Eight-node cubic elements were used for
concrete modeling, and Solid elements were
used for beams, columns and stiffeners. Also,
the modeled geometry has been partitioned
using the partition command for regular
meshing. The modeled geometry of the
sample in the software is shown in figure (2).
In Figure 3, the RBS section connection and
protected zone are illustrated, while Figure 4
depicts the proposed connection.

Figure 2- The partition created on the beam
and column to perform a regular mesh on the
model
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Figure 4- proposed connection

This direct beam connection is reduced in
cross-section. The beam dimensions are
400x8 mm in the web part and 200x15 mm in
the wing part. The column also has a web
with 500x30 mm sheet and 300x30 mm
wings. The reduced part has the following
dimensions: a=15 cm, b=32 cm, and ¢=4 cm.

For the regular mesh model of C3D8R type,
i.e., a regular cubic three-dimensional element
with 8 nodes is selected for integration and
integration of the reduced type. In the

validation model, the mesh convergence test
has been performed on the model. In the
verification model, the optimal mesh after
several stages of analysis was a mesh with
dimensions of 1 cm.

The boundary conditions of the laboratory
sample were such that the displacement of all
the nodes located at the top and bottom of the
column were restricted in a joint manner. It is
also tied in the middle part for out-of-plane
buckling. All border and support conditions
have been applied in the modeling. Cyclic
loading has been applied to the model as in
Figure 5. This loading has been selected
based on the validation article model and
according to the regulation of China [11],
This loading was applied until the failure of
the model.
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Figure 5- Load diagram applied to the model
Boundary conditions are also closed at the top
and bottom of the displacement column, so-
called joint supports are used, and the loading
is applied as a displacement in accordance
with Figure 5 at the end of the beam. The
displacement load is given as a cyclic
protocol at the end of the beam. The
interaction between parts is selected from the
surface-to-surface interaction type, and also in
the screw connection from the surface-to-
node connection type. The contact behavior
between the surfaces of the normal type and
the hard object is chosen so that the two
objects are not placed inside each other during
the analysis, and the coefficient of 0.3 is used
for the friction surfaces between the two
surfaces. For the screw modeling, pre-
stressing force is determined based on the
tenth topic of the national regulation, and its
element is also selected as a solid type and is
like the beam and column element.

In this part, it is applied in the form of history
and in a step-by-step manner, therefore, static
analysis has been used. We have considered
the time of the analysis to be equal to the
duration of the steps. It should be noted that



the stress unit for the models in this section is
based on N/m?.

3- The results of the analysis on the models

The results are divided into two categories,
graphical results and numerical results, and to
check the graphical results, the von Mises

numerical results, the hysteresis chart will be
evaluated. In the following, the graphical
results of stress and equivalent plastic strain
will be evaluated for the examined connection
model. In Figure 4, the stress of the examined
connections is displayed. The von Mises
stress was observed at the moment of
maximum displacement in the structure

stress and equivalent plastic strain are (Figure 6).
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Figure 6- Von Mises stress in the examined
joints (stress unit N/mm?)
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Figure 7 shows the equivalent plastic strain
for the considered connections.
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Figure 7- Equivalent plastic strain in the
examined connections
By examining the stress, it can be seen that
the concentration of stress in the connection

between the beam and the column is higher
than in other areas due to the incoming forces
that include the anchor, so this area is known
as the critical area of the connection. During



an earthquake, the possibility of failure in this
area is very high due to high stress
concentration and incoming forces. In the
examined connections, the effect of stress
concentration is also observed in this area. As
can be seen in the above figures, the beam has
suffered a plastic joint and failure at the
connection point; this indicates that the
concentration of force and stress in this part
due to the bending anchor has occurred more
than in other places. In this regard, it has been
a very good result, because after the
earthquake, the column must have the ability
to bear the load, and therefore, we can rebuild
and strengthen the structure by replacing the

beam. In most connections, such as the
proposed connection, RBS connection, and
BUEEP connection, in addition to plastic
failure, we also see buckling in the beam
wing. The maximum stress occurred at the
joint and on the beam. The connection has
worked very well. As can be seen from the
figure, most of the energy absorption was on
the beam. In addition, it can be seen that
buckling has occurred in the stiffening area of
the beam wing. In this model, the proposed
part has been implemented to some extent and
has absorbed a part of the energy entering the
connection. Figure 8 shows the hysteresis
dlagram of all models.
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Figure 8- Hysteresis diagram of the studied
models

As it can be seen, the structure had good
resistance up to 0.04 radian of rotation and
still at this point of the rotation it can
withstand more than 80% bending resistance.
According to the regulations, it can be seen
that the structure is at the performance level
of the collapse threshold. In this connection, it
can be seen that the reduction of stiffness and
also the initial deterioration of resistance has
occurred since the rotation of 0.0038 radians,
which the cause of the failure is yielding of
the wing of the beam. In addition, it can be
seen that the structure has yielded at a rotation
of 0.0038 radians. At the rotation rate of
0.025, the stiffness is downward and it is clear
that the area of the plastic joint has expanded
and the reason for this was the expansion of
failure in the beam and in the determined
place of the connection. In addition, it can be
seen that the structure has yielded at rotation
of 0.0038 radians. The diagram has good
plasticity and good resistance. By checking
the diagrams in Figure 8, it can be seen that
the desired models in the cyclic loading seen
in the first figure of this section, initially the
resistance increased due to the hardening
behavior, but finally, the stiffness (slope of
the curve) and the resistance due to the
softening behavior have decreased and the
curves have become slightly more relaxed
than the initial state. Due to the definition of
full elastic and plastic behavior for steel
materials, the Bushinger effect is not observed
in the diagrams, and this is due to the
definition of the behavior of the materials.

4- Investigating the seismic behavior of the
examined connections in the steel bending

AR

frame

In this section, two frames of one and 6 floors
have been selected to check the behavior
coefficient. The specifications of the selected
frame are based on the described behavioral
model of the connections. The investigated
frames are designed in Etabs software.
Finally, based on the designed sections,
connections have been raised as pre-approved
connections and proposed connections.

IPE is used for the column and the IPB
section for the beam. ST37 steel is used for
the beam and column materials. The soil is
type Il and it is in the seismic zone of Tehran.
The structure is designed and considered in
two dimensions. The proposed connection of
the fourth model and the direct connection are
selected for the studied frame. For modeling,
the rotational stiffness of the connection is
calculated in the software.

For the studied structure, live load of 1200
kg/m and dead load of 3000 kg/m are
distributed on the beams. The vertical opening
along the frame is assumed to be 1 meter on
each side. The studied structures are
considered as 1 floor. Each of the structures is
modeled as a medium bending steel frame.
The sections used for this 1-story structure,
IPB400 is used for the column and IPE330 for
the beam. The studied structures of 6-story
are also modeled as a medium steel bending
frame. The sections used for this 6-story
structure are shown in Table 3. In the six-
story structure, IPE360 is used for the first
and second floors, and IPE330 columns are
designed from the first to fourth floors, the
third and fourth floor beams are IPE300, and
the fifth and sixth floors are IPE240, and the
sixth floor columns are chosen IPE270.



Table 3: Sections used for the 6-story

structure
story | Beam | Column
1 IPE330 | IPB360
2 IPE330 | IPB360
3 IPE330 | IPB300
4 IPE330 | IPB300
5 IPE300 | IPB240
6 IPE270 | 1IPB240

4-1- Direct connection

Cyclic loading analysis is done. The results of
this analysis are shown in the figure below.
The von mises stress for direct connection is
shown in Figure 9.

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+

Figure 9- von mises stress in direct connection

model (stress unit N/mm?)
In figure 9, the stresses correspond to the
moment of maximum displacement. In the
frames, due to the investigation of the
behavior factor, less displacement has been
applied to the structure. As a result, the stress
in them is lower compared to the studied
connections. As expected, the stress
concentration is the highest at the connection
point, and due to the placed section, the stress
concentration occurred in the wing area of the
beam. Figure 10 shows the equivalent plastic
strain at the connection.

PEEQ
SNEG, (fraction = -1.0)
(Avg: 75%)
+3.738e+00
- +3.426e+00
+3.115e+00
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Figure 10-Plastic strain in direct connection

According to figures 9 and 10, the stress
concentration created in the failure zone and
the plastic joint is formed in the direct
location. The hysteresis diagram of the
structure is shown in Figure 11.
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Figure 11- Hysteresis diagram with backbone for direct

connection
In this connection, due to reciprocating
loading, it can be seen that the behavior of the
structure in the compression part was slightly
larger in terms of the area under the curve
than in the tension part, which was observed
by the investigation on the frame, because the
buckling in the beam has caused asymmetric
and unbalanced loading to be applied to the
sample.

4-2- Suggested connection

Cyclic loading analysis is done. The results of
this analysis are shown in Figure 12. The von
mises stress is shown in Figure 12 for the
proposed connection.

10)

Figure 12 — von mises stress in the proposed

connection model (stress unit N/mm?)
In this connection, the most stress
concentration is at the connection point, and
the stress concentration in the beam is higher
than the column, because the base of the weak
beam and strong column is observed. In
addition, the additional parts add to the
stiffness of the connection area. Figure 13
shows the equivalent plastic strain in the
proposed connection.
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Figure 13-Plastic strain in the proposed
connection

In this connection, the most stress
concentration is at the connection point, and
this has caused the creation of a plastic joint
in this area. The concentration of stress in the
beam was higher than that of the column,
because the base of the weak beam and the
strong column were observed, and for this
reason, a plastic joint was formed in the
beam. The added part beneath the beam may
experience buckling; therefore, in this study,
the thickness of the parts has been considered
slightly larger. As a suggestion for improving
the results, further research can be conducted
on optimizing the dimensions of this part. The
hysteresis diagram of the structure is shown in
Figure 14.

Figure 14- Hysteresis diagram with backbone
for direct connection

In this connection, due to reciprocating
loading, it can be seen that the behavior of the
structure in the compression part was slightly
larger in terms of the area under the curve
than in the tension part, which was observed
by the investigation on the frame, because the
buckling in the beam has caused asymmetric
and unbalanced loading to be applied to the
sample.

5- Summary
In this section, the results are summarized.

First, the results related to the bending
moment are compared in Figure 15.
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Figure 15- moment comparison
Considering that in all connections, beams
and columns are the same, it can be seen from
Figure 13 that the moment in the connection
with the top and bottom welded flange plates
(WFP) bears the highest amount of moment
and the connection with the reduced surface
bears the lowest amount of bending moment.
In this comparison, it can be seen that the
eight-bolt flanged connection using Gusset
plate has endured more moment than the four-
bolt flanged connection. In Figure 16, the
maximum Push diagram of all models are
compared.
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Figure 16- Comparison of Push diagram of all
connections
According to Figure 16, it can be seen that the
stiffness of the direct connection and the
connection with the reduced wing are close to
each other and the other connections are also
the same. In this study, the connection with
the reduced wing has the lowest amount of
energy absorption among the connections.
Most of the diagrams are related to the eight-
screw connection. The proposed connection
with an additional piece in any case has a
higher capacity than the pre-approved
connections due to the addition of a piece. In
the table below, the coefficient of behavior of
the studied frames is displayed. Table 4
shows the coefficient of behavior and
parameters for calculating the coefficient of
behavior of the structure.
Table 4- Calculation of behavior coefficient
propose direct

direct = propose



distory [ Istory | déstory | 6story after it has vyielded, entering
Structure (NKm 300286. = 28873 1501435 14436 the plastic region.
stiffness m.) 34 7.64 9 89.3
) Q 4. Ductility Coefficient (L= Au/ Ay):
extra —Ay/ | 27878 | 2.6818 = 2.9256 @ 2.809
strength As h
. o Ductility coefficient is the
defastic Bu-"' 04134 0424 | 04346 | 0.4452 Y ©9 ) W
eDOFTT_tt;m AYA— ratio of ultimate displacement
uctili p=Au . .
Coefficient | /Ay 1834 | 52152 49714 1 50082 (Au) to vyield displacement
Allowable Y= L
stress As/ | 18656 1759 = 17066 = 15794 (Ay). It indicates  the
Coedff'c'e“t Ad structure’s ability to undergo
Reduction )
coefficient | RM= | 18232 | 1855 | 16642 | 16748 large deformations and absorb
q R = - . .
C%Z?feilg;:r:t o || am | @s | e || o energy without failure. Higher
Ly ductility means better
The explanation of these parameters of table performance  under  seismic
4:
loads.

1. Structure Stiffness (K):

5. Allowable Stress Coefficient (Y = As/

K represents the resistance of a
o BIep Ad):

structure to deformation or
displacement under applied o
loads. It is defined as the ratio

of force to displacement

(N/mm).  Higher stiffness

means greater resistance to

displacement.

Y is the ratio between the
elastic (linear) displacement
(As) and the allowable design
displacement ~ (Ad).  This
coefficient  indicates  the
structure’s strength within the
elastic range, comparing it to
the allowable displacement
limits.

2. Extra Strength (Q = Ay / As):

o Q is the ratio that represents
the additional strength of the
structure beyond its initial
elastic capacity. Ay is the yield o

6. Reduction Coefficient (Rp):

Ru represents the reduction in

displacement, and As is the
elastic (linear) displacement.
This parameter shows how
much extra load the structure
can carry before yielding.

3. Plastic Deformation (Au - Ay):

o

Plastic deformation is the
difference between the
ultimate displacement (Au) and
the yield displacement (Ay).
This represents the non-linear
deformation of the structure

V¢

seismic forces due to ductility.
As the ductility of the structure
increases, the seismic forces it
experiences can be reduced,
and this coefficient quantifies
that reduction.

7. Behavior Coefficient (R = Q.Y.Rp):

o

Behavior coefficient (R) is an
overall indicator of the
structure's ability to withstand
seismic forces. It is the product
of the extra strength factor (Q2),
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the allowable stress coefficient
(Y), and the reduction
coefficient (Rp). A higher
behavior coefficient means the
structure performs better under
seismic conditions, reducing
seismic forces effectively.

These parameters are crucial for assessing the
performance of a structure under seismic
loads and allow engineers to evaluate the
structure's response to different conditions
more accurately.

According to Table 4, it can be seen that the
behavior coefficient of the structure with the
proposed connection is higher than the direct
connection, which is due to the stiffness and
extra strength along with the greater ductility
of the proposed connection. This trend has
been repeated in the case of the six-story
structure, where the behavior coefficient of
the structure with the proposed connection is
higher than that of the direct connection. A
larger behavior coefficient reduces design
sections. According to Table 3, it can be seen
that the structure with the proposed
connection has a higher behavior coefficient
and then there is a direct connection. With the
increase in the height of the structure, the
behavior coefficient of the structure has also
decreased.

6- Conclusion

In this study, manual calculations based on
pre-approved connections of the 10th topic of
the National Building Regulations of Iran, as
well as numerical modeling in Abaqus finite
element software, have been investigated. In
order to compare the behavior, first the
connection is designed based on what is
proposed in the 10th topic of the National
Building Regulations. After designing the
connection, all its components have been
modeled and studied in Abaqus finite element
software according to what is designed in the
manual part. In order to check the behavior of
the connection, it has been subjected to cyclic
loading by software, and finally, the plastic

\o

joint and the hysteresis diagram of this
connection have been drawn and compared.
Based on the results obtained from manual
and numerical analysis based on Abaqus
finite element software, the following results
can be mentioned.

Based on the studies conducted in this paper,
the following results have been obtained.

* According to the software models, it can be
seen that in all the models, the bending
moment capacity of the connection is more
than 40% of the calculated plastic moment in
the connection. In connection with the
reduced cross-section, this percentage has
reached nearly 20%.

» Based on the numerical results, it can be
seen that the bending capacity of the 8-bolt
flanged connection and the connection with
the top and bottom welded flange plates is
more than the rest of the studied connections.
* In the connection with a reduced cross-
section, because the cross-section has been
reduced, the bending moment capacity is
lower than the rest of the studied connections.
* The results of the proposed connection
behavior show that it performs nearly 25-34%
better than the pre-validated connection of the
10th topic.

* The structure with the proposed connection
has a higher coefficient of behavior than a
direct connection. This shows that the
structure with the proposed connection of
sections will be more suitable and
economical. The value of the coefficient of
behavior in the structure with the proposed
connection is approximately 11% in the 6-
story structure and 9% in the 1-story structure
more than the structure with the pre-validated
connection.

* With the increase in the height of the
structure, the coefficient of behavior of the
structure has also decreased.

* In most of the examined joints, it is
observed that considering that the structure
has reached the threshold of collapse, but still
the bending strength of the connection was
suitable and the stiffness of the structure has
decreased in the threshold of collapse, but the
decrease was not complete, It is with a gentle
slope.



* It can be seen that the reduction of hardness
and also the initial deterioration of resistance
occurred from the rotation of 0.0038 radians
in these examined connections. This value has
been almost the same in all joints and the
beginning of the reduction of hardness is
predicted at this point for most of the joints.
Based on the results, it can be seen that the
proposed connection has improved the
behavior of the steel bending frame, and it can
be seen from the hysteresis diagram of the
structure that the diagram has an increasing
trend, and this is a sign of the additional piece
on the connection. which has increased the
stiffness of the connection as well as the steel
bending frame.

* The area under the curve of the bending
frame with the proposed connection is almost
10% higher than the steel bending frame with
the pre-approved connection. This is due to
the resistance and also the greater hardness of
the proposed connection.
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In the present study, an actual three-
dimensional (3D) steel building, with one
Lead Rubber Bearing (LRB) seismic isolation
device under each column, has been
investigated. The considered building is used
as a school located at the high damage risk
zone. Therefore, health monitoring of this
structure is plausible. The aforementioned
building is an actual 5-story steel building
with an irregular plan, and the Load
Resistance Factor Design (LRFD) algorithm
was used for the design procedure based on
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the American Institute of Steel Construction
(AISC) code [19]. This building is equipped
with a total number of 67 LRBs in its
isolation base under each column. A 3D view
of the FE model is depicted in Figure 1.

The most common base isolation devices used
over many Yyears by engineers are LRB
isolators which combine isolation function and
energy dissipation in a single compact unit [20-
21]. Such LRB isolator devices provide
vertical load support, horizontal flexibility,
supplemental damping, and centering force to
the structure from earthquake attack. In
addition, they require minimal cost for
installation and maintenance as compared to
other passive vibration control devices [22-
23]. The LRB isolator is composed of an
elastomeric bearing made by laminated rubber
layers with steelshim plates, cover plates, and
a lead core located on its center. The typical
LRB isolator device is shown in Figure 2. The
typical LRB isolator has considerable
maximum shear strains corresponding to
between 125% and 200% because reinforcing
steel plates have little effect on the shear
stiffness. This LRB isolator device can
combine the function of isolation and
recentering in a single unit (i.e., elastomeric
bearing), thereby giving structural support,

horizontal flexibility, and recentering force to
the isolation system [24-25]. Furthermore, it
produces the required amount of supplemental
damping and energy dissipation by adjusting
the size of the lead core. The energy
dissipation generated by the yielding of the
lead core achieves an equivalent viscous
damping coefficient up to approximately 30%,
and effectively reduces the horizontal
displacement. The LRB isolators are usually
fabricated in circular sections, and sometimes
produced with more than one lead core. A
LRB model practically used in the
construction field is selected in this study.
Including geometric details illustrated in
Figure 2, mechanical properties needed to
simulate their force-displacement responses
are presented in Table 1. As shown in Figure
3, the force-displacement responses can be
ideally modeled as bilinear hysteresis loops.
The bilinear hysteresis loops considered
herein are defined as four key parameters
given in Table 1 per each LRB model, such
that: yield displacement (41), yield force
(F1), specified design displacement (42), and
its corresponding force (F2). The elastic
stiffness (Ke) and the post-yield stiffness (Kp)
are defined as Equations (1) and (2).

Fig. 1. The 3D view of FE structural model
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Fig. 2. Typical LRB isolator device
Table 1. Properties of the LRB isolator model
Chara‘éte”“' amtEy FL F2 Al 42 Q  Ke Kp Keff ff Z Dg dg H h te*
Unit mm KN KN kN m m KN KN/m kN/m KN/m mm m m m m m m
m m m m m m m m m m m
Value 400 337 295 615 16 333 293 1619 124 195 2023 800 750 170 397 337 203
* Total thickness of the rubber
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Fig. 3. Hysteresis loop of the presented LRB isolator device modeled as bilinear curves

the amount of energy dissipation can be

) K, 2% obtained from Eg. (5).
(5) Eiso =4Q.(A2-AY)
@ K=y

The effective viscous damping coefficient
(1eff) is proportional to the amount of energy
dissipation, but inversely related to both the
effective  stiffness and the  square
displacement. This damping coefficient also
depends on four key parameters, which it

The effective stiffness of the hysteretic
behavior (Keff) can be modeled the secant
line by means of the ratio as Eq. (3).

F2

() Ker =— refers:

The characteristic strength indicating force- (6) Ae =¢2=3(ﬂ—£j

intercept at the zero displacement (Q) can 2K (A2)7  w\F2 A2

be alsoexpressed as the function of the post-

yield stiffness as Eq. (4). The mechanical properties obtained from
calculations in the above equations are

(4) Q=F1-K, Al summarized in Table 1.

LRB has the maximum allowable horizontal
displacement(4max = 400 mm), representing

The hysteretic loop area (Eiso) representing 1.2 times the length of 42

14



4. Verification

The verification of this novel approach was
performed by statistical comparison between
achieved results with Saiful Islam et al.’s [26]
research on base isolation system. In this
research a non-linear time domain analysis
was also performed by choosing the proper
ground motion that scaled with the site
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condition of Dhaka city in Bangladesh. The
comparison between this study and Saiful
Islam et al.’s research for top floor
acceleration in X and Y direction with scatter
plots are shown in Figure 4. There are good
agreements between this study and the
reference research (R?=0.963 in X direction
and R?=0.975 in Y direction). In this regards,
the novel approach has good accuracy to
discretize governing equation for NTA.
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Fig. 4. Top floor acceleration Time History, a) X direction, b) scatter plot in X direction, ¢) Y
direction, d) scatter plot in Y direction

5. Analysis Procedure
5-1- Modal analysis

Natural frequencies are the important
characteristics of a structure. It can be used to
analyze the results that obtained by dynamic
analysis. The vibration properties were

calculated by performing MA. Table 2
presents the first six natural time periods and
maximum modal responses of the proposed
model. Figure 5 illustrates the first six mode
shapes of the BI structure. It was often
necessary to consider more fundamental
modes in order to take account for 90% of the
modal mass [27].

Table 2. Modal analysis results; periods and maximumdisplacements

Mode no. Period (s) Max Dis. (x cm) Max Dis. (y cm) Max Dis. (z cm)
1 4.01 0.037 0.039 0.03
2 3.89 0.036 0.038 0.029
3 3.26 0.03 0.033 0.026
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4 1.07 0.019
5 1.04 0.018
6 0.919 0.016

0.026 0.017
0.025 0.015
0.023 0.014

5-2- Nonlinear time history analysis

One of the most important challenges in
analyzing irregular structures is considering
the effects of earthquakes on structural
responses. Some scientists have raised special
concerns as to ordinary buildings that are
vulnerable to strong impulsive NF ground
motions [28-30]. The NF ground motions
recording from recent earthquakes are
different from general ground motions in that
they contain a strong-narrow band pulse of
the spectral acceleration at short to
intermediate periods [31-33]. Once ordinary
frame buildings with relatively short vibration
periods undergo these NF ground motions,
inter-story drifts generated tend to be
considerable due to strong ground

acceleration pulses delivered into the column
bases [34-37]. In this study, in order to select
the appropriate earthquake records based on
three criteria of magnitude, distance, and type
of soil, the TOPSIS method isused [38]. Three
sets of recorded earthquake ground motions
including NF seismic records were considered
in NTH. The parameters of the selected
ground motion records are given in Table 3.
Responses of structure were obtained in X, y
and z directions. The evidences in Table 4
have been attained from dynamic analysis of
the presented BI building. The time histories
obtained are maximum base shear, base
moment and displacements. As sample of
performed analysis, Figure 6 illustrates the
results of NTH under the Landers earthquake
(1992).

Table 3. The used seismic ground motion records

Earthquake Record ID Magnitude (Mw) PGA (g) Site Classification
Landers (1992) LADSP000 7.5 0.17 C
San Fernando (1971) P0052 6.6 0.174 C
Northridge (1994) NRORR360 6.8 0.51 C

Table 4. Maximum results of nonlinear time-history analyses for a Bl structure subjected to near-
fault earthquakes

ba[s)ssslggar Design Design base Design base Roof-story Roof—story
Earthquake (kN) in base shear moment moment  displacement  displacement
(KN) in  (KN-m) in x (KN-m) iny (cm) in x (cm)iny
.~ . ydirection direction direction direction direction
direction
Landers
(1992) 2842 1956 38293 26228 7.98 7.89
San
Fernando 2733 1869 37395 26004 7.01 6.68
(1971)
Northridge 779 1g96 37786 26108 7.44 7.08

(1994)
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Fig. 6. Displacement time-history of the Bl systemsubjected to Landers earthquake (1992)
(a: longitudinal, b: transverse, c: vertical components)

6. Genetic Algorithm

To find the optimal solution of the objective
function, the GA is used. The GA is well
known due to its simplicity and robustness in
the solution of complex problems so that
these characteristics fit well to the problem
described in this paper [39]. GAs have been
widely used in sensor placement type
problems [40].

The GA has been proved to be a powerful tool
in the OSP; however, it has some faults that
need to be rectified. For example, one sensor
location may be placed where two or more
sensors exist or sensor numbers are not equal
to a certainnumber [41]. A good surveillance
system must detect the aftermath of a
contaminant spill as soon as possible with
maximum reliability. Earlier detection gives
more time to the system managers to react.
Thus, an objective of the optimization is to
maximize the detection time that can be
defined in an average sense and an objective
function.

In this optimization method, information
about a problem, such as variable parameters,
is coded into a genetic string known as a
chromosome. Each of these chromosomes has
an associated fitness value, which is usually
determined by the objective function [42].

7. OSP process
Numerous techniques have been advanced for

the OSP problem and were widely reported in
the literature. These have been developed

Y¢

using a number of approaches and criteria,
some are based on intuitive placement or
heuristic approaches, and others may employ
systematic optimization methods. The sensor
placement optimization can be generalized as
“given a set of n candidate locations, find the
subset of m locations, where m < n, which
may provide the best possible performance”
[43].

As known, the measured mode shape vectors
in the SHM have to be as possible linearly
independent, which is a basic requirement to
distinguish, measured or identified modes. In
this research, three different OSP algorithms
are utilized which include MAC, extended
MAC (EMAC) and TTFD.

7-1- MAC approach

All the past studies have been developed

based on intuitive placement, heuristic
approaches, and systematic optimization
methods. The MAC is a mathematical

criterion to check the compatibility between
two eigenvectors. MAC matrix is defined as
Eq. (7) [2-3].

(¢ ¢))°
7) MAC; = ———2
(7) MGy (4 48] 87)

Where ¢ and ¢,;represent the ith and jthe

column vectors in matrix ¢, respectively, and

the superscript T denotes the transpose of the
vector. In this equation, the MAC values fall
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within the range between 0 and 1. Zero value
of MAC shows lack of any correlation
between the off-diagonal element of matrix
and one indicates a high degree of likeness
between the modal vectors. Then, the
maximum values of mode displacements for
nodes corresponding to the maximum off-
diagonal terms with Square-Root-of-Sum-of-
Squares (SRSS) or Complete Quadratic
Combination (CQC) were calculated. First,
these points are selected for initial placement
of sensors. Second, it adds other available
candidate sensors one by one, and selects one
that minimizes the maximum off-diagonal
element of the MAC matrix at each step.
Therefore, the MAC objective function is
defined as Eq. (8).

(8) f=1-max(abs(MAC;))

This objective function is used to determine
the highest MAC values for identifying the
critical modes with similar motions. Next, the
MAC repeats the second step by adding one
sensor at a time until a required number of
sensors are selected. The locations selected
for the five accelerometers needed to be
installed. It should be noticed that due to
the nature of the GA method, the results are
usually dependent on the randomly generated
initial conditions, which means the algorithm
may converge to a different result in the
parameter space. These values are very close
to the optimal value.

7-2- EMAC algorithm

To overcome the contra-decreasing problem
of the original MAC algorithm, a forward-
backward combinational extension was
developed as follows by Li [8]. An EMAC
algorithm was proposed to overcome the
disadvantages of traditional MAC algorithm
with the introduction of a forward-backward
combinational approach. First, an intuition
sensor set, Uop (including, to say, a number of
sensors, So) is chosen. Then, one sensor is
added to this initial set until a preset number
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of sensors, which is somewhat larger than the
number of sensors as required, for instance,
ten percent more than required (1.1 So), is
reached. This is the same as the forward
sequential MAC procedure. The extension
differs from the original forward approach
in the stopping criterion. The EMAC
algorithm is continued to obtain a sensor
set, U1, consisting a certain number of sensors
(to say, si1, s1<I.1s0) larger than the required
one, so, where the original stops.

Secondly, one sensor at each step is excluded
from the sensor set U: until the required
number of sensors So is reached. This is the
backward sequential MAC approach, the
essential extension to the forward one.
Therefore, two function curves are
established. One is the curve of the maximum
off-diagonal term with respect to the number
of sensors increasing from so to s1, which is
obtained in the first stage, and the other is the
curve of the maximum off-diagonal term with
respect to the number of sensors decreasing
from s1 to So, which is found in the second
stage. Both curves are compared and the one
with a smaller value at the point so is selected.
Which curve is to be selected, depends on the
abilities of the forward and backward
approaches to minimize the maximum off-
diagonal terms of the MAC matrix. In this
manner, the maximum off-diagonal term of
the MAC matrix may, in many instances, be
further minimized than the traditional MAC
algorithm. Naturally, the forward stopping
number of sensors sy in the first step can be
varied according to the structure under
consideration. The effects of various numbers
sy of sensors on the selection set (including s
sensors) of the above two step processes can
be compared and the one with the smallest
maximum off-diagonal term of the MAC
matrix can be chosen. This can be
implemented as the third step, if necessary.
There is one note about the influence of the
choice of the intuition sensor set, Uo, on the
final selection of sensor positions. If a newly
added sensor conflicts with one or several of
the original intuition set, the intuition set may
be reformed if the exclusion of certain sensor
from the original intuition set Uo is not



considered to be much detrimental to the fitness values for MAC and EMAC
mode shape visualization. Afterwards, the algorithms. Figure 7 illustrates the MAC
two steps can be recomputed. Tables 5 and 6 matrixes of reduced sensor locations based on
demonstrate  the values assigned to MAC and EMAC algorithms.

reproduction parameters and the attained

Table 5. The values of GA parameters (MAC)
Population Elite individuals Crossover individuals Mutation individuals Fitness value
100 31 50 22 1.08

Table 6. The values of GA parameters (EMAC)
Population Elite individuals Crossover individuals Mutation individuals Fitness value

100 36 50 27 1.31
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Fig. 7. The MAC matrix of reduced sensor locations based on a) MAC b) EMAC algorithms

7-3- TTFD (modified MAC) algorithm

Y1
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Any signal can completely be described in
time or frequency domain, and so, the
equivalent periods Tei are obtained [44]. Both
representation data in time or frequency
domain can transform to each other. These
transformation, the  so-called  Fourier
Transformation and the Inverse Fourier
Transformation, are given in Equations (9)
and (10), respectively.

+00

U(w)= ju(t).e"wtdt 9)

u(t)= i )e“do (10)

There was no precisely dynamic response on
the past presented OSP algorithms, and the
authors of this article developed the TTFD
algorithm on the basis of NTA. The
mathematical process of TTFD is given by

t u(t), U(w),
t; u(t), U(w),
G =113 %U(t). = U(t)3 %U(a))l = U(a))3
ty u(t), U(w),
Ta Uj(z)er j=1-n
Te Uj(z)e2 j=1-n
Tei Tes ﬂ)u(z)ei =19 Uj(z)e3 j=1-n & U(X)ei =
Then Uj(z)nen j=1-n

In this study, a novel approach of OSP
algorithms with combination between MAC
and TTFD were utilized. The CQC method
was utilized as a famous modal combination
technique. However, after the time frequency
transformation, the corresponded values of
time history analysis should be substituted
with the MA outcomes. Hence, all of the
required parameter values in the CQC such as

Yv

Eqg. (11). In first step of this approach, the
results of the non-linear analysis were used in
order to obtain the exact sensors placement.
The wvalues of displacement-time output
results in time domain must be transformed to
frequency-domain in the second step of this
approach based on Eg. (10). In the next step
of TTFD approach, the effective frequencies
according the maximum Fourier amplitude
were selected. In fourth step of this method,
the normalized seismic displacement of each
effective period was considered. In this
respect, these normalized displacement in Z
(j=1: n) direction act as mode shape in MAC
analysis. In this equation, n is the number of
levels of dam considered to install the fiber
Bragg grating (FBG) sensors. The modified
type of MAC values can be obtained from
MAC in the last step of this approach.

f€1 Tel

f82 Te2
S > i =T =T =T

fen Ten

(11)

Uj(x)el j=1-n
Uj(x)e2 j=i-n
Uj(x)es jeion f—P> 5 Modified MAC

Uj(x)nen j=1-n

maximum modal responses are replaced with
transformed equivalent time histories results.
As sample of carried out analysis, Figure 8
illustrates the response acceleration-time
diagram of Landers earthquake (1992) and
corresponded time-frequency domain
transformation.
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Fig. 8. (a) Response acceleration-time diagram of Landers earthquake (1992)
and (b) corresponded time-frequency domain transformation

According to ASCE code [45], since
maximum modal responses do not occur for
different modes in an impact wave
simultaneously, therefore, maximum modal
responses in different members of a structure
via a statistical method should be estimated.
The mentioned statistical method should be as
indicated by the maximum displacements of
different modesand it should include the
effects of probable interactions between
different displacements close together that are
derived from different modes. The peak value

YA

of the total response U is estimated by
combining the peak modal response of
individual modes using the modified double
sum equation as given by Eq. (12) [46]:

(12)

h/t 2h/t h
F, = max (ZG(XDJ+[ZG(XZ)J+...+[ G(XU)J
i=0 h/t (t=1)h/t

N N-1 N
where: G(x,)=U? :ZU§+ZZU§ zpnmunum
=1

n=1 m=n+1
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In Eq. (12), Fi is the fitness function, t is the
section number, h is the maximum structure
height, U, is the maximum modal response in
the nth mode, and pnm is the modified
correlation factor defined as:

Pnm =y + 4 ((1—06,%)(1—0(%)) Pnm

where an is the rigid response coefficient in
the nth mode and pnm is the correlation
coefficient of the damped periodic part of
modal responses, given by the well-known
CQC rule. For damped periodic modes, a =0,
and modified double sum equation reduces to
CQC and for pnm=0, modified double sum
method reduces this to the SRSS. Equations
(12) and (13) include the effect of rigid
response of high frequency modes in the
modified correlation coefficient pnm. The
rigid response coefficient an is defined as
[47]:

(13)

ty
jxna)uga)dt
=t (14)

—
tyo,o °

where xn(t) is the acceleration response, o

and &% are the standard deviations of #n(t)
and, Ug(t), respectively, and tq is the duration
of responses. The modal responses, having a
frequency less than rigid frequency, have a
rigid content, and the value of « gradually
reduces from 1 to zero from a key frequency
f> to another key frequency fi [46]. The key
frequency f2 is the lowest frequency at which
the rigid response coefficient becomes 1 and
the key frequency f1 is the highest frequency
at which the rigid response coefficient
becomes zero. An approximate equation for
on can be represented by a straight line
between the two key frequencies f; and f> on a
semi logarithmic graph, which is given by
Eq. (15) [46]:

(15)
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where f, is the modal frequency (Hz) and the
key frequencies f; and f> can be expressed as,

_ (SA)max
" 27(Sy ) (1e)
‘- (f, +32f ") 17)
where (Sa)max= maximum spectral

acceleration, (Sv)max = maximum spectral
velocity and f "= rigid frequency.

In this study, the number of variables is equal
to 6, and 18 constraints have been considered.
The sections number is equal to seven. It
implies that the height of the structure is 21.0
m, and therefore the length of each section is
found to be 3.0 m. At the first, pnm was
calculated then the square of total response
G(xu) was computed using pnm, Un and Un
parameters. Each of the variables should be
less than the maximum modal response
corresponding to that mode in the each
section. Eq. (12) was employed as the fitness
function in this framework. This function was
maximized by the GA system in the process
of evolutionary optimization. When
performing the OSP methodvia the GA
technique, certain parameters are required
such as constraints, fitness function,
population size, elite individuals, crossover
method, crossover individuals, mutation
individuals, and fitness value. Table 7
demonstrates thevalues of GA parameters.
Figure 9 clearly shows the evolution process
of best fitness values of GA according to
TTFD method. Finally, after obtaining G (xu)
values using the optimization process, the
Lagrangian interpolation was undertaken in
each section considering the initial results of
the square of total response, due to finding the
optimal locations in each section.

According to this optimization method and
considering the GA results, the best sensor
locations in the BI building are presented as
the final results in Table 8-10.
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Fig. 9. The evolution progress of the best fitness value of GA according to TTFD method

Table 7. The values of GA parameters (TTFD)

Population Elite individuals Crossover individuals Mutation individuals Fitness value

100 39 50 32 1.98
Table 8. Details of OSP by GA in the seven sections using TTFD approach (Landers-1992)
1 2 3 4 5 6 7
Stage (0-3.0 (3.01-6.0 (6.01-9.0 (9.01-12.0 (12.01-15.0 (15.01-18.0 (18.01-21.0
m) m) m) m) m) m) m)
X d'(rrf]‘;t'on 198 428 7.79 10.08 13.12 16.47 19.88
Y d'(rrf]‘;t'on 112 3.92 7.16 9.86 12.74 16.04 19.33
z d'{;‘;t'on 139  4.09 7.39 10.01 12.96 16.19 19.57
Table 9. Details of OSP by GA in the seven sections using TTFD approach (San Fernando-1971)
1 2 3 4 5 6 7
Stage (0-3.0 (3.01-6.0 (6.01-9.0 (9.01-12.0 (12.01-15.0 (15.01-18.0 (18.01-21.0
m) m) m) m) m) m) m)
X d'(rrf]‘;t'on 154 376 7.31 9.73 12.86 15.95 19.47
Y d'(rrfst'o” 096  3.57 6.92 9.29 12.43 15.71 18.92
z d'(rrf]c)“o“ 121 363 717 9.58 12.64 15.83 19.28
Table 10. Details of OSP by GA in the seven sections using TTFD approach (Northridge-1994)
1 2 3 4 5 6 7
Stage (0-3.0 (3.01-6.0 (6.01-9.0 (9.01-12.0 (12.01-15.0 (15.01-18.0 (18.01-21.0
m) m) m) m) m) m) m)

Yo
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Xd'(rri‘;“o” 176 3.97 7.46 9.87 12.94 16.12 19.51
Yd'(rri‘;“o” 104 369 701 9.42 12.52 15.85 19.08
Zd'(r;‘;“o” 128 386 7.22 9.78 12.81 15.96 19.34

8. Conclusion Vector-Analysis-Allemang-Brown/

5h38c729b278f8af61491f6a643912¢185

In this paper, three reliable methods for OSP 783cc8.

of a BI building, based on modal and NTA

results have been utilized. Real-coded elitist [3]. Ewins, D.J. (1984). Modal testing:

GAs with uniform parent centric crossover
operators and mutation operators were
developed and used for the implementation of
the OSP process.

Three different strategies, including MAC,
EMAC, and TTFD were investigated for
OSP in a 5-story BI building. The MAC
algorithm is a basic OSP method whereas
EMAC is a new algorithm containing the
improved MAC and they utilize the free
vibration analysis results on OSP process. In
the following, a novel OSP approach was
proposed by authors that was named TTFD
algorithm. The mentioned approach uses
NTA results as an exact seismic response;
however, the MAC and EMAC algorithms
utilize the modal analysis results. As a
comparison, the OSP results revealed since
the TTFD employs the accurate data (seismic
response) as input, this led to acquiring the
sensor locations with a high precision rate.
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