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Abstract: Structural frame systems that consists of concrete-encased-steel-embedded composite
columns and reinforced concrete beams are typically used in mid-rise to tall buildings. In order to
understand their overall structural behavior, a total of 12 frame models with high and low ductility
features were constructed and analyzed using LS-DYNA software. Two of these models were
validated using the results of previously tested frames. The remaining 10 models were studied
to predict the behavior of frames with varying concrete strengths, reinforcement configurations,
and structural steel sections under vertical and lateral loads. The results were investigated in
terms of cracks and failure patterns, load-deflection relationships, energy dissipation, and stiffness
degradation. The analytical results indicated that the high ductile frame models showed slightly
better lateral load carrying performances compared to low ductility frame models. Moreover, the
analytical studies demonstrated that the existence of structural steel in a column, regardless of its
cross-sectional shape, was the most important parameter in improving the lateral load carrying
capacity of a frame.

Keywords: composite connection; concrete-encased steel composite column; ductility; finite
element modelling

1. Introduction

A reinforced concrete (RC) frame, which is an assembly consisting of RC columns
and beams, should resist and transfer loads to the ground safely without exceeding the
allowable strengths of its members. These frames have a wide range of use in building
construction. However, due to excess loading conditions and limitations on column sizes, a
composite column may be needed, consisting of a structural steel shape combined with
concrete and steel reinforcements [1]. Depending on need and preference, a composite
column may be formed either by using a steel-encased RC column (SRC) or an RC-encased-
steel-embedded column (RCS).

Since the mid-1960s, a great deal of experimental work has been conducted on these
frame members or assemblies to evaluate their structural performances under various
loading conditions [2,3]. However, these tests exhibited deficiencies, since the specimens
did not include the impact of test parameters, such as varying concrete compressive
strengths, rebar configurations, and structural shapes. The inclusion of these parameters
in a test matrix presents a challenge due to the increase in the number of test variations.
Therefore, sound analytical models must be produced and calibrated based on the test
data available in the literature. These analytical studies can then be used to eliminate
the deficiencies stated above and used to predict the behavior of composite column and
beam assemblies.

Many experimental and analytical studies have been conducted on composite columns
to determine their structural behavior under various loading conditions. In these studies,
the following parameters were investigated: the effect of concrete confinement, the presence
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of various structural steel sections with high strength steel, the usage of concrete with steel
fibers, different column lengths, and eccentric loading conditions. Covering a time span
of almost 20 years, some of these studies are listed chronologically below. In 2004, the
existing American and Eurocode code requirements (ACI 318-02 and Eurocode 4) were
compared to each other through test results, representing a total of 150 composite columns,
compiled from the literature [4]. In 2014, the effects of stirrups and embedded-steel section
depth ratios on composite columns, subjected to low cyclic reversed loading, were tested
in order to evaluate an existing guideline for designing tall buildings in China [5]. In 2015,
the structural behavior of composite columns with normal and high strength concrete
features were experimentally investigated [6]. The impact of concrete confinement on
the structural behavior of composite columns with wide-flange structural steel shapes,
subjected to cyclic loading, was also examined through a series of experimental tests in
2016 [7]. In the same year, another experimental study was conducted on steel-reinforced
high strength concrete composite columns to determine their seismic behaviors, under
simulated earthquake loads, by focusing on the axial load level, stirrup arrangement,
structural steel details, and the presence of shear studs welded on these columns [8].
In 2018, an analytical study was conducted on a composite column with a welded H-
shaped steel section using an FE software package, ADINA. The aim of this work was
to determine the stress distribution in the steel section, the steel reinforcement, and in
the concrete elements [9]. In experimental work conducted the same year, a total of
12 composite columns, with high encased steel ratios subjected to biaxial bending and
axial loading, were studied to determine the impact of design parameters (such as the
encased steel ratio, axial compression ratio, and shape distribution of the encased steel
section) on the static behavior of composite columns [10]. In 2019, short composite columns
subjected to concentric and eccentric loadings were studied analytically by incorporating
a proposed method that included the effect of concrete confinement on these columns’
strength interaction diagrams [11]. Further analyses were performed for short composite
columns in the following years. In one of these studies from 2019, the axial compressive
behavior of high strength composite short columns under monotonic pure compression
was investigated experimentally, using parameters such as concrete strength, the spacing of
transverse reinforcement bars, and the inclusion of steel fibers in high strength concrete, in
order to determine their ultimate strength [12]. In a similar study from 2020, the axial load
capacity of composite stub columns with high strength concrete and steel materials under a
concentric compression load was examined experimentally in order to evaluate an existing
design method by considering their axial load capacities with varying material strengths,
steel contribution ratios, reinforcement ratios, section slenderness ratios, confined concrete
area ratios, and concrete confinement efficiency [13]. One of the latest studies in this
area, conducted in 2021, involved both analytical and experimental work with composite
columns under combined axial and lateral cyclic loading to predict their flexural capacities,
based on varying axial loads [14]. However, these studies did not examine the interaction
between beam-to-column connections or the impact of a full frame on joint behavior.

Recent analytical and experimental research (conducted over the past 10 years) has
focused on the joint behavior of columns and beams in order to provide a more realistic
assessment of the behavior of a composite column-beam joint. In one of these studies, the
mechanical behavior of the cracked resistance of an SRC column to an RC beam located
at an exterior joint was examined [15]. Similarly, in another study, the stress behavior
of an SRC column to an RC beam joint and an SRC column to SRC beam joint, which
were both subjected to monotonic and cyclic loadings, were also investigated [16]. The
results indicated that increasing the area of the structural steel section increased the bearing
capacity of the connection, and the seismic resistance performance of the SRC column
to an SRC beam joint was much better than that of the SRC column to an RC beam
joint. More robust joint details with ring beams were also explored to determine their
impact on the overall structural behavior of an SRC column to RC beam joint subjected
to cyclic loading [17]. The study concluded that the strong column–weak beam analogy
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can be achieved if an adequate arrangement of reinforcement in the ring beam is provided.
Recently, more emphasis has been placed on the behavior of SRC columns with various
structural steel shapes [18]. The experimental results of this study indicated that the vertical
bearing capacity of SRC columns with a new type of SRC member detail improved the
overall stability of such connections. The specimens in this study were able to resist loads
and prevent collapse in an elastic-plastic phase, even though the longitudinal reinforcing
bars yielded and local bucking occurred at the flanges of the steel section used in the
column. The study concluded that steel reinforcement and structural steel assembly played
a significant role in determining the seismic behavior of a new-type of SRC member.

Over the past year, the structural behavior of beam-to-column joint details constructed
with various structural steel shapes have also also investigated. In one of these studies,
the structural behavior of a truss shaped steel-reinforced concrete beam to SRC column
subjected to lateral cyclic loading was examined both experimentally and analytically [19].
The results indicated that all the specimens experienced shear failure at the core area, and
subjecting columns to a higher axial compression ratio of 0.2 to 0.4f’cAg increased joint
strength while decreasing ductility. One of the most recent studies in this area was an
analytical one that focused on the structural performance of hybrid precast steel-reinforced
concrete column-to-H shaped steel beam connections subjected to cyclic loading [20].
According to this study, all the connections failed through bending and that the connection
type had a significant influence on the seismic performance of a joint.

The use of composite column-to-beam connections has also required the urgent de-
velopment and investigation of strengthening methods in existing buildings. There are
a number of studies in the literature focusing on these methods and their impact on the
overall behavior of existing structures. In one of these studies, a finite element (FE) program
of ABAQUS was used to assess the structural behavior of composite steel columns strength-
ened by carbon fiber-reinforced polymer (CFRP) under cyclic loading [21]. The results
verified that carbon fiber sheets improved the ductility of composite columns, increased
their load carrying capacity, and helped repair the severely damaged specimen to a level
that exceeded its original strength level. The study also suggested another type of strength-
ening method: the use of enveloped steel jackets (ESJ) around SRC column-to-RC beam
connections. The seismic behavior of these connections, which were strengthened by ESJ
and CFRP sheets, were examined in [22]. The test results indicated that CFRP strengthening
increased the load carrying capacity of the SRC frame by 25% and its ductility by 29%,
while ESJ strengthening increased the load carrying capacity by 48% and ductility by 26%.

In this article, RCS column to RC beam connections that are commonly used in the
construction of mid-rise to tall buildings were investigated analytically. The purpose of
this study was to furnish the details of constructing FE models that will accurately predict
the seismic behavior of these types of frames with varying concrete compressive strengths,
reinforcement configurations, and structural steel sections. For this purpose, frame models
were generated using LS-DYNA, an FE software package, to conduct nonlinear static analy-
sis [23]. The models were verified through the results of a benchmark experimental study,
previously conducted at Atilim University on two 1/4 scale frame specimens, one with
low (LD) and the other with high ductility (HD) features [24]. The model performances
were calibrated through the behavior of the tested frames based on their cracks and failure
patterns, load-deflection envelopes, energy dissipation, and stiffness degradation. After
confirming that the two FE models and test results matched, an additional 10 FE models
were generated to predict the effect of two concrete strengths with 25 and 40 MPa, rein-
forcement configurations with low and high ductile features, and structural steel sections
with I and square shaped sections on the behavior of RC frames with composite columns.

2. Finite Element Analysis
2.1. General Layout

The FE models were based on an experimental study conducted at the Structural
Mechanics Laboratory at Atilim University [24]. The experimental study included the
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testing of two frames with an RC beam connected to RCS columns, one with high ductile
(HD) and the other with low ductile (LD) features. As illustrated in Figures 1 and 2, the cross-
sectional area of the columns was 250 by 250 mm. The diameters of the main transverse
and longitudinal reinforcements in these columns were 8 and 10 mm, respectively. The
column with a low ductile design was constructed with a stirrup spacing of 70 mm at the
confinement zone (250 mm length) and 120 mm at the mid-zone (700 mm length). The
high ductile column was constructed with a stirrup spacing of 50 mm at the confinement
zone (250 mm length) and 120 mm at the mid-zone (700 mm length). These RCS columns
included HEB100, I shaped steel sections with headed shear studs that were welded to their
flanges and web at every 200 mm. The use of headed shear studs is a very common practice
for creating composite action between the structural steel and surrounding concrete [1,25].
Table 1 lists the details of the steel reinforcement used in these frames (see also Figure 2). The
beams had a cross-sectional area of 250 by 300 mm, with main transverse and longitudinal
reinforcement diameters of 8 and 12 mm, respectively. The stirrup spacing of the beams
used in the frames was 75 mm at the confinement zone (575 mm length) and 140 mm at the
mid-zone (1600 mm length). As per the guidelines in the current Turkish Earthquake Code,
TEC 2018, there was no difference in the rebar configuration of the low and high ductile
beams due to their cross sections and span lengths [26]. Therefore, the same reinforcement
configuration was used for the beams of both frame types. The reinforcement details and
their layouts complied with the requirements of TEC 2018 and the Turkish standards for
reinforced concrete structures, TS 500 [27].

The FE analyses were carried out on a total of 12 models (Figure 3). The first two
models were used to calibrate the model parameters based on the results of the two frame
tests, and the remaining 10 models were used to predict the behavior of frames with two
different concrete strengths, reinforcement configurations, and structural steel sections
under vertical and lateral loads. Table 2 lists the details of these 12 frame models. The
specimens were labelled according to their high and low ductility features using the letters
“H” and “L”. The second letter in the notation was used to describe the steel section
shape: the letter “I” was used for an I-shaped and “SQ” for a hollow square-shaped section.
The thickness of the SQ shaped section was denoted by “T”. T6 and T8 were used for a
square-shaped section with a thickness of 6 and 8 mm, respectively. The concrete class
was represented using C25 and C40 to define their compressive strength in MPa. If no
steel section was used in the column, the notation lacked the letter “I” for an I-shaped steel
section or “SQ” for a hollow square-shaped steel section.
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Figure 2. Reinforcement and steel section details of the tested frames: (a) HD; (b) LD; (c) cross-
sections [24].

Table 1. Reinforcement details of tested specimens [24].

Structural Member Size
(mm) Reinforcement

Beam LD, HD 250 × 300

Longitudinal Transverse

Top Bottom Confinement Zone Mid-Zone
4 Ø 12 4 Ø 12 Ø 8@75 mm Ø 8@140 mm

Column

HD 250 × 250
Longitudinal

Transverse

Confinement Zone Mid-Zone
8 Ø 10 Ø 8@50 mm Ø 8@120 mm

LD 250 × 250
Longitudinal

Transverse

Confinement Zone Mid-Zone
8 Ø 10 Ø 8@70 mm Ø 8@120 mm
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Table 2. Details of 12 frame models.

Model
Name Ductility Steel Section

Availability Concrete Class Steel Section Type

HI-C25 High Available C25 I-section (1)

LI-C25 Low Available C25 I-section (1)

H-C25 High Not available C25 Not applicable (2)

L-C25 Low Not available C25 Not applicable (2)

HI-C40 High Available C40 I-section (1)

LI-C40 Low Available C40 I-section (1)

H-C40 High Not available C40 Not applicable (2)

L-C40 Low Not available C40 Not applicable (2)

HSQ-C25-T8 High Available C25 Square section with 8 mm thickness (3)

LSQ-C25-T8 Low Available C25 Square section with 8 mm thickness (3)

HSQ-C25-T6 High Available C25 Square section with 6 mm thickness (4)

LSQ-C25-T6 Low Available C25 Square section with 6 mm thickness (4)

(1) HEB 100; (2) refers to columns without steel sections; (3) HSS 100 × 100 × 8; (4) HSS 100 × 100 × 6.

2.2. Analytical Parameters

Figure 4 illustrates the general layout of the FE model of the two frames, one with LD
and the other with HD features. In order to reduce the processing time required for the FE
simulations, analytical models had to be optimized while ensuring the convergence of the
analytical results.
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Therefore, the frame was investigated using four individual models: (a) full frame,
(b) half the full frame cut along the x-direction, (c) half the full frame cut along the y-
direction, and (d) a quarter of the full frame cut in both the x and y-directions (Figure 5).
The results of these four models were compared to each other and no significant differences
were observed with respect to cracks and failure patterns, load-deflection envelopes, energy
dissipation, and stiffness degradation. As a result of these studies, the quarter model,
which had the least number of elements, was used in this study for all 12 models since it
required the least processing time (Figure 6).
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Figure 6. Quarter frame model.

In the two frame tests, headed shear studs spaced at 200 mm were used to create
composite action between the section and the surrounding concrete. For the shear studs, a
special constraint defined as a Lagrangian solid was used to establish a solid link between
the studs and the surrounding concrete. The models were first constructed using these
headed studs. However, this modeling approach required significant time to analyze
(Figure 7). In order to reduce processing time, the models were constructed without these
shear studs. This new approach was achieved in LS-DYNA by utilizing a duplication
keyword between the nodes of the steel section element and the surrounding concrete. A
duplication keyword allowed for merging between the two nodes of two different materials
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so that a perfect bond between these materials was achieved. Since the results of both the
models (with and without shear studs) were consistent, the model without the shear studs
was used in further analyses.

Buildings 2022, 12, x FOR PEER REVIEW 8 of 24 
 

concrete. A duplication keyword allowed for merging between the two nodes of two 
different materials so that a perfect bond between these materials was achieved. Since the 
results of both the models (with and without shear studs) were consistent, the model 
without the shear studs was used in further analyses. 

  
(a) (b) 

Figure 7. Structural steel section models: (a) Without shear studs; (b) with shear studs. 

2.2.1. Concrete 
The Winfrith Concrete Model (WCM) was used in the FE analyses (Figure 8). This 

model involves a smeared crack concrete behavior that propagates forces through crack 
openings and stores crack openings in concrete while the element is under successive 
compressive and tensile forces [28–31]. 

 
Figure 8. Winfrith Concrete Model. 

In LS-DYNA, the WCM provides the option to take the strain-rate effect into account 
by selecting a value equal to 0, 1 or 2. The strain-rate effect is considered when the rate is 
equal to 0 (zero), and is not considered when the rate is either 1 or 2 (2 is for a more 
advanced effect that allows the accumulation of cracks throughout the simulation). Since 
the loading mechanism in the tested frames was quasi-static, the strain rate effect was 
neglected by setting the rate value equal to 2. Table 3 presents the properties of the 
concrete in the tested frames, which were also adopted in the FE models. 

The WCM overestimated the experimental results due to the higher initial concrete 
stiffness anticipated in the early loading stages. In order to overcome this issue, a solution 
proposed by Epackachi and Whittaker was used in the FE models [32,33]. In these studies, 
the researchers identified the problem as the shrinkage strain of concrete specified at a 

f′c Uniaxial compressive strength 
f′t Uniaxial tensile strength 
εc1 Axial strain at compressive strength 
εck1 Axial strain at tensile strength 
εo Ultimate strain value 

Figure 7. Structural steel section models: (a) Without shear studs; (b) with shear studs.

2.2.1. Concrete

The Winfrith Concrete Model (WCM) was used in the FE analyses (Figure 8). This
model involves a smeared crack concrete behavior that propagates forces through crack
openings and stores crack openings in concrete while the element is under successive
compressive and tensile forces [28–31].
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Figure 8. Winfrith Concrete Model.

In LS-DYNA, the WCM provides the option to take the strain-rate effect into account
by selecting a value equal to 0, 1 or 2. The strain-rate effect is considered when the rate
is equal to 0 (zero), and is not considered when the rate is either 1 or 2 (2 is for a more
advanced effect that allows the accumulation of cracks throughout the simulation). Since
the loading mechanism in the tested frames was quasi-static, the strain rate effect was
neglected by setting the rate value equal to 2. Table 3 presents the properties of the concrete
in the tested frames, which were also adopted in the FE models.
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Table 3. Winfrith concrete model input data in LS-DYNA.

Parameter Value

Mass Density 2400 kgf/m3

Modulus of Elasticity 23,500 MPa
Tangent Modulus of Elasticity 11,750 MPa

Poisson’s Ratio 0.18
Compressive Strength 25 MPa

Tensile Strength 2.578 MPa
Crack Width 0.0545 mm

Aggregate Size Diameter 10 mm

The WCM overestimated the experimental results due to the higher initial concrete
stiffness anticipated in the early loading stages. In order to overcome this issue, a solution
proposed by Epackachi and Whittaker was used in the FE models [32,33]. In these studies,
the researchers identified the problem as the shrinkage strain of concrete specified at a
location above the foundation. They proposed the following solution to revise the ultimate
shrinkage strain of concrete by decreasing the temperature of the column member to a
limited length measured away from the foundation using a definition called zone height,
HT. The temperature increment in this limited part of the column was obtained using
Equation (1) [34].

∆T = εsh/αc (1)

where αc is the coefficient of thermal expansion and εsh is the ultimate drying shrinkage
strain of concrete. During the analysis, three distinct shrinkage strain values were used: 400,
800, and 1600. Two different values of wall thickness, Tw (250 mm) and 2Tw (500 mm), were
considered in the HT zone above the foundation, where Tw is the thickness of the column.
The HT and the shrinkage strain values that best predicted the test results were 500 mm
and 1600 microstrains, respectively [35]. For the tangent modulus, a constant value of 0.5Ec
was used in the WCM, where Ec refers to the concrete’s modulus of elasticity [36]. A 25 mm
cubic element was used to model the concrete. The concrete elements were assumed to
experience erosion and were eliminated from the model when their minimum principle
strain of 4% at failure was exceeded [33]. Erosion is a definition used for failed concrete
elements to indicate that they are no longer active and therefore should be deleted from the
structural model.

2.2.2. Reinforcement Steel

The reinforcing steel bars were modelled using a plastic kinematic model, which
considered the Bauschinger Effect (BE) as a quasi-static cyclic behavior [37,38]. The BE
refers to a material property in which the stress–strain characteristics of the material change
due to the microscopic stress distribution throughout the material [39]. The modulus of
elasticity and yield strength of the steel reinforcement were obtained from the tested frames
as 215 GPa and 428 MPa, respectively (Table 4).

Table 4. Steel reinforcement and structural steel section properties.

Mass Density
(kgf/m3)

Modulus of Elasticity
(GPa) Poisson’s Ratio Yield Stress

(MPa)
Ultimate

Strain

Steel Reinforcement 7850 215 0.3 428 0.2
Structural Steel Sections 7850 215 0.3 317 0.2

The steel elements were assumed to erode and were eliminated from the model when
their principal strain values at failure exceeded 20% [40,41]. For the reinforcing steel, a mesh
size of 25 mm was used. The reinforcing steel bars and concrete were defined as having
perfect bonding at the intersecting nodes using constraints in the Lagrangian solid [42].



Buildings 2022, 12, 375 10 of 24

2.2.3. I-Shaped and Square-Shaped Steel Sections

The composite columns were created using an I-shaped steel section of HEB 100 and
two square-shaped steel sections of 100 mm × 100 mm with 6 and 8 mm thicknesses. The
I and square-shaped steel sections were modelled using an elastic and perfectly plastic
material model with a yield strength of 317 MPa and a modulus of elasticity of 215 GPa.
No erosion property in any steel section was defined since the steel sections were not
expected to yield during the analysis, as verified by the results of the tested frames [24].
The element mesh size for the steel section was 25 mm. Similar to the assumption made for
the reinforcing steel bars and concrete, the steel sections and concrete elements sharing the
same nodes were constrained together to achieve perfect bonding [42].

2.3. Loading Mechanism

The tested frames were subjected to lateral and gravity loads. Therefore, the same
loading pattern was maintained for the analytical study as well. Lateral loads were applied
to the frames by using solid rigid plates which were attached to the joints and the midpoint
of the beam (Figure 9). Plate deformations that might initiate from this loading were
prevented by assigning a rigid material property to the loading plates. The movements
of these plates were also restrained so that they would translate in the “x” and rotate
around the “y” directions. The contact surface between the plate and the structural frame
was modelled using a surface-to-surface contact property by employing a high friction
coefficient of 0.9 [23,38].
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In the experimental part of this study, the frames were subjected to lateral loads using
a displacement control loading mechanism. The drift ratios and corresponding lateral
displacement values applied to the frames are given in Table 5. The lateral displacements
were determined by multiplying the correspondent drift ratios by the total height of the
frame, which was 1500 mm as illustrated in Figure 1.

Table 5. Drift ratios and corresponding displacements applied to the tested specimens.

Drift Ratio (%) 0 0.25 0.50 0.75 1 1.25 1.5 1.75 2 2.25 2.5 2.75

Lateral Displ. (mm) 0 3.75 7.5 11.25 15 18.75 22.5 26.25 30 33.75 37.5 41.25

The tested frames were subjected to a maximum drift ratio of 1.75% due to laboratory
limitations [24]. However, in the FE analyses, the models were analyzed up to a maximum
drift ratio of 2.75%, which was defined as a substantial ratio that could cause severe
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damages and failures in buildings [43,44]. The total duration of the FE analysis up to the
1.75% drift ratio was 17.5 s; however, this duration was between 4 to 5 h in the tested frames
due to the loading scheme followed and the time needed to mark up the cracks after each
drift cycle. The total duration the FE models was achieved in 40.5 s.

As illustrated in Figure 10, there was some degree of difference between the loading
schemes of the FE analyses and the frame tests. During the FE analyses and the testing
stage, the frames were pushed slowly until they reached their maximum drift ratios
(positive drift ratios were used to define the push in the frames). Unlike the loading
protocol that was followed during frame pushing, the lateral loads on the tested frames
were released suddenly in order to bring them back to their initial positions at rest before
any further lateral loads were applied to pull these frames. However, this act of sudden
load release was not used in the FE models since the frames were slowly brought back to
their initial positions by applying a lateral load in the opposite direction (negative drift
ratios were used to define the opposite direction or pull in the frames). The sudden load
release in the experimental tests is believed to have caused some degree of negligible
difference in the damage patterns and structural behavior of the connections when they
are compared to those from the FE models. The possible impact of this difference in the
loading scheme is also addressed in the following sections, where the detailed comparative
damage patterns and the structural behaviors of the connections are discussed. The second
type of loading acting on the columns were gravity loads. Like the axial loads applied to
the tested frames, a constant value of 150 kN vertical loads were applied concentrically to
each column, simulating 10% of the column capacity (0.1f’c Ag, where f’c is the specified
concrete compressive strength and Ag is the gross cross-sectional area of the column).
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2.4. Boundary Conditions

As illustrated in Figure 11, a total of three constraint conditions were used. The
first was employed at the bottom of each column by restraining their displacements and
rotations in all directions. The second was used at the cut surface of the beam along the
“x” direction by restraining the beam’s displacement in the “y” direction and its rotation
around the “x” direction. The third constraint condition was applied at the half length of
the beam along the “y” direction. This restrained the beam displacements in both the “y”
and “z” directions and its rotation around the “x” and “z” directions.
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3. Verification of the First Two Models’ Benchmark Results

The first two quarter models (HI-C25 and LI-C25) were used to validate the behavior
of the frames based on the results of the two previously tested frames [24]. The frame
behaviors were compared to those of the tested frames up to a drift ratio of 1.75%, which
was the maximum ratio achieved in the laboratory tests. The results of the FE analyses
indicated that the behavior of both quarter models were consistent with those of the tested
frames. In the following subsections, comparisons of the results between the models
and tested frames will be explained in detail using parameters such as cracks and failure
patterns, hysteresis loops, energy dissipation, and stiffness degradation.

3.1. Cracks and Failure Patterns

The first concrete cracks occurred in the HD model (HI-C25) when the drift ratio was
0.25%. These cracks were located at the upper and lower corners of the beam–column joint,
and extended towards the centerline of the beam in subsequent drift cycles. Inclined shear
cracks were also observed at the 0.75% drift ratio and became more noticeable at the 1.25%
drift ratio, with an apparent extension towards the core zone of the joint. The horizontal
cracks on the outer part of the joint began at the 0.25% drift ratio, where the load was
applied in the negative x-direction (pull). The vertical cracks in the beam occurred at the
0.75% drift ratio. These cracks became larger as the drift ratio increased and became more
prominent at the corners of the joint. The concrete elements were eroded (eliminated) from
the model due to the tension failure that occurred at the lower corner of the joint when the
drift ratio was 2% (Figures 12, 13a,b and 14a).

The removal of these elements indicated steady progress in the cracks and led to larger
cracks. As the drift ratio increased, concrete spalling occurred at these crack locations when
the lower principal failure strain of the element exceeded the 4% limit stated by Epackachi
and Whittaker [32,33]. The analytical results of the HI-C25 model showed that the erosion
of concrete elements continued at the lower corner (throughout the full column width)
and upper corner (only on the outer surface of the joint). These cracks vertically extended
towards the centerline of the beam and also occurred at the exterior faces of the joint under
the loading plate (Figure 12).
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In the LD model (LI-C25), slightly fewer cracks were observed. The initial cracks
occurred at the corners of the joint when the drift ratio was 0.25%. At the 0.75% drift
ratio, horizontal cracks appeared on the beam. The concrete elements were removed from
the model at the eighth cycle, when the drift ratio was 2%, due to a similar failure mode
observed for the HI-C25 model (Figures 12, 13c,d and 14b).

A comparison of the crack patterns of the tested frames and the FE models is shown
in Figures 13 and 14, when a maximum drift ratio of 1.75% was achieved. Based on these
results, it was determined that the number of cracks in the models was slightly more
elevated at the joint and beams than in those of the tested frames. However, in general,
the results from the tested frames were consistent with those from the FE models. The
difference in crack patterns is associated with the crack mark-up method that was used
in the experimental phase. The cracks in the experimental phase were marked after each
lateral load was released (the frame was at full rest) while the columns were still under
constant axial load. Therefore, some of the minor cracks that developed in the frames when
the target drift ratios were achieved were not marked. Thus, fewer crack patterns were
marked on the frames than expected. However, since the crack patterns of the FE models
were captured when the maximum drift ratios were achieved, they were noticeably greater
in number.

Unlike the cracks of the joints and columns, the concrete damage observed in the RC
beams of the tested frames at the 1.75% drift ratio were more severe than those recorded
in the beams of the FE models (Figure 13) In fact, during their push cycles, the beams in
the FE models exhibited only a few cracks at the bottom surface near the column joint
area (i.e., not extending further into the beam). This damage pattern was attributed to
the number of extensive cracks occurring specifically in the lower corner of the column
beam joint due to the energy dissipation concentrated on the joint. This prevented the
occurrence of further cracks in the beam. However, when the FE model was subjected to
pull, the cracks in the column beam joint were noticeably fewer and therefore more energy
dissipated into the beam causing more cracks. These results clearly indicate that frame
failure was initiated by the cracks in the lower corner of the column–beam joint when the
frame was subjected to push. Therefore, it is important to pay close attention to the details
of the lower column–beam joint, since it would be more efficient to strengthen the lower
joint if the lateral load capacity of the frame had to be increased.

The cracks in the beams of the tested frames are the sum of the cracks occurring during
their pull and push cycles (in the FE models, the beam cracks are given separately for each
pull and push cycle). The reason why the beams of the tested frames had more cracks was
mostly because of the loading protocol of these frames, since they were subjected to three
times more cyclic loading than the frames in the FE models [24]. Also, it is believed that
during the construction of the tested frames, some minor problems with concrete pouring
and/or compaction may have contributed to the cracking of the beams.
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The overall crack patterns of the HD and LD frames were also plotted, as displayed in
Figure 14. The crack patterns were captured from the models at varying drift ratios under
consequent pull and push forces. The results indicate that the extensive cracks and member
erosion (elimination) occurred around the lower and upper column–beam joints.

3.2. Hysteresis Loops

Hysteresis loops illustrate the change in the lateral load versus displacement relation-
ship. The load versus displacement relationships of the HI-C25 and LI-C25 models were
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compared to those of the tested frames (Figure 15a,b). The hysteresis curves indicated that
there was a very good correlation at the peak loads of each loading cycle between the tested
frames and FE models. However, pinching behavior led to some variation in the hysteresis
loops, which was one of the phenomena observed during frame testing [24]. Pinching had a
severe impact beyond the 0.5% drift ratio, which was the result of the continuous widening
and propagation of cracks at the column–beam joints during subsequent pull and push
cycles. After each of these cycles, the cracks followed a pattern of widening and tightening,
since the frames were eventually brought back to their initial condition at rest (the stage
where the applied latter load was zero). It is believed that the continuous widening and
closing of the crack cycles caused severe pinching in the tested frames once the cracks were
formed at the 0.5% drift ratio. As previously studied, pinching is heavily dependent upon
structural system characteristics (such as material and connection types) and the loading
protocol (the number of loading cycles, the total test duration, and the sequence of loading
cycles) [45]. However, the models in the FE analyses lacked this pinching behavior. This
resulted in a noticeable difference in their hysteresis loops, specifically beyond the 0.5%
drift ratio.
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Figure 15. Load-deflection responses of the tested frames and models: (a) HD frames; (b) LD frames.

The percentage differences for the maximum applied lateral forces of the tested frames
and the models are given in Table 6. The results indicate that both the HI-C25 and LI-C25
models had very close force values with small differences. These small differences were
attributed to the total duration of the loading scheme, since this duration at the 1.75%
drift ratio was 17.5 s in the FE analyses and 4 to 5 h in the experimental phase (refer to
Section 2.3 for the reason behind the longer test duration in the experimental phase). Based
on the results, it can be stated that the magnitude of the lateral load started to decrease
after approaching the maximum lateral load value at the 2% drift ratio. This resulted from
the weakness in the joints due to the increased cracks.

Table 6. Maximum applied lateral forces of tested frames, HI-C25 and LI-C25.

Drift Ratio (%)
Lateral Forces (kN) Differences in Lateral Forces (%)

HI-C25 Tested HD LI-C25 Tested LD HI-C25/Tested HD LI-C25/Tested LD

0.25 81.06 74.97 81.30 83.28 8.12 −2.38
−0.25 −83.06 −90.47 −81.39 −84.34 −8.19 −3.50

0.5 140.90 124.40 142.43 144.30 13.26 −1.30
−0.5 −145.20 −124.40 −148.54 −144.30 16.72 2.94
0.75 201.10 176.50 200.10 187.30 13.94 6.83
−0.75 −205.10 −176.50 −206.44 −187.01 16.20 10.39

1 240.00 221.10 241.64 223.75 8.55 8.00
−1 −242.00 −221.70 −240.84 −223.75 9.16 7.64
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Table 6. Cont.

Drift Ratio (%)
Lateral Forces (kN) Differences in Lateral Forces (%)

HI-C25 Tested HD LI-C25 Tested LD HI-C25/Tested HD LI-C25/Tested LD

1.25 263.00 248.30 263.88 248.50 5.92 6.19
−1.25 −263.00 −247.90 −262.74 −248.50 6.09 5.73

1.5 279.00 281.10 280.30 265.80 −0.75 5.46
−1.5 −279.50 −281.10 −283.10 −265.80 −0.57 6.51
1.75 289.00 289.61 287.90 277.00 −0.21 3.94
−1.75 −291.20 −289.60 −289.90 −277.00 0.55 4.66

3.3. Energy Dissipation

The cumulative energy dissipation graphs are shown in Figure 16. As the drift ratio
increased, the energy dissipations of the HI-C25 and LI-C25 models increased. However,
the LI-C25 model showed slightly lower energy dissipation characteristics compared to the
HI-C25 model beyond the 2.25% drift ratio. A slightly higher energy dissipation capacity
was observed in the HI-C25 model, since the columns in the frame had closely-spaced
transverse steel reinforcement compared to the LI-C25 model. When the energy dissipations
of the FE models were compared to those of the tested frames, the values were consistent
with each other until the drift ratio of 1.0%. However, beyond this drift ratio, the gap
between the FE and tested models widened due to the higher energy dissipation abilities
that the model frames exhibited. This outcome was in line with the observations that were
made in reference to the hysteresis loops, as discussed in Section 3.2 (Figure 15).
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Figure 16. Energy dissipation of the tested frames and models: (a) HI-C25; (b) LI-C25.

3.4. Stiffness Degradation

The stiffness degradations of the tested frames and analytical models is shown in
Figure 17. The figures indicate that the analytical models exhibited higher stiffness degra-
dation compared to the tested frames, particularly in the case of the HI-C25 model. The
difference in the degradation curves of the tested frames and analytical models was much
less at the initial drift ratios, specifically in the case of the LI-C25 model. As the drift ratios
increased to 0.5% for the HI-C25 model and 0.75% for the LI-C25 model, the difference
became more apparent. However, at the 1.75% drift ratio, which was the maximum for
the test specimens, these differences became less significant. Both the LI-C25 and HI-C25
models exhibited similar stiffness degradation values throughout the analysis up to the
maximum drift ratio of 2.75%.
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4. Prediction of Frame Behaviors with Various Parameters

After the results of the first two models were validated, the remaining 10 models
were used to predict the behavior of frames with varying concrete strengths, reinforcement
configurations, and structural steel sections under vertical and lateral loads.

4.1. Cracks and Failure Patterns

Concrete cracks in all 12 models were initially observed at the lower and upper corners
of the beam–column joints, starting at the 0.25% drift ratio. In general, the HD frame models
exhibited more cracks than the LD frame models. The cracks and failure patterns of the
10 models are shown in Figure 18a–j. The crack patterns of the frame models with (HI-C25
and LI-C25) and without (H-C25 and L-C25) composite columns were similar to each other,
even though the composite columns’ (HI-C25 and LI-C25) lateral load capacities were
approximately 40% greater (Figures 12 and 18a,b). As expected, at failure, the models with
non-composite columns suffered more concrete spalling (or element erosion) at the lower
corner of the column–beam joint.

The minimum failure load of the models with non-composite columns and C25 con-
crete in both their HD and LD frames (H-C25 and L-C25) was approximately 185 kN. The
value for the models with non-composite columns and C40 concrete (H-C40 and L-C40)
was 200 kN. In other words, by increasing the concrete strength from 25 to 40 MPa, the
lateral load carrying capacity of the models with non-composite columns increased by
8%. This increase was approximately 20% when the lateral load capacities of the models
with I-shaped composite columns having C25 or C40 were compared to each other. This
result indicated that the increase in concrete strength is a lot more beneficial if used in
composite columns.

The crack patterns of the models with hollow square-shaped structural steel and a
thickness of 6 and 8 mm (HSQ-C25-T8, LSQ-C25-T8, HSQ-C25-T6, and LSQ-C25-T6) were
also compared to those with I-shaped steel (HI-C25 and LI-C25). The crack patterns were
found to be similar to each other, exhibiting no apparent differences. However, the lateral
load carrying capacities of these composite columns showed some variance. The average
increases in the lateral load carrying capacities of the models with 6 mm and 8 mm thick
square-shaped steel composite columns from that of those with I-shaped steel ones were
approximately in the range of 2 to 4%, respectively. These results indicated that the use of a
square-shaped steel composite column with a greater thickness was not very effective in
increasing the lateral load capacity of a frame.
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Figure 18. Crack and failure patterns of frame models: (a) H-C25; (b) L-C25; (c) HI-C40; (d) LI-C40;
(e) H-C40; (f) L-C40; (g) HSQ-C25-T8; (h) LSQ-C25-T8; (i) HSQ-C25-T6; (j) LSQ-C25-T6.

4.2. Envelope Curves

Envelope curves were plotted using the data from the peak load values of the hysteresis
curves of the models (see Figure 19 and Table 7). The details of these envelope curves are
summarized below:
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• The models HI-C40 and LI-C40 with C40 concrete showed similar patterns compared
to the HI-C25 and LI-C25 models with C25 concrete. The higher strength of concrete
resulted in an average increase in their peak load values by 18.9 and 17.5% for the HD
and LD models, respectively. These results were very similar to those of non-composite
columns with C25 and C40 concrete. The average increase in the peak load values of
the HD and LD models was 17.3 and 18%, respectively.

• The existence of a steel section substantially increased the lateral load carrying capacity
of the frame models. The lateral load capacities of the HI-C25 and LI-C25 models
with composite columns were approximately 41.5 and 42.0% greater than those of the
H-C25 and L-C25 models with non-composite columns, respectively. In the frame
models with C40 concrete, the lateral load capacities of the HI-C40 and LI-C40 models
increased by approximately 43.5 and 42.0% compared to models with non-composite
columns.

• When compared to LD frame models, HD models showed a slight increase in their
ultimate lateral load carrying capacities due to the existence of closely spaced trans-
verse reinforcements. This increase was in the range of 0.1 to 1.75% compared to the
LD models.

• Hollow square-shaped structural steel section models with 6 and 8 mm thicknesses
resulted in increases in lateral load carrying capacity of 3.5 and 7.0%, on average,
compared to models with an I-shaped steel section.
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Figure 19. Envelope curves of frame models: (a) HD; (b) LD.

Table 7. Lateral load capacities of 12 frame models.

Model
Name

Lateral Load Capacities (kN)

Drift Ratio (%) (1)

+0.25 −0.25 +0.75 −0.75 +1.25 −1.25 +1.75 −1.75 +2.25 −2.25 +2.75 −2.75

HI-C25 81.1 −83.1 201.1 −205.1 263.2 −263.9 288.8 −291.5 268.5 −271.0 266.9 −261.8
LI-C25 81.4 −81.4 200.1 −206.5 263.9 −262.8 288.0 −290.0 271.3 −277.3 262.7 −276.9
H-C25 72.7 −73.0 156.3 −156.5 196.1 −179.5 216.0 −194.0 205.9 −192.3 200.0 −185.0
L-C25 72.0 −72.9 154.7 −155.1 193.0 −181.0 213.0 −192.0 203.0 −190.5 197.0 −183.0

HI-C40 102.0 −102.0 243.1 −245.0 317.0 −311.0 345.9 −344.2 331.9 −323.1 300.2 −319.5
LI-C40 102.0 −103.0 241.8 −243.1 313.8 −304.5 334.6 −344.8 322.2 −327.5 310.9 −319.5
H-C40 91.6 −93.9 188.0 −188.0 235.5 −214.1 244.6 −236.5 233.8 −223.9 226.0 −209.5
L-C40 91.6 −93.9 187.1 −184.5 235.9 −212.9 246.9 −231.4 238.8 −221.3 227.5 −200.2

HSQ-C25-T8 82.0 −82.3 202.8 −218.3 277.2 −281.7 308.2 −313.1 292.0 −291.5 282.7 −284.0
LSQ-C25-T8 82.0 −82.7 201.6 −218.6 274.9 −280.4 304.5 −310.7 287.4 −292.4 277.2 −284.2
HSQ-C25-T6 81.0 −81.2 200.8 −213.3 267.3 −268.7 298.8 −298.8 279.6 −274.9 272.6 −270.1
LSQ-C25-T6 81.0 −81.0 200.8 −212.6 263.7 −266.2 294.7 −294.7 275.9 −274.2 269.2 −268.5

(1) “+” sign indicates push while “−” sign indicates pull. For details see Figure 9.

4.3. Stiffness Degradation

Compared to C25, the concrete class of C40 provided a higher stiffness degradation
value at the initial drift ratio of 0.25% (Figure 20). However, as the drift ratio increased to
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2.75%, the separation in the stiffness degradation curves of these two materials for both the
HD and LD frame models became less noticeable. Out of all the models, the HI-C40 and
LI-C40 models provided the greatest stiffness. The models with square-shaped structural
steel columns exhibited very similar stiffness degradation patterns to those with I-shaped
steel ones.
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4.4. Energy Dissipation

The frame models showed similar energy dissipation patterns at initial drift ratios up
to 0.75%. Beyond this drift ratio, the HI-C40 and LI-C40 models displayed higher energy
dissipation abilities when compared to the others (Figure 21). The lowest energy dissipation
abilities were observed in the H-C25 and L-C25 models with non-composite columns. The
results indicated that the presence of structural steel section in a column, regardless of its
shape, had a positive impact on the energy dissipation characteristics of a frame.
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5. Conclusions and Recommendations

This research mainly focuses on the seismic behavior and vulnerability of composite
column-to-beam joints in a frame member by subjecting them to both shear and axial forces.
It also investigates the modeling difficulties experienced in LS-DYNA while conducting
quasi-static loading, extracting failure patterns, and utilizing the most related keywords
for constructing finite element (FE) models to generate more realistic and accurate results.
The results of the analytical studies were evaluated and the following conclusions and
recommendations can be drawn based on the findings of this study.

1. The analytical results were quite consistent with the test results when characteristic
parameters, such as the peak loads at each cycle, crack patterns, failure modes, and
stiffness degradation, were compared. However, as discussed in Section 2.3, the
loading schemes that was used in the FE analyses and testing had minor differences,
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which is believed to have lead to some negligible discrepancies between the FE and
test results. Nevertheless, the most apparent difference was observed in the hysteresis
loop cycles. The loop cycle areas of the models were greater than those obtained
from the tested frames. As discussed in Section 3.2, the pinching behavior that was
experienced during the tests was the cause of these discrepancies.

2. The concrete surface cracks of the high ductile (HD) and low ductile (LD) frame
models exhibited very similar patterns. The HD and LD frame models with composite
columns failed at a drift ratio of 2% due to the element erosion at the lower corner of
the beam–column joint.

3. Compared to the models with I-shaped steel sections, the high and low ductile models
with hollow square-shaped structural steel with C25 concrete (the HSQ-C25 and
LSQ-C25 models) and 6 and 8 mm thicknesses experienced more concrete element
erosion and failure at the lower corner of the column–beam joint. Similar types of
failures were also observed for the models with composite columns and C40 concrete.
The frame models with composite columns had no failure near the column base due
to the additional stiffness that was provided by the structural steel.

4. Compared to the frames with non-composite columns, the lateral load capacity of the
frame with composite columns increased by an average of 42%. When the concrete
class was increased from C25 to C40, the lateral load capacity of the frame increased
by an average of 18%.

5. Using a square-shaped steel section in a column instead of an I-shaped one increased
the models’ lateral load carrying capacity by 3.5% for the square-shaped steel with
a 6 mm thickness and 7% in case of an 8 mm thickness. The increase in the ultimate
load carrying capacity of the HD frame models compared to the LD frame models
with square-shaped steel and 6 and 8 mm wall thicknesses was in the range of 0.1%
to 1.75%. These small increments indicated that thicker square shaped steel was not
effective in increasing the lateral load capacity of a frame.

6. The stiffness degradation of the high and low ductile models with composite columns
and an I-shaped steel section of HEB 100 with C40 concrete (HI-C40 and LI-C40
models) displayed the best structural performance out of all other models, while the
models with non-composite columns exhibited a less desirable structural performance.
The existence of a steel section in a column had the highest impact on a model’s
stiffness degradation. Increasing the concrete class had the second largest impact.

7. Greater energy dissipation was observed in the HI-C40 and LI-C40 models with
composite columns. The energy dissipation capacities of the same models with non-
composite columns were fairly close to those with the composite columns, until the
drift ratio of 1.75%. The difference in the energy dissipation became more apparent
beyond this drift ratio, reaching a maximum of 30% at the final drift ratio of 2.75%.

8. There was a distinct difference between the hysteresis of the tested frames and the FE
models. This difference was attributed to pinching behavior observed in the tested
frames beyond the 0.5% drift ratio due to the continuous widening and propagation of
cracks at their column–beam joints during subsequent pull and push cycles. Following
the closure of these cracks, the frames were brought back to their initial conditions at
rest. However, the models in the FE analyses lacked this pinching behavior. Therefore,
their hysteresis loops exhibited a somewhat different pattern specifically beyond the
0.5% drift ratio.

9. The results of the analyses indicate that frame failure was triggered by cracks in the
lower corner of the column–beam joint. During the subsequent pull and push cycles,
these cracks widened and eventually resulted in a failure in the concrete member
at the lower corner of the column–beam joint. This eventually led to the failure of
the frame.

10. The lateral load carrying capacities of the models with square-shaped steel sections
were slightly better than the models with I-shaped sections.
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11. Using a higher transverse steel reinforcement ratio near the column–beam joints
resulted in a very slight increase in ductility and bearing capacities.

12. Frame models with non-composite columns were the only ones that exhibited concrete
element erosion near the base, leading to failure coupled with member erosion at the
column-beam joint.

13. Using structural steel while constructing a composite column is recommended since
it is an effective way to achieve a higher capacity in a column–beam joint.

14. Based on the analytical results, it was determined that the shape of a steel section did
not have a significant impact on the lateral load carrying capacity of a frame, as long
as equal cross-sectional areas were used.

15. Increasing the concrete class alone did not have a significant impact on the lateral load
carrying capacity of a frame. Therefore, in order to increase the lateral load capacity
of a frame, it is highly recommended to construct them with composite columns.

16. Since frame failure was triggered by the cracks occurring in the lower corner of the
column–beam joint, it is important to pay close attention to the reinforcement details
at this location. It is recommended to strengthen this lower corner joint if the lateral
load capacity of the frame must be increased.

17. In this study, some challenges were encountered during the FE analyses of the frames.
These challenges can be grouped into two categories: (a) duration and (b) the inade-
quate number of studies conducted on this research topic. The total duration of the
simulation was the main challenge of this study. The study initially had the goal of
examining the impact of many more cyclic loads on frame behavior, the varying of
lateral loads acting at different velocities, and the structural behaviors of multiple
floors (two or more) constructed with the same frame. However, the challenge with
respect to duration prevented attempts to pursue further FE analyses. Another chal-
lenge, as indicated in Section 1, was related to the inadequate number of past studies
conducted in this field using LS-DYNA. This was clearly one of this study’s goals,
since more feedback was needed to efficiently address the issues related to the FE
modeling of the frames, as discussed in this article.
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