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Abstract:

The hybrid moment-resisting frames, comprising Reinforced Concrete columns and Steel beams
(RCS), have attracted attention due to potential cost savings and enhanced structural
characteristics. The ASCE Task Committee on Design Criteria for Composite Structures issued
early guidelines for RCS joint design, primarily applicable to low seismicity regions.
Subsequent research has demonstrated the reliable ductile performance of Composite RCS
systems, making them attractive for high seismic areas. Following this, an updated Pre-Standard
for the Design of RCS connections was introduced, serving as the latest ASCE guideline for
designing RCS joints. This paper investigates the cyclic performance of different RCS joint
details, focusing on the influence of design requirements on connection behavior. Four
specimens are selected for investigation, with two conforming to the early ASCE guideline and
two to the updated ASCE guideline. The early ASCE guideline-conforming specimens closely
resemble the updated ones, with the distinction that a doubler plate is attached to their beam
web. A detailed finite element model, validated against experimental data, is employed to
analyze the specimens. The results indicate better connection performance when adhering to the
early ASCE guideline requirements compared to the updated ASCE guideline. The
incorporation of a 6 mm thick doubler plate, along with four triangular stiffeners, significantly
enhances connection performance, including increased initial strength, reduced strength
degradation, and improved energy dissipation capacity. These modifications contribute
minimally to the overall building cost while yielding a substantial 25.5% increase in connection
energy dissipation capacity and a 40% reduction in strength deterioration during cyclic loading.

1. Introduction

ductility. Additionally, RCS frames offer advantages such as
feasibility in construction, the ability to implement beams

In recent decades, there has been a significant focus on
employing hybrid moment-resisting frames in building
construction, particularly those incorporating Reinforced
Concrete columns and Steel beams (RCS). This structural
system has attracted attention due to its potential for material
cost savings and enhanced structural characteristics. RCS
frames optimize the use of both steel and concrete materials.
The adoption of RC columns, known for their superior
compressive performance and stability contribute to
increased structural damping and lateral stiffness, thereby
improving seismic resistance. Incorporating steel beams
amplifies the ability to dissipate energy and enhance
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with long spans, reduced floor weight, and adherence to the
strong column—weak beam criterion. The economic benefits
of utilizing concrete columns, especially in high-rise
buildings where stiffness is a primary concern, make RCS
frames a viable choice in seismic regions. The primary
challenge in RCS system design is comprehending the
interaction between the steel beam and the RC column.
Numerous research projects have delved into investigating
the seismic behavior of RCS connections [1], [2]. Notably,
A thorough testing initiative was carried out at the
University of Texas at Austin [3], [4]. The test specimens
involved through-beam connections, where steel beams pass
through RC columns and are subjected to nonlinear
monotonic and cyclic loads. Based on the findings of these
studies, in 1994, the American Society of Civil Engineers
(ASCE) Task Committee [5] developed design guidelines
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for RCS connections in structures experiencing low to
moderate earthquake hazards.

Following the 1994 ASCE Guideline, researchers in the
United States and Japan conducted thorough studies on RCS
systems as part of a collaborative research program on
composite construction. Noteworthy contributions include
works by Kanno and Deierlein [6], [7], Parra-Montesinos
and Wight [8], Bugeja et al. [9], and Noguchi and Kim [10].
Several  proposals have emerged, incorporating
advancements to more accurately capture the anticipated
strength and stiffness of composite joints, as evidenced by
works such as those by Kuramoto and Nishiyama [11] and
Parra-Montesinos et al. [12].

The research conducted has led to significant enhancements
to the 1994 ASCE Guideline. These improvements
encompass validation and extension of the guidelines for
application in high seismic zones, a reduction in transverse
tie requirements within joint height, expansion of the
original model to encompass a broader range of joint details,
modifications to address distinctions between interior and
exterior joints, permission for the use of high-strength
concrete, and the incorporation of performance-based
requirements aimed at limiting anticipated deformation and
damage. The 2015 ASCE Pre-standard [13] was developed
as an enhanced edition of the 1994 ASCE Guideline. The
2015 revision builds upon and enhances the previous
guideline, incorporating newer experimental studies and
research findings related to cyclic load conditions,
employing  high-strength  concrete, alternate  joint
configurations, and enhanced design concepts. In alignment
with the AISC 341 [14], the 2015 Pre-Standard mandates
that beam-column joints anticipate enduring a minimum
story drift ratio of 0.04.

Moreover, numerous experimental studies carried out in
recent years have focused on RCS joints intending to
develop enhanced joint details. Specifically, Alizadeh et al.
[15], [16] incorporated extended bearing plates and self-
consolidating concrete to enhance joint strength, and energy
dissipation capacity, and facilitate construction. Mirghaderi
et al. [17], Eghbali and Mirghaderi [18], as well as, Nguyen
etal. [19] proposed innovative joint details involving the use
of cover plates in beam flanges and vertical plates in the joint
region. Park et al. [13] demonstrated the viability of
concrete-filled U-shaped steel beams. The performance of
precast reinforced concrete columns in interaction with steel
beams was examined by Khaloo and Bakhtiari Doost [20],
[21]. These studies delved into the cyclic loading, stability,
and displacement characteristics of RCS connections,
showcasing gradual stiffness degradation, stable behavior,
and increased flexibility observed in various scenarios. Such
findings contribute to a broader understanding of the seismic
behavior of RCS joints, offering valuable considerations for
designing resilient and ductile structures in earthquake-
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prone regions. Novel joint configurations and construction
techniques, such as high-strength bolted-end plate
connections by Chen et al. [22], RCS connection with
replaceable members by Men et al. [23], demountable joints
developed by Li et al. [24], concentric and eccentric “New-
RCS” through-beam connections by Ou et al. [25], semi-
rigid prefabricated RCS connections by Pan et al. [26], and
simplified connection details by Lee et al. [27], aim to
enhance construction speed, reducing manufacturing
difficulties, and improving overall seismic performance of
RCS joints.

In addition to the experimental efforts, Numerous studies
have focused on numerically simulating the behavior of RCS
connections through finite element approaches, utilizing
software tools such as ABAQUS [28], as referenced in [29],
[30], [31], [32]. In these investigations, a finite element
model for the RCS connection was developed and its
accuracy was confirmed via experimental testing.
Innovative connection details were then introduced, with
subsequent evaluation of their performance and provision of
recommendations for enhancing seismic resilience.
Moreover, specific research endeavors involved conducting
parametric studies, utilizing validated finite element models
to explore how joint configurations affect connection
performance [33], [34], [35], [36].

The present research investigates and compares the seismic
behavior of different joint details designed according to the
1994 ASCE Guideline and 2015 ASCE Pre-standard, using
validated finite element models. Overall, the design
requirements, including limit states to be controlled, load
transfer mechanisms, and allowable joint configurations, are
consistent between the two sets of guidelines. Nevertheless,
notable differences emerge in the equations used to calculate
both the strength and stiffness of the connection, along with
the criteria for proportioning structural steel and reinforcing
bar details. These variations stem from the fact that the
design criteria of the updated guideline are less stringent due
to a better understanding of the joint behavior. The current
study involves designing four specimens following both
guidelines and subsequently examining the seismic
performance of the specimens. To achieve this, the
relationships for calculating joint strength proposed by the
two guidelines are first compared. Afterward, a
comprehensive finite element model is constructed and
verified using experimental results obtained earlier. Four
connection specimens are then designed based on the 1994
ASCE Guideline and 2015 ASCE Pre-standard. Finite
element models are developed for each specimen, and the
models are analyzed under cyclic loading conditions.
Finally, by examining the results, suggestions for improving
the RCS connection design guidelines are provided.
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2. Design Requirements of RCS Joints

Two primary failure modes have been identified for an RCS
connection: (1) panel shear and (2) vertical bearing failure
modes. Panel shear failure resembles the shear failure
observed in steel or reinforced concrete moment-resisting
frames. In such connections, both structural steel and
reinforced concrete elements play a role in resisting shear
forces. Vertical bearing failure happens when the concrete
in the column, both above and below the steel beam, is
crushed, permitting the beam to rotate within the reinforced
concrete column [3]. The 2015 Pre-standard aims to enhance
the accuracy and consistency in predicting the strength of
joints in both panel shear and vertical bearing. This guideline
now encompasses a broader range of joint details that have
proven effective in maintaining the strength and stiffness of
composite joints while also improving constructability.
Additionally, new “phi-factors” have been suggested using
the beta-reliability method, the same technique used in the
AISC-LRFD [37]. In the Load and Resistance Factor Design
(LRFD) method, phi-factors (¢-factors) are resistance
factors used to account for the uncertainties in the material
properties, dimensions, and the assumptions made in the
design equations. These factors reduce the nominal
resistance to a level that provides a consistent and reliable
safety margin. Each type of material or structural component
has its specific ¢-factor, which reflects its variability and
reliability.

As in the 1994 Guideline, the 2015 Pre-standard will focus
only on the “through-beam” type of connection. In the
through-beam configuration, the steel beam remains
continuous, whereas in the through-column arrangement,
the concrete column is continuous. The through-beam type
exhibits greater ductility and reliability, while the through-
column type demands meticulous attention during
construction to guarantee satisfactory ductility and strength
capacity. Figure 1 depicts the components of the through-
beam RCS joint, including face-bearing plates, steel band
plates, steel doubler plates, and ties. It is recommended that
the face-bearing plates match the width of the beam flange
in all connections, as studies have shown their effectiveness
in enhancing joint performance by containing concrete in the
panel zone. Similarly, the steel band plates aid in concrete
confinement both above and below the panel zone. The
following discusses the proposed relationships of the two
guidelines for determining joint shear strength,
encompassing panel shear and vertical bearing mechanisms.
2.1 Effective Joint Width

The effective width of the joint within the column (b;) is
determined by summing up the widths of the inner and outer
panels (bi and b,), expressed as:

bj =b +b, 2)
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The 1994 Guideline recommends that the inner width, b;, be
set equal to the wider of either the width of the Face Bearing
Plate (FBP), by, or the width of the beam flange, b:. In
contrast, the 2015 Pre-Standard does not acknowledge this
additional width and sets the inner panel width equal to the
width of the beam flange.

Steel Band Plate

Steel Beam
Ties __

Column bars” "Face Bearing Plates

Fig. 10: Sample details of a through-beam RCS joint

The 1994 Guideline defines the outer joint width, b,, as a
ratio based on the average of the beam flange width and the
column width, depending on the types of shear key
employed in the joint. In contrast, the 2015 Pre-Standard
takes into account larger effective joint regions. The
comparison of the outer joint width, b,, recommended by the
two guidelines is outlined as follows:

1994 Guideline

b, =C(b, —b,) <0.5d,
C=(x/h)(y/b;) ?3)
b, = (b; +b)/2 <b; +h <1.75b

2015 Pre-Standard

b, =y+2/3a,x-b, <b-b, 4)

in which, C represents the joint mobilization coefficient, by,
denotes the joint effective width, dy denotes the beam depth,
br is the beam flange width, h is the depth of the concrete
column parallel to the steel beam, b is the width of concrete
column, and x and y represent the effective dimensions of
shear keys. When steel band plates substitute reinforcing bar
ties in the bearing region above and below the beam, the
value of ay is set to 0.5; otherwise, when ties are present, ox
is set to 1.0. This distinction arises from the fact that the
determination of joint width in the 1994 Guideline primarily
relied on criteria for reinforced concrete joints.

~— Steel Doubler Plate
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2.2 Joint Strength

The shear strength of the connection is determined by adding
the shear capacity of the inner panel (Vin), comprising
contributions from the steel web panel and an inner concrete
strut to the shear capacity of the outer concrete panel (Von).
These values are then multiplied by the respective resistance
factors. The components contributing to the design shear
strength have undergone refinement in the 2015 Pre-
Standard. While the 1994 Guideline incorporates two
distinct strength criteria—panel shear and vertical bearing
strength—the 2015  Pre-Standard  simplifies  the
requirements by focusing solely on the panel shear strength
criteria and limiting the nominal vertical bearing strength
value. As per the 2015 Pre-Standard, the connection shear
strength is deemed sufficient if only Equation (6) is met,
while according to the 1994 Guideline, Equations (4) and (5)
must be satisfied concurrently.

In the 1994 Guideline, joint bearing strength is treated as a
distinct failure mode, separate from joint shear strength
failure. It is computed and checked against the relevant
design forces using Equation (5). In contrast, the 2015 Pre-
Standard assumes that vertical bearing failure occurs solely
over the inner panel width, bi, with the outer panel more
prone to failure in outer panel shear. However, empirical test
data indicates that the outer panel fails similarly regardless
of whether the inner panel fails in joint shear or vertical
bearing. Consequently, the 2015 Pre-Standard restricts the
amount of shear developed in the inner panel by the vertical
bearing strength, as illustrated in Equation (7).

The shear strength phi-factor (¢s) in the 2015 Pre-Standard
has been increased from the original 0.7 to 0.85.
Additionally, a new strength adjustment factor, k = 0.85, has
been incorporated into the design check to restrict
connection deformations. In the 2015 Pre-Standard, the phi
factor (¢s) in Equation (6) varies based on the governing
mode of failure, with ¢s = 0.85 for shear and @b = 0.75 for
bearing. These variations in phi-factors reflect the
preference for designing the joint to fail in shear, aiming to
avoid the undesirable pinched response associated with
bearing failure.

1994 Guideline

Panel Shear Strength Criterion:
Vj <4(Viy +Von) (5)
¢=0.7

Vertical Bearing Strength Criterion:
>'M, +0.35hAV, <4 M, ®)
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2015 Pre-Standard

Panel Shear Strength Criterion:
Vi <k(@Vi, +4V,0)

h=085 L ord, k=0.85 ©
¢b:0.75!¢_¢s ¢b’ - M
Vertical Bearing Strength Limit:
7
(¢Vin)|_imit =My, ‘Vbh)/dj ")

In the given expressions, Vi, represents the shear capacity of
the inner panel, Vo, denotes the shear capacity of the outer
concrete panel, V; signifies the joint shear demand imposed
by adjacent beams and columns calculated by
Vi=>M,/d,-V,, >M,and D M denote the
summation of beam and column moments transferred into
the joint, d; represents the effective joint depth, defined as
the distance between the centerlines of the steel beam
flanges, V. represents the average column shear, Vj
represents the average beam shear, AV, stands for the
difference in beam shears, My, represents the moment
derived from the joint vertical bearing capacity, and
remaining terms maintain their definitions as previously
specified.

The inner panel shear capacity, Vi, comprises the shear
capacity of the steel web panel, Vs, and the inner concrete
strut, Vic. The prescribed methods for determining the inner
panel shear capacity as recommended by each set of
guidelines are outlined as follows:

1994 Guideline

Vin :Vsp +Vic (8)
V,, =0.6F,t,, jh ©)
V, =1.7,/f,b,h<0.5fb.d, (10)

2015 Pre-Standard

¢Vin = ¢s (Vsp +Vic) (11)
V,, =0.6F,t,ah (12)
V, =1.7a,\/f.bh<0.5fb,d, (13)

Here, Fysp stands for the yield strength of the steel panel,
while tsp represents its thickness. The coefficients as, are set
at 0.9 for interior connections and 0.8 for exterior
connections. The parameter jh is the horizontal distance
between the bearing force resultant, with consideration that
it should be < 0.7h, where h represents the concrete column
depth. The coefficients a. are assigned values of 1.0 for
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interior connections and 0.6 for exterior connections, with
f'c representing the concrete compressive strength in MPa.
The nominal capacity of the outer diagonal concrete strut,
Von, is specified by each guideline as follows:

1994 Guideline

V, =17 (14)

2015 Pre-Standard

V, =125,[f b (15)

where o retains its previous definition as described for the
inner panel in Equation (13), and the remaining terms
maintain their previously defined meanings.

3. FE Modeling and Validation

3.1 Experiment Description

The validated numerical model of RCS connections
implemented in this study was assessed through an
experimental test carried out by Alizadeh et al. [15]. The
selected specimen consisted of a reinforced concrete (RC)
column measuring 3,150 mm in height, featuring a square
cross-section (400 x 400 mm) and connected to two steel
IPE300 beams, each spanning 1,730 mm. A visual depiction
of the experimental setup is provided in Figure 2. As shown
in the illustration, simple supports were utilized at the ends
of the steel beams. The bottom end of the concrete column
was connected to the base with a pin-type connection
support. Two hydraulic jacks were placed at the column's
top to apply reversed lateral cyclic loading.

A constant axial force of 300 kN was exerted at the top of
the column, amounting to roughly 4% of the column'’s total
axial strength. To prevent any lateral movements out of the
specified plane during the test, lateral bracing was provided
at both ends of the beams and columns. The loading
sequence comprised 22 cycles, beginning at 0.2%, followed
by drift ratios of 0.25%, 0.375%, 0.5%, 0.75%, 1%, 1.5%,
2%, 3%, 4%, 5%, and 6%. Notably, the cycles with drift
ratios ranging from 0.25% to 4% were repeated twice (see
Fig. 12).

3.2 FE Model

The selected specimen is simulated using ABAQUS [28].
Steel beams and concrete columns are modeled using 8-node
solid elements, specifically the C3D8R element in
ABAQUS. The C3D8R element in ABAQUS is an eight-
node linear brick element with reduced integration and
hourglass control. Its advantages include reduced
computational resources, efficient performance, and built-in
hourglass control to improve accuracy.

58

Numerical Methods in Civil Engineering, 8-4 (2024) 54-67

1000 KN Hydraulic Jack 1034 Cell

B
500 kN Hydraulic Jacl 500 kKN Hydraulic Jack
Load Cell 4. . Load Cell
»

a

3500 mm

e IPE300

— ) Steel Beam

|

_/,/"/7//7/IV{V;Ichuppnrl EE RollerSupport -
? a4
_ TN
Reaction frame a o 4005400 mim?

/ - RC Column

[ ot o
Strong Floor \ \::@/ Pin Support
s - N
Fig. 11: Configuration of test setup conducted by Alizadeh et al.
[12]
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Fig. 12: Cyclic loading protocol

It is versatile for various analyses, handles nonlinear
behavior and large deformations well, and tolerates poor
mesh quality. Additionally, C3D8R elements are user-
friendly and suitable for complex models, offering a good
balance between accuracy and efficiency. Steel rebars are
represented by truss elements, specifically the T3D2
element, and they are considered fully embedded within the
concrete. Following a parametric study, a mesh size of 20
mm was determined to be sufficient for accurately capturing
the joint behavior in the model. The resulting finite element
model is depicted in Fig. 13.

To improve the simulation of the interaction between steel
and concrete, the model enables the separation of the steel
beam and concrete column at the joint region. The analysis
involves two steps: initially, an axial load simulating gravity
loads is imposed, followed by lateral loading of the column
as per the predefined loading protocol.

The constraint used for the interaction between the steel
reinforcements and the concrete column is the “Embedded”
constraint. In  ABAQUS, the assumptions of the
“Embedded” constraint are set as default. The weld joint is
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simulated using the “Tie” constraint. The “Surface to
surface” contact is employed for contact pairs such as plate-
to-plate and bolt-to-plate.

The isotropic von Mises yielding criterion describes the
constitutive behaviors of the bolt, steel, and reinforcement.
The concrete's plasticity and damage characteristics are
captured by the damage plasticity model in ABAQUS. The
parameters for this model are configured as follows: a
dilation angle of 30 degrees, an eccentricity of 0.1, an
fbO/fcO ratio of 1.16, a K value of 0.667, and a viscosity
parameter of 0.0001. The Poisson's ratio for concrete is set
to 0.2, with a density of 2400 kg/m3.

Top Band Plate

Steel Band Plate

@0

P g

Specimen Assembly

Steel Beam

Concrete Column

Fig. 13: Developed three-dimensional finite element model

3.3 Material Properties and Modeling

The modeled specimen incorporates all relevant
interactions, boundary conditions, and material properties.
Following test reports, ASTM A615 grade 75 [38] steel is
used for longitudinal rebars, and ASTM A615 grade 60 [38]
is employed for stirrups. The steel beam materials conform
to ASTM A572 grade 50 [39]. The test results reveal a yield
stress of 362.7 MPa and an ultimate strength of 495 MPa for
the steel beam, while the mean compressive strength of
concrete is measured at 50.8 MPa.

The model integrates the nonlinear properties of steel beams
and rebars, utilizing an isotropic hardening model based on
the von Mises yield criterion. The stress-strain relationships
for the steel beams are established from results obtained in
uniaxial tension tests. Concrete material is represented using
the Concrete Damaged Plasticity model, which is available
in the ABAQUS library. This model presupposes the
primary failure mechanisms to involve tensile cracking and
compressive crushing of the concrete material. The
assumptions regarding this material model are derived from
the validation study conducted by Tao et al. [36].
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The concrete crack distributions are modeled using the total
strain rotating crack model developed by Thorenfeldt [38].
The stress-strain relationship, as per Thorenfeldt's uniaxial
compressive model,is illustrated in Fig. 14(a) and defined as
follows:

o, =f 5 — (16)
80 n—[l—(é‘c)nkJ
80
. 1 & 2&
n=08+-—=, k= £ a7
17 O.67+6—°2 & <€

where g denotes the strain corresponding to the maximum
compressive strength f'c, determined in MPa as follows:

f  n
=—c._ 18
) E n-1 (18)
E. = 47004/, (19)

The tension-crushing behavior is simulated by the tension-
softening law suggested by Hordijk [40]. The stress-strain
relationship, according to Hordijk’s model, is depicted in
Fig. 14(b) and is described as follows:

o ()
o, = f, Kh(e1 %)3}3 —%(1+ cle™ (20)

u

where ¢, equals 3.0, and ¢, equals 6.9. The ultimate strain

value, ¢, , i affected by the fracture energy G, and the tensile

strength f,, and it is evaluated by Equation (21). The

fracture energy Gr is determined using Equation (22)
suggested by Remmel [41].

5136G* 21
g =5136—
y T (21)

t
G, =0.065-In 1+£ 22
(=0 o 22)

The crack bandwidth, denoted as h, serves as a characteristic
length that reflects the mesh condition relative to the fracture

energy G, . h varies based on the dimensions of the solid

concrete element, with the default value defined as h =3\
, where V signifies the volume of the element.

The unloading and reloading paths for tension and
compression are simulated using a secant approach, as
expressed in Equations (23) and (24), respectively, and are
depicted in Fig. 15 Consequently, the model assumes that
damage recovery is not possible, indicating significant
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stiffness degradation. The secant approach cannot capture
inelastic strain. This assumption aims to capture the
pronounced pinching response observed in joints.

O,
D, =1-—=¢
Tl (23)
O,
D, =1-—u
e (24)

3.4 FE Model Validation

Fig. 16 compares the hysteretic response curves of the joints
resulting from the experimental tests and FE analysis. As
seen, the results of FE modeling are comparable to the
experimental data in terms of initial stiffness, maximum
strengths, and degradation in stiffness and strength in
consecutive cycles. The simulated values for subsequent
cycles align well with the experimental data. Nonetheless,
discrepancies are noticeable during the initial cycles. This
variance could be ascribed to the unevenness in the contact
area between the actuator and the specimen. This
unevenness diminishes the stiffness observed in the test
specimens and is commonly identified as seating
deformation in existing literature [22, 23].

Strain %1073

@)

Stress (MPa)

0 0.5 1 1.5 2 2.5 3

Strain %1073
(b)

Fig. 14: Stress-strain relationship for concrete material: (a) under
compression and (b) under tension
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4. Details of Investigated Connections

This study investigates four through-beam type RCS
connections. For each specimen, a numerical model is
created in ABAQUS, following the validated modeling
procedure outlined in Section 3, and then analyzed. The
geometries of the models have been selected to comply with
the specifications of the Structural Dynamics Strong Floor
laboratory at Sharif University of Technology [20]. It is
noteworthy that this study is a part of an ongoing numerical-
experimental research program.

The specimens represent the half-scale of a typical RCS
beam-column subassembly, comprising 1450 mm long RC
columns and a continuous steel beam with a length of 2350
mm. The RC column has a cross-section with dimensions of
350 x 350 mm and concrete with a compressive strength of
30 MPa. The RC column includes 12 ®12 longitudinal
reinforcements and ®10 @ 50- or 75-mm transverse
reinforcements.  Both  longitudinal and transverse
reinforcements are made of S400 steel material, complying
with the 9™ volume of the Iranian National Building Code
(INBC) [42], and possess yield and ultimate strengths of 400
and 600 MPa, respectively. The steel beam has an IPE 200
section and is made of S235 (ST37) steel, conforming to the
10" volume INBC [43], with yield and ultimate strengths of
240 and 370 MPa, respectively.

Four chosen specimens consist of two designed according to
the 1994 Guideline requirements and two according to the
2015 Pre-standard requirements. In each pair, the first
specimen adheres to a common RCS joint detail approved
by both design guidelines, featuring flange bearing plates,
steel band plates with vertical stiffeners, and stirrups in the
joint region. The second specimen in each pair is similar to
the first but incorporates an additional four triangular
stiffener plates attached to the outer corners of the
connection to enhance joint stiffness. The primary objective
of comparing these specimens is to assess the performance
differences between connections designed according to the
1994 Guideline and the 2015 Pre-standard. An additional
implicit goal is to explore the impact of four extra triangular
stiffener plates on the overall performance of the
connections.

The four selected specimens are defined as follows: the first
and second specimens are designed in compliance with the
2015 Pre-standard, without, and with triangular stiffeners,
respectively. The third and fourth specimens are designed
according to the 1994 Guideline, without and with triangular
stiffeners, respectively.

The geometric configuration of Specimen #1 is shown in
Fig. 17(a). In the joint area, three @10 stirrups with a 45 mm
spacing are used. The joint stirrups pass through 12 mm
holes in the steel beam web. Steel Band Plates with a height
of 70 mm and a thickness of 12 mm are utilized. The Steel
Band Plates are stiffened by two vertical stiffeners welded
to the beam flanges above and below the steel beam. The
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vertical stiffeners have the same height as the Steel Band
Plate, 7 mm, and a thickness of 10 mm. Face Bearing Plates
have been included with the same width as the steel beam
flange and a thickness of 12 mm. During the simulation, an
axial load of 200 kN is applied to the top of the concrete
column. For ease of implementation, longitudinal
reinforcements in the entire length of the column are
arranged in groups of three at each corner.

The configuration of Specimen #1 is considered as a basis
for other specimens and minor changes are applied to it. So,
the details of Specimen #2 are considered the same as
Specimen #1 with the difference that an additional four
triangular stiffener plates are attached to the outer corners of
the connection. By summing up the widths of the inner and
outer panels (bi + bo) for both specimens, the effective width
of the joint within the column, bj, is determined as 217 mm
and 175 mm according to the 2015 Pre-Standard and 1994
Guideline, respectively. The panel shear strength criterion,
as per the 2015 Pre-Standard (Equation (6)), is satisfied,
resulting in a demand-over-capacity ratio of 0.87. However,
based on the 1994 Guideline (Equation (4)), this criterion is
not met, yielding a ratio of 1.22. On the other hand, the 2015
Pre-Standard vertical bearing strength limit (Equation (7)) is
not limiting. Moreover, based on the 1994 Guideline, the
vertical bearing strength criterion (Equation (5)) is met,
resulting in a ratio of 0.90.

The panel shear strength criterion of the 1994 Guideline can
be met by incorporating a doubler plate with a thickness of
6 mm, resulting in a demand-over-capacity ratio of 0.95.
Consequently, in Specimens #3 and #4, designed to comply
with the 1994 Guideline, a doubler plate is utilized.
Specimens #3 and #4 mirror Specimens #1 and #2,
respectively, with the addition of a 6 mm thick doubler plate
welded to the web of the steel beam in the joint zone. It is
important to note that as the 1994 Guideline imposes stricter
criteria than the 2015 Pre-standard, Specimens #3 and #4
also meet the requirements of the 2015 Pre-standard. The
details of Specimens #1 to #4 are illustrated in Figure 8, and
Table 1 provides a brief comparison of the key features of
the four examined specimens.

Table 8: Comparison of the key features of the four examined

specimens
g 3 (s
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5. Results and Discussions

Fig. 18 compares the force-displacement hysteresis curve for
the selected specimens. Specifically, this figure compares
(@) Specimens #1 vs. #2, (b) Specimens #3 vs. #4, (c)
Specimens #1 vs. #3, and (d) Specimens #2 vs. #4. As
discussed earlier, Specimens #3 and #4 are similar to
Specimens #1 and #2, respectively, with the difference that
a doubler plate with a thickness of 6 mm is attached to their
beam web. This modification enables them to satisfy the
requirements of both the 1994 Guideline and the 2015 Pre-
standard, while Specimens #1 and #2 only meet the
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requirements of the 2015 Pre-standard. Moreover,
Specimens #2 and #4 are similar to Specimens #1 and #3,
respectively, with the difference that four triangular
stiffeners are attached to the four outside corners of the joint
to increase rigidity.

By examining Fig. 18(a) and Fig. 18(b), it can be observed
that adding triangular stiffeners to the joint corners (i.e.,
Specimens #2 and #4) increases the connection strength in
the initial and middle load cycles. However, in the end
cycles when the deformation is high, the behavior of the two
specimens converges. Additionally, the addition of
triangular stiffeners is noted to enhance the initial stiffness
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Fig. 17: Design details of the RCS connections evaluated in this study, (a) Specimen #1, (b) Specimen #2, (c) Specimen #3, and (d) Specimen #4
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across almost all cycles. In other words, these stiffeners
contribute to the increased robustness of the connection by
augmenting its shear stiffness and initial strength.
Furthermore, upon examining Fig. 18(c) and Fig. 18(d), it
becomes apparent that specimens meeting the requirements
of the 1994 Guideline (i.e., Specimens #3 and #4)
outperform those designed based on the 2015 Pre-standard.
Specimens #3 and #4 exhibit higher initial strength and less
strength degradation in successive load cycles compared to
Specimens #1 and #2, respectively. It is crucial to note that
this improved performance is solely achieved by adding a 6
mm doubler plate to the beam'’s web at the joint region.

Fig. 19 shows the backbone curve resulting from the
hysteresis curve for the investigated connections in the
backward (Fig. 19(a)) and forward (Fig. 19(b)) load
directions separately. The forward load direction is
considered as the left-to-right direction of loads, while the
backward direction is considered as right-to-left. As
observed in the figure, the weakest performance is
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associated with Specimen #1, and the best performance is
seen with Specimen #4.

Specimen #2 (Specimen #1 + triangular stiffeners)
demonstrates significantly improved performance in the
range of low to medium deformation compared to Specimen
#1. However, as deformation significantly increases (around
a drift ratio of 6%), its performance diminishes, reaching a
level comparable to Specimen #1 and even weaker than
Specimen #1 in backward loading. Specimens #3 and #4
exhibit nearly consistent performance, with Specimen #4
showing slightly superior performance. Notably, Specimens
#3 and #4, featuring a 6mm doubler plate compliant with
both the 1994 Guideline and the 2015 Pre-standard,
demonstrate markedly better performance in both load
directions compared to Specimens #1 and #2, which comply
only with the 2015 Pre-standard.

Fig. 20 compares the cumulative energy dissipated through
plastic deformations in the investigated specimens. The
amount of dissipated energy within each cycle is obtained
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Fig. 18: Comparison of force-displacement hysteresis curve among investigated specimens (a) Specimens #1 vs. #2, (b) Specimens
#3 vs. #4, (c) Specimens #1 vs. #3, and (d) Specimens #2 vs. #4
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by calculating the area inside the hysteresis loops. It can be
observed that, for all specimens, the energy dissipated in the
initial 12 cycles (up to a drift of 1%) is minimal. In other
words, within this range, all connections exhibit elastic
behavior and do not undergo significant plastic deformation.
Conversely, with an increase in deformation in the
subsequent cycles, the energy due to external loads is
dissipated through plastic deformations. The best
performance is associated with Specimen #4. Interestingly,
towards the end of the loading, the cumulative dissipated
energy in Specimens #2 and #3 is nearly equal. In other
words, in terms of total dissipated energy, adding triangular
stiffeners to Specimen #1 is as effective as adding doubler
plates to satisfy the requirements of the 1994 Guideline. The
improvement in total energy dissipation in Specimen #4
compared to Specimen #1 is equal to 25.5%, while this
improvement in Specimen #2 and #3 compared to Specimen
#1 averages 12.2%.

Fig. 21 shows the stiffness degradation in successive cycles.
Stiffness degradation in this context is defined as the ratio of
effective stiffness in each cycle to the stiffness of the first
cycle. It can be observed that cyclic stiffness degradation
exhibits a similar pattern in all specimens. The degradation
in stiffness initiates from the seventh cycle. In the final cycle
for all specimens, the stiffness of all connections reaches
approximately 8% of the initial stiffness. It is noteworthy
that Specimen #1, which performs the weakest compared to
other specimens, experiences a lesser stiffness drop in the
intermediate cycles. However, this connection also
undergoes similar degradation in the subsequent cycles as
observed in other specimens.

Fig. 22 shows the strength degradation in successive cycles.
In Fig. 22(a), the strength degradation is depicted in the
backward load direction (negative force and displacement in
the hysteresis curve), while Fig. 22(b) illustrates the strength
degradation in the forward load direction (positive force and
displacement in the hysteresis curve). As expected,
Specimen #4 and Specimen #1 exhibit the best and worst
performance, respectively. The strength degradation in
Specimen #1 begins from the 12th cycle and continues
significantly in subsequent cycles. On the other hand,
Specimen #2 (Specimen #1 + triangular stiffeners)
demonstrates a more stable and comparable performance
compared to Specimen #4 up to the 16th cycle. However,
this specimen also experiences a significant drop in strength
in the subsequent cycles.

It is evident that the joints of Specimens #3 and #4, which
meet the requirements of both the 1994 and 2015 guidelines,
exhibit a more stable performance than Specimens #1 and
#2. The ratio of shear strength in the last cycle (associated
with drift of 6%) to the initial strength in Specimens #3 and
#4 is obtained around 0.7, whereas this ratio is about 0.5 for
Specimens #1 and #2. In other words, the connection
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performance in terms of cyclic loading strength degradation
improved by up to 40%.
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As a final remark, based on these observations, the
incorporation of a doubler plate with a thickness of 6 mm,
along with four triangular stiffeners measuring 70 x 70 x 10
mm, has significantly enhanced the seismic performance of
the connection. This enhancement encompasses a 25.5%
increase in the energy dissipation capacity of the connection
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and a 40% reduction in strength deterioration during cyclic
loading. Notably, the addition of these accessories results in
only a 3.7% increase in the steel usage of an RCS beam-
column connection. Assuming that the construction cost of
a steel moment-resisting frame constitutes approximately
10% of the building's total cost, these modifications
contribute less than 0.5% to the overall building cost while
substantially improving its seismic performance.

B ased on the findings of this study, it is noteworthy that one
cannot conclusively assert that connections designed
according to the requirements of the 2015 Pre-standard lack
suitable seismic performance. All connections demonstrated
nearly similar overall performance from certain perspectives.
Instead, this study illustrates how the seismic performance of
the connection can be effectively improved by incorporating
extensions at a relatively low additional cost.

6. Conclusion

This study examined the performance of RCS connections
conforming to the requirements outlined in the 1994 ASCE
Guideline and the 2015 Pre-standard. Initially, a comparison
was made between the shear strength criteria specified by
each guideline. Generally, the 2015 Pre-Standard is less
stringent than the 1994 Guideline. According to the 1994
Guideline, both panel shear and vertical bearing criteria
must be concurrently satisfied. In contrast, the 2015 Pre-
standard mandates only the fulfillment of the panel shear
strength criteria in a more relaxed manner.
A comprehensive finite element model was developed and
validated against previously experimental data. Next, a total
of four specimens of RCS connections were selected for
investigation. Finite element models were developed for
each specimen, and then the models were analyzed under
cyclic loading conditions. The four chosen specimens
consist of two designed according to the 1994 Guideline
requirements and two according to the 2015 Pre-standard
requirements. In each pair, the first specimen adheres to a
common RCS joint detail approved by both design
guidelines, and the second is similar to the first but
incorporates an additional four triangular stiffener plates
attached to the outer corners of the connection to enhance
joint stiffness. Specimens #1 and #2 are designated as
specimens in compliance with the 2015 Pre-standard,
without, and with triangular stiffeners, respectively.
Specimens #3 and #4 are similar to Specimens #1 and #2,
respectively, but to comply with the 1994 Guideline, a
doubler plate with a thickness of 6 mm is attached to their
beam web.
The main analysis results can be summarized as follows:
e The use of a 6 mm doubler plate in the joint region
significantly improves initial strength, reduces strength
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degradation, and enhances
particularly in Specimen #4.

e Triangular stiffeners contribute to increased initial
stiffness and strength robustness at low to moderate
deformation levels. Around a drift ratio of 6%, the
performance of specimens with triangular stiffeners
diminishes, converging to specimens without stiffeners.

e In terms of cyclic strength degradation, Specimens #3
and #4, complying with both the 1994 and 2015
guidelines, outperform Specimens #1 and #2, which are
exclusively designed based on the 2015 Pre-standard.
Specimens #3 and #4 exhibit a more stable
performance, with up to 40% lower cyclic strength
degradation at high deformation compared to
Specimens #1 and #2, highlighting the effectiveness of
adding a doubler plate to the web of the steel beam.

e In terms of total dissipated energy, adding triangular
stiffeners is as effective as adding doubler plates.
Specimen #4 had 25.5% more energy dissipation
capacity than Specimen #1 and 11.9% more than
Specimen #3, while this improvement in Specimen #2
and #3 compared to Specimen #1 averages 12.2%.

In conclusion, while further studies should be conducted to
verify the results, this study demonstrates that the seismic
performance of the connection can be significantly enhanced
by incorporating just a 6 mm thick doubler plate and four
triangular stiffeners. These modifications contribute less
than 0.5% to the overall building cost. It is hoteworthy that
the findings of this study do not assert that connections
designed according to the requirements of the 2015 ASCE
lack suitable seismic performance. All specimens
demonstrated nearly similar overall performance from
certain perspectives. Instead, this study illustrates how the
seismic performance of the connection can be effectively
improved by incorporating extensions at a relatively low
additional cost.

energy dissipation,
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