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Abstract: The radial gate corbel beam is a kind of gate support structure more often used in large and
medium-sized reservoirs, but the current corresponding structural design code does not give a review
calculation method for it. Because there are obvious differences between a corbel and a corbel beam in
structural form and force, if the corbel beam is just simplified in the calculation as a corbel structure,
it can easily lead to misjudgment of insufficient bearing capacity. This misjudgment has a significant
impact on later safety assessment, danger removal, and reinforcement. Currently, there are limited
studies available on the internal stress distribution of the corbel beam. In this study, taking the danger
removal and reinforcement of the radial gate beam of a medium reservoir in Beijing as an example, the
concrete quality of the dam was tested by the core drilling method, and two safety review methods
of the corbel beam for different types of reservoirs were proposed in combination with the Code for
Design of Hydraulic Concrete Structures (SL191-2008). Then, three different types of calculation model
were established by the method of theoretical mechanics calculation and finite element simulation.
Combined with the safety test data, the stress state of the combined stress structure of the corbel
beam and gate pier under the real state was analyzed and the safety evaluation was carried out. The
calculation results of these two corbel beam safety review methods were respectively reduced by
32% and 47% compared with the current calculation method. Engineering practice has proved the
rationality of the two safety evaluation methods proposed in this paper, which can provide a certain
reference for similar engineering reinforcement.

Keywords: radial gate; corbel beam; real state; finite element simulation; safety assessment

1. Introduction

The radial gate is widely used in large and medium-sized hydraulic projects due to
its advantages of light weight, small opening force, stable flow pattern through the gate,
simple operation and maintenance, etc. It is characterized by the high pressure of support
and the high positioning accuracy requirements of the support strut [1-3]. The commonly
used supporting structure of the radial gate is the corbel, but as a typical cantilever structure,
the corbel has many problems, such as many reinforcing bars, difficult construction, and
difficulty to control the positioning accuracy of the support strut. In order to solve the
above problems, many radial gates of large and medium-sized reservoirs adopt the corbel
beam as their supporting structure, and it has performed well in operation for many years.

However, with the progress of the reservoir danger removal and reinforcement, it
has been discovered that there is no corresponding safety evaluation specification for the
safety evaluation of the corbel beam of the radial gate. At present, the Code for Design of
Hydraulic Concrete Structures (SL191-2008) [4] is commonly used for the safety assessment
of corbel beams, but due to the special spatial structure of corbel beams, which form a
joint force with gate piers, their stress state is more complicated compared with that of
the cantilever structure of the corbel, and their ability to bear loads and bending moments
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is much greater than that of the corbel structure. Therefore, directly applying the safety
assessment specification of the corbel to the corbel beam may lead to an incorrect judgment
of insufficient bearing capacity, thereby impacting subsequent safety assessment, danger
removal, and reinforcement processes [5,6].

There are quite a few studies on the force analysis of the corbel and corbel beam
structures of radial gates. Wang Weidong et al. [7] used the SAP84 program with 8-node
uncoordinated units to calculate the internal forces and bending moments of the corbel
beam and the overall structure of the gate pier; Zhang Fude et al. [8] used the HARMA
three-dimensional structural analysis program to calculate the large differences in stress
distribution inside the corbel beam and the corbel; Liu Wei et al. [9] used the method of
structural mechanics to simplify the structural design of the corbel of radial gates; Yan
Danging et al. [10] used theoretical mechanics to analyze and calculate the structure of the
corbel beam; He Zhi-Qi [11] et al. proposed a direct equation to quantify the load transfer
law by studying the load transfer mechanism in deep beams and corbels; Dawood [12] et al.
employed the shear friction method (SF) and strut and tie modeling (STM) to compare and
analyze the effects of parameters such as a/d, width (b), compressive strength of concrete
(fc), yield strength of reinforcement (fy), and horizontal to vertical load ratio (H/V) on the
shear capacity of a concrete cantilever beam. Dovzhenko [13] et al. analyzed three damage
cases and the ultimate load calculation of concrete cantilever beams in shear; Abdul-Razzaq
K S [14] et al. used the shear friction (SF) method and strut and tie modeling (STM) to
compare and calculate the ultimate load capacity of concrete cantilever beams with different
shear span to effective depth ratios (a/d) for the ultimate load carrying capacity.

However, the above studies mostly focus on the concrete cantilever structure, and
there are no detailed analysis and research on the stress distribution of the joint force
structure of the corbel beam and gate pier of the radial gate combined with engineering
examples.

In order to make an accurate safety assessment of the corbel beam, a finite element
simulation of the joint force structure of the corbel beam and the gate pier (hereinafter
referred to as the corbel beam structure) needs to be undertaken in conjunction with the
real engineering properties [15,16]. The real state of the corbel beam mainly includes
the real material parameters and the force state. After years of operation, the material
properties of the corbel structure will change, which will lead to changes in the internal
stress state and even stress concentration. Therefore, the safety assessment of the corbel
beam structure needs to be based on the safety inspection data and test data to give the
model real engineering data, and the safety assessment based on the real state of internal
stresses to ensure the accuracy of the assessment results.

This paper uses the safety assessment of the corbel beam in a medium-sized reservoir
in Beijing as a case study. It proposes two methods for the safety assessment of corbel
beams in radial gates, applicable to small-scale reservoirs, and large and medium-scale
reservoirs, respectively, in accordance with the Code for Design of Hydraulic Concrete Structures
(SL191-2008). Additionally, the paper establishes three models by integrating theoretical
mechanics and finite element simulation to analyze the stress in the joint force structure
of the corbel beam and gate pier, considering the real state. The safety assessment of the
corbel beam structure is combined with the field inspection data and safety review results,
which provides a solid basis for the safety assessment and repair and reinforcement of this
project later. In the reservoir safety assessment project in China, the method proposed in
this paper makes up for the gap in the safety review specification of corbel beams, and
provides a complete corbel safety review process, which can provide a theoretical basis for
the safety assessment of corbel beams in similar projects [17-19].

2. Corbel Beam Structural Quality Inspection and Analysis
2.1. Project Overview

This study takes a medium-sized reservoir in Beijing as an example of the danger
removal and reinforcement project. This reservoir was completed in 1981, and the main



Appl. Sci. 2023, 13, 7578

30f16

project is a hyperbolic concrete arch dam, including the overflow dam section and non-
overflow dam section, with a total length of 90.75 m, top width of 3.0 m, bottom width of
14 m, center angle of 66~120°, maximum dam height of 70.00 m, top elevation of 624.00 m,
and top elevation of wave wall 625.20 m. There are five overflow holes at the top of the
dam, one diversion pipe, one irrigation pipe, one sand drainage hole each at the lower part
of the dam, and one grouting corridor inside the dam.

The concrete design index of the dam body, overflow surface, gate pier, and working
bridge is Cp320. The dam foundation is located on the thin layer of dolomitic limestone in
the Wumishan Formation of the Sinian Period, with a seismic grade of 8. There are a few
intercalated mud layers distributed in the rock body about 5 m below the contact surface of
concrete and bedrock, and corrugated laminae are developed.

The overall view of the downstream of this hyperbolic arch dam is shown in Figure 1.

The outlet entrance

Figure 1. Overall view of the hyperbolic arch dam.

The outlet entrance is located at the bottom of the dam, comprising a 2 x 2 m square
hole, and the gate is a radial gate, with specifications of 2 x 1.7-51.55 m, as shown in
Figure 2. The engineering grade is III, the main building level is 3, and the secondary
building level is 4.

The base information of the concrete design strength index, section size and upstream
head is shown in Table 1.

Table 1. Table of foundation information of corbel beam.

Gate Hole Height Hg 1.70 m Gate Pier Concrete Design Grade C20
Support beam section b 0.8 m Design grade of corbel concrete C20
Gate width 2.00 m Support beam section h 12m
Upstream pe,d Hs 49.70 m The thickness of gate pier B 1.00 m
Design tensile strength of Hydrostatic pressure Px Hydrostatic pressure Py Self-weight of corbel beam
reinforcing steel (kN) (kN) (kN)

210 N/mm?2

1783.6 945.9 441
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Figure 2. Sketch of the structure of the corbel beam of the outlet entrance.

2.2. Concrete Quality Inspection of the Corbel Beam Structure

To accurately analyze the real working state and stress distribution of the corbel beam
structure, a detailed inspection and analysis of its concrete quality after years of operation
is required. Concrete strength is an important parameter to measure the quality of concrete,
and the measurement of concrete strength can provide a reliable basis to accurately evaluate
the safety of the corbel beam structure [20-23]. This project uses core drilling for concrete
strength testing, which has the advantages of being direct, reliable, and accurate.

A total of 11 concrete core samples with a diameter of 150 mm were drilled at the
dam body, including 1 at the upstream face, 1 at the top of the dam and 9 at the downstream
face, and a total of 21 core samples were used for the compressive strength testing. The core
samples had dense concrete, uniform aggregate, good appearance quality, and no internal
defects, as shown in Figure 3.

Figure 3. Illustration of on-site core sampling.

2.3. Concrete Quality Inspection Results and Analysis of Corbel Beam Structure

A total of 21 core specimens were tested to determine the strength of the concrete
dam; the test pictures are shown in Figure 4 and the test results are shown in Table 2.
The minimum compressive strength value was 26.2 MPa and the maximum value was
55.4 MPa. According to the relevant specifications of the Technical Regulations for Testing
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Concrete Strength by Core Drilling Method (CECS 03-2017) [24], abnormal data are removed,
and reasonable data are processed according to the table coefficients. The upper and lower
limits of the presumed strength range are 33.6 MPa and 26.7 MPa.

Figure 4. Core testing of concrete strength.

Table 2. Compressive strength test results of core specimens.

Core Samples Corine Position Test Piece Core Sample Diameter Compressive Strength
Number 8 Number (mm) (MPa)

The left side of the first layer LQ-1-1 149.4 38.6
1 of the trestle bridge near the LQ-1-2 148.8 40.0
shoulder of the dam LQ-1-3 150.8 45.9

The middle of the first layer
2 of the trestle LQ-2-2 149.3 30.9
The right side of the first LQ-3-1 149.5 399
3 layer of the trestle bridge LQ-3-2 149.9 32.8
near the shoulder of the dam LQ-3-3 149.7 26.2
The right side of the second LQ-4-1 148.7 40.6
4 layer of the trestle bridge LQ-4-2 150.1 42.6
near the shoulder of the dam LQ-4-3 150.2 40.6
The middle of the second LQ-5-1 1504 409
5 layer of the trestle LQ-5-2 1504 405
LQ-5-3 150.8 43.5

The left side of the second
6 layer of the trestle bridge LQ-6 150.4 45.9
near the shoulder of the dam

LQ-7-1 150. 42.
The right side of the third Q 205 >
] LQ-7-2 150.3 454
7 layer of the trestle bridge LQ-7-3 150.4 419
near the shoulder of the dam LQ-7-4 150.3 494
8 The middle of the third layer LQ-8-1 150.3 48.4
of the trestle LQ-8-2 150.2 55.4
1 The top of the dam near the LO-11-1 1501 439

right shoulder

The static compressive elastic modulus of the concrete test was determined in accor-
dance with the Test Code for Hydraulic Concrete (SL352-2020) [25] in the test protocol for the
downstream face of the dam, the upstream face, and the top part of the core; each core
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sample was processed into a specimen with dimensions of ®150 x 300 mm. Six sets of tests
were conducted, as shown in Figure 5.

Figure 5. Static compressive elastic modulus test.

The static compressive modulus of elasticity takes the tangent of the stress from
0.5 MPa to 40% of the failure stress, and the calculation formula is shown in Formula (1):

Ao
Efr=—+1 1
F ™ Ac 000 M)
where:

E f—Static compressive elastic modulus, GPa;

Ao—Stress increase value from 0.5 MPa to 40% failure stress, MPa;
Ae—The strain increase value from the corresponding strain of 0.5 MPa to the correspond-
ing strain of 40% failure stress.

In the formula, stress o and strain ¢ are calculated according to Formulas (2) and (3):

o= % x 1000 2)
AL
€= L_o 3)
where:
P—Iload, kN;

A—The bearing area of the test piece, mm?;

AL—deformation value, mm;
Ly—Measuring the deformed gauge length, mm.

The elastic modulus tangents of the six groups of tests are shown in Figure 6. In
Figure 6, the horizontal axis is the strain value in the range from 0.5 MPa to 40% failure
stress, and the vertical axis is the corresponding stress value. The results are shown in
Table 3.



Appl. Sci. 2023,13, 7578

7 of 16

y = 42729x - 0.1048
R2 = 0.9983

e

1

L I I L

¥

= 39414x + 0.0043
R? = 0.9984

Pl

-~

-

~

0.0001 0.00015 0. 0002

0. 00025

0 0.00005 0.0001  0.00015 0.0002 0.00025  0.0003 0 0. 00005 0. 0003
(a) (b)
8 12
16 ¥ = 54079x + 0_2586 2 y = 43486x + 0.0901 /
- R2 = 0 Q987

14

R? = 0.9996

il

12

10

8 /
6 / 4
4 / /
’ / /
0 L s L L L L 0 L I L I L I}
0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0 0. 00005 0. 0001 0. 00015 0. 0002 0. 00025 0. 0003
(0 (d)
@ 49049x + 0. 8582 1
vy = x + 0.
” A P 1 v = 54035x + 0.8007 ~
/ RZ = 0.999 /
1o / 12 /
b / ’ /
i / 8 /
) / 6 /
i e ' el
P 4 2 7
. . . . . . .
—-0. 00005 0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0 0.00005 0. 0001 0. 00015 0. 0002 0.00025 0. 0003

(e)

()

Figure 6. The elastic modulus tangents test data. (a) The elastic modulus tangents of LQ-2-1. (b) The

elastic modulus tangents of LQ-6. (c) The elastic modulus tangents of LQ-9. (d) The elastic modulus

tangents of LQ-10. (e) The elastic modulus tangents of LQ-11-2. (f) The elastic modulus tangents of

LQ-11-3.

Table 3. Static compressive elastic modulus test results of dam concrete.

Core Samples Coring Position Specimen Number Modulus of Elasticity =~ Average Static Modulus
Number (GPa) (GPa)
The middle of the first layer
2 of the trestle LQ-21 427
The left side of the second
6 layer of the trestle bridge LQ-6 394 47.1
near the shoulder of the dam
The third layer of the trestle
9 bridge near the left shoulder LQ-9 54.1
of the dam
Upstream face near the left
10 shoulder of the dam LQ-10 43.5
The top of the dam near the LQ-11-2 49.0
B right shoulder LQ-11-3 54.0




Appl. Sci. 2023,13, 7578

8 of 16

The test results reveal that the minimum value of the static compressive elastic modu-
lus of the dam concrete is 39.4 GPa, the maximum value is 54.1 GPa, and the average value
is 47.1 GPa.

Based on the results of the core method test, it is clear that the mechanical properties
of concrete in this reservoir have been improved compared to the design values after more
than 40 years of operation, reaching the strength standard of C30 concrete, and the dam
concrete is of excellent quality. This may be due to the better temperature and humidity
conditions inside the concrete, resulting in a slow growth of the compressive strength as
the concrete ages [26,27].

3. Finite Element Simulation and Safety Review of the Corbel Beam of the Radial Gate
3.1. Load Calculation

At the normal storage level, the water pressure acting on the radial gate is transmitted
to the corbel beam through the supporting strut. According to Table 1, the hydrostatic
pressure at the normal storage level is Px = 1783.6 kN in the horizontal direction and
Py =946.9 kN in the vertical direction. Therefore, the stress transmitted by the strut can be
regarded as a thrust force of 2019.37 kN with an angle of 30.42° in the horizontal direction,
and as a uniform stress distributed in two 60 X 60 mm regions on the corbel beam, as
shown in Figure 7.

1000m
‘ N n‘r N
o y e
'\’29'04_,
- 7 ’ The corbel beam |© 7
> . - A //
2019.37kN~ —

5 I\" v N //

Figure 7. Schematic diagram of the force on the corbel beam of the outlet entrance.

3.2. Structural Safety Review Methods for Corbel Beams

Because of the cantilever structure of the corbel, its spatial stress state differs greatly
from that of the corbel beam, and the joint bearing structure formed by the corbel beam
and the gate pier has a load-bearing capacity that is much larger than that of the cantilever
structure. Thus, it is necessary to improve the code for review of the corbel in the Code for
Design of Hydraulic Concrete Structures (SL191-2008) to enable its use in the safety assessment
of the corbel beam.

To use the radial gate corbel beam of the gate pier local tension area crack control test
as an example, its crack control should meet the requirements of Formula (4).

When the gate pier is thrust by one side of the radial gate support:

_ 0.55f,bB

4
F =020 @

where Fy—calculated by the standard value of the load on the gate pier side of the radial
gate support thrust value (N); b—radial gate support width (mm); B—thickness of the gate
pier (mm); ep—distance between thrust force of radial gate support and the center line of
gate pier thickness (N); fix— standard value of concrete axial tensile strength (N/ mm?).
According to the specification, this review formula is derived from the model test.
Under the thrust exerted on one side of the gate pier near the radial gate support, cracks
appear perpendicular to the thrust direction at the junction of the support and the gate
pier, and develop along the thickness direction of the gate pier. The corbel crack resistance
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is related to the concrete tensile strength, the relative position of the support in the gate
pier, the effective distribution width of the support, the thickness of the gate pier, and the
stress state under different thrusts. Therefore, based on the safety review specification of
the corbel, this paper proposes two kinds of safety assessment methods for corbel beams
applicable to different types of reservoirs and conducts the comparative analysis.

(1) Safety assessment by theoretical mechanics method

The corbel crack resistance is related to the concrete tensile strength, the effective
distribution width of the support, and other factors, but according to the principle of safety
assessment, we can presume that the bending moment at the junction of the corbel beam
and gate pier has the greatest influence on the crack control in the local tensile area of the
gate pier. Therefore, we calculate the equivalent coefficient 2 according to the ratio of the
bending moment at the fixed end of the corbel beam gate pier and the bending moment of
the corbel in this section, and then include it in Formula (4) for calculation [28-30]. This
method is simple and suitable for the safety assessment of the corbel beam of the curved
gate of small projects with simple force conditions.

(2) Structural safety assessment of corbel beams by finite element simulation based on
real state

Method (2) is based on the safety inspection and test data for finite element simulation,
analyzing the stress distribution state of the corbel beam structure under the real state,
finding out the dangerous area of its stress concentration, and assessing the working state
of the corbel beam structure in combination with the field inspection. Then, the shear
force of the corbel beam structure subjected to the center point of the radial gate support
thrust at the cross-section is calculated and brought into equation (4) for calculation [31-33].
Finally, considering the field test data, simulation results analysis, and review calculation
results, an accurate safety assessment of the corbel beam structure is made. This method
is applicable to the safety review of the corbel beam of medium and large-scale reservoir
radial gates with complex force conditions.

3.3. Computational Model

Based on the two safety review methods proposed in the previous section, this paper
utilizes three models for calculation and analysis. Model 1 and model 2 are the theoretical
mechanical models of the corbel and corbel beam, and model 3 is the finite element
simulation model of the joint force structure of the corbel beam and the gate pier under the
real state.

(D Theoretical mechanical model of the corbel.

The corbel beam is considered as a protrusion from the fixed end of the side pier for
calculation purposes, with a disconnect at the middle. The length of the bull leg is 1.5 m.

According to Table 1, the horizontal hydrostatic pressure Px = 1783.6 kN, vertical
hydrostatic pressure Py = 946.9 kN, and the self-weight of the corbel beam is 44.1 kN. In
the theoretical mechanical model, its force is simplified to a thrust of 1998.62 kN at an angle
of 26.82° in the horizontal direction, i.e., the unilateral support strand strut F = 999.31 kN,
and the eccentricity is taken as the distance from the middle point of the supporting strut
to the middle point of the gate pier b = 950 mm.

The force sketch is shown in Figure 8.
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F=999.31kN

950mm

1500mm

Figure 8. Schematic diagram of the force on the corbel model.
The formula for calculating the bending moment is shown in Equation (5).
M =FI 5)

where:

F—The thrust force acting on the corbel, F = 999.31 kN;
[—The distance between the force point and the edge, | = 950 mm.

(@ Theoretical mechanical model of corbel beam.

The length of the corbel beam is taken as the distance between the midpoint of the
gate pier on both sides, L = 3000 mm, and the force is the same as the theoretical mechanical
model of the corbel, i.e., it is subjected to two support winch thrusts at 950 mm from the
midpoint of the gate pier on both sides, F = 999.31 kN.

The mechanics model is shown in Figure 9.

F=999.31kN F=999.31kN
950mm 1100mm 950mm
3000mm

Figure 9. Schematic diagram of the force on the corbel beam model.
The formula for calculating the fixed end bending moment is shown in Equation (6):
M = FI(1 —a) 6)

where:

F—The thrust force acting on the corbel beam, F = 999.31 kNN.
[—The distance between the force point and the midpoint of the gate pier on both sides,

I =950 mm.
a—a = I/L, L is the distance between the midpoint of the gate pier on both sides,
L = 3000 mm.

(® Finite element simulation of the joint force structure of the corbel beam and gate
pier in the real state.

The thickness of the gate pier in this model is 1 m, and the three dimensions of the
corbel beam are 0.8 x 1.2 x 2 m. Considering that the corbel beam and the gate pier
constitute a common force structure in the actual project, the gate pier in the 4 X 6 m area
near the corbel beam is modeled using finite element simulation, and the stress transmitted
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from the support strut is regarded as a thrust force of 2019.37 kN at an angle of 30.42° to
the horizontal direction, which is uniformly distributed in two 60 x 60 mm areas on the
corbel beam. Furthermore, the corbel beam is connected to the edge of the gate pier by
means of a fixed end. The mechanical parameters of the concrete are taken from the results
of the core drilling test, assuming it is an isotropic material, and the density is taken as
2300 kg/ m?3, the static modulus of elasticity is taken as 47.1 GPa, Poisson’s ratio is taken
as 0.18, the compressive strength is taken as 31.2 MPa, and the temperature is 22 °C. The
finite element meshes are mainly regular hexahedrons. Considering that the mesh size and
number may have an impact on the calculation results, the mesh sizes of 0.02, 0.04, 0.08, 0.1,
0.15, 0.2, and 0.5 were used for calculation, and it was found that the calculation results
were basically consistent when the mesh size was less than 0.2 m. Therefore, under the
premise of taking into account the calculation speed and calculation accuracy, the overall
mesh size was adjusted to 0.08 m, the mesh at the junction of the corbel beam and the pier
was encrypted, and the size was adjusted to 0.04 m. The model consists of 1,152,722 nodes
and 827,374 elements in total [34-38].
The modeling is shown in Figure 10.

Type: Total Deformation

Unit: m

Time: 1

20231215 11:25

0.00012075 Max
000010733

I

|| e0asse-s

|| 6705205

1 5368805

|| 4024505

Ll 268330-5

N 13416e-5
0Min

Figure 10. Model of the joint force structure of the corbel beam and gate pier.

3.4. Analysis of Calculation Results and Safety Review
(1) Safety assessment by theoretical mechanics method

Through theoretical calculation, it can be seen that the bending moment at the fixed
end of the corbel in model 1 is M = 949.34 kN.m; the bending moment at the fixed end of
the corbel beam in model 2 is M = 648.72 kN.m. This is because the corbel beam forms a
joint force structure with the gate pier, and its internal bending moment is much smaller
than that of the corbel cantilever structure. Thus, its ability to bear the supporting force
and other loads is much higher than that of the corbel. Therefore, the equivalent coefficient
a = 648.72/949.34 = 0.68 can be derived from the fixed end bending moment of model 1
and model 2, and brought into Formula (4) for calculation.

The calculation process and results are shown in Table 4. In Table 4, 0.55f;xbB/(eo/ep + 0.20)
represents the maximum allowable stress, and the safety of the project is determined ac-
cording to the comparison between the actual stress and this stress.

Based on the safety review of the structure, it is evident that the corbel beam structure
is in normal working condition and does not require any danger removal or reinforcement.

Due to the simple structure of the radial gate corbel beam of small projects, the effect of
stress concentration is not obvious, and this method can be directly used for safety review
under the premise that no obvious defects are found in the field inspection, which provides
the theoretical basis for the next step of the project to de-risk and strengthen.
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Table 4. Crack control test results in the local tension area of the gate pier (method (1)).

The Standard Value of Concrete Tensile Eccentric Distance of Thrust to Gate

b (mm) B (mm) Strength fy;, (N/mm?) Pier Thickness Centerline ¢y (mm)
800 1000 2.01 950
0.55f,bB Model 2 Equivalent standard value Fj L
0020 (kN) Security judgment result
769.04 679.53 Normal

(2) Structural safety assessment of corbel beams by finite element simulation based on
real states

The stress state of the joint stressed structure of the corbel beam and gate pier under the
real state is more complicated. In addition to the changes in concrete material parameters
and stress state, it is also necessary to consider the internal stresses generated by the
extrusion and deformation of concrete under the action of self-weight and the support strut
thrust. For reinforced concrete, we use the maximum tensile stress to analyze its stress
hazard region [39,40].

Subsequently, detailed post-processing of the equivalent force diagrams for the corbel
beam and the gate pier was conducted, as shown in Figure 11.

Type: Maximum Principal Strd ) .
Unit: Pa Type: Maximur Principal Stress
Unit Pa

Time: 1
20235617 18:56

6.5718e6 Max
5654568
4737485
3820168
2802985

1 88578
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1512785

-7 59565
1683266 Min

1.0685e6
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-7 559585
-1.6832e6 Min

Figure 11. Detail of the maximum tensile stress of the corbel beam and gate pier of the joint force
structure model.

From Figure 11, it can be seen that the corbel beam forms a stress concentration at the
connection of the gate pier under the action of the support strut thrust and self-weight, and
the stress state is symmetrically distributed along the midpoint of the corbel beam. For
the gate pier, the stress in the area connecting with the beam is relatively large, and the
stress concentration area is mainly in the first half of the thrust side of the beam. For the
gate pier, the stress in the area connecting with the beam is relatively large, and the stress
concentration area is mainly in the first half of the thrust side of the beam. The remaining
portion of the gate pier is solely influenced by gravity, resulting in an even distribution of
stress and no safety risk associated with stress concentration.

It should be noted that the probe annotation shows that the most dangerous part of
the joint stressed structure of the corbel beam and gate pier in this project is at the midpoint
of the connection part of the gate pier where the corbel beam is subject to the support
strut thrust surface. Once the cracks appear here, deep cracks may be generated with the
stress concentration, thus affecting the safety of the overall structure. Combined with the
site inspection, the surface of the corbel beam structure appears intact, with no signs of
reinforcement corrosion or cracks and defects in the stress concentration area. Thus, the
working condition of the corbel beam structure can be judged to be normal.

Then, the corbel beam structure was reviewed for safety, and the nodal force at the
cross-section (950 mm from the midpoint of the gate pier) where the corbel beam was
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subjected to the center point of the support strut thrust was calculated, and then the shear
force was calculated by integration, as shown in Table 5.

Table 5. The shear force of the cross-section where the center point of the corbel beam structure is
stressed.

Fx (kN) Fy (kN) F (Shear Force) (kN)
451.44 271.73 526.91

Then the shear force is brought into Equation (4) for calculation, and the calculation
process and results are shown in Table 6.

Table 6. Crack control test results in the local tension area of the gate pier (method (2)).

The Standard Value of Concrete Tensile = The Eccentricity of Thrust to Gate

b (mm) B (mm) Strength fy. (N/mm?) Pier Thickness Centerline ¢y (mm)
800 1000 2.01 950
9:(? if(')ksg Model 4 standard value Fy (kN) Security judgment result
9 +o.
769.04 526.91 Normal

Finally, considering the site inspection data, the stress analysis of finite element simu-
lation, and the results of the review calculation, the surface of the corbel beam structure of
this reservoir is intact, no corrosion of reinforcement has occurred, no cracks are found in
the stress concentration area, and the results of review calculation are in accordance with
the specification, so it can be judged that the corbel beam structure of this reservoir has
good engineering quality and operates normally, and there is no need to carry out danger
removal and reinforcement.

Method (2) requires experimental analysis of the concrete performance of the corbel
beam structure, finite element simulation to be carried out based on the experimental data,
the stress distribution to be analyzed under the real state, and then the review calculation
to be carried out. The process is more complicated, but the real working state of the corbel
beam structure can be accurately evaluated, and then the targeted danger removal and
reinforcement can be carried out, which is suitable for the safety assessment of large and
medium-scale reservoirs with a complex stress state.

The current calculation method for the corbel beam safety review is to disconnect the
corbel beam from the middle and treat it as a corbel for review calculation. Therefore, the
calculation results of the current method are compared with the two methods proposed in
this paper, as shown in Figure 12:

Calculation result/kN

1200
1000
800
600

400

Structural internal force

200

The current method method (1) method (2) safety limit

Calculation method and safety limit

Figure 12. Comparison of the results of different calculation methods.
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Figure 12 illustrates that method (1) yields a calculation result 32% lower than that
of the current method, while method (2) yields a result 47% lower than that of the current
method. Furthermore, the current method exceeds the safety limit. This discrepancy
demonstrates that the combined force structure of the corbel beam and gate pier possesses
significantly higher load-bearing capacity than the corbel’s cantilever structure. If the
calculation is performed using the current method, it may lead to a misjudgment that
the project fails to meet the safety assessment specifications, which will affect the danger
removal and reinforcement.

The safety inspection information shows that this reservoir sand discharge vent has
good appearance quality after more than 40 years of operation, no cracks or concrete
breakage are evident, and the strength meets the requirements. The operation conditions
are consistent with the evaluation results, which proves that the two safety evaluation
methods for corbel beam structures proposed above are in line with actual projects, and can
be used in safety evaluation to replace the current review method, providing a theoretical
basis for the reinforcement of similar projects.

4. Conclusions

Concrete corbel beams are extensively employed as support structures for radial
gates in large and medium-sized reservoirs. However, it has been observed that the
current design code in China lacks an appropriate safety assessment method for corbel
beams of radial gates. Utilizing the corbel assessment method in this context may lead to
misjudgments regarding the working condition of corbel beams, consequently impacting
subsequent safety assessments and danger removal and reinforcement.

Therefore, in order to make an accurate safety assessment of the corbel beam, this
paper takes the corbel beam reinforcement project of a medium-sized reservoir radial gate
in Beijing as an example. Through on-site inspection and a core drilling test, the results
show that the concrete strength is good, and it has been improved compared with the
design value. Then, combined with the Code for Design of Hydraulic Concrete Structures
(SL191-2008), the theoretical mechanical safety assessment method applied to small-scale
projects and the finite element simulation safety assessment method applied to large and
medium-scale projects were proposed, and three calculation models were established with
the safety inspection test data. Through the calculation results of the three models, the
stress distribution of the corbel and the joint stress structure of the corbel beam and gate
pier were compared and analyzed, and finally, combined with the field inspection test data,
stress distribution analysis, and safety review results, it was judged that the working state
of the corbel beam structure of this project is normal and the operation meets the design
requirements. The current safety assessment method and the calculation results of the two
methods proposed in this paper were then compared and analyzed, thereby proving the
rationality of the corbel beam safety assessment method proposed in this paper. These
methods can be used to replace the current calculation method for safety assessment and
provide a theoretical basis for the removal of dangers and reinforcement of similar projects.

Since the corbel safety assessment method proposed in this paper is based on the
inadequacies of existing codes, it is used to make up for the lack of a theoretical basis for
corbel beam safety review in actual engineering. Therefore, as relevant research progresses
and relevant specifications improve, further analysis and research can be conducted on the
stress distribution of corbel beams, taking into account water level changes and concrete
aging damage models. This will enable the formulation of more comprehensive safety
assessment specifications for widespread adoption and application.
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