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Abstract: To investigate the impact of various compartment partition plate connection methods
within a shield utility tunnel on the mechanics behavior of the connecting nodes and the overall
structural integrity, this study examines and simulates three distinct connection approaches in a
laboratory. These approaches include a steel corbel and rear expansion anchor bolt connection, an
embedded part and steel corbel welding connection, and a reinforced concrete corbel connection.
The objective in selecting the above three connection methods was to gain insights into how they
influence the mechanical properties of the connections and the tunnel structure itself. The failure
criteria of the structure dictate that neither the steel bar nor the steel plate should exceed their
respective yield strength. Furthermore, the concrete damage zone surrounding the anchor should
not exhibit any connectivity. The findings of our study indicate that: (1) The weak link in the steel
truss-rear expansion anchor bolt connection scheme is centered within the connection section. With
six rear expansion anchor bolts, the load capacity reached 180 kN. Conversely, when employing
nine rear expansion anchor bolts, the reduced spacing between the bolts led to premature concrete
breakage, decreasing the bearing capacity to 170 kN. (2) Arranging the six anchor bolts into two
rows and three columns enhanced the load-bearing capacity, yet one must be cautious to prevent
damage from incorrect bolt spacing. According to the conditions outlined in this study, the ideal bolt
spacing fell within the range from 66.7 mm to 100 mm. Additionally, it is worth noting that the bolt
deformation was concentrated within 5 cm and 6 cm around the bolt. (3) The connection scheme of
the embedded part and steel corbel demonstrated impressive load-bearing capabilities, showing the
ability to withstand a load of 220 kN within the elastic stage. Notably, the deformation of the anchor
bar was concentrated primarily within a 5 cm radius around the corbel. (4) In the reinforced concrete
corbel connection scheme, the load-bearing capacity reached 240 kN. The key factor influencing this
capacity was the presence of cracks. Initially, these cracks appeared symmetrically on both sides of
the corbel, and gradually extended to the width and height of the corbel structure.

Keywords: shield utility tunnel; connection method; laboratory test; numerical simulation;
construction optimization

1. Introduction

As the construction volume of utility tunnels continues to rise, the construction envi-
ronment grows progressively more intricate. The extensive operation of open-cut utility
tunnel construction exerts a substantial influence on the traffic and environment of the
surrounding areas, ensuring that the quality of the on-site concrete pouring becomes a
formidable challenge [1].

Adopting the shield method for utility tunnel construction has become a pivotal de-
velopment trend, especially in densely populated central and old urban areas. These areas
feature tightly packed buildings, intricate road networks, dense underground pipelines,
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and complex surroundings. There are also challenges to existing pipeline relocation during
open-excavation construction. In such contexts, the shield method stands out as the optimal
choice for construction. Employing the shield method for utility tunnel construction means
dividing the tunnel effectively to cater to the distinct requirements of various pipelines.
The thoughtful subdivision and design of the internal structural components hold sig-
nificant practical value in ensuring the safe and swift realization of the construction of
utility tunnels.

Scholars have mainly focused on the mechanical properties of the prefabricated as-
sembly method when analyzing the integrated pipe gallery structures in utility tunnel
structures. Huang [2] researched the horizontal and vertical seismic responses of the upper
and lower sections of split prefabricated utility tunnel. Fan [3] examined the evolution
of the vertical cracks and stress distribution along the side wall of a rectangular double-
compartment utility tunnel. Mao [4] delved into the mechanical properties of joints in
rectangular double-compartment prefabricated utility tunnels through model testing and
numerical simulations. Zhu [5] analyzed the pros and cons of employing the shield method
versus the open-cut method for constructing a comprehensive utility tunnel on Chemical
Road in the old city of Harbin. Chen [6] investigated the internal structural support system
of utility tunnels and conducted a comparative analysis of five different schemes, includ-
ing a precast concrete corbel, an aluminum alloy corbel, column support, a cast-in-place
concrete secondary lining, and a precast concrete secondary lining. Li [7] explored the
influence of lining segment dislocation on the mechanical properties of tunnel structures
by creating a tunnel model with a secondary lining and partitions.

The research into the mechanical properties of shield and utility tunnels has primar-
ily focused on conducting comprehensive mechanical analyses of the tunnel segments
and assessing the impact of joints between these segments. The traditional models for
calculating the internal forces within these segments encompass the homogeneous ring
model (both the standard and modified versions) [8], the multi-hinged ring model [9], the
beam-spring model [10], and the shell-spring model [11,12], among others. The distinctions
between these methods lie in their approaches to handling the joints and the units chosen to
simulate the tunnel segments. In recent years, numerous scholars have conducted in-depth
theoretical analyses of the mechanical properties of bolts and joints in tunnel construction.
Dong [13] investigated the mechanical failure behavior of shield segment joints featuring
inclined bolts and no liner structure under high-load conditions. Dong also proposed a
simplified analytical model for assessing the failure process of such segment joints. Wang
et al. [14] divided the compression process of the longitudinal joint of a segment into four
distinct stages. They introduced an influence coefficient related to the height of the outer
concrete compression zone. They formulated a theoretical, analytical equation for calculat-
ing the entire compression process of the longitudinal joints in segment bolt connections
within shield tunnels. Liu et al. [15] developed an analytical model to simulate the stress
progression of a longitudinal joint of a segment, building upon the experimental data. They
further analyzed the longitudinal joint’s mechanical performance and ultimate bearing
capacity. Additionally, Yu et al. [16] deduced an analytical solution for the longitudinal
bending stiffness of segment lining, making assumptions about the linear elasticity of the
bolts and rubber gaskets, with the bolts primarily under tension and the rubber gaskets
primarily under compression.

The substantial enhancement in the computing power of computers and the evolution
of large-scale commercial computing software have ushered in a new era of profound and
detailed research into the mechanical properties of segments. This progress has led to the
development of increasingly refined modeling techniques. Some scholars have introduced
innovative approaches, such as the local stiffness correction method for segment joints and
methods to determine correction parameters. In addition, the impact of ring seams and
the mechanical properties of joint sealing gaskets in calculating joint stiffness should be
considered [17-19]. Li et al. [20] introduced a sophisticated three-dimensional numerical
model for the segment joints. This model employed solid elements to replicate the joint
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concrete, inclined bolts, sleeves, gaskets, and other structural components while using
beam elements to represent the steel bars. Zeng et al. [21] and Liu et al. [22] demonstrated
that the bending stiffness of the segment joints varied with respect to the load changes.
Although the axial forces bolstered the bending stiffness, the bending moments weakened
it. Xu et al. [23] accounted for the nonlinear characteristics of the joint bending stiffness
by creating a shell-spring-contact-stratum model. In this model, the bending stiffness of
the joint was iteratively adjusted based on the segment forces, yielding results closer to the
real-world composite stratum conditions. Tian et al. [24] developed a three-dimensional
numerical model of the shield tunnel segments, incorporating the initial surface cracks and
the simulating crack propagation under fatigue loads. Epel et al. [25] proposed a simplified
simulation method for the EPB shield tunneling, which involved the segment joint process,
grouting pressure, and slurry hardening. They investigated the variations in a segment
lining load via an EPB shield tunneling. Although the solid elements are valuable for a
detailed structural analysis (e.g., bolts and joints), using them excessively could increase
the computational costs significantly. As a result, the solid elements can be better suited to
an in-depth joint analysis rather than evaluating the overall segment forces [26]. The choice
of calculation method depends on the specific research objectives and the size of the model
under investigation.

In summary, the recent literature on utility tunnels predominantly focuses on two
areas: (1) the prefabricated assembly utility tunnel structures and (2) the mechanical prop-
erties of shield tunnel segments. However, connection forms and subdivision structures
are still under research. This study is centered on a utility tunnel project in the central
urban area of Guangzhou, which involves the implementation of a horizontal partition
within the utility tunnel. The utility tunnel is divided into two compartments: the upper
compartment is designated for cables while the lower one is for water pipe communication
integration. The mechanical properties of three connection schemes are examined in this
research: (1) the steel corbel and rear expansion anchor bolt connection, (2) the embedded
part and the steel corbel welding connection, and (3) the reinforced concrete corbel con-
nection. Both laboratory tests and numerical simulations are performed to indicate the
structural deformations and internal forces. In addition, practical design considerations on
construction are also included in this study.

2. Engineering Background and Connection Scheme
2.1. Engineering Background

The utility tunnel project in Guangzhou’s central urban area is a joint construction
project involving a giant utility tunnel and a subway. This extensive utility tunnel stretches
for an impressive 45.7 km, encompassing a network of forty-four working wells. Ten of the
wells are seamlessly integrated with subway stations. The average spacing between these
working wells is approximately 1.04 km. For constructing the pipe gallery’s working shaft,
an open excavation method is employed to create the tunnel using robust C50 segments.
These segments feature an outer diameter of 6 m, an inner diameter of 5.4 m, and a thickness
of 0.3 m. For further illustration, please refer to Figure 1, which provides a cross-sectional
view of the utility tunnel.

2.2. Introduction of Connection Scheme
2.2.1. Steel Corbel and Rear Expansion Anchor Bolt

The connection scheme involving the steel corbel and rear expansion anchor bolts
necessitates the initial fabrication of the steel corbel, followed by welding it onto a steel
plate. The anchor plate measures 33 cm x 37 cm with a thickness of 14 mm. The upper and
lower plates have dimensions of 20 cm X 25 cm, with a thickness of 10 mm. Similarly, the
side plate measures 20 cm X 20 cm, also with a thickness of 10 mm. All these components,
including the anchor plate, top plate, side plate, and bottom plate, are constructed from
(355 steel. After the shield tunnel is formed, holes are drilled at the designated installation
points on each ring segment’s left and right sides, where the steel corbels are attached
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using post-expanded anchor bolts. Figures 2 and 3 provide the detailed dimensions and
the component diagrams of the steel corbel, respectively.
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Figure 1. Utility tunnel section.
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Figure 2. Steel bracket size(mm); (a) front view of steel bracket; (b) A-A section details.

Figure 3. Steel corbel.
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Each ring segment has a steel corbel on its left and right side. These steel corbels on
each side are intricately linked with longitudinal steel bars running along the tunnel’s
axis. Concrete is poured to shape the longitudinal beam once the binding steel bars and
formwork are in place. To ensure robust bonding between the steel corbels and the cast-
in-place concrete bolts, they are welded onto the outer surfaces of the top plate, bottom
plate, and on both sides. Once the longitudinal beam achieves its designated strength, the
installation of prefabricated partition boards commences establishment of the subdivision
structure of the pipe gallery.

2.2.2. Embedded Part and Steel Corbel

The embedded parts are fabricated using Q355 steel plates and HRB400 steel bars,
where the steel bars serve as anchoring components, as shown in Figure 4a. The upper steel
bar experiences significant tensile forces, necessitating the inclusion of a hook to fortify the
anchorage. In contrast, the lower part primarily undergoes compressive stress and thus
employs straight anchor bars. A total of four curved anchors and six straight anchors are
strategically arranged within this embedded part. During the segment production phase,
the embedded parts are pre-positioned in the corresponding locations of the segments.
Subsequently, the steel brackets are welded on-site after forming the shield tunnel, as
illustrated in Figure 4b. Similar to the connection method used for the steel corbels and
rear expansion anchor bolts, it is crucial to link the steel corbels on each side with steel bars.
Figure 5 shows the detailed dimensions and component diagrams of the steel corbel. Upon
completion of binding steel bars and formwork erection, concrete is poured to shape the
longitudinal beam.

Bending anchor Anchor plate

Anchor plate
—

T
Top plate
\\

. //
Straight anchor
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Figure 4. Structural diagram of embedded parts. (a) Embedded part schematic; (b) embedded part
and steel corbels.
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Figure 5. Embedded part size (mm). (a) Front view of embedded part; (b) C-C section details.

2.2.3. Reinforced Concrete Corbel

This scheme can design the reinforced concrete corbel while preparing the segment
(as shown in Figure 6). The segment and the reinforced concrete corbel are prefabricated
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synchronously. After the segment assembly is completed, the prefabricated subdivision
partition is directly installed on the reinforced concrete corbel, which can realize complete
prefabrication. Although a high construction accuracy is required by this scheme, it brings
the advantages of reduced costs and construction time. After the shield tunnel is formed,
on the premise of ensuring the anchoring performance, the steel bar can also be implanted
into the segment. It can be bound on the spot, and the cast-in-place reinforced concrete
corbel structure can be cast in place by employing the planting steel bar. The reinforcement
planting scheme exhibits low requirements for construction accuracy and ample adjustment
space in the later stage; however, the construction progress could be significantly affected
by the large amount of on-site work.

Figure 6. Reinforced concrete corbel.

3. Experimental and Numerical Simulation Design
3.1. Experiment Design

In the segment’s actual state, the segment experiences an eccentric stress distribution,
as depicted in Figure 7. Considering a burial depth of 10 m and a ground overload of
20 kPa, it was determined that the axial force and the bending moment (at 90° and 270°
segments) amounted to N = 1100 kN and M = 88 kN-m, respectively. The specimen
exhibited the dimensions of 1.5 m in width, 0.3 m in thickness, and 1.2 m in height. Its
base was firmly constrained, and a 10 mm thick steel plate was embedded at the base
during the specimen’s pouring. The bottom steel plate was tightly connected to the base of
the loading bench during the test using twelve bolts. This connection effectively restricts
the translational and rotational degrees of the base section, resulting in fixed constraints.
During the test, a local eccentric force was initially applied to the top of the specimen with
an eccentricity of 8 cm. The process can be summarized as follows: within the top 14 cm
width range of the segment, a sturdy steel beam (8 cm thickness, 14 cm width, and 1.5 m
length) behaved like a distribution beam. Then, two 200-ton jacks were utilized to apply
the eccentric force. After the force was applied to limit the displacement of the top section
during the loading process, a 200-ton jack was employed to restrict displacement without
impeding its rotational freedom. The boundary conditions can be visualized as shown in
Figure 8. Following the application of these boundary conditions, the graded loading can
be conducted on either steel corbels or reinforced concrete corbels, depending on the test
configuration. The test apparatus is illustrated in Figure 9 as a reference.
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Figure 7. Stress state.
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Figure 8. Boundary conditions.

Figure 9. Test device.

3.1.1. Test Conditions

We organized four sets of model tests in alignment with the three distinct connection
schemes. Each specimen was methodically numbered from 1 to 4, as indicated in Table 1.
Specimen No. 1 demonstrated the connection between the steel corbel and the concrete,
accomplished through six rear expansion anchor bolts. For Specimen No. 2, the steel
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corbel and concrete were interconnected with the support of nine rear expansion anchor
bolts. Specimen No. 3 was exclusively designed with embedded parts as its connection
method. In terms of Specimen No. 4, the reinforced concrete corbel and the concrete slab
were poured simultaneously, with the concrete slab supported to emulate the structure of
an actual segment. These specimens allow us to comprehensively assess the mechanical
properties of various connection approaches.

Table 1. Test information.

Specimen Leadine Feature Size of Reinforced Grade of Concrete  Grade of Concrete
Number J Concrete Specimen Segment Corbel
1 Steel corbel and 6 rear expansion C50
anchor bolts
5 Steel corbel and 9 rear reamed 15m x 1.2m x 03 m C50
anchor bolts
3 Embedded part and steel corbel C50
4 Reinforced concrete corbel C50 C50

3.1.2. Experimental Materials

The M16 rear expansion anchor bolt was selected in a single-tube configuration, and
the expansion mechanism was activated by tapping the sleeve. The M16 anchor bolt boasts
a 16 mm diameter, with the outer casing measuring 22 mm. Moreover, it provides an
adequate anchorage depth of 13 cm. A fully assembled rear-reamed anchor bolt comprises
a screw, a casing, a washer, and a nut, as visually depicted in Figure 10.

The steel corbel anchor plate used in the test featured no curvature. It comprised a
14 mm thick Q355 steel plate, with the remaining steel plates being 10 mm thick Q355 steel.
Welding was executed using E50 electrodes, employing a bilateral angle welding technique,
resulting in an adequate welding bead size of 8 mm.

The anchor plate used in the embedded part was also constructed from a 14 mm
thick Q355 steel plate, with the additional steel plates measuring 10 mm wide, all welded
together using E50 electrodes. Bilateral fillet welding was applied, achieving an adequate
welding bead size of 8 mm. On the other hand, the anchor bar utilized HRB400 steel with a
20 mm diameter, and the weld bead size measured 12 mm.

(a) (b)
Figure 10. Anchor bolt. (a) M16 rear expansion anchor bolts; (b) detailed structure.

3.2. Numerical Simulation Design

This study employed the finite element numerical simulation software ABAQUS(2021)
to construct solid models encompassing four distinct connection schemes for analysis.
These schemes included steel corbel connections with six and nine rear expansion anchor
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bolts, an embedded part, a steel corbel connection, and a reinforced concrete corbel connec-
tion. These models were meticulously designed to explore their mechanical properties and
stress characteristics. Furthermore, different arrangements of anchor bolts were considered
to provide a comprehensive understanding of their behavior. Figure 11 provides a visual
representation of these four numerical models.

(b)

aﬁéhqred
bar\

Reinforced
© concrete corbel

(©) (d)

Figure 11. Model representation. (a) Steel corbel and 6 rear expansion anchor bolts connection;
(b) steel corbel and 9 rear expansion anchor bolts connection; (c) embedded parts and steel corbel
connection; (d) reinforced concrete corbel connection.

Within the numerical model, all specimens shared consistent dimensions, measuring
1.2 m in height, 1.5 m in width, and 0.3 m in thickness. The load conditions mirrored the
physical tests, with an eccentric load of 1100 kN applied at an eccentricity of 8 cm. The
bottom section was subjected to fixed constraints to accurately replicate the experiment con-
ditions. A visual representation of the model’s load application and boundary conditions
can be found in Figure 12.

Load

Figure 12. Model load application and boundary conditions.
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In our numerical model, we employed a plastic damage constitutive method for
concrete, and the specific parameter values were derived from laboratory tests, as depicted
in Figure 13. On the other hand, steel was characterized using a double broken line model,
with the corresponding calculation parameters detailed in Table 2.

Figure 13. Test of mechanical properties of concrete. (a) Cube compressive strength test; (b) axial
compressive strength test-1; (¢) axial compressive strength test-2; (d) elastic modulus test.

Table 2. Steel calculation parameters.

Material ElaStI(C GI\I/,[:)d ulus Poisson’s Ratio Ylelz(iNS[;,r:)n sth Tenm(l;\e;’tar;e ngth Plastic Strain
Q3558 206 0.25 380 503 0.1
steel plate
Grade 8.8 bolt 200 0.25 640 800 0.12
HRB400 200 0.3 400 540 0.075
HPB300 210 0.3 300 420 0.1

In terms of the models using steel corbel and rear expansion anchor bolts, the primary
source of anchoring force is the lock key at the tail of the bolt, necessitating solid elements
to represent the anchor bolt. We established the surface contacts between the lock key and
the concrete to ensure accurate interactions. In this configuration, a ‘hard contact” was
applied in the expected direction, while a radial friction coefficient of 0.5 was implemented.
Additionally, we set up surface contacts between the bolt and the concrete, the bolt, and the
screw hole, as well as the nut and the anchor plate [27,28].

In the embedded part and steel corbel model, we utilized T3D2 elements to sim-
ulate the steel bar, incorporating the ‘embedded’ interaction type within the concrete.
Meanwhile, the anchor bar was represented using solid elements, with the surface contact
interactions established between the anchor bar and the concrete. In this scenario, the ‘hard
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contact’ was specified for the expected direction. At the same time, a friction coefficient
of 0.9 was assigned in the radial direction to ensure an accurate representation of the
mechanical behavior.

4. Analysis of Experimental and Numerical Simulation Results
4.1. Steel Corbel and Six Rear Expansion Anchor Bolts
4.1.1. Analysis of Steel Corbel

During the loading process, the steel corbel primarily experiences two displacement
directions. Firstly, the bolt undergoes shear deformation due to the shear force acting on it,
causing the steel bracket to slide along the concrete surface. Secondly, with the influence
of the bending moment, the anchor plate starts to separate from the concrete surface.
The deformation pattern of the steel corbel is visually represented in Figure 14. Notably,
the deformation characteristics of the steel corbel closely align with the experimental
observations and numerical simulations. The corbel’s displacement followed a general
sequence throughout the process: initially, it exhibited a slight movement along the concrete
surface. As the load intensified, the lower bolt inclined, causing the upper portion of the
anchor plate to detach from the concrete surface. In the meantime, the lower section of the
anchor plate became progressively tighter against the concrete surface. Ultimately, the bolt
shears and concrete cracking occurred.

Figure 14. Steel corbel deformation.

The displacement monitoring points for the corbel are depicted in Figure 15. Precisely,
the W1 points illustrate the vertical displacement of the upper plate of the corbel, the W2
points indicate the vertical displacement of the bottom edge of the anchor plate, the W3
points show the separation distance between the anchor plate and the concrete surface,
and both the W4 and W5 points measure the displacement of the sides of the plate. In
Figure 15, the term ‘splaying amount” denotes the cumulative displacement of W4 and W5.
The displacement curves for each monitoring point are presented in Figure 16.

W3

W1

CP||W4 W5[[[D

W2
(@) (b)

Figure 15. Displacement monitoring scheme. (a) Displacement monitoring points; (b) splaying
amount indicates.
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Figure 16. Displacement curve of steel corbel.

Opverall, there is a minimal disparity between the displacement measurements at each
monitoring point in the steel corbel experiment and those in the numerical simulation.
This alignment underscores the reliability of the numerical simulation presented in this
paper. However, it is worth noting that the displacement values at each monitoring point
in the numerical simulation are slightly larger than those observed in the experiment. This
discrepancy could be caused by the fact that steel corbel deformations are in the millimeter
range, and the vibrations generated during the application of top load by the jack in the
experiment could lead to monitoring inaccuracies. It is essential to highlight that the
maximum displacement value exhibits a mere 17% error, deemed acceptable for this paper.

In both the experimental and the numerical simulation, when the load was below
150 kN, the deformation of the steel plate remained minimal. However, the displacement
of point W1 exhibited a rapid growth trend, primarily because there was no support on
the lower side of point W1, resulting in the most significant displacement. When the load
reached 300 kN, the displacement at point W1 reached 8.08 mm. The stress distribution in
the steel corbel is depicted in Figure 17, and the red and blue lines in the figure represent
the yield strength and tensile strength of the steel plate, respectively. By correlating the
data from Figures 16 and 17, it is indicated that as the load reaches 300 KN, the increase in
displacement at the W1 point undergoes a significant upsurge as the steel plate meets its
ultimate tensile (compressive) strength.

S, Max. Principal

Unit (Pa)
)8
600 ~ 308
+2/626x108
L +2257x10¢
e
4004 11072108
-—" +6.834x107
] F 3300
2004 ._— -3819x107
- n -8.703x10
= - — —1259x10¢
B —m— Maximum principal stress| J
E, 0] —e— Minimum principal stress
< .
% 200 T8 ” S, Min, Principal
—e— Unit Pa)
—400 7= Tt S s S gt
=600
T T T T T
100 150 200 250 300
Load (kN)

Figure 17. Stress of steel corbel.

Conversely, the displacement at the W2 point remains relatively small. It reaches
2.92 mm when the load is below 200 kN, and the displacement progress becomes slower
when the load increases further. At a 300 kN load, the displacement only reaches 4.08 mm.
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The anchor plate maintains a minimal gap from the concrete surface, with a maximum
distance of 3.37 mm. The side plate exhibits a minor opening, with a maximum of 1.18 mm.
There is a substantial bending deformation in the middle section of the anchor plate. In
summary, the upper portion of the anchor plate experiences a significant deformation,
while the lower portion exhibits a minimal deformation.

The steel plate’s maximum and minimum principal stress increase as the load in-
creases. When the load reaches 300 kN, the maximum principal stress reaches 505.8 MPa,
reaching the material’s ultimate tensile (compressive) strength. Stress concentration be-
comes apparent at the front end of the contact area between the upper plate and the side
plate and at the edges of the welded region between the upper plate and the anchor plate,
where the maximum tensile and compressive stresses are manifested.

4.1.2. Analysis of the Anchor Bolt

In Figure 18, the failure patterns and stress displacement distribution of the anchor
bolts are shown. Upon completion of the loading, the distinct failure patterns emerge
among the three rows of anchor bolts, collectively falling into three categories: drawing
failure, screw shear failure, and sleeve failure.
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Figure 18. Failure pattern and stress displacement distribution of anchor bolts. (a) Bolt shear failure;
(b) gasket deformation; (c¢) maximum principal stress; (d) minimum principal stress; (e) vertical
displacement; (f) horizontal displacement.
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In the first row of anchor bolts, subjected to substantial shear forces and tension, the
bolts undergo shearing and bending while experiencing axial elongation. The second
row of the bolts exhibits the most significant shear deformation, resulting in severe bolt
distortion. The substantial shear deformation in this row leads to casing tearing. The
third row of bolts primarily experiences shearing and tilting, causing varying degrees of
deformation in all casings. In the middle row, the bolt casings have been torn, and each
bolt gasket exhibits considerable deformation.

Figures 19 and 20 show the stress and displacement curves, and the red and blue lines
in the figure represent the yield strength and tensile strength of the anchor bolt, respectively.
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Figure 19. Stress curve of anchor bolt.
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Figure 20. Displacement curve of anchor bolt.

At aload of 180 kN, the maximum principal stress has surged to 646.4 MPa, pushing
the bolt into the yield stage. Subsequently, the maximum principal stress experiences
gradual increments. When the load reaches 300 kN, the minimum principal stress exceeds
the compressive strength of the anchor bolt, resulting in a partial damage to the bolt. The
peak stress on the anchor bolt occurs at the contact area between the bolt and the anchor
plate. The upper side bears compressive stress, while the lower side faces tensile stress.
The first row experiences the highest force among the rows of anchor bolts, whereas the
third row endures the lowest force.

Before reaching a load of 200 kN, the maximum vertical displacement of the anchor
bolt remains at 0.44 mm. Subsequently, the vertical displacement accelerates and ultimately
reaches 1.08 mm. The horizontal displacement of the anchor bolt exceeds vertical dis-
placement before the load reaches 200 kN. Horizontal displacement increases at a slower
pace and eventually reaches 0.75 mm. The displacement cloud diagram of the anchor
bolt reveals that the first row of anchor bolts experiences the most significant horizontal
displacement.

In contrast, the third row of anchor bolts exhibits the highest vertical displacement.
The area with the most pronounced deformation of the anchor bolt is concentrated within
a 5.4 cm range near the side of the steel corbel, with minimal displacement and stress ob-
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served elsewhere. This underscores the importance of maintaining an adequate anchorage
depth.

4.1.3. Analysis of Concrete Damage

The concrete damage and internal damage are indicated in Figures 21 and 22, respectively.

Both the experimental and numerical simulation exhibit the same concrete failure
pattern. The concrete surrounding the anchor bolt indicates varying degrees of cracking, as
illustrated in Figure 21a. The first row of anchor bolts exhibits the most severe concrete
cracking, primarily concentrated on the lower side of the anchor bolts. The maximum
width of the failure zone spans 8.8 cm with a depth of approximately 7 mm, as depicted in
Figure 22b. Analysis reveals that the first row of anchor bolts is subjected to substantial
shear forces and bending moments. As the bolts and casing undergo shear deformation,
the relative displacement between the bolts and concrete occurs due to tension. The
combination of friction between the casing and the anchor bolt hole, along with the bolt
shear forces, leads to significant cracking on the lower side of the concrete.

In comparison, the second row of anchor bolts experiences less severe cracking around
them, with the maximum width of the cracking zone reduced to 5.4 cm. Concrete damage
around the third row of bolts is minimal, displaying only slight indications of damage
near the anchor bolt holes, of a very shallow depth. Concrete failure areas are distributed
in a fan-shaped pattern, with the first row’s fan-shaped area being the largest, followed
by the second row, and the smallest in the third row. In the test, the distance between
the left and right anchor bolts is 20 cm, and 14 cm between the upper and lower anchor
bolts. Under these dimensions, the cracking areas around each anchor bolt are not con-
nected. The concrete failure pattern shows that the first and second rows of bolts experience
the most significant force and deformation, resulting in substantial damage to the sur-
rounding concrete. In contrast, the third row exhibits minimal deformation and the least
concrete damage.

(d)

Figure 21. Failure pattern of concrete. (a) Cracking of concrete; (b) crushing of concrete; (c) compres-

sion damage of concrete (300 kN); (d) tensile damage of concrete (300 kN).
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Figure 22. Internal tensile damage of concrete. (a) Load 200 kN; (b) load 300 kIN.

Following elastic design principles, the steel corbel can be considered to meet its
ultimate bearing capacity when the stress in the corbel steel plate or the anchor bolt stress
reach their corresponding yield strengths. However, at this moment, it is expected that
microscopic cracks inside the concrete have already occurred. The experimental results
demonstrate that even when subjected to a load of 300 kN, the bracket still retains its
bearing capacity. It is unreasonable to demand the absence of cracks in the surrounding
concrete. If the concrete damage area around the anchor bolt is penetrated, it could be even
worse with further load increases. Therefore, it can be deemed acceptable for the concrete
around the anchor bolt to be damaged, but not to the extent of penetration.

Based on the tests and numerical simulations conducted in this study, the bearing
capacity criterion is defined such that the steel bar and steel plate are not exceeding their
yield strength, effectively keeping the structure within the elastic working stage, and the
concrete damage areas around the anchor rod should remain unconnected. As a result,
the bearing capacity of the steel corbel and six rear expansion anchor bolts can reach
up to 180 kN.

4.2. Steel Corbel and Nine Rear Expansion Anchor Bolts
4.2.1. Analysis of Steel Corbel

The testing procedure for the steel corbel and nine rear expansion anchor bolts scheme
mirrors that of the steel corbel and six rear expansion anchor bolts scheme. The deformation
in the steel corbel is indicated in Figure 23, and the displacement curves for each monitoring
point are presented in Figure 24.

Figure 23. Steel corbel deformation.

The displacement of the upper edge of the corbel is affected by two factors: the material
deformation of the corbel steel plate itself and the overall displacement of the steel corbel
resulting from the deformation of the anchor bolt. Compared to the connection scheme
utilizing a steel corbel and six rear expansion anchor bolts, the steel corbel deformation in
this scheme is relatively minor.

As depicted in Figure 24, the maximum displacement error between the experimental
and the numerical simulation is 13.9%, which is acceptable in this paper. In the experiment,
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during the initial loading stages (ranging from 100 kN to 150 kN), when each component
experiences compression, the bolt leg makes a complete contact with the anchor bolt,
resulting in significant displacement changes. The displacement at the W1 point increases
to 2.71 mm. From the perspective of displacement, the W1 point exhibits the highest
displacement in the numerical simulation. When loaded to 300 kN, the displacement
reaches 5.24 mm. Compared to the previous connection scheme, this displacement is
reduced by 35.1%.

109 |~=— Numerical simulation W1
—®— Numerical simulation W2
9 Numerical simulation W3
. Numerical simulation splaying amount
—0— Experiment W1
74 [ Experiment W2
£ Experiment W3 /
E, 6 Experiment splaying amount "
g 5 o
. o o
g e
= o -
2 41 A -
2 _a” e
Q. _— o
; -
//D -
1 M
/_"_4'_/\/
0 T T T T T T
100 150 200 250 300 350
Load(kN)

Figure 24. Displacement curve of steel corbel.

In the experiment, point W2 was positioned at the bottom of the anchor plate. When
loaded to 200 kN, the vertical displacement of the W2 point underwent rapid growth,
reaching 1.04 mm due to the compression of the existing gap. On the other hand, the W3
point was located on the upper part of the anchor plate, monitoring the displacement of the
upper section of the anchor plate from the concrete surface. Before the load reached 260 kN,
the anchor plate separation was minimal, with a maximum of 0.38 mm. In the numerical
simulation, the displacement of the W2 point was small, with a maximum of only 1.56 mm.
Meanwhile, the maximum displacement of the W3 point was 2.08 mm, and the side plate
opening was minimal, with a maximum of only 1.09 mm.

In summary, increasing the number of anchor bolts enhanced the constraint on the
steel plate and reduced the deformation of the anchor plate.

The stress of the steel corbel is depicted in Figure 25. When the load is less than
220 kN, the stress of the steel plate experiences a rapid growth. At 220 kN, the steel plate
enters the yield stage, and the stress curve remains relatively flat beyond that point. Upon
reaching 300 kN, the minimum principal stress of the steel plate reaches the compressive
strength. Stress concentration occurs at the front end of the contact part between the upper
plate and the side plate, and the edge of the welding part between the upper plate and the
anchor plate.
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Figure 25. Stress of steel corbel.
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4.2.2. Analysis of Anchor Bolt

During the loading process, the bottom bolt was noticeably tilted and elongated when
the load reached 350 kN. Upon completing the loading, the contact part between the bolt
and the steel plate exhibited clear signs of yielding, with the threads becoming flattened.
Additionally, the gasket underwent significant deformation. The failure pattern and stress
displacement distribution of anchor bolts are presented in Figure 26, while the stress curve
and displacement curve can be observed in Figures 27 and 28, respectively.

When the load reaches 220 kN, the maximum principal stress in the anchor bolt reaches
639.0 MPa, indicating that it is approaching the yield stage. The anchor bolt completed
reaches the yield stage in Figure 26¢, yet no damage has occurred. The maximum stress is
concentrated in the contact area between the anchor bolt and the anchor plate, with the
upper side experiencing compression and the lower side undergoing tension. Among the
anchor bolts, the first row bears the highest force, while the third row bears the lowest force.
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Figure 26. Failure pattern and stress displacement distribution of anchor bolts. (a) Bolt shear failure;
(b) gasket deformation; (c¢) maximum principal stress; (d) minimum principal stress; (e) vertical
displacement; (f) horizontal displacement.
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When the load reaches 300 kN, the maximum vertical displacement of the anchor
bolt is 0.47 mm. Notably, the horizontal displacement of the anchor bolt is greater than
the vertical displacement, eventually reaching 0.56 mm. A closer look at the displacement
cloud diagram reveals that the first row of anchor bolts experiences the most significant
horizontal displacement. In contrast, the third row of anchor bolts has the most significant
vertical displacement. These findings align with the test results, as shown in Figure 29. It
should be noticed that the most severe deformation area of the anchor bolt is concentrated
within a 5.4 cm range near the steel corbel, with minimal displacement and stress observed
in the remaining areas.
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Figure 27. Stress curve of anchor bolt.
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Figure 28. Displacement curve of anchor bolt.
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Figure 29. Failure pattern of concrete. (a) Cracking of concrete; (b) crushing of concrete; (c) compres-
sion damage of concrete (300 kN); (d) tensile damage of concrete (300 kN).

4.2.3. Analysis of Concrete Damage

The damage to the concrete is depicted in Figure 29, while Figure 30 provides a view
of the internal damage within the concrete.
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Figure 30. Internal tensile damage of concrete. (a) Load 200 kN; (b) load 300 kN.

The concrete under the first row of bolts was crushed, resulting in cracks. As shown
in Figure 29a,b, the spacing of the three bolts in the first row is 10 cm and the cracks have
been penetrated. The cracking area around the second row of bolts is smaller than that of
the first row, but apparent cracks are generated. The cracking area around the third row of
bolts is minimal.

When the steel bracket is loaded to failure, the stress of the steel bracket is not very
large, and the deformation of the steel plate itself is also tiny, while the bolts and concrete
are damaged. Therefore, the connection between the steel corbel and concrete controls the
ultimate bearing capacity of this scheme.

As shown in Figure 29¢,d, the lower side of the anchor bolt hole is mainly compressed.
Although the compression damage area gradually increases as the load increases, it does
not penetrate. The concrete around the first row of anchor bolt holes exhibits the largest
compressive damage area, and it decreases from top to bottom, consistent with the experi-
ment results (as shown in Figure 29). In addition, the upper side of the anchor bolt hole is
also subjected to tensile damage, with a decreased damage area from top to bottom.

In Figures 29 and 30, it is clear that the tensile damage is more severe at the section
where the anchor bolt expands. At 160 kN, the damaged areas around the anchor bolt
are not connected. At 180 kN, the damaged areas around the first row of anchor bolts are
connected. At 220 kN, the damaged areas around the second row of anchor bolts are also
connected. When the load reaches 300 kN, the damaged area increases further. The load
required for the steel to reach its yield strength is 220 kN. In a comprehensive analysis,
when using nine anchor bolts, the bearing capacity is only 170 kN, and both the anchor
bolts and the steel bracket remain in the elastic stage.
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4.3. Embedded Parts and Steel Corbel
4.3.1. Analysis of Steel Corbel

Throughout the loading process of the embedded parts and steel corbel connection
scheme, the primary focus is to monitor the displacement of the steel corbel and observe
the connection between the corbel and the concrete. Displacement meters are used to
monitor the displacement of the top plate and the two sides of the plate. The monitoring

points are depicted in Figure 31, and the term ‘splaying amount’ represents the cumulative
displacements of W2 and W3.

w1

w2 W3

Figure 31. Displacement monitoring points.

The stress distribution in the corbel is presented in Figure 32. The stress within the
corbel increases linearly at the beginning and saturates at 280 kN. When subjected to a load

of 350 kN, the minimum principal stress reaches 479.9 MPa, but it does not surpass the
material’s compressive strength.
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Figure 32. Stress of steel corbel.

The displacement curves for each monitoring point are depicted in Figure 33. The
most significant error between the test and numerical simulation lies in the displacement
measurement at point W1, with a margin of 17.3%. However, this discrepancy is acceptable
in this study. The deformation behavior of the corbel closely resembles that observed
in the experiment (as shown in Figure 33), evidencing the reliability of the numerical
simulation. Following loading, the lateral steel plate exhibits bending, with the maximum
opening of the side plates reaching 0.94 mm. The upper steel plate is bent at the front, and
within a 5 cm range at the front, where there is no side plate support, significant vertical
displacement occurs, reaching 3.52 mm.

Furthermore, with the increase in load, the displacement also exhibits a noticeable
increase. The side plates experience minimal opening, bending slightly towards both sides.
Compared to the two preceding connection methods, the maximum displacement of the
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steel leg, when loaded to 300 KN, is reduced by 64.1% and 44.7%. This substantial reduction
in displacement can be attributed to the fact that, under this particular connection scheme,
the maximum and minimum principal stresses within the steel leg remain within the tensile
and compressive strength limits.
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Figure 33. Displacement curve of steel corbel.

The cracking morphology and deformation are shown in Figure 34. When loaded to
350 kN, cracks were generated on the left and right sides of the contact between the anchor
plate and the concrete. The length of the left crack was 5.8 cm, and the length of the right
crack was 6.2 cm. During the whole process, the cracks grew slowly. No apparent cracks
were found in the contact area between the bottom of the anchor plate and the concrete.
According to the results obtained from numerical simulations, the anchoring ability of the
anchor bar is strong, and the anchor plate only exhibits slight bending deformation on the
upper left and right sides, with the maximum deformation being only 0.85 mm. The cracks
observed between the steel corbels and the concrete are also attributed to the bending
deformation of these steel corbels, which is consistent with the observation of cracks on
both sides in the experiment.

Anchor plate \
bending

u,u3
+3.805x1070

(0

Figure 34. Cracking morphology and deformation. (a) Left contact area; (b) right contact area;
(c) deformation of corbel.
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4.3.2. Analysis of Anchored Bar

Since anchor bars are embedded within the concrete structure, our investigation of
anchor bar behavior primarily relies on numerical simulation. Figure 35 illustrates the
stress distribution along the anchor bars, while Figure 36 presents the corresponding
displacement patterns.
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Figure 35. Stress of anchor bar. (a) Stress curve of anchor bar; (b) stress distribution of anchor bar.
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Figure 36. Displacement of anchor bar. (a) Displacement curve of anchor bar; (b) vertical displacement
of anchor bar.

Upon reaching a load of 350 kN, it is noteworthy that the anchor bars have not
yet approached their tensile strength limits. Specifically, anchor bars No. 1 and No. 3
experience the highest stress levels, with stress concentration notably occurring at the
welding junction. The upper anchor bar also sustains the greatest force, while the lower
anchor bar experiences lower stresses. Furthermore, it is observed that the stress magnitude
increases as the bar approaches the corbel.

The displacement of the anchor bolts exhibits minimal vertical displacement but
notable horizontal displacement, with the latter exceeding the former. Figure 35b illustrates
that the deformation of the anchor bars primarily occurs within a 5 cm vicinity near the
anchor plate.

4.3.3. Analysis of Concrete Damage

The concrete’s external appearance showed no significant damage in the experiment,
as depicted in Figure 37. Cracking was observed only in the lower-left corner. Furthermore,
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the assessment of concrete damage primarily relied on numerical simulation since the steel
corbel encased in concrete could not be extracted to inspect the damage visually.

The surface and internal damage to the concrete are depicted in Figures 38 and 39. The
tensile failure of the concrete is more pronounced than the compressive failure. The most
severely damaged areas are concentrated around the upper anchor bar and the concrete at
the bottom of the welded steel plate.
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Figure 37. Surface damage of concrete in the experiment.
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Figure 38. Surface damage of concrete. (a) Compression damage of concrete (350 kN); (b) tensile

damage of concrete (350 kN).
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Figure 39. Internal tensile damage of concrete. (a) Load 220 kN; (b) load 240 kNN.
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As the load increases from 150 kN to 350 kN, the compressive damage coefficient rises
from 0.24 to 0.88, while the tensile damage coefficient increases from 0.65 to 0.9613. When
the load surpasses 240 kN, cracks begin to appear within the concrete. Figure 38 illustrates
that the concrete damage area around the anchor bar has become interconnected at 220 kN,
whereas it was not connected at this load level.

In terms of bearing capacity, the scheme involving embedded parts and a steel corbel
appears more reasonable, with a bearing capacity of up to 220 kN in elastic design. At
this point, particular attention should be given to the welding part of the anchor bar, the
welded steel plate, and the contact area between the anchor plate and the concrete.

4.4. Reinforced Concrete Corbel

The findings of the experimental (in Figure 40) and numerical simulations (in Figure 41)
consistently reveal that the displacement of the concrete corbel remains negligible until
the point at which cracks begin to manifest at the junction between the reinforced concrete
corbel and the adjoining structure. In addition, the concrete predominantly experiences
tensile damage rather than significant compression damage. Consequently, the primary
focus of this study revolves around determining the load threshold at which these cracks
commence to emerge at the juncture of the corbel and the concrete.

Figure 40. The damage of corbel. (a) Left side; (b) right; (c) top; (d) bottom.

The damage sustained by the reinforced concrete, as observed in both the experimental
and numerical simulation results, is illustrated in Figures 40 and 41. Figure 40 shows that
when the load is less than 240 kN, there are no conspicuous cracks near the reinforced
concrete corbel. However, as the load escalates to 260 kN, a slow emergence of a 6.5 cm
long crack occurs on the left side of the corbel, while a 5.6 cm crack materializes on the
right side. Cracks at the top progressively propagate from both extremities toward the
center. Once the load reaches 360 kN, the side crack extends to 10.2 cm. Notably, the lower
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portion of the corbel remains in a state of compression, and no cracks have been detected
in this region.

Figure 41 illustrates that the concrete primarily experiences tensile damage, with
relatively minimal compression damage. When the applied load remains below 240 kN, no
observable cracking is evident in the corbel. However, once the load exceeds this threshold
and reaches 240 kN, cracks commence at the juncture between the corbel and the concrete.
As the load escalates, these cracks progressively propagate towards the bottom of the corbel.
Notably, the tensile damage initiates from both sides of the joint between the corbel and the
concrete, gradually culminating in a penetrating crack that extends in the width direction
of the corbel and reaches the bottom. This crack development pattern closely mirrors the
experimental findings, thus confirming the reliability of the numerical simulation results.
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Figure 41. Tensile damage of concrete. (a) Load 100 kN; (b) load 150 kN; (c) load 220 kN; (d) load
300 kN.

4.5. Scheme Comparison

With the experimental results and the numerical simulation findings indicated in
Sections 4.1 to 4.4, a comparative analysis of the connection schemes is presented in this
section, considering the mechanical properties and construction convenience, as detailed
in Table 3. The scheme involving steel corbels and rear expansion anchor bolts exhibits
high bearing capacity and ease of construction. However, increasing the number of anchor
bolts from six to nine reduces the bearing capacity due to decreased spacing. The schemes
involving embedded parts, steel corbels, and reinforced concrete corbels can be considered,
provided construction convenience challenges are addressed. At the current stage, it is
recommended to favor the scheme featuring steel corbels and six rear expansion anchor
bolts, as it offers further optimization potential and enhances structural safety reserves.
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Table 3. Comparison and selection of connection schemes.

Connection Schemes

Mechanical Property

Construction
Convenience

Conclusion

Steel corbel and six rear
expansion anchor bolts

Following elastic design principles, the

bearing capacity of this configuration is

determined to be 180 kN. The ultimate

failure mode involves significant shear

deformation of the bolt, tearing of the

anchor bolt sleeve, and cracking of the
concrete surface.

The anchor bolt requires
fewer drilled holes,
making it easier to install.

Its use is recommended,
and there is potential for
further optimization.

Steel corbel and nine rear
expansion anchor bolts

The bearing capacity is 170 kN, and the
failure is characterized by severe shear
deformation of bolts, deformation of
the bolt sleeve, cracking, and the
propagation of cracks on the concrete
surface.

The anchor bolt requires
more drilling holes, which
leads to increased
installation difficulty and
higher costs.

The bearing capacity is
reduced, the cost is high,
and its use is not
recommended.

Embedded part and steel
corbel

The bearing capacity is up to 220 kN,
and the corbel exhibits minimal
deformation and excellent mechanical
properties.

On-site welding quality is

challenging to ensure, and

the construction process is
inconvenient.

After addressing the
construction convenience
issue, it is not
recommended as a whole
based on the specific
circumstances.

Reinforced concrete corbel

Load capacity 240 kN

It needs to be
prefabricated
simultaneously with the
segment, which can be
inconvenient for
transportation and
installation.

It is necessary to address
the issue of construction
convenience; as a whole, it
is not recommended.

4.6. Analysis of the Influence of Anchor Bolt Arrangement Form

To investigate the impact of various anchor bolt arrangements on their mechanical
characteristics, a model featuring six post-expanded anchor bolts arranged in two rows
and three columns was constructed, as illustrated in Figure 42, with the anchorage depth

remaining at 13 cm.

e

\\ Steel bgacket :

i

! Bottom expansion !

| anchor
\\\ P ] J

Figure 42. Arrangement form of two rows and three columns.

In subsequent investigations, the connection configuration featuring three rows and
two columns is named “mode 1”. In comparison, the configuration with two rows and
three columns is labelled “mode 2”. The stress curve of the steel corbel is depicted in
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Figure 43, and the displacement monitoring points are shown in Figure 15, with the
corresponding displacement curves presented in Figure 44. The stress distribution curves
for the two models exhibit a similar pattern, with mode 1 having a higher maximum
principal stress value while mode 2 has a higher minimum principal stress value. The steel
plate’s maximum and minimum principal stresses increase as the load is raised. When
the load reaches 300 kN, the maximum principal stress meets 505.8 MPa in mode 1, while
the minimum principal stress reaches -500.8 MPa in mode 2, which is very close to the
compressive strength.

600
500 =
400 - o =T e——B
300
200 - —
I —#— Mode 1 maximum principal stress
E 1001 —e— Mode 1 mimimum principal stress
1 0+ —o— Mode 2 maximum principal stress
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—600 T T T T T
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Figure 43. Stress curve of steel corbel.
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Figure 44. Distribution of the corbel.

The displacement patterns of both models are similar, with notable differences in the
displacement of specific measuring points. In mode 2, the displacement at the W1 point
increases rapidly, reaching a maximum of 7.12 mm. On the other hand, the displacements
at the W2 and W3 points are relatively small, maxing out at 0.76 mm and 0.69 mm, respec-
tively. In addition, the opening of the side plates is minimal, with a maximum displacement
of 0.82 mm. These displacements represent reductions of 8.9%, 12.4%, 24.9%, and 7.7% com-
pared to the arrangement of the anchor bolts in three rows and two columns. This suggests
that altering the anchor bolt arrangement can effectively reduce corbel deformation.

The stress characteristics of the anchor bolts in both modes are illustrated in Figure 45,
and their displacement behavior is presented in Figure 46. Furthermore, the stress distri-
bution is visualized in Figure 47, and the deformation patterns are shown in Figure 48.
At aload of 180 kN (in Figure 45), the maximum principal stress has already reached the
yield strength, and subsequent increases are gradual. There is no significant disparity in
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stress distribution between the two modes, with mode 2 exhibiting slightly lower anchor
bolt stress levels. As the load reaches 300 kN, the minimum principal stress exceeds the
compressive strength of the anchor bolt, resulting in partial damage. The maximum stress
on the anchor bolt is concentrated in the contact area between the anchor bolt and the
anchor plate, with the upper side experiencing compressive stress and the lower side
undergoing tensile stress. The first row of middle anchor bolts experiences the highest
force, while the third row of anchor bolts bears the lowest load.

1000 -
800
600 e

400 - =

®— Mode 1 maximum principal stress
®  Mode 1 minimum principal stress
0 —o— Mode 2 maximum principal stress
o —0— Mode 2 minimum principal stress

200 -

Stress(MPa)
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[ )
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—800 =
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Figure 45. Stress curve of anchor bolt.
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Figure 46. Displacement curve of anchor bolt.

As can be seen from the diagram in Figure 46, the anchor bolt exhibits a maximum
vertical displacement of 0.9 mm and a maximum horizontal displacement of 0.67 mm,
representing a 16.7% and 10.7% reduction, respectively, compared to the configuration with
three rows and two columns of anchor bolts. Analyzing the displacement cloud diagram
in Figure 47, it is clear that the first row of anchor bolts experiences the most significant
horizontal displacement, while the third row exhibits the greatest vertical displacement.
Furthermore, the anchor bolt’s most pronounced deformation zone is concentrated within
the first 4.4 cm from the front, marking a 1 cm reduction from the previous 5.4 cm span.

Figure 48 illustrates the surface damage of the concrete, with the lower side of the
anchor bolt hole primarily experiencing compression. The compressed damage zone
gradually expands as the load intensifies but remains non-penetrative. The largest area of
concrete damage surrounds the anchor bolt holes in the first row, diminishing from top to
bottom. Tensile damage also affects the concrete above the anchor bolt holes, decreasing
the damage area from top to bottom. However, regarding the tensile concrete damage, in
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mode 2, the damaged area on the upper side of the lower row anchor hole is connected,
while it remains disconnected in mode 1.
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Figure 47. Displacement of anchor bolt (m). (a) Mode 1 vertical displacement; (b) mode 1 horizontal
displacement; (c) mode 2 vertical displacement; (d) mode 2 horizontal displacement.
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Figure 48. Surface damage of concrete. (a) Compression damage of concrete in mode 1 (300 kN);
(b) tensile damage of concrete in mode 1 (300 kN); (¢) compression damage of concrete in mode 2
(300 kN); (d) tensile damage of concrete in mode 2 (300 kN).
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Figure 49 provides insight into the internal damage within the concrete. Notably, the
expansion section experiences more significant tensile damage than the arrangement with
anchor bolts in two rows and three columns. This discrepancy arises from the spacing
reduction between the left and right rows of the anchor bolts. The spacing of mode 1 is
100 mm, while in mode 2, it is 67.7 mm. This highlights the importance of maintaining
optimal spacing between anchor bolts. Based on the working conditions in this study, the
recommended bolt spacing arrangement falls within the range from 66.7 mm to 100 mm.
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Figure 49. Internal damage of concrete. (a) Mode 1 load 200 kN; (b) mode 1, load 300 kN; (c) mode 2,
load 200 kN; (d) mode 2, load 300 kN.

5. Conclusions

This study conducts the tests and numerical simulations for four distinct working
conditions involving steel corbel and rear expansion anchor bolts (six and nine anchor
bolts), embedded parts, and steel corbel with reinforced concrete trusses. Additionally, we
investigated the layout of anchor rods. Our findings led to the following conclusions:

1. The critical point in the steel corbel and rear expansion anchor bolt connection scheme
lies in the connection region, where we observed bolt shear failure and concrete
cracking. The number of bolts significantly influences the load-bearing capacity of the
steel corbel. Adhering to the criterion that the steel bar and steel plate remain within
their respective yield strengths during the elastic working phase and ensuring that the
concrete damage area around the bolt remains unconnected, we achieved a bearing
capacity of 180 kN when utilizing six rear expansion anchor bolts. However, when
employing nine rear expansion anchor bolts, the load-bearing capacity decreased to
170 kN, resulting in a 5.6% reduction in bearing capacity.

2. The arrangement of bolts has a notable impact on the structural load-bearing capacity.
The upper-side anchor bolts bear larger forces, while the lower-side anchor bolts
handle less load. Arranging the six anchor bolts in a configuration of two rows
and three columns enhances the load-bearing capacity. Still, avoiding forming a
damaged area due to inappropriate bolt spacing is crucial. This study’s recommended
transverse bolt spacing falls within the 66.7 mm to 100 mm range. The third row
experiences the most significant vertical deformation among the anchor bolts, while
the first row exhibits the greatest axial elongation. Deformation in the anchor bolts
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is predominantly concentrated within the 5 cm to 6 cm range near the bracket. The
anchorage depth should not be less than 6 cm. In the case of this scheme, the anchorage
depth can be preferably selected from the range of 11 cm to 15 cm.

3. The connection scheme involving embedded parts and a steel corbel exhibits robust
load-bearing capacity, capable of withstanding a 220 kN load within the elastic stage.
The anchor bar demonstrates strong anchoring ability, and the steel corbel experiences
minimal deformation. Anchor bar deformation primarily concentrates within the 5 cm
range near the corbel, with the upper-side anchor bar showing the most significant
deformation.

4.  The reinforced concrete corbel connection scheme boasts a bearing capacity of 240 kN,
with its load-bearing capacity primarily governed by crack formation. Initially, cracks
emerge symmetrically on both sides of the corbel, progressively extending to encom-
pass the width and height of the corbel structure.
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