
Engineering Reports

RESEARCH ARTICLE OPEN ACCESS

Impact of Carbon Fiber-Reinforced Polymer Sheets and Bolt
Diameter on the Seismic Performance Enhancement of
Steel Beam-Column Joints
Fayiz Amin1 | Hafiz Ahmed Waqas1 | Ijaz Ali1 | Muhammad Waseem1 | Muhammad Asif2 | Khan Abdul Majid2 |
Megersa Kebede Leta3

1Department of Civil Engineering, Ghulam Ishaq Khan Institute of Engineering Sciences and Technology, Swabi, Pakistan | 2School of Architecture
Engineering, Xi’an University of Technology, Shaanxi, China | 3Faculty of Civil and Environmental Engineering, Jimma Institute of Technology, Jimma
University, Jimma, Ethiopia

Correspondence: Megersa Kebede Leta (megersa.leta@ju.edu.et)

Received: 19 June 2024 | Revised: 22 September 2024 | Accepted: 26 September 2024

Funding: The authors received no specific funding for this work.

Keywords: CFRP | extended end plate | finite element analysis | prefabricated steel connection | seismic performance

ABSTRACT
Beam-column joints are pivotal for ensuring the resilience of prefabricated steel structures under various loading conditions. Fol-
lowing the major earthquakes of the 1990s, semi-rigid bolted connections emerged as a promising alternative to traditional welded
connections. This study investigates a fully prefabricated Intermediate Beam-Column Joint (IBCJ) with extended endplates,
renowned for its excellent seismic resistance. While significant progress has been made in existing research, there is still a need
to thoroughly examine the tension capacity of IBCJs concerning bolt size and explore the potential of Carbon Fiber-Reinforced
Polymer (CFRP) sheets to enhance joint performance under seismic loading. Using the finite element method, this research eval-
uates the performance of IBCJ under both monotonic and cyclic loading conditions. After validation with experimental data,
the study examines various bolt diameters to assess their tension capacity, ductility ratio, secant stiffness, and energy dissipation
capacity. The findings indicate that larger bolts exhibit higher ultimate capacities and reduced deformation at failure. Addition-
ally, the study investigates the optimal placement and configuration of CFRP sheets, identifying the backside of the endplates
as the most effective location. The application of CFRP significantly enhances bolt tension capacity by up to 1.2 to 1.3 times,
demonstrating its potential in reducing bolt failure risk and improving structural reliability under seismic conditions. The supe-
rior performance of CFRP-strengthened bolts can play a crucial role in the design and retrofitting of prefabricated steel structures,
potentially contributing to the improvement of existing standards and practices of seismic enhancement of IBCJ.

1 | Introduction

Prefabricated steel structures, referred to as offsite construction,
or industrialized or modular housing, have emerged as a favored
solution in rapidly growing cities, addressing population booms
and labor shortages [1]. This construction method significantly
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reduces time by allowing simultaneous development of structural
elements [2]. Over the past century, prefabrication has gained
traction for its reliability and cost-effectiveness amidst growing
concerns about environmental and economic impacts of tradi-
tional construction [3]. Developed nations like the UK, US, and
China have embraced prefabrication to enhance construction
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efficiency, with materials like steel proving ideal due to their
strength, lightweight nature, and machinability [4–6]. Prefab-
rication, aligning with green construction principles, addresses
waste management and environmental concerns but faces chal-
lenges like unit scarcity and construction layout limitations [6].

The essence of Prefabrication lies in the ductility, stiffness, and
strength of beam-column joints which are crucial for steel struc-
ture design [5]. Recent seismic events like the 1994 Northridge
earthquake, the 1995 Hanshin earthquake [7, 8], and the 2015
Nepal earthquake [6] highlighted concerns over the stability and
seismic performance of these connections in terms of severe brit-
tle failure [9]. Despite their importance, steel structure connec-
tions haven’t received ample attention, with weak links often
overlooked [10, 11]. There’s a pressing need for designers and
engineers to understand these connections profoundly. Design-
ing steel connections demands the integration of theoretical,
experimental, and contemporary computer simulation meth-
ods to ensure durability, structural strength, and sustainability
of steel structures. Standardized procedures guide connection
design globally, emphasizing factors such as force distribution,
strength, ductility, corrosion protection, weld fracture suscepti-
bility, fatigue resistance, serviceability requirements, and seismic
performance [12].

Connections are categorized as fixed or pinned, each exhibit-
ing different rotational capabilities and practical behaviors.
Semi-rigid connections have gained attention for their reliable
designs and economic benefits, particularly in seismic areas [13].
They offer ductility, controlled rotation, and partial strength, all
essential for minimizing deflection [14]. While nonlinear ten-
dencies such as material discontinuities, stress concentration,
local yield, connection buckling, and geometric changes under
load pose challenges in modeling, understanding their behavior
is imperative. These tendencies may worsen in bolted semi-rigid
connections such as endplate and T-subs connections, due to
diverse connection configurations, stress concentrations, and
frictional and prying forces [15]. Hence, their understanding and
design has progressed mainly through Finite Element Analysis
(FEA) [13].

Extensive studies have examined end-plate-bolted connections,
considering factors like end-plate thickness, stiffener type,
beam/column dimensions, and steel yield strength to enhance
ductility and seismic resistance [16, 17]. Investigations on var-
ied end-plate thicknesses and bolt diameters have shown their
impact on beam-column joint response, highlighting the impor-
tance of exploring bolted connections further to improve the over-
all structural performance [13]. While welded connections were
initially prevalent, the drawbacks of its rigid behavior such as sus-
ceptibility to brittle failure due to residual stresses, and challenges
in repair and maintenance prompted a quest for alternatives [18].
Post-earthquake experimental investigations exposed these draw-
backs, leading to the prominence of bolted connections [8]. Stud-
ies have recognized the semi-rigid behavior of endplate bolted
connections under cyclic and monotonic loading conditions [19].

Luo et al. [18] assessed the seismic performance of extended
end-plate connections subjected to cyclic loads, confirming their
semi-rigid behavior and the agreement between experiment and
FEA. Chung et al. [19] analyzed the structural behavior of bolted

connections in cold-formed steel using FEA. They revealed fail-
ure patterns such as net section failure, shear-out failure, and
bearing strength failure, thus demonstrating the reliability of ana-
lytical approach. Maggi et al. [13] used FEA to study end-plate
connections, confirming relevant failure mechanisms and con-
sidering factors like end-plate displacement, connection stiffness,
and bolt forces.

Mashaly et al. [20] utilized a novel shell bolt approach to model
bolts. FEA results aligned closely with experimental results, yet
cyclic loads demanded more streamlined FEA for efficiency. Sim-
ilarly, Ali et al. [21] developed a Finite Element Modeling (FEM)
approach for predicting structural behavior in cold-formed steel
connections. They employed section elements for structural com-
ponents and bar elements to simulate bolt fastening, which
proved efficient in predicting structural behavior. Liu et al. [5]
highlighted the favorable traits of bolted-welded connections,
that is, good energy dissipation, ductility, rotation capacity, and
seismic resilience through cyclic and monotonic load testing,
with plastic rotation angles meeting seismic criteria. Expanding
their expertise, they introduced an innovative steel connection
type for high-rise construction, showing column stiffness adjust-
ment by varying the number of bolts [22].

The type, strength, number, size, or tightening of bolts play a cru-
cial role in the response of beam–column joints to various load-
ing. Ismail et al. [23] developed a comprehensive FEM approach
to analyze end-plate steel connections under monotonic loading,
assessing various bolt parameters’ impact on connection behav-
ior. In flush type connections, increasing bolt diameter from 20
to 24 mm can significantly enhance ultimate moment by 14% and
rotation capacity by 63% and further increase to 27 mm results in
a 3.5% improvement in both. Rib stiffeners in extended end plates
further boost initial stiffness by 60%–90% and ultimate moment
by 140%. Dessouki et al. [24] contributed by proposing design
equations for extended end-plate moment connections, validated
through rigorous comparisons with FEA results and existing
design standards. These findings highlight the importance of
optimizing bolt selection and end-plate design for stronger and
more efficient bolted connections.

The experimental studies of Chen et al. [25] revealed that
larger bolt diameters enhance load-carrying capacity and stiff-
ness of joints. Fan et al. [26] investigated the junction between
a double-skin steel tubular (CFDST) column filled with concrete
and a steel beam, finding that increased endplate thickness signif-
icantly improved seismic performance, while axial compression
ratio, bolt diameter, and inner tube shape had specific impacts
on mechanical response [26]. ElSabbagh et al. [27] explored
extended endplate bolted connections’ response to cyclic and
monotonic loadings, emphasizing shear force’s influence on con-
nection stiffness [27].

New techniques for strengthening steel and concrete structures
include Fiber Reinforced Polymers (FRP). Among them, Car-
bon Fiber-Reinforced Polymer (CFRP) is a composite material
made of carbon fibers embedded generally in an epoxy resin
matrix. The fibers result in a higher tensile strength while the
polymer matrix offers flexibility [28]. Its advantages include a
high strength-to-weight ratio, comparable to steel, enhanced
resistance to corrosion and fatigue, and customizable properties
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like fiber type, orientation, and volume fraction [29]. It is exten-
sively used for strengthening and repairing existing structures,
particularly in seismic retrofitting, offering enhanced strength,
ductility, and energy dissipation [29, 30]. CFRP laminates and
strips are widely recognized as one of the most effective methods
for strengthening various reinforced and prestressed concrete
elements such as by [31]. However, their application in steel
structures remains limited [31]. Researchers like Miller et al.
[32], Liu et al. [33], Cadei et al. [34], and Syed-Ahmed [35, 36]
have applied CFRP to the tension flanges of beams to enhance
their flexural strength. Ghareeb et al. [37] focused on increas-
ing the flexural strength of I-section steel beams by applying
CFRP laminates to their webs. Shekarchi et al. [38] explored the
shear and flexural performance of structural steel beams rein-
forced with high-modulus CFRP laminates, noting significant
improvements in yield load, ultimate load capacity, and energy
absorption. Colombi et al. [39] used CFRP strips to reinforce
bolted joints, examining local stresses near lamina edges and dis-
continuities (like holes) and assessing the bearing capacity of the
CFRP strips.

Despite significant research on Intermediate Beam-Column
Joints (IBCJs) with extended end plates, there exist notable gaps.
While all these studies have investigated the impact of different
physical parameters on beam-column joint capacity, fewer have
explored the increasing trend of joint ductility with increasing
bolt diameter such as by [18, 40]. This study steps further to deter-
mine the performance of bolt diameter for IBCJs with extended
endplates, specifically subjected to cyclic loads and in the light
of various seismic parameters such as joint and member tension
capacity, energy dissipation, stiffness degradation, and ductility
ratio under both cyclic and monotonic loading conditions. Prior
to this, a representative numerical model of a beam-column joint
was created and calibrated based on experimental data to ensure
accuracy. Five beam-column joint configurations, each featuring
different bolt sizes, were modeled and analyzed for bolt tension
capacity under cyclic and monotonic loading. The load carrying
capacity skeleton curves, cumulative energy dissipation, secant
stiffness and ductility ratio were analyzed for performance assess-
ment of these joints.

Moreover, for the behavior of CFRP strengthened
beam-to-column joints, design guidelines are currently very
limited [19]. Most previous studies have focused on the
moment-rotation behavior of these joints under monotonic
loading conditions [41–48]. Few studies have addressed the
cyclic performance of FRP strengthened beam-column joints,
but they primarily concentrate on the development of connec-
tion components such as cuffs, sleeves, or universal connectors,
rather than directly examining the cyclic behavior of the joints
themselves [49–55]. Like Smith et al. [49] found that innovative
connection details for GFRP box section beams and columns
significantly enhanced joint stiffness and strength, with observed
increases of 90% and 330%, respectively, compared to standard
steel-based designs. A study by Moghadam et al. [56] analyzed
the application of CFRP in retrofitting steel elements where
they found that using CFRP with a higher elastic modulus and
appropriate adhesives significantly enhances bond strength,
structural load-carrying capacity, flexural strength, and fatigue
life of retrofitted steel components. Accord et al. [57] also used
FEA to evaluate how the placement of GFRP strips affects the

ductility of cantilever I-section beams. They found that position-
ing the GFRP strips away from the web-flange junction leads to
enhanced ductility in the members. However, on the other hand,
Ragheb et al. [58, 59] found that positioning CFRP strips near
the web-flange junction significantly enhances the ultimate load
capacity. Liu et al. [60] investigated the effectiveness of CFRP
sheets in enhancing the fatigue life of steel plates, revealing that
double-sided repairs significantly outperformed single-sided
repairs, with high modulus CFRP sheets increasing fatigue
life by up to 7.9 times. However, this study has independently
studied the steel plates and not in context of steel beam-column
joints.

Hence, although the impact of CFRP on the flexural or shear
capacity of beam or columns or independently the steel plates
has been studied [61], the potential of using CFRP sheets in the
beam-column joint, particularly on the endplates to improve the
joint tension capacity has not been thoroughly explored. There-
fore, this numerical study aims to investigate the effectiveness of
CFRP sheets in enhancing joint capacity and assessing its prac-
tical feasibility to the endplates under both cyclic and mono-
tonic loading. Through parametric study, this study also aims to
determine the most suitable position of CFRP sheets to apply at
the beam-column joint. Furthermore, the determined optimum
application of CFRP sheet is utilized to investigate the joint capac-
ity with different bolt sizes under cyclic and monotonic loading
complemented by CFRP sheets.

In a nutshell, this study addresses critical gaps in the under-
standing of IBCJs with extended end plates, focusing on the
impact of bolt diameter on joint performance under cyclic and
monotonic loadings, and the potential application of CFRP sheets
to enhance joint capacity. The research aims to optimize bolt
selection and explore innovative CFRP applications for improv-
ing seismic resilience in steel structures. The findings can sig-
nificantly advance sustainable structural engineering practices,
enhance the safety and longevity of steel structures in seismic
regions, and contribute to more resilient urban infrastructure.
The overall methodological framework is presented in Figure 1.

2 | Materials and Methods

FE modeling and analysis has emerged as a more efficient alter-
native to traditional laboratory testing. It offers a streamlined
approach to structural analysis by breaking down complex struc-
tures into smaller meshed components. This approach has gained
attention from structural analysts worldwide for its efficiency
[16]. Abaqus/CAE, used in this study, is a reliable FEM tool and
is widely utilized for modeling and analyzing steel beam column
joints [20], [56–58].

2.1 | Model Description

The model comprises steel beams, steel columns, end plates,
high-strength bolts, and other components. It is constructed in
Abaqus using geometric details from the experimental tests con-
ducted by Luo et al. [18]. To align with the study objectives, every
section in the end-plate connection joint is carefully designed
according to established steel structure design specifications, that
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FIGURE 1 | Methodological framework of the present study.

is, Chinese National Standards (GB). The specimen arrangement
involves an IBCJ with extended endplate bolted connections, uti-
lizing variable parameters such as connection type, bolt size and
end-plate thickness, summarized in Table 1. Before assembling,
the connected components were sandblasted to achieve a fric-
tion coefficient of 0.44 on the contact surface. To fasten the beam
and column, friction-type high-strength bolts of 10.9-grade were
utilized. The 10.9 grade M20 bolts were tightened initially to
280 N-m and finally to 446 N-m. A 2 mm gap was assured between
the bolt and the bolt hole. The joint’s fundamental configura-
tion, depicted in Figure 2, features beam and column dimensions,
with a steel strength grade of Q345B as per GB-50017-03 [62, 63].
Detailed properties of Q345B steel are given in.

Table 2. The endplate is connected to the beam through fully
penetrating butt welds utilizing E50 welding rods. Additionally,
material property tests conducted, following GB/T228.1-2010 reg-
ulations, are summarized in Table 2 [64, 65].

The height and width of endplate (hep and bep) are calcu-
lated based on the beam and column dimensions according to
hep = hb + 2 (ef + c), bep = tbw + 2 (es + ew) and bbf ≤ bep ≤ bcf . As
shown in Figure 2a, hb represents the height of beam, ef is the

TABLE 1 | Geometric details of the sample.

Sample Dimension (mm)

Stiffener 12
Beam web 8
End-plate 16
Column flange 15
Column web 10
Beam flange 12
M20 bolt 20

distance from the outer edge of the beam flange surface to the
top row of bolts, c indicates the distance from the outer border
of the endplate to the top row of bolts, bbf is the beam flange
width, and bcf denotes the column flange width. The end-plate
thickness, as per the GB-50017-03 guidelines, should be 12 mm
or more, typically ranging from 12 to 25 mm [62]. For this study,
a thickness of 16 mm has been opted.

The bolt configuration also follows GB-50017-03 guidelines
which suggest a symmetrical arrangement of bolts, preferably
in two columns, for the end-plate connection. According to the
codes [62], the column web thickness (tcw) must meet stability
criteria [tcw ≥ (hbw + hcw)/90], with flanges locally thickened for
stability during the test, except for edge column joints. Here, as
depicted in Figure 2b, hbw represents the height of the beam web
and hcw indicates the height of the column web. Stiffeners of the
column web comply with specific criteria [ts ≥ tbf , hs = hc−2tcf ,
bs = 0.5 (bcf −tcw)], ts indicates the thickness of the column web
stiffeners, tbf and tcf represent the thickness of the beam and
the column flange, hs and bs depict the column web stiffener’s
height and breadth and hc and bc stand for column section height
and width, respectively. Figure 2c illustrates the sectional detail-
ing of the beam and column, while Figure 2d displays the end
plate joint specifications used in FEM. The entire beam-column
joint assembly, shown in both 3D and 2D, is depicted in
Figure 3a,b.

2.2 | Modeling of Steel Materials

The numerical model simulates the mechanical response of
the joint specimen by utilizing a multi-linear steel stress–strain
correlation. A bilinear kinematic hardening model, suitable
for high-strength steel, is employed as the constitutive model
of the high-strength bolt to account for its plastic hardening
behavior. To replicate the real-world behavior of steel and bolt,
elastic–plastic modeling technique is utilized as illustrated in
Figure 4a,b.

Table 2 provides a detailed description of the mechanical charac-
teristics of bolts and structural steel materials.

2.3 | Modeling of CFRP

In this study, the lamina elastic model and Hashin damage mech-
anism were chosen, with a thickness of CFRP sheets as 0.25 mm.
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FIGURE 2 | Design details: (a) End-plate connection parameters, (b) Joint parameters, (c) Sectional detailing of the beam and column, and (d) End
plate joint specifications (mm).

TABLE 2 | Material properties of steel and bolt.

Type of Material E (GPa) f y (MPa) f u (MPa) Density (kg/m3)

Q345B steel 207.27 370.16 556.2 7850
10.9-grade high strength bolt 208.23 987.55 1182.1 7850

5 of 17
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FIGURE 3 | Model Assembly: (a) 3-D representation and (b) IBCJ dimensions.

FIGURE 4 | Constitutive models for (a) Steel and (b) Bolt.

Hashin cracking, titled after extensive work on damage behavior
of composites by Hashin, represents a propagating crack [66, 67].
It is ideal for modeling and simulating the damage behavior of
CFRP. The CFRP material was applied at the respective endplates
of IBCJs with different variations. The location of its application
is described in upcoming Section 3.8 and depicted in Figure 15.
The material properties for modeling the CFRP, sourced from
existing literature [62, 68, 69], are detailed in Tables 3–5.

2.4 | Interactions, Boundary Conditions,
and Load Scheme

The experimental setup has employed an MTS hydraulic servo
loading system. The setup included essential elements such as
beams, columns, connections, MTS actuators, loading jacks, and
lateral and hinged supports. As shown in Figure 5, the column’s
top was secured to a sliding support through a ground anchor,
its bottom was fixed to a hinged base and the beam tips were
hinged. Seismic loads were applied utilizing a hydraulic servo

actuator, following the loading procedure established by the SAC
Joint Venture (1997) [70].

In the numerical modeling scheme, specific components of the
IBCJ hold significant potential for contact. These interactions
include the bolt with the plate, column flange, beam flange, and
end-plate surface; the steel connection plate with the steel beam
flange; the stiffeners with the beam and column; and the steel col-
umn flanges with the end plate. To define these interactions, the
stiffer surface is designated as the master surface, while the other
is the slave surface. The screw/bolt surface serves as the master
surface in its interaction with the steel beam and column flanges,
which are defined as the slave surfaces.

Coupling interaction is defined on the column’s top side with its
surface to prepare it for cyclic loading. A tie constraint contact is
applied, neglecting the residual deformation and stress concen-
tration caused by the high-temperature welding of the periph-
eral plate. Tie contact is employed to represent the welding con-
nection of the steel beam and endplates. For surface interaction

6 of 17 Engineering Reports, 2024
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TABLE 3 | Elastic properties of CFRP.

Density (kg/m3) E1 (MPa) E2 (MPa) Nu12 G12 (MPa) G13 (MPa) G23 (MPa)

1560 130,000 8000 0.28 4500 4500 3600

TABLE 4 | Hashin damage definition for CFRP.

Longitudinal
tensile strength
(MPa)

Longitudinal
compression

strength (MPa)

Transverse
tensile strength

(MPa)

Transverse
compression

strength (MPa)

Longitudinal
shear strength

(MPa)

Transverse
shear strength

(MPa)

2200 2200 61 130 85 40

TABLE 5 | Hashin damage evolution for CFRP.

Longitudinal
tensile fraction
energy (mJ/mm2)

Longitudinal
compression

fraction energy (mJ/mm2)

Transverse
tensile fraction

energy (mJ/mm2)

Transverse
compression

fraction energy (mJ/mm2)

70 70 0.25 0.25

FIGURE 5 | Schematic representation of experimental setup [18].

among other components, a tangential penalty function and nor-
mal hard contact are utilized. For normal contact, hard contact
replicates the extrusion case of the bolt and plate. For tangential
contact, a penalty function models friction, with a coefficient of
0.44 between the flange of the column and the endplate.

Boundary conditions and loadings were carefully applied to
replicate the experimental setup in the FEM, ensuring efficiency
and accuracy. Both ends of the beam were assumed pinned,
while the column bottom was treated as fixed. Moreover, for
the high-strength bolt’s pretension force, a 10 N force for bolt
pre-tightening was initially applied followed by a full 155 kN
pretension force. As a whole, each analysis underwent three
types of loadings: a constant load on the center of bolt shank for
pretension force, an axial load of 600 kN on top of the column,

and an incremental cyclic load on the beam tip in the form of
displacement to generate a bending moment on the connection.
Figure 6a visually depicts the cyclic loading protocol for the
numerical model in terms of displacement, while Figure 6b illus-
trates the application of loading and the delineation of boundary
conditions within the numerical model.

2.5 | Meshing of the Numerical Model

In FEM, mesh quality and density are significant for its computa-
tional efficiency. Areas with notable stress gradient changes and
stress concentration require careful meshing for accurate calcula-
tions. For the model under study, the Continuum 3-Dimensional,
8-node elements with Reduced integration (C3D8R) are cho-
sen for meshing due to its compatibility with modeling com-
plexities and efficiency in curtailing the expansion of the hour-
glass effect. This element type not only accelerates model cal-
culations but also prevents shear locking phenomena to pro-
vide desirable results. Moreover, regarding the size, high-strength
bolts are assigned dense meshes of 5 mm, stiffeners and extended
plates with refined meshes of 50 mm, and beams and columns
with comparatively sparse grids of 60 mm. Each mesh has been
assigned optimally after carefully checking the model sensitiv-
ity to the mesh size, as discussed in the sensitivity analysis using
various mesh trails in the model validation section. The meshed
geometry of IBCJ, bolt and endplate are depicted in Figure 7.

3 | Results and Discussion

3.1 | Mesh Sensitivity Analysis

Mesh sensitivity analysis evaluates the impact of varying mesh
sizes on the structural response, results accuracy, and computa-
tional efficiency. By systematically varying mesh sizes and com-
paring results, the study identified optimal mesh sizes that bal-
anced computational efficiency with result accuracy. It inves-
tigated six sets of meshes for beam and column, bolts, and
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FIGURE 6 | Loading scheme in the FE model: (a) Introduced reverse cyclic loading and (b) Schematic representation of loading and boundary
conditions.

FIGURE 7 | Meshing (a) Whole assembly, (b) Bolt, and (c) Extended endplate.

plates as detailed in Table 6. The findings indicated that refin-
ing the mesh beyond 60 mm for beams and columns, 5 mm for
bolts, and 50 mm for plates did not significantly alter the joint
response. While smaller mesh sizes below 60 mm produced only
minor changes, the outputs were not notably impacted due to the
small element size. Therefore, a slightly larger element size was
selected to reduce computational time. Figure 8 visually repre-
sents the impact of mesh size on modeling and simulation accu-
racy, reinforcing the validity of chosen mesh sizes and instilling
confidence in the numerical analysis results.

3.2 | Model Validation

In the model validation phase, a comparison between the FEM
results and the outcomes of the experimental setup was con-
ducted. The objective was to assess the FEM’s capability in accu-
rately predicting the behavior of IBCJ under earthquake loads.
The outcome of experimental testing portrayed the failure pat-
terns of joint that offer tangible evidence of the observed struc-
tural behavior. The beam flange buckling, tearing extending to
the beam web, and significant bulging of the beam web was

TABLE 6 | Mesh sizes set for mesh sensitivity analysis.

Mesh Name

Mesh Size (mm)

Beam and column Bolts Plates

Mesh-1 100 8 70
Mesh-2 80 5 60
Mesh-3 60 5 50
Mesh-4 50 3 30
Mesh-5 40 2.5 25
Mesh-6 30 2 20

observed during the experiment. The comparison with the exper-
imental results confirms the predictive capabilities of the FEM
and helps understand the complex performance of various struc-
tural components of IBCJ.

Upon comparing, moment-rotation curve and peak-load from
experimental results with numerical analysis exhibited close

8 of 17 Engineering Reports, 2024
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FIGURE 8 | Impact of mesh size on the accuracy of modeling results.
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FIGURE 9 | Skeleton curves comparison—FE model versus experi-
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TABLE 7 | Comparison of experimental and FEM results: Peak
Moment (kN m).

Name Experiment FEM Experiment/FEM

IBCJ 219.15 223.31 0.98

correspondence, as illustrated in Figure 9 and Table 7, respec-
tively. Seismic response parameters such as load carrying capacity
and skeleton curve were carefully compared with experimental
outcomes. The skeleton curves derived from cyclic analysis
showcased near-identical behavior in the elastic phase, gradually
diverging as the connection yielded, however maintaining a
consistent overall trend.

Shown in Figure 10, the numerical model accurately predicted
a similar failure pattern in the IBCJ as observed during the test.
When cyclic loading reached 130 mm displacement, equivalent to
0.06 rad, brittle failure occurred as illustrated in Figure 10a. This
was due to sudden cracking of the weld between the endplate at
the left side beam and lower flange of the beam. Simultaneously,
the endplate detached from the column flange, with the upper
two rows of bolts bearing the highest tension load, often leading

to either breaking or necking. The sudden breakage of the upper
bolts caused sharp unloading, resulting in bending of axes of bolts
at the bottom two rows, as seen in Figure 10b. The maximum
principal plastic strain, PE is provided in this figure to exhibit the
damage distribution.

3.3 | Bolt Tension Response to Monotonic Load

After validating the model, an assessment was undertaken to
identify the optimal bolt type capable of securely holding the
connection during a seismic activity and in turn, to avoid brit-
tle failure. Building upon the concepts of previous studies that
indicate the crucial contribution of bolt size [8, 18, 40, 71], this
study conducted a comprehensive analysis to assess the impact
of varying bolt sizes on the IBCJ seismic performance. Five IBCJs
with different bolt diameters, that is, 20 mm (D20), 24 mm (D24),
26 mm (D26), 30 mm (D30), and 35 mm (D35) were analyzed to
identify the optimum bolt size. A mesh sensitivity analysis was
performed to determine the model performance in comparison
with the experimental results.

This type of analysis involved applying a monotonic
displacement-controlled load of 150 mm on the beam tip,
along with axial and bolt loading. The evaluation of tension
capacities for various bolt diameters ranging from 20 to 35 mm
provided detailed performance of extended end plate connection
of the IBCJ. Results in Figure 11 indicated that for D20 and D24,
increasing bolt diameter did not significantly enhance tension
capacity. However, a slight improvement was observed in the
D26 bolt. Moreover, larger diameters like D30 and D35 exhibited
higher capacities which can be attributed to corresponding
enlargements of bolt grip in the connection plate, allowance
for greater engagement and distribution of load, and in turn
enhanced tension capacity. However, further enlargement of
holes beyond a certain point may result in diminishing returns.
Hence, a careful balance between bolt diameter and hole size is
essential for optimal performance.

Similarly, in a comprehensive comparison of yield and ultimate
capacities of different bolt types, the most suitable bolt size for
the connection was determined. The yield and ultimate capac-
ities along with deformation observed at the failure point are
presented in Table 8. It reveals that the D20 bolt exhibited more
deformation at the point of failure and had a lower ultimate
capacity compared to other bolts.

3.4 | Bolt Tension Response to Cyclic Load

For the cyclic load assessment, the cyclic load on the beam tip,
along with the axial and bolt load, was applied. Analysis for
the results of obtained tension capacity load versus displacement
curves are presented in Figure 12, highlighting the impact of bolt
diameter on tension capacity under cyclic loading. For instance,
D20 bolt showed the lowest tension capacity (̃370 kN), while
larger sizes (D24, D26, D30, and D35) exhibited higher capaci-
ties. The similar capacities observed for the D30 and D35 bolts
can be attributed to the increased grip to the steel plate areas to
better hold the beam and column together.
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FIGURE 10 | Comparison of Failure modes between developed FE Model and experimental work of Luo et al. (a) Failure of end plate and (b) Failure
of bolts.
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FIGURE 11 | Tension capacity across selected bolt sizes.

TABLE 8 | Comparison of ultimate load, yield load, and deformation
at failure.

Bolt
type

Yield
load (kN)

Ultimate
load (kN)

Deformation
at peak (mm)

D20 557.6 423.8 3
D24 410 435 5
D26 434 458 4.3
D30 480 525 4.2
D35 557 610 5.6

3.5 | Ductility Ratio

Ductility plays a key role in seismic design considerations as it
measures the structure’s capability to absorb energy and deform
plastically during earthquakes. The role of 𝜇 is central in modern
seismic design approaches like Performance-Based Design (PBD)
or capacity design [72]. In seismic zones, higher ductility ratios
allow structures to absorb and scatter seismic energy effectively,
thereby reducing the risk of abrupt failure [73]. This ratio is eval-
uated as below [74]:

Ductility Ratio (𝜇) =
Deformation at Failure
Deformation at Yield

(1)

Table 9 outlines the results regarding the ductility of bolted con-
nections in IBCJs. The results indicate that the 𝜇 value decreases
with larger bolt sizes. Bolts D20̃D26 bolts exhibit almost similar
𝜇 values, suggesting comparable ductility levels. This allows for
flexibility in bolt selection based on factors like availability, cost,
or specific project needs. However, D30 and D35 bolts demon-
strate comparatively smaller 𝜇 values, indicating lower ductility.
Thus, prioritizing bolts size with a balance of strength and ductil-
ity requirement can enhance the seismic performance of connec-
tion, crucial for maintaining structural integrity under dynamic
loading conditions.

3.6 | Secant Stiffness

During a seismic activity, structures experience significant defor-
mations due to yielding, geometrical complexities and non-linear
materials response. In this context, the secant stiffness dynami-
cally adjusts to reflect the evolving stiffness throughout the defor-
mation process and aids in predicting structural responses accu-
rately [75]. The fluctuation in equivalent stiffness indicates the
seismic performance, showing how joint stiffness changes with
every loading cycle. D’Alessandro et al. [76] has defined the stiff-
ness ratio by introducing the stiffness ratio function (Ki/K) where
Ki indicates the joint secant stiffness during the cycle under study,
and K represents the initial stiffness. This function highlights the
degradation of joint stiffness over a number of cycles. The Ki is
expressed in equation form as:

𝐾𝑖 =
|
|+𝐹𝑖

|
| + |

|−𝐹𝑖
|
|

|
|+𝑋𝑖

|
| + |

|−𝑋𝑖
|
|

(2)

Here, Fi represents the peak load, and Xi indicates the peak dis-
placement. The plus and minus signs indicate the positive and
negative cyclic loading directions, ensuring that the contribu-
tions of both side loadings are considered in the stiffness cal-
culation [77]. Figure 13 depicts a gradual decline in the secant
stiffness of specimens. This consistent decline reveals the pro-
gressive degradation of structural stiffness as the applied cyclic

10 of 17 Engineering Reports, 2024

 25778196, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eng2.13022 by E

B
M

G
 A

C
C

E
SS - E

T
H

IO
PIA

, W
iley O

nline L
ibrary on [11/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



)b()a(

-800

-600

-400

-200

0

200

400

600

-40 -20 0 20 40

F
or

ce
 (

K
N

)

Displacement (mm)

D20
D24
D26
D30
D35

0

100

200

300

400

500

600

0 10 20 30 40

F
or

ce
 (

K
N

)

Displacement (mm)

D20
D24
D26
D30
D35

FIGURE 12 | (a) Skeleton curves of tension capacity of IBCJ subjected to cyclic Load and (b) Positive portion of the tension capacity curve.

TABLE 9 | Ductility ratio for different selected bolt sizes.

Bolt
Deformation
at yield (mm)

Deformation
at failure 𝝁

D20 3 36 12
D24 3.4 37 10.9
D26 4 39 9.75
D30 6 39 6.5
D35 6.4 39.5 6.2

loading intensifies. Stiffness degradation in steel beam-column
joints is primarily attributed to plastic deformations, local buck-
ling, yielding, and the potential loosening or slippage of bolted
connections under cyclic loading [78]. When stiffness degrada-
tion is minimal, the structure shows greater energy dissipation
and ductility, making it better equipped to handle seismic events
[79]. In this study, up to a displacement of 20 mm, a rapid loss
of secant stiffness is observed across all bolts, followed by a more
gradual decline in subsequent loading phases. The D20, D24, and
D26 bolts display a similar pattern in stiffness reduction while
D30 and D35 bolts exhibit comparatively a slower decline. The
resilience shown by larger bolts in maintaining stiffness suggests
their capability to mitigate deformations and ensure overall struc-
tural integrity under cyclic loading. By carefully monitoring and
interpreting these patterns, informed selection of bolts can be fol-
lowed regarding design modifications and retrofitting measures.

3.7 | Energy Dissipation Capacity

An assessment of energy dissipation is further deemed crucial for
performance evaluation of target structure during seismic events.
Cumulative dissipated energy, that is, the total amount of energy
absorbed or dispersed by a structure subjected to cyclic loading,
is evaluated from load–displacement hysteresis graph as the sum
of areas under the curves [80]. The wider the area, the higher the
dissipated energy, the more capable the structure is to withstand
a catastrophic seismic event [81]. Figure 14 represents the energy
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FIGURE 13 | Secant stiffness degradation versus loading displace-
ment curves for each bolt size.
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FIGURE 14 | Cumulative energy dissipation across different bolt
sizes.

dissipation trends of bolted connection with different bolt diame-
ters. Larger bolts like D35 and D30, resist higher tensile and shear
forces and show greater energy dissipation capacities. However,
D26, D24, and D20 bolts indicate a decreasing level of energy
dissipation with the decrease in bolt size. The observed pattern
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FIGURE 15 | CFRP sheet on the plates: (a) Front side of the plate and (b) Back side of the plate.

indicated the significance of considering bolt diameter in evaluat-
ing the seismic energy dissipation performance of the connection.

3.8 | Strengthening of IBCJ With CFRP

The D30 bolt was chosen to further study the effect of CFRP due
to its demonstrated superior performance in previous analyses
compared to most smaller size bolts. The mentioned bolt exhib-
ited significantly higher ductility (𝜇) values, which are crucial for
maintaining structural integrity under dynamic loading condi-
tions. Additionally, this bolt showed a slower decline in stiffness
compared to smaller bolts, indicating their ability to better miti-
gate deformations and maintain overall structural stability under
cyclic loading. Furthermore, it demonstrated better energy dissi-
pation capabilities with minimized deformations at failure under
both monotonic and cyclic loading. These characteristics make
D30 bolts an optimal choice for assessing the impact of CFRP
sheets on the tension capacity enhancement of bolted connec-
tions using monotonic loads first. Subsequently, the analysis was
carried out on all bolt sizes for both monotonic and cyclic studies
after selecting the optimum shape, and location of the CFRP.

3.8.1 | Influence of Location of CFRP Application

From the model validation, it was found that the end plate is more
prone to failure in the steel beam-column joint. As a result, it was
decided to install CFRP on the extended plate. CFRP was applied
to both sides of the plate, first at the front and then at the back.
Due to the tie constraint between the plate and the I-beam, CFRP
was omitted at the location of the constraint and bolt holes on
the front side to ensure proper bonding with the steel plate. For
the backside, the CFRP was only omitted where the bolt holes
exist, as shown in Figure 15. The tie constraint has been used
between the CFRP sheet and the end plate, assuming a perfect
bond between them. The analysis revealed that the CFRP on the
backside of the plate exhibits greater strength compared to the
front side due to the larger excluded area on the front side, as
shown in Figure 16.
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FIGURE 16 | Comparison of the tension capacities of back and front
CFRP sheets.

3.8.2 | Effect of Shape of CFRP

Five different shapes of CFRP were tested on the backside of the
steel plate, to determine the most optimal shape that provides
the best strength, as shown in Figure 17. Also, it was observed
from Figure 18 that Case-3 shows the optimal shape to be used as
CFRP strengthening technique in steel beam column joint based
on its enhanced capabilities of improving the tension capacity of
D30 bolt.

3.9 | Influence of CFRP Sheets on Different
Bolt Sizes Under Monotonic Loading

After selecting the back side of the plate with case-3 as optimum
location for CFRP to be used in steel beam column joint, it was
applied on the other bolt sizes as well. Presented in Figure 19,
under monotonic loading, application of CFRP resulted in sub-
stantial improvement in bolt capacity, ranging from 1.2 to 1.3
times for D30 and D35 bolts, and nearly 1.2 times for D26 and
D24 bolts models. For smaller bolts, such as D20, the presence of
CFRP marginally contributed to a capacity enhancement of 1.07
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FIGURE 17 | (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; and (e) Case-5.
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FIGURE 18 | Comparison of the tension capacities of D30 with dif-
ferent shapes of CFRP.

times compared to the models without CFRP. These improve-
ments reflected the effectiveness of CFRP sheets in redistributing
and resisting applied loads, reducing the risk of bolt failure, and
enhancing structural performance.

3.10 | Influence of CFRP Sheets on Different
Bolt Sizes Under Cyclic Loading

To maintain consistency in the implementation of CFRP and
enable wider assessment of its impact on the structural behav-
ior under cyclic loading, the same systematic approach has been
followed. Figure 20 presents a graphic overview of the tension
performance of different bolts with case-3 CFRP application. The
results reveal significant enhancement in tension capacity across
various bolt sizes. The capacity increases from 1.2 to 1.3 times for
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FIGURE 19 | Load (tension) versus displacement curves for various
bolt subjected to monotonic loading.

D35 and D30 bolt models, and nearly 1.2 times for the smaller
bolts like D26 and D24 except D20 where insignificant increase
of 1.07 times in strength was observed. The results demonstrated
that the installation of CFRP can be an effective solution in
improving the resilience of a joint and integrity of overall struc-
ture to a seismic event. Moreover, the findings emphasize the
significance of CFRP based retrofitting measures, customized
application of CFRP sheets for desired performance requirements
of structural components of IBCJ.

To summarize the enhancement of the tension capacity of the
IBCJ, a comprehensive analysis was conducted systematically,
which is outlined here for clarity.

First, the validated FE model with various bolt sizes was ana-
lyzed under both monotonic and cyclic loading conditions, with
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FIGURE 20 | Load (tension) versus displacement curves for various
bolts subjected to cyclic loading.

the tension capacity results presented in Figures 10 and 11. The
model with a D30 bolt was identified as the most suitable IBCJ
model for CFRP application on both sides of the end plate. The
back side of the end plate was determined to be the optimal loca-
tion for CFRP installation, significantly improving tension capac-
ity, as shown in Figure 15.

Subsequently, the shape of the CFRP sheet was optimized across
different cases to balance performance and cost. Case-3 emerged
as the most effective strengthening technique for enhancing the
IBCJ’s tension capacity, as demonstrated in Figure 17. Finally,
Case-3 was applied to a range of bolt sizes, showing a 1.2 to 1.3
times improvement in the tension capacity of the IBCJ, as illus-
trated in Figures 18 and 19.

4 | Conclusions

This study employed a FEM and analysis approach to examine
the behavior of steel IBCJ under both monotonic and cyclic load-
ing. Initially, the experimental beam-column joint was modeled
in FEM, followed by result validation, tension capacity analysis,
and assessment of ductility ratio, secant stiffness, and energy dis-
sipation capacity for D20, D24, D26, D30, and D35 bolts. Subse-
quently, CFRP sheets were modeled and applied to the back side
of the endplates of the steel IBCJ to assess their impact on the
tension capacity of the bolted connection. The key findings of the
study are as follows:

• Larger bolts, such as D30 and D35, exhibited higher ultimate
capacities and minimized deformations at failure under both
monotonic and cyclic loading.

• A significantly larger ductility ratio of about 6 and higher
energy dissipation capacity for D30 and D35 bolts indicated
significant joint resilience. Therefore, prioritizing these bolts
is recommended for enhanced ductile behavior and superior
energy dissipation capacity in seismic zones.

• Applying CFRP sheet to the back side of end plates with
minimum excluded area (Case-3) proved to be a promising
solution for improving performance of steel beam-column
joints and bolt load capacities.

• The CFRP sheet on the backside has potential to increase the
tension capacity of bolts by approximately 1.2 to 1.3 times,
making it a feasible retrofitting strategy that could enhance
overall structural performance.

• Smaller bolts have the potential to achieve superior joint
capacity when complemented with CFRP, showcasing the
effectiveness of this reinforcement method across a range of
bolt sizes.

Based on the analysis and results, this study recommends priori-
tizing the use of larger bolt sizes, such as D30 and D35, to enhance
the seismic performance of structures under both monotonic and
cyclic loadings. In seismic zones, selecting bolts with higher duc-
tility ratios, secant stiffness, and cumulative dissipated energy
will be crucial for improving joint resilience. Smaller bolt sizes
could also be considered if the endplate of a joint is strengthened
with CFRP sheets, as this can achieve superior joint capacity.
Detailed examination of CFRP sheets, including their thickness
and feasibility for strengthening and retrofitting various struc-
tural elements, is recommended. Additionally, experimental test-
ing is recommended to ensure the practicality of numerical out-
comes for CFRP application at beam-column joints under both
monotonic and cyclic loadings.
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