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Abstract: Beam-column joints in reinforced concrete frames are subjected to complex
forces and are prone to damage under seismic actions. This paper proposes a method to
strengthen beam—column joints using angle steel and split bolts. The hysteretic perfor-
mance of the strengthened components is investigated through test and finite element
numerical simulation. The influencing parameters, including concrete strength grade, axial
compression ratio, stirrup characteristic value, angle steel leg length, and angle steel leg
thickness, are analyzed. The results show that angle steel can simultaneously enhance
the strength and stiffness of the strengthened joints. With an increase in concrete strength
grade, the load-carrying capacity of the strengthened components continuously increases.
However, when the axial compression ratio exceeds 0.6, the load-carrying capacity of the
strengthened components significantly decreases. The size of the stirrup characteristic
value has little influence on the shear resistance of the strengthened joints. The leg length
and leg thickness of the angle steel have certain effects on the strengthening effectiveness.
The method of outward movement of plastic hinges can effectively improve the seismic
performance of bi-directionally loaded spatial joints.

Keywords: strengthened beam—column joints; angle steel; hysteretic performance; influencing
parameters; numerical analysis

1. Introduction

In structures, the beam—column connection joint is a crucial part that plays a signif-
icant role in transmitting internal forces between beams and columns and coordinating
deformations. They are subjected to complex loading conditions, including axial forces,
bending moments, and shear forces from columns, as well as bending moments, shear
forces, and torsional effects from beams [1-3]. Additionally, factors such as shrinkage,
creep, temperature variations, and foundation settlement can also influence the behavior of
joints [4-6]. Under seismic actions, joints are particularly vulnerable and prone to damage,
and failure of joints can lead to the loss of load-carrying capacity of the entire frame and
structural collapse [7-9]. With the increase in the service life of buildings, changes in their
functions, and the threat of various natural disasters, the beam—column connection joints
of existing buildings often face various damages, weakening the load-bearing capacity
and seismic performance of the joints. Therefore, strengthening and renovation work is
urgently needed.
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At present, there are many strengthening methods for beam—column connection joints,
such as the enlarged cross-section method, the method of bonding fiber-reinforced polymer,
and the method of bonding steel plate [10-17]. The enlarged cross-section method can
improve the load-bearing capacity of the joints by increasing the area of concrete and steel
bars, but it will increase the self-weight of the structure and affect the use of building
space. The method of bonding FRP is easy to construct, lightweight and high-strength,
and can effectively improve the seismic performance of the joints, but there are problems
with the bonding durability with the base material. The method of bonding steel plates
can significantly improve the shear and bending resistance of the joints, but additional
treatments are required for fire and corrosion protection. These strengthening methods
have their own advantages and disadvantages, and in practical engineering applications, a
comprehensive selection needs to be made according to factors such as the failure mode of
the joints, structural characteristics, and use requirements [18-20].

Although existing research has achieved certain results in the strengthening of beam—
column connection joints, they still need to be further improved. In view of this, conducting
research on the strengthening of beam-column connection joints has important theoretical
significance and engineering application value [21,22].

Taking the internal deep beam—column joints as the research objects, the study
on the hysteretic performance of joints being strengthened with angle steel and bolts
were conducted.

Considering the critical role of joints in frame structures and the need to ensure their
satisfactory seismic performance, a new strengthening scheme for beam—column joints is
proposed in this study. Angle steel is added at the beam—column joints, and the angle steel
on both sides is fixed and clamped by bolts, so as to improve the mechanical performance
of the joints, and also make the plastic hinge at the joints move outward, so as to protect
the joints.

This approach can dissipate seismic energy and ensure the integrity of the bond
between the beam reinforcement and concrete, which provides better confinement to the
core region of the joint, enhancing its stiffness and shear strength, and thereby improving
the seismic performance of the frame structure.

2. Testing Process

To verify the effectiveness of angle steel strengthened frame joints, relevant experi-
mental studies were conducted.

2.1. Test Specimen

This experiment focuses on the intermediate joints of a general multi-story and multi-
span frame under horizontal forces. The beam—column combination between the beam—
column reverse bending points is selected as the specimen, and the specimen is shown
in Figure 1.

Angle steel is set at the beam—column joint and fixed by tension bolts. This method
causes the plastic hinge at the end of the beam to move outward, improves the stress state
of the joint, enhances its ductility, and improves the bending strength of the beam—column
section, thereby reinforcing the beam—column joint.

Two specimens were made, one of which was strengthened with angle steel L200x20 at
the beam-column node, numbered R]J-1. The other one is not strengthened as a comparison,
numbered J-1. The concrete strength grade used is C30 with a compressive strength of
29.7 MPa, the longitudinal reinforcement of beams and columns is HRB400 ribbed steel
bars with a yield strength of 437.5 MPa, and the stirrups of beams, columns, and nodes are
HPB235 plain round steel bars with a yield strength of 302.5 MPa. The diameter of stirrup
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is 8 mm, and the stirrup spacing is 150 mm. The dimensions and reinforcement of the

two specimens are identical, and the cross-section is shown in Figure 2. The experimental
strengthened node is shown in Figure 3.

angle steel split bolt

Figure 1. Beam—column combination joint.
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Figure 2. Cross-section of beams and columns.

Figure 3. Experimental strengthened joint.
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2.2. Test Device

The loading device of the test is shown in Figure 4. The 320 t hydraulic jack is installed
at the upper end of the column to apply axial pressure to the node. Two sets of jacks with
the same specifications are arranged at the outer ends of the left and right beams and
controlled by an oil pump to achieve synchronous low cycle repeated loading. Steel plate
cushion blocks are pre-set at the upper and lower ends of the column and on both sides,
and four steel blocks welded with circular steel bars are used to clamp the column head on
both sides of the column end, simulating the hinge support of the column end.

Figure 4. Schematic diagram of loading device.

The loading method adopts a mixed control of load and displacement. Firstly, the
hydraulic jack at the upper column end applies axial force to the specimen to a predeter-
mined axial compression ratio. Subsequently, a low-cycle repeated load is applied by using
two jacks at the outer ends of the beams, one upwards and the other downwards, in a
symmetrical manner.

At the initial stage of loading, the load is controlled by a graded cyclic loading. When
the beam end reaches yield, the loading is controlled by displacement. The multiple of the
displacement at the yield of the beam end is taken to load step by step, and the cycle is
repeated three times for each displacement value.

3. Analysis of Test Results

The load-displacement curves at the beam end of two specimens J-1 and RJ-1 obtained
from the test results are shown in Figure 5.
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Figure 5. Hysteresis curve at beam end.

The comparison specimen J-1 maintains good linear elasticity at the beginning of
loading, without residual deformation, and has very low energy dissipation capacity. When
loaded to 9 mm (30 kN), the hysteresis curve forms a full hysteresis loop. However, at
18 mm (33 kN), the hysteresis curve began to experience “necking” phenomenon, and this
phenomenon became more pronounced as the displacement of the beam end increased.
When the displacement increases to 36 mm (38 kN), the hysteresis curve shows a horizontal
segment during loading, indicating almost zero stiffness. Finally, the hysteresis curve
shows an inverted S-shape and gradually reverses towards the displacement axis, resulting
in a decreasing initial stiffness under loading.

At the beginning of loading, the specimen R]-1 maintained good linear elasticity, with
almost no residual deformation and minimal energy dissipation capacity. A full hysteresis
loop is formed on the 8 mm (35 kN), and as the displacement increases, the hysteresis loop
becomes fuller until the end of loading, and there is no necking phenomenon on the curve.

Through comparative tests of angle steel strengthened beam-column nodes, it can be
concluded that the beam reinforcement in the strengthened specimen nodes is effectively
protected, the anchoring length increases, and the bonding performance of the beam
reinforcement is strengthened. At the same time, strengthening causes the plastic hinge
to move outward, avoiding cracks at the beam—column interface, achieving continuous
constraints on the nodes by the beam, improving the seismic performance of the node
combination, and exhibiting a full hysteresis loop in the hysteresis curve. [llustrating that
the angle steel strengthening scheme proposed in this paper can significantly improve the
seismic performance of beam—column joints.

4. Finite Element Modeling

The finite element model is established by ABAQUS based on the experimental con-
ditions conducted by the authors. The concrete has a strength grade of C30, while the
longitudinal reinforcement for beams and columns consists of HRB400 steel bars. The
stirrups for beams, columns, and joints are made of HPB235 steel bars. The angle steel used
for joint strengthening is L200x 20. The material properties are set according to the previous
experiment. Axial compression is applied at the upper end of the column, while axial
tension or compression is applied at the outer end of the beam, allowing for synchronized
low-cycle cyclic loading [23,24].
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4.1. Mesh of the FEA Model

The concrete elements have a side length of 50 mm, with a local refinement of
25 mm in the joint region, resulting in a total of 6196 elements. The reinforcement el-
ements have a side length of 25 mm, and a total of 2992 elements are used. The side length
of the strengthened angle steel is determined based on the thickness of the angle steel legs,
and the mesh is approximately divided into hexahedral elements.

4.2. Element Selection

The finite element model of the strengthened concrete joint adopts a segregated ap-
proach, including three types of elements: concrete, reinforcement, and angle steel [25].
The concrete and angle steel are represented using three-dimensional solid elements
(C3D8R), while the reinforcement is modeled using three-node truss elements (T3D2)
in three-dimensional space [26].

Using the truss element approach, the connection between concrete and reinforcement
is established by creating separate models for concrete and reinforcement (longitudinal
and stirrup reinforcement) within their respective parts [27]. The sections and properties
are assigned in the property section, and the interaction section uses the “embed” feature
to embed the reinforcement skeleton into the solid concrete model, thus achieving the
connection between concrete and reinforcement [28]. The truss elements do not need
to have the same mesh as the solid elements, their nodes are automatically constrained
to the nodes of the solid elements. ABAQUS assumes that the behavior of concrete is
independent of the surrounding bonded reinforcement. The interaction effects, such as
bond-slip, between concrete and reinforcement are approximated by introducing “tension
stiffening” in the concrete model [29].

In the simulation of the strengthened concrete joint, rigid elements are added at the
top and bottom surfaces of the column and the upper and lower surfaces of the beam ends,
forming rigid faces to simulate the test loading pad. The computational model is illustrated
in Figure 6.

Figure 6. Finite element analysis model.
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4.3. Material Model

In the finite element simulation, the damaged plasticity model is adopted for a consti-
tutive model of concrete. The damage index is introduced to simulate the characteristic
that the unloading stiffness of concrete decreases with the increase in damage by reducing
the elastic stiffness matrix of concrete. Based on the damaged plasticity model of concrete,
the formation of the yield surface is mainly controlled by equivalent plastic strain.

The equivalent plastic strain of the model is calculated, which is the cumulative result
of the plastic strain in the whole deformation process of the model. The equivalent plastic
strain greater than 0 indicates that the material has yielded. In the finite element analysis
model, concrete cracking is considered based on the fracture energy cracking criterion,
which is defined by the calculation of cracking strain.

The plastic deformation of steel is described by Mises yield surface and the associated
flow rule.

4.4. Loading Method

To accurately simulate the loading process of the test, the following boundary con-
ditions can be applied to the model based on the test setup: horizontal displacement
constraints in two directions at the top of the column, and horizontal and vertical displace-
ment constraints in three directions at the bottom of the column [30].

The loading is performed using displacement control. Initially, a vertical axial force is
applied at the top of the column, followed by displacement loading applied at the left and
right ends of the beam. The displacement increment for each step is 5 mm, and multiple
sub-steps are used to achieve complete displacement.

4.5. Verification of Model Effectiveness

The finite element analysis data are compared with the test results conducted by
the authors to validate the effectiveness of the finite element model and analysis method.
Displacement loading is employed, and to facilitate comparison with the test results, the
displacement is controlled to be equal to the experimental yield displacement. The loading
process is divided into 12 steps to complete the entire process.

The comparison between the simulated specimen’s hysteresis curve and the exper-
imental specimen’s hysteresis curve is shown in Figure 7, indicating a good agreement
between the two. The equivalent plastic strain (PEEQ) of the simulated specimen, which
represents the cumulative plastic strain throughout the deformation process [31], is shown
in Figure 8. A PEEQ value greater than 0 indicates material yielding, which corresponds
well with the actual failure mode of the experimental specimen.

60

-20 4

- - - Abaqus
Experimental

-40

-60 4

-60 -40 -20 0 20 40 60

Displacement (mm)

Figure 7. Comparison between simulated and experimental values.
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Figure 8. Equivalent plastic strain for simulation analysis.

Therefore, the analytical model used in this study can effectively simulate the ulti-
mate bearing capacity and failure process of strengthened concrete nodes with angle steel
strengthening. It is also observed that the plastic hinges of the beams are effectively shifted
outward with the angle steel strengthening, leading to an improvement in the seismic
performance of the nodes.

5. Numerical Analysis of Influencing Parameters
5.1. Influencing Parameters

To comprehensively study the improvement in the structural performance of existing
strengthened concrete nodes with angle steel strengthening, the previously established
computational model is used to analyze the parameters that affect the strengthening
effect [32]. These parameters include concrete strength grade, axial compression ratio,
stirrup characteristic values, angle steel leg length, angle steel leg thickness, as well as
the analysis of a group of spatial joints. Except for the concrete strength grade, the form,
dimensions, and materials of the nodes in the analysis are consistent with the experiments
described in this paper. The mechanical properties of the concrete are presented in Table 1.
The loading regime of the specimens adopts displacement control with A = 5 mm, and
it is completed in 12 substeps. The strengthened angle steel without ribs is analyzed,
and the detailed parameters of the calculated specimens are shown in Table 2, totaling
39 components.

Table 1. Mechanical performance of concrete.

Component feu (MPa) f: (MPa) E. (x10* MPa)
JC-1, RIC-1 13 145 22

JC-2, RJC-2 39 3.188 3.06
JC-3, R]JC-3 57 — 3.5528
JC-4, RJC-4 66.2 4.25 3.71

JC-5, RJC-5 82.8 — 4.1798
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Table 2. Parameter values of strengthened joints.

Category Component  f, (MPa) Axial Compression Ratio Stirrup Ratio Angle Steel (mm)
Comparison component ; 22.572 0.15 0.092 —
RJ Z200 x 16
JC1 —
RJC-1 988 0211 /200 x 16
JC-2 —
7R]C-2 29.64 0.070 200 % 16
JC-3 —
Concrete strength grade TR 41.26 0.15 0.051 /200 % 16
JC-4 —
71{104 50.312 0.041 200 = 16
JC-5 _
7R]C-5 59.93 0.035 200 % 16
RJA-1 0
RJA-2 0.3
Axial compression ratio RJA-3 22572 0.45 0.092 /200 x 16
RJA-4 0.6
RJA-5 0.75
RJT-1 0
RJT-2 0.025
Stirrup characteristic value RJT-3 22572 0.15 0.037 /200 x 16
RJT-4 0.074
RJT-5 0.111
RJL-1 Z100 x 16
RJL-2 Z120 x 16
RJL-3 /140 x 16
RJL-4 Z160 x 16
RJL-5 Z180 x 16
RJL-6 £220 x 16
RJL-7 £240 x 16
Angle steel model RJL-8 22.572 0.15 0.092 £300 x 16
RJD-1 Z200 x 10
RJD-2 Z200 x 12
RJD-3 Z200 x 14
RJD-4 Z200 x 18
RJD-5 Z200 x 20
RJD-6 Z200 x 22
RJD-7 Z200 x 24
o s -
Spatial joint —————— 22572 0.15 0.092

RJS 2200 x 16
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5.2. Concrete Strength Grade

Under external loads, the node is subjected to various forces, and a portion of these
forces is transmitted to the core region of the node through the longitudinal reinforcement
of the beam and column in the form of bonding stress. The stirrup reinforcement within the
node, together with the core concrete, bears these actions. Therefore, to study the changes
in the performance of the node before and after strengthening, it is necessary to locate and
analyze the stress—strain of the longitudinal reinforcement of the beam and column, the
stirrup reinforcement within the node, and the strengthened angle steel throughout the
entire loading process. The locations are shown in Figure 9.

() (d)

Figure 9. Location of analysis units. (a) Longitudinal reinforcement of the beam; (b) longitudinal

reinforcement of the column; (c) stirrup reinforcement within the joint; (d) angle steel.

The skeleton curves of nodes with different concrete strength grades are shown in
Figure 10. The node assemblies basically go through three stages: elastic, yield, and ultimate
under low-cycle repeated loading. By comparing the curves, it can be observed that the
yield load and ultimate load of the strengthened components have significantly increased.
This indicates that the angle steel can simultaneously enhance the strength and stiffness of
the strengthened section, leading to a change in the failure mode of the joint, forcing the
failure to occur externally and protecting the core region of the node, thus improving the
ductility of the assembly. However, for the strengthened components with lower concrete
strength, their bearing capacity shows a significant decrease in the later stages of loading.
This obviously cannot meet the requirements of the node for ductile seismic performance,
which involves dissipating seismic input energy through stable plastic deformation of
secondary components while ensuring the structural load-bearing capacity and stiffness
without degradation. Therefore, for nodes with lower early strength, it is necessary to
strengthen the surrounding beams and columns simultaneously. The ultimate loads of
these six components are shown in Figure 10, and it can be observed that the bearing
capacity of the strengthened components increases as the concrete strength grade increases.
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Furthermore, it can be seen that the increase in the bearing capacity of the strengthened
components is more pronounced with higher concrete strength due to the displacement of
beam plastic hinges outward.

60
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g 0 g 0
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Figure 10. Skeleton curves of joints with different concrete strength grades.

5.3. The Axial Compression Ratio

The axial compression ratio is the factor that has the greatest disagreement among
researchers regarding its impact on the structural performance of nodes. This is because
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the influence of the axial compression ratio varies depending on the different failure modes
of nodes. Generally, an appropriate axial compression ratio can limit the development of
cracks in the core region of the node and increase the bonding performance of the longitudi-
nal reinforcement passing through the core region. However, a high axial compression ratio
will increase the compressive stress in the inclined strut, leading to diagonal compression
failure. Therefore, it is necessary to analyze the structural performance of strengthened
components under different axial compression ratios.

The skeleton curves of nodes with different axial compression ratios are shown in
Figure 11. It can be observed that the strengthened components do not exhibit a significant
decrease in bearing capacity throughout the loading process, indicating that the strength-
ened components meet the requirements for seismic ductility. When the axial compression
ratio is less than 0.6, the skeleton curves essentially overlap. However, when the axial com-
pression ratio exceeds 0.6, the bearing capacity of the strengthened components significantly
decreases. This phenomenon occurs because although an increased axial compression ratio
causes an increase in compressive stress in the core region of the node, the strengthened
angle steel also causes the compressive stress to shift towards the end of the angle steel,
and the inclined strut enters the surrounding beams and columns, increasing in volume.
Therefore, the strengthened angle steel can still make the plastic hinge move outward, so
as to protect the joint. As the axial compression ratio continues to increase, the compressive
stress in the core region gradually reaches the ultimate compressive stress of concrete.
Eventually, concrete crushing occurs at the location of maximum compressive stress, result-
ing in the coexistence of beam plastic hinges and local node diagonal compression failure.
The stiffness of the node deteriorates, and the bearing capacity decreases. Therefore, for
components with high axial compression ratios, it is necessary to appropriately increase
the reinforcement to withstand the higher compressive stress generated in the core region.

60

401

I 1
—20 0 20 40 60
Displacement (mm)

|
—40

Figure 11. Skeleton curves of joints with different axial compression ratios.
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5.4. Stirrup Ratio

The use of horizontal closed stirrups is widely recognized as the most common method
to improve the shear strength of nodes. This is because the stirrups placed inside the node
not only confine the core concrete of the node, increasing its ability to transfer axial loads,
but also resist the horizontal shear in the truss mechanism, thereby enhancing the shear
carrying capacity of the node. However, when the stirrup ratio is too high, the node may
still experience shear failure and the stirrups may not fully play their role, resulting in
a lower shear strength than the calculated theoretical value, which is unsafe. Therefore,
in the process of reinforcing nodes, it is necessary to consider not only low-stirrup cases
but also high-stirrup cases preventing premature diagonal compression failure in the core
region of nodes.

The skeleton curves of nodes with different stirrup ratios are shown in Figure 12. It
can be observed that the skeleton curves of the six different stirrup ratio cases are almost
coincidental, indicating that the stirrup ratio has little influence on the strengthened nodes.
This is because the angle steel plays a major role throughout the loading process, providing
good protection to the strengthened concrete section, increasing the anchorage length of
the longitudinal reinforcement passing through the core region, reducing the bond stress in
the rebar, and weakening the truss mechanism. Moreover, the angle steel surrounding the
node significantly improves its overall stiffness, minimizing the impact of increased stirrup
quantities on the strengthened nodes. Therefore, it can be concluded that the strengthening
method effectively solves the problem of configuring stirrups in the core region of joints.

60

40 -

20 A

é —o—RJT-1
3 0
5 ] 2
204 : —v—RIT-=3
—a—RIT—4
—b—RIT-5
—40 -
—60 I ! I ! T T T T T T T T

—-60 —-40 =20 0 20 40 60

Displacement (mm)

Figure 12. Skeleton curves of joints with different stirrup ratio.

5.5. Angle Steel Leg Length

Based on experimental measurements, the range of plastic hinge extension in the node
is generally within 1.0 to 1.5 times the beam height from the column edge. Therefore, the
length of the angle steel leg should be within this range. The skeleton curves of nodes
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with different leg lengths are shown in Figure 13. It can be observed that the strengthened
components do not exhibit a significant decrease in load-carrying capacity throughout the
loading process. This indicates that the slippage problem of the beam reinforcement has
been effectively resolved, allowing the beam to continue to provide restraint to the core
region of the node, thereby improving the shear strength of the node and enhancing its
energy dissipation capacity.

60 -

40

204

Displacement (mm)

Figure 13. Skeleton curves of joints with different angle steel leg lengths.

As the leg length increases, the range covered by the skeleton curve gradually increases.
When the leg length exceeds 180 mm (approximately 0.5 times the beam height), the
skeleton curve shows significant growth. Afterward, the growth tends to be slower. This
is because, initially, when the leg length is shorter, although the primary failure of the
strengthened component occurs on the outside of the angle steel, cracks still extend to the
column face, and even into the core region of the node, as demonstrated by the test results
of specimen RJ-5. Furthermore, with a shorter reinforcement segment, the deformation
of the plastic hinge region still concentrates near the column face, causing deformation in
the node. These factors weaken the seismic performance of the strengthened component.
Therefore, when selecting the size of the angle steel, the leg length should be ensured to be
within the range of 0.5 hb to hb (where hb is the beam height).

5.6. Angle Steel Leg Thickness

In order to achieve plastic hinge displacement, the bending strength of the beam
section at the column face must be at least 1.25 times higher than the expected bending
strength at the beam hinge. Therefore, the selected cross-section of the angle steel should
meet the strength ratio of the beam section. To ensure the bond performance of the beam
reinforcement, the width of the angle steel section should not be smaller than the beam
width, making the thickness of the angle steel leg to be a controlling factor. The skeleton
curves of nodes with different angle steel leg thicknesses are shown in Figure 14. It can be
observed that the selected angle steel leg thicknesses all meet the requirements and achieve
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plastic hinge displacement. However, increasing the leg thickness beyond the strength ratio
for plastic hinge displacement only slightly improves the yield load and has little effect on
other aspects. Therefore, the angle steel thickness can be appropriately increased on the
basis of meeting the strength ratio to delay the strengthened component from entering the
yielding stage.

60

Load (kN)

I T I T I T I T I T I T I
-60 —-40 =20 0 20 40 60
Displacement (mm)

Figure 14. Skeleton curves of joints with different angle steel leg thicknesses.

5.7. Spatial Joints

In reality, the frames that bear loads are typically spatial frameworks (most nodes
have two beams perpendicular to each other) and are equipped with floor slabs. Due to
the randomness of seismic actions, most of the time there is an angle between the action
and the building’s axis. When subjected to forces in two directions simultaneously, the
beams of the frame may yield in both directions, resulting in plastic hinges. After the
reinforcement bars yield and enter the node, the level of constraint on the node significantly
decreases, leading to increased cracking and deformation, and degradation of the seismic
performance. Therefore, it is necessary to analyze the stress conditions of the spatial frame
nodes before and after strengthening.

Due to the significant workload and difficulty involved in conducting experiments on
spatial nodes, this study only uses numerical simulations. The beam—column dimensions
and reinforcement are consistent with the experimental specimens, with only the perpendic-
ular beams extended to match the length of the main beam. The main beam is designated
as the north-south beam (NS), and the perpendicular beam is the east-west beam (WE).
Loading is applied simultaneously on two beams in both directions, for example, loading
is applied downward on the north and west beams simultaneously, and upward on the
south and east beams simultaneously, and then reversed, resulting in a load direction at a
45° angle to the column axis. The loading procedure is the same as before.

The skeleton curves of the spatial components before and after strengthening are
shown in Figure 15. It can be observed that the load-bearing capacity of both beams in the
strengthened components has significantly increased without noticeable degradation. This
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indicates a change in the failure mode of the node, with no bond failure occurring in the

reinforcement bars, resulting in improved shear strength and stiffness of the node, and an

enhancement in seismic performance.
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Figure 15. Skeleton curves of spatial joints.

The equivalent plastic strain between the node concrete and angle steel is shown

in Figures 16-18. It can be seen that the node core area under bi-directional loading

experiences high shear forces, and bond degradation along the reinforcement bars occurs

early in the loading history, resulting in degradation of the beam plastic hinge region and

failure concentrated in the node core area due to shear failure. In contrast, the failure of the

strengthened components occurs in the relocated plastic hinge region, providing effective

protection to the node core area and preventing its failure. The angle steel undergoes plastic

deformation at the corner under bi-directional loading.

PEEQ
(Ave. Crit.:
+1. 584e+00

1 Step: Step-zZ6

Increment 29: Step Time = 1.000
Primary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 16. Equivalent plastic strain of JS concrete.
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PEEQ
(Ave. Crit.: 75%)
+1.240e+00

Step: Step-26
3 nNCrEment 23: 3tep Tinme = 1.000
rimary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 17. Equivalent plastic strain of RJS concrete.

+0.000e+00

Step: Step-26
ncrement 23: 3tep Time = 1.000
3 rimary Var: PEEQ
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 18. Equivalent plastic strain of RJS angle steel.
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6. Conclusions

Through the simulation and analysis of 39 different conditions of joints, the effects

of design parameters such as concrete strength grade, axial compression ratio, transverse

reinforcement characteristic values, and angle steel type on the strengthening effectiveness

were compared and analyzed. The changes before and after the strengthening of bi-

directional loaded spatial nodes were simulated and compared. The following conclusions

were drawn:

The utilization of angle steel in concrete beam-column joints can effectively enhance
both the strength and stiffness of the strengthened nodes. As the concrete strength
grade rises, the load-bearing capacity of these strengthened nodes shows a corre-
sponding increase. Nevertheless, once the concrete strength grade surpasses C60, the
augmenting effect of the angle steel strengthening becomes notably less pronounced.
When the axial compression ratio is below 0.6, the employment of angle steel to
strengthen concrete beam—column joints leads to no remarkable change in the load-
bearing capacity of the strengthened nodes. In contrast, once the axial compression
ratio exceeds 0.6, the load-bearing capacity of the nodes strengthened with angle steel
drops significantly. This indicates that within a certain range of the axial compression
ratio, the strengthening effect of angle steel remains relatively stable, while beyond
this critical value, the effectiveness of angle steel strengthening is severely affected,
highlighting the importance of considering the axial compression ratio when using
angle steel to enhance the performance of concrete beam-column joints.

When using angle steel to strengthen the performance of concrete beam—column joints,
the stirrup ratio is found to have a negligible impact on the shear resistance capacity
of the strengthened nodes. This phenomenon indicates that, within the scope of
enhancing the mechanical properties of beam—column joints with angle steel, simply
increasing or decreasing the stirrup ratio does not lead to any substantial improvement
or change in the shear resistance of these joints. As a result, it implies that during the
design and construction process aiming at strengthening the joints with angle steel,
the focus should perhaps be shifted away from the stirrup ratio and directed towards
other more effective parameters or measures that can more significantly enhance the
shear resistance of the strengthened nodes.

Research shows that both the length and thickness of the angle steel legs prove
to have a definite influence on the strengthening effectiveness. Specifically, these
two geometric parameters of the angle steel, namely the leg length and thickness,
interact with the concrete structure in a way that impacts how well the angle steel
strengthen the joints. This understanding is crucial for optimizing the design of angle
steel strengthened beam—column joints, ensuring that the angle steel is utilized most
effectively to improve the mechanical properties of the joints, such as strength, stiffness,
and ductility.

By using angle steel to strengthen concrete beam—column joints, the plastic hinges
at the joints can be relocated outward. This relocating method of plastic hinges can
effectively enhance the seismic performance of bi-directional loaded spatial joints.
Specifically, the outward relocation of plastic hinges caused by the strengthening of
angle steel means that the stress concentration originally concentrated in the core
area of the beam—column joints is dispersed. As a result, the core area of the beam—
column joints is protected from severe damage during seismic actions. This protection
mechanism not only strengthens the beam-column joints but also improves the overall
seismic-resistant capacity of the structure, enabling it to better withstand seismic forces
and reduce the risk of structural failure.
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