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ABSTRACT

To study the stress and deformation characteristics of Jigongzui U-shaped thin shell
aqueduct structure, shell element in ANSYS is proposed to establish the three-dimensional finite
element model of the aqueduct for numerical calculation, and the relevant mechanical parameters
are obtained by detecting the depth of concrete carbonization. The simulated results show that: (1)
The concrete carbonization depth of Jigongzui aqueduct reached 20mm, accounting for about 20%
of the total thickness of the channel wall; (2) With the increase of aqueduct water level, the
deformation and stress of the aqueduct body gradually increase. The maximum deflection in the
middle of the span is 6.98mm, which is less than the limit value of the specification, but the tension
in some areas at the bottom of the middle of the span is obvious, exceeding the allowable tensile
strength. It is suggested to strengthen the aqueduct body by pasting high-performance fiber
materials to improve the stress distribution of the aqueduct body; (3) Shell element has fast
calculation speed and high efficiency when simulating similar U-shaped thin shell aqueduct, which
can be popularized in simulating similar thin shell structures.
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INTRODUCTION

The reinforced concrete U-shaped thin shell agueduct in Jigongzui aqueduct has been in
operation for 53 years since its construction completed in 1968, exceeding the requirement of 50
years of reasonable service life specified in the code for design of reasonable service life and
durability of water resources and hydropower projects (SL 654-2014) [1], and limited by the
conditions of the time, the design standard is low and the construction quality is poor. After years of
operation and natural aging, due to environmental erosion, natural disasters and other problems,
concrete structures have different degrees of wear, aging, cracking and corrosion. Therefore, it is
particularly important to evaluate the stress-strain characteristics of the aqueduct after many years
of operation.

Liu Tao [2] carried out water filling test and bearing capacity safety evaluation of Kizi River
rectangular aqueduct by using finite element method, and revealed the variation law of deflection
and strain of aqueduct under various water loads; Liu Xiaojuan [3] established a typical U-shaped
aqueduct of Xinnan main canal by using the solid element solid 65 of ANSYS, and studied the
stress and deformation state of the U-shaped aqueduct structure under different operating
conditions. The results accord with the general law; Huang Junbao [4] used three-dimensional
laser scanning technology to copy the real scene of the aqueduct, established a three-dimensional
point cloud model of the aqueduct, and evaluated the safety of the aqueduct as a whole; Xia
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Fuzhou [5] put forward the index system and method of safety evaluation of beam aqueduct
structure, and then formulated the safety grade scoring standard of aqueduct structure.

At present, the safety evaluation of the existing aqueduct structure is mainly based on on-
site detection, theoretical calculation and finite element analysis. Among them, the aqueduct is
often regarded as a simply supported beam structure in theoretical calculation, and the typical
section is selected for analysis, so it is difficult to comprehensively study the stress and
deformation characteristics of the aqueduct structure as a whole [6-8]. The finite element
calculation can reconstruct the three-dimensional model, and objectively reflect the deformation
and mechanical characteristics of each part of the aqueduct engineering structure by applying
various external loads. It has certain advantages in the safety evaluation of the aqueduct structure.
Based on the existing finite element analysis results of aqueduct, most studies use solid element
modelling and meshing for numerical calculation. When the aqueduct span is long and the
accuracy requirements are high, tens of thousands or even hundreds of thousands of meshes will
be generated, which will greatly reduce the calculation efficiency.

In view of this, aiming at the characteristic attribute of thin wall of Jigongzui U-shaped thin
shell agueduct project, this paper proposes to use shell 181 shell element for modelling and carry
out finite element simulation analysis and calculation, so as to reduce the number of grids and
improve the calculation efficiency. At the same time, it explores the current health status of
Jigongzui U-shaped thin shell aqueduct and puts forward corresponding reinforcement measures,
The purpose is to ensure the safe operation of aqueduct structure engineering.

PROJECT OVERVIEW

Jigongzui aqueduct is located in Sanxing Town, Shuangliu District, Chengdu of China, with
a design flow of 15.2m%s. The corresponding water depth is 2.6m, the trough body type is
reinforced concrete U-shaped thin shell, and the support form is reinforced concrete bent. The
maximum span of the aqueduct body is 16m, and the gradient in the trough is 1/1200. It was built
in 1968. Groove body depth: the measured groove depth is 280cm, the net width is 400cm, and the
depth width ratio of groove body is 0.7. Typical cross-sectional structural dimensions of Jigongzui
agueduct: thickness of trough wall t is 0.1m, inner diameter of trough shell RO is 2.00 m, height of
straight section f is 0.80m, net spacing of tie rods 2m, height of tie rods H1 is 0.2m and width of tie
rods bl is 0.2m. Figure 1 shows the current situation of Jigongzui U-shaped thin shell aqueduct
project of Dongfeng canal in Sichuan Province of China.

Fig.1 — Current situation of Jigongzui U-shaped thin shell aqueduct project

MATERIALS AND METHODS

As the Jigongzui aqueduct in this case is a thin shell aqueduct designed to save the amount
of concrete, the thickness of the aqueduct body is only 0.1m, while the middle span of the
aqueduct reaches 16m, which is a typical one-layer "thin shell* structure. Therefore, to improve the
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calculation efficiency, shell element 181 in ANSYS finite element software is used for modelling,
calculation and analysis.

Shell 181 element is suitable for analyzing thin to medium thickness shell structures. It is a
4-node element with 6 degrees of freedom per node: displacement degrees of freedom in the X, y,
and z directions, and rotational degrees of freedom around the X, Y, and Z axes. (If the membrane
option is applied, the unit will only have a degree of freedom of movement.). The degenerate
triangle option is only used when meshing the cell as a filling cell. Shell element is also very
suitable for linear, large rotation angle and large strain nonlinear applications. It supports complete
and reduced integration methods in the element range. The coordinate system is shown in Figure
2 below. The element is defined by four nodes I, J, K and L. the expression of the element is
through logarithmic strain and real stress. The thickness and other information can be defined
through the definition of real constant or section. The real constant option is only used for single-
layer shells [9-11].

Fig. 2 — Geometric coordinate system of shell 181 shell element

Moreover, the change in shell thickness is to accommodate non-linear analysis. Within the
application range of this element, both complete integration and reduced order integration are
applicable. The Shell 181 element illustrates the effect of the following (load stiffness) distribution
of pressure. The Shell 181 element can be applied to modelling materials of multi-layer structures,
such as composite laminated shells or sandwich structures. In the modelling process of composite
shells, the accuracy depends on the first shear deformation theory. Shell 181 uses the non-
conforming mode method to improve the accuracy of the deflection governing problem, and its
accuracy of calculating deformation has been verified in some cases through the Ansys tutorial.

Due to the problems of Jigongzui aqueduct after years of operation and natural aging,
environmental erosion and natural disasters, the concrete structure has different degrees of wear,
aging, cracking and corrosion. The carbonization depth detection of the body of Jigongzui
aqueduct is carried out, as shown in Figure 3. The carbonation depth of concrete outside the tank
body is basically more than 10mm, and the carbonation depth of concrete inside the tank body is
between 5mm and 10mm. The total carbonation depth accounts for about 20% of the tank body
thickness (0.1m). The calculated value of concrete strength grade meets the concrete C25 strength
grade required by the specification. After inquiry, the reinforcement ratio of this project is about 5%,
and the relevant parameters are shown in Table 1.
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Fig. 3 — Detection of carbonization depth of Jigongzui aqueduct body

Tab.1 - Mechanical parameters of reinforced concrete for groove body and tie rod structure

Concrete Standard value of{Standard value of[Elastic Poisson's
strenath arade Density (KN/m3) axial tensilejaxial compressiveModulus )
gihg strength (N/mm?2) |strength (N/mm?2) 104N/mm2 |ratio
C25 25 1.78 16.7 2.8 0.167
weight /m
, , Design value ofDesign value  ofElastic Poisson's
S]:[rer)gfth grade (kg, D is the diameteriengjle  strengthicompressive strengthModulus _
of reinforcement of reinforcement bar, (N/mm?2) (N/mm2) 104N/mm2 |ratio
mm )
HPB235 0.00617D2 210 210 21 0.3

Equivalent treatment of aqueduct reinforced concrete: the agueduct body structure is
composed of materials with different material properties and different mechanical properties. The
material properties of reinforcement bar and concrete are calculated as a whole, and the structures
with different materials and heterogeneity are transformed into homogeneous model structures [12-
14]. Then according to the longitudinal deformation coordination conditions:

AcsEcs=AcEc+AsEs -«

Where Ecs and Acs equivalent elastic modulus and equivalent area of reinforced concrete; Ec and
Ac - elastic modulus and area of concrete; Es and As - elastic modulus and area of reinforcement
bar.

Since the carbonation depth of the aqueduct accounts for about 20% of the thickness of the
aqueduct body, the parameters of the aqueduct are reduced by 20% in the analysis. After
calculation, the current comprehensive elastic modulus of Jigongzui U-shaped aqueduct is E =
2.97 x 1010pa, Poisson's ratio is 0.2.

This paper focuses on the stress and deformation characteristics of the whole body of
Jigongzui U-shaped thin shell agueduct project. Therefore, ANSYS R19.0 is adopted to establish
the aqueduct model by shell element is shown in Figure 4. The 9 horizontal tie rods at the upper
part are simulated by beam188 element, with a length x Width (0.2m x 0.2m), and corresponding
mechanical parameters are given at the same time. According to the aqueduct safety evaluation
report, the mechanical effect in the midspan of the aqueduct is the most obvious. To facilitate the
analysis of the stress-strain characteristics in the midspan under different working conditions, and
the aqueduct is a left-right symmetrical structure, three points a, B and C at different heights on
one side of the midspan cross section are selected as the monitoring points, and the node labels
are 567, 2495 and 2168 respectively. The point distribution is shown in the figure below. To solve
the linear contact problem between different elements, multipoint constraint (MPC) method is
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selected to realize the degree of freedom coupling between contact node elements. The node
elements at both ends of the aqueduct are subject to longitudinal (Z-direction) constraints, which
can carry out transverse and vertical deformation. The structural elements at the bottom of both
ends are fixed boundaries, which are constrained in X, Y and Z directions.

Fig. 4 — Three dimensional finite element model of Jigongzui aqueduct

The working conditions of calculation and analysis are defined as three categories: (1)
Empty tank under gravity; (2) Water depth of the half trough under the action of gravity (water
depth 1.4m); (3) Full tank depth under gravity (water depth 2.8m). Other external loads, such as
crowd load and wind load, are not considered in this analysis. The water pressure inside the
agueduct is a triangular load perpendicular to the action surface. Sfgrad and SF are applied inside
the aqueduct through the surface load pressure gradient APDL command, and the gravity
acceleration g is 9.81N/kg.

RESULTS ANALYSIS
Deformation Analysis

When the aqueduct is empty without water, after long-term deformation, and the initial
displacement of aqueduct will be reset to zero during water filling calculation. Then the water
pressure gradient loads of half tank depth (water depth 1.4m) and full tank depth (water depth
2.8m) are applied to the model, and the displacement nephogram of the aqueduct structure under
two different water depth conditions is obtained through numerical simulation calculation, as shown
in Figure 5 and Figure 6, including horizontal transverse channel displacement Ux, vertical
displacement Uy, longitudinal along channel displacement Uz and comprehensive displacement
Usum.

The analysis shows that when the Jigongzui U-shaped aqueduct is in half tank water depth
(water depth 1.4m), the transverse displacement Ux of the aqueduct is symmetrically distributed,
and the wall shell of the aqueduct body tends to expand outward in the middle of the span, but the
total transverse deformation is very small, and the maximum value is only 0.83mm. The vertical
displacement Uy in the gravity direction shows that the main vertical deformation area is located at
the bottom of the middle span of the aqueduct, the direction is vertical downward, decreases to the
longitudinal ends gradually, and the maximum vertical displacement is 3.15mm. In the longitudinal
direction of the aqueduct, the longitudinal displacement Uz is mainly distributed in the upper part of
both ends of the aqueduct close to the pull rod, and the direction is deformed towards the middle of
the span, but the total longitudinal deformation of the aqueduct is also very small, and the
maximum value is only 0.86mm. The displacements in the three directions are synthesized into
Usum. The comprehensive displacement nephogram is basically consistent with the vertical
displacement uy. The obvious deformation area is located at the bottom of the mid span trough
body and gradually decreases to both sides, with the maximum value of 3.15mm.
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Fig. 5 — Displacement nephogram of Jigongzui aqueduct with water depth of 1.4m
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Fig. 6 — Displacement nephogram of Jigongzui aqueduct with water depth of 2.8m
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When the Jigongzui U-shaped aqueduct is filled with water to the full depth of 2.8m, the
transverse displacement Ux of the aqueduct is symmetrically distributed, and the wall shell of the
aqueduct body tends to expand further outward in the middle of the span. The total transverse
deformation is slightly larger than that when the water depth is 1.4m, and the maximum value is
1.60mm. The vertical displacement Uy in the gravity direction shows that the main vertical
deformation area is located on both sides of the middle span of the aqueduct. The direction is
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vertical downward and gradually decreases to both longitudinal ends. The maximum vertical
displacement is 6.97mm, which is more than twice that when the water depth is 1.4m (3.15mm); In
the longitudinal direction of the aqueduct, the displacement Uz along the aqueduct is mainly
distributed in the upper part of both ends of the aqueduct close to the pull rod, and the direction is
towards the middle of the span and deformed. The total longitudinal deformation of the aqueduct
increases compared with the water depth of 1.4m, and the maximum value reaches 2.51mm. The
comprehensive displacement Usum cloud diagram is basically consistent with the vertical
displacement Uy. The obvious deformation area is located on both sides of the mid span groove
body, and decreases to both sides gradually, with the maximum value of 6.98mm, which is 121%
higher than 3.15mm when the water depth is 1.4m. It shows that the vertical displacement in the
middle of the span of Jigongzui U-shaped aqueduct is the most obvious after it is filled with water.
According to the relevant provisions of article in the code for design of hydraulic concrete
structures [15], when the calculated span is greater than 10m, the deflection limit value of flexural
members shall not exceed 10/600. If the span of Jigongzui aqueduct is 16m, the deflection limit
value is 26mm, and the deflection value does not exceed the limit value when it is full of water
depth, and there is enough safety reserve. It is considered that the numerical calculation results of
deflection meet the requirements of the specification.

Stress Analysis

Figure 7, 8 and 9 respectively show the stress distribution diagram under the three working
conditions of empty groove, half groove water depth (water depth 1.4m) and full groove water
depth (water depth 2.8m), including the first principal stress o1, third principal stress 03 and von
Mises stress. With the first major principal stress o1 as an example, when the slot is empty, the
bottom of the middle span of the slot body is tensioned, and the maximum value at point C (node
No. 2168) is 0.79MPa. When the water is filled to 1.4m, the first principal stress at point C
increased to 1.89MPa and the aqueduct is filled with water to 2.8m, the first principal stress at point
C increased to 4.98MPa, and the tensile area at the bottom of the middle span of the groove body
is increased. It shows that when the tank is full of water depth, the tension at the bottom of the
middle span of the tank body is obvious, and the local tensile stress exceeds the tensile strength of
the concrete, which will lead to local tensile failure. The distribution range and variation trend of
normal form equivalent stress are basically consistent with the first principal stress.

ANSYS ANSYS ANSYS
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Fig. 7 — Stress distribution of Jigongzui aqueduct in empty state
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Fig. 8 — Stress distribution of 1.4m deep Jigongzui aqueduct (half trough depth)

ANSYS

@ DOI 10.14311/CEJ.2023.02.0011 143



Article no. 11

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2023
JOURNAL
= -
@) ot ®b) o3 (c) Von Misses stress

Fig. 9 — Stress distribution of Jigongzui aqueduct with water depth of 2.8m (full water depth)

Von Mises stress diagram can clearly describe the distribution of stress in the whole model,
so as to quickly determine the most dangerous area in the model. Figure 10 indicates the normal
form equivalent stress of the three monitoring points in the cross section of the middle span of the
structure of Jigongzui aqueduct. It is found that with the increase of the internal water depth of the
aqueduct, the normal form equivalent stress values of the three monitoring points also gradually
increase, and the value of point a is the largest. However, it can be seen from (c) in Figure 7 ~
Figure 9 that this is the stress concentration phenomenon between the tie rod and the trough wall,
and the distribution range is very small. Point B in the middle increases from 0.47MPa to 3.09MPa,
while point C at the bottom increases from 0.69MPa to 4.44MPa. Therefore, it can be determined
that the most dangerous area after the aqueduct is filled with water is located at the bottom of the
span. It is necessary to take corresponding reinforcement measures to improve the stress
distribution at the bottom of the aqueduct, such as pasting high-performance fiber materials carbon
fiber cloth and carbon fiber board at the corresponding positions, so as to improve the longitudinal
bearing capacity of the aqueduct body and ensure the normal operation of the aqueduct
engineering structure.

Von Mises Stress/MPa

I I 1 I |
0.5 1.0 15 2.0 25 3.0

S = N W kA L A N 0 O

Water depth in aqueduct/m
Fig. 10 — Von Mises stress at mid monitoring point of Jigongzui agueduct under multiple working
conditions

CONCLUSIONS

Taking the Jigongzui U-shaped thin shell aqueduct in Dujiangyan Irrigation Area in service
as an example, the carbonation depth of the aqueduct is measured on site, and the shell element
is proposed to establish the three-dimensional finite element model of the aqueduct engineering
structure. The stress and deformation characteristics of the aqueduct under the three working
conditions of empty slot, half slot water depth (water depth 1.4m) and full slot water depth (water
depth 2.8m) are analyzed quantitatively. The following conclusions are obtained for reference.
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(2) The carbonation depth of concrete outside the tank body is basically more than 10mm, and
the carbonation depth of concrete inside the tank body is between 5mm and 10mm. The total
carbonation depth accounts for about 20% of the total thickness of the tank wall.

(2) With the increase of aqueduct water level, the deformation of aqueduct body gradually
increases, mainly vertical deformation. When the tank is full of water depth, the deflection value
does not exceed the limit value, and the deflection calculation results meet the requirements of
code for design of hydraulic concrete structures.

3) With the increase of aqueduct water level, the stress of aqueduct body increases gradually.
When the groove is full of water depth, the tensile area at the bottom of the midspan tends to
expand, and the tensile stress in some areas exceeds the tensile strength of concrete, so there is
the possibility of tensile failure. It is necessary to take some reinforcement measures at the bottom
of the aqueduct body to improve the longitudinal bearing capacity of the aqueduct body and ensure
the normal operation of the aqueduct structure.

4) Compared with the traditional three-dimensional solid element structure, using shell
element 181 to simulate U-shaped thin shell aqueduct has faster calculation speed and higher
efficiency. It has certain advantages in the safety evaluation of similar thin shell aqueduct
structures, and can be applied and popularized.

This paper only analyzes and discusses the current situation of Jigongzui U-shaped thin
shell aqueduct. Combined with the safety evaluation report, it is found that there are certain
potential safety hazards in the aqueduct engineering structure, and puts forward the way of pasting
high-performance fiber materials for reinforcement. In the future work, the reinforcement effect of
the modification scheme will be further studied.
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