Hindawi

Advances in Civil Engineering

Volume 2022, Article ID 3075834, 10 pages
https://doi.org/10.1155/2022/3075834

Research Article

@ Hindawi

Research on the Deformation Characteristics of Pressure Culvert

Linings Based on Monitoring

Liang ]ingwei,l Wang Xiang,l Cao Lei®,% and Jiang Chu'

"Hunan Institute of Water Resources and Hydropower Research, Changsha 410007, China
2School of Water Resources and Hydropower, Hunan Polytechnic of Water Resources and Electric Power,

Changsha 410131, China

Correspondence should be addressed to Cao Lei; 815172232@qq.com

Received 24 December 2021; Accepted 15 January 2022; Published 18 February 2022

Academic Editor: Yu Liang

Copyright © 2022 Liang Jingwei et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

It is of great significance to study the deformation characteristics of the lining of a long-distance pressure culvert. The lining of a
pressure culvert has the characteristics of strong concealment and remarkable influence on the whole performance. The existing
research on deformation characteristics mostly adopts nondestructive detection, and the accuracy is restricted by many factors. In
this paper, the lining of a pressure culvert is taken as the research object, and in situ tests of the structure are carried out and
numerical simulations are conducted. Based on field monitoring data, the mechanical and deformation responses of the lining
structure under external water and earth pressure are analyzed. On this basis, the finite element method is used to establish a three-
dimensional finite element model, which further analyzes the deformation and mechanical characteristics of the lining structure
under different conditions of internal water pressure, geological conditions, and internal water pressure alongside geological
conditions. Therefore, theoretical guidance and technical support for the lining structure design of long-distance pressurized

water delivery culverts are provided.

1. Introduction

With the rapid development of the urban economy, the
problem of urban water use is becoming increasingly seri-
ous. To solve this problem effectively, the transregional water
transfer project is a flexible and reliable solution, and the
pressure culvert is a common hydraulic structure in water
diversion projects [1-3]. The safety performance of water
delivery culverts depends on the quality of the lining to a
great extent [4-6]. Therefore, it is necessary to evaluate the
lining quality of long-distance pressure culverts.

In engineering practice, there are many methods to
evaluate the lining quality of long-distance pressure culverts.
One such treatment method is nondestructive testing which
is an effective and widely used method to ensure the safety of
tunnel, such as the ground penetrating radar (GPR) [7-9],
the multichannel analysis of surface waves (MASW) [10, 11],
the infrared thermography (IRT) [12-15], and the Rayleigh
waves [16]. However, the results of nondestructive testing

were different from the reality results in some special
stratum conditions, and this illustrated that the method of
nondestructive testing also presents some limitations. Al-
though some engineers have found that some advanced
equipment can help mitigate these problems, the higher cost
of equipment and complex operation process make it dif-
ficult to popularize and apply. It is therefore of great en-
gineering interest and necessity to find a new method which
not only has superior performance to ensure the accuracy of
the test results but also is less expensive and easy to operate.

This paper takes the lining of a pressure water con-
veyance culvert as the research object. As a typical case, a
pressure culvert of a water supply project is selected to carry
out structural in situ tests and numerical simulations. Based
on the field monitoring data, the mechanical and defor-
mation responses of the lining structure under external
water and earth pressure are analyzed. On this basis, the
finite element method is used to establish a three-dimen-
sional finite element model, by which further analysis of the
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deformation and mechanical characteristics of the lining
structure under the conditions of different internal water
pressure and geological conditions plus internal water
pressure is carried out.

2. General Situation of a Water Supply Project

The diameter of the pressure culvert of a main trunk line for
a water supply project is 5.1 m, the landform is the undu-
lating platform and hill, the topography is high and low, the
peak and valley are distributed alternately perpendicular to
the line, there are two shallow river valleys and two gullies on
the water delivery line, the buried depth ranges from 7 m to
18 m, and the geological conditions of the overburden are
mainly clay, mucky clay, and sandy gravel clay. To avoid the
alternation of a double pipe and a single hole, a pipe with a
5.1m inner diameter should be chosen, and the internal
water pressure of these four pipes is 0.5 to 0.55MPa. At
present, the maximum internal diameter of PCCP pipe used
in China is 4.0 m, which is the culvert pipe project of South-
North Water Transfer Project. There is no engineering ex-
ample in our country for PCCP pipe with 5.1 m inner di-
ameter, and the equipment used to transport such large size
whole precast culvert pipe depends on importing it, with the
whole technology lacking and the uncertainty being too
high. Therefore, the use of cast-in-place prestressed culverts
in a project site with the corresponding implementation of
all aspects and conditions is a practical method.

The maximum difficulty coeflicient of cast-in-place
prestressed culverts is 280.5, and the maximum depth of soil
cover is 18 m. The total length of the prestressed culvert is
2265m, the inner diameter is 5.1 m, and the round arch
vertical wall is adopted outside. Top and sidewall thickness is
0.45m, the bottom thickness is 0.8 m, and a high-strength
nonbonding low-relaxation steel strand to provide culvert
prestressed is used. The practical application of 5.1 m large-
scale cast-in-place concrete prestressed culverts is rare in
China and is one of the major technical problems in the
entire water supply project.

3. Deformation Response of the Lining
Structure under Stress Based on Monitoring

To understand the deformation characteristics of the anchor
steel strand, an anchor cable dynamometer, a fully dis-
tributed optical fiber, and a magnetic flux sensor were in-
stalled at different section positions of the culvert, and real-
time monitoring of the tension effect on the prestressed steel
strand was performed under three working conditions:
pressure water (culvert water pressure gradually increased to
0.602 MPa), filling soil, and pressure water after soil filling
(culvert water pressure gradually increased to 0.56 MPa).

3.1. Tension Effect of Prestressed Steel Strand under Water
Pressure

3.1.1. Monitoring Situation of Anchor Cable Dynamometer.
In the process of the water pressure test, the whole curve of 3
pairs (6 pieces) of anchor cable dynamometer with different
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sections of culvert pipe (sections 1 and 2) is shown in
Figure 1. The test result of the anchor cable dynamometer
shows that the water pressure of the culvert pipe increases
gradually to 60.2 m head, and there is no obvious change in
the prestress value of the anchorage end of the steel strand.

3.1.2. Monitoring of Fiber Bragg Grating Intelligent Steel
Strands. During the water pressure test, valid data were
detected on the ZGD1 and ZGD2 fiber smart steel strands at
sections land 2 (Figure 2). The variation of prestressed steel
strand increases with the increase of water head; the vari-
ation of tension prestress of steel strand from the upper part
to the top of culvert pipe is larger than that of other parts,
and the maximum value of section 1 is approximately
3.54kN, and that of section 2 is approximately 10.2kN.
Generally, the tension of prestressed steel strands changes
slightly.

3.1.3. Magnetic Flux Sensor Test Results. One cycle of (16)
magnetic flux sensors was arranged, and the variation law of
the effective tensioning prestress along the circumference of
the steel strand under different water pressures was moni-
tored. As shown in Figure 3, with increasing internal water
pressure, the effective tension on the steel strand changes
slightly. The effective tension curves of the 16.3 m and 60.2 m
heads are basically matching. Compared with the curve
when 100% tension was just reached, the effective prestress
value of the steel strand at the bottom of the culvert pipe
decreased greatly, while the effective prestress value of the
steel strand above the middle of the culvert pipe decreased
relatively slightly after approximately 4 months. As shown in
Figure 4, under the condition of a 60.2 m water head, the
effective prestress value of the steel strand along the cir-
cumferential path of the culvert pipe is small, and the tension
increases to a maximum gradually along the path to the
middle and upper parts of the culvert pipe. Then, along the
path to the top of the culvert pipe, the tension gradually
decreases to the minimum, and the variation law of the
effective tension prestress basically shows the M-shaped law
of left and right axis symmetry. The maximum effective
tension at the lower part of the culvert is 112.0kN, and the
minimum effective tension at the top of the culvert is
84.6 kN.

3.2. Tension Effect of Prestressed Steel Strands under Soil Filling
Conditions

3.2.1. Test Results of Anchor Cable Dynamometer. During
the filling test, there are 3 pairs (6 pieces) of anchor cable
dynamometers, among which the no. 1 anchor cable dy-
namometer can monitor the corresponding data, and its
entire curve is shown in Figure 5. The test results of the
anchor cable dynamometer show that the tensile prestress
value of the anchor end of the steel strand basically does not
change during the filling process of the prestressed culvert

pipe.
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FIGURE 1: Test result curve of the anchor cable dynamometer in the water pressure test: (a) section 1; (b) section 2.
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FIGURE 2: Test result curve of the distributed fiber intelligent steel strands during the section water pressure test: (a) section 1; (b) section 2.

3.2.2. Magnetic Flux Sensor Test Results. One ring (16 sen-
sors) of magnetic flux was arranged to monitor the variation
law of the effective prestressing force of the steel strand at
different locations along the circumference under earth
pressure after the filling is completed. As shown in Figure 6,
the effective tension on the steel strand under the upper 13 m
overburden pressure has no obvious change and basically
matches the effective tension curve under the conditions of
16.3m and 60.2m head. Compared to the curve that just
reached maximum tension, the effective prestressed value of
the steel strand at the bottom of the culvert pipe decreases

greatly, while the effective prestress value of the steel strand
above the middle of the culvert pipe decreases relatively
slightly. As shown in Figure 7, after the filling is completed,
the effective prestress value of the steel strand along the
circumferential path of the culvert pipe is small, and the
tension increases to a maximum (115.0kN) gradually along
the path to the middle and upper parts of the culvert pipe.
Then, along the path to the top of the culvert pipe, the tension
gradually decreases to the minimum (94.3kN), and the
variation law of the effective tension prestress basically shows
the M-shaped law of left and right axis symmetry.
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FIGURE 4: Water head test curve at 60.2 m in the water pressure test
of the magnetic flux sensor (kN).
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FIGURE 5: Test result curve of the anchor cable dynamometer in the
soil filling test.
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FIGURE 7: Test curve of the magnetic fluxsensor after soil filling
(kN).

3.3. Tension Effect of Prestressed Steel Strand under Water
Pressure after Filling

3.3.1. Test Results of Anchor Cable Dynamometer. In the
process of the water pressure test after filling, the whole
curve of 3 pairs (6 pieces) of anchor cable dynamometers of
different sections is shown in Figure 8. The test results of the
anchor cable dynamometer show that during the process of
water pressure of the culvert pipe, it gradually increased to a
56 m head after filling, and the tensile prestress value of the
anchor end of the steel strand basically has no obvious
change.

3.3.2. Magnetic Flux Sensor Test Results. One ring (16
magnetic flux sensors) was arranged to monitor the variation
law of the effective prestressing force of the steel strand at
different positions along the circumference under the
condition of water injection and pressure again after the
completion of soil filling. As shown in Figure 9, the effective
tension on the steel strand changes slightly under the action
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FIGURE 8: Test curve of the water pressure test process after soil
filling by the magnetic flux sensor.
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FiGURE 9: Test curve of the water pressure test process of the
magnetic flux sensor after soil filling.

of water pressure after soil covering and basically matches
the effective tension curve under the previous working
conditions. As shown in Figure 10, at 56 m head of water
condition after soil filling, the effective prestress value of the
steel strand along the circumferential path of the culvert pipe
is small, and in the middle and upper parts along the path to
the culvert, the tension gradually increased to a maximum.
Then, the effective prestress value tension gradually de-
creasing to a minimum, and the variation law of the effective
tension prestress basically shows the M-shaped law of left-
axis and right-axis symmetry. The maximum effective ten-
sion in the middle and lower parts of the culvert pipe is
117.0kN, and the minimum effective tension in the middle
and upper parts of the culvert pipe is 96.5kN.
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103.6

FIGURE 10: Water head test curve at 56 m in the water pressure test
of the magnetic fluxsensor after soil filling (kN).

3.4. Evaluation of the Tensile Effect on the Prestressed Steel
Strand. The tensile force measured by the force meter is
953.8 N t01065.3 N, indicating that the tensile force of the six
prestressed steel strands basically reaches the design value of
1171.8 kN. When the steel strand is locked, the tension at
some measuring points is lost greatly, and the maximum loss
is 273.1kN. After the completion of strand tension, the
effective prestress of the strand located at the bottom of the
culvert pipe reaches the maximum and gradually decreases
along the circumferential path of symmetry on both sides
until the tension reaches the minimum at the top of the
culvert pipe.

In the process of the water pressure test, with increasing
water pressure, the size and distribution law of the effective
tension prestress of the steel strand have no significant
change, as shown in the results of the numerical simulation.
Compared to the effective prestress distribution curve of the
steel strand at the completion of tension, the effective
prestress value of the steel strand at the bottom of the culvert
pipe decreases greatly, but the effective prestress value of the
steel strand above the middle of the culvert pipe decreases
relatively slightly. Along the circumferential path of the
culvert pipe, the effective prestress value at the bottom of the
steel strand is small. Along the path to the middle and upper
parts of the culvert pipe, the tension gradually increases to
the maximum, and then along the path to the top of the
culvert pipe, the tension gradually decreases to the mini-
mum, and the effective prestress basically shows an
M-shaped change law.

4. Analysis of the Lining Structure Based on the
3D Nonlinear Numerical Simulation

The lining structure is analyzed based on a 3D nonlinear
numerical simulation. When establishing the model, the axis
direction is divided according to the spacing of the pre-
stressed steel strand. When the spacing is 300 mm, the axis
direction is divided into 40 sections, that is, the length of a
culvert pipe is 12 m. In the finite element model, the Z axis is
the vertical direction, the X direction pointing to the flow
direction is positive, and the Y direction is the horizontal
axis, and the X direction is the vertical X axis, satisfying the
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FiGure 11: Overall model of the soil layer and prestressed culvert pipe.

right-hand rule. In the finite element model, prestressed steel
strands, steel bars, and concrete are modeled separately by
solids, and the contact mechanical action of steel strands on
concrete is considered. During the finite element analysis,
the prestress of the steel strand is applied by the cooling
method, and the overall model is shown in Figure 11.

4.1. Working Condition of Calculation. According to the
construction, tension, and actual operation of the cast-in-
place prestressed culvert, the calculation conditions are set as
follows: water filling pressure condition (0.55MPa water
pressure); filling condition; and water filling pressure con-
dition (0.55 MPa water pressure).

4.2. Calculating Parameters. The physical and mechanical
parameters of the rock and soil mass are listed in Table 1. The
elastic modulus of the steel strand is 1.95¢° MPa, Poisson’s
ratio is 0.3, and linear expansion coefficient a=2e™>. The
elastic modulus of concrete is 3.25¢* MPa, and Poisson’s
ratio is 0.167.

4.3. Analysis of Calculation Results

4.3.1. Water Filling Conditions. Figures 12 and 13 show the
calculation results of applying internal water pressure by
filling water without overlying soil.

When an internal water pressure of 0.55MPa is ap-
plied, the prestressed culvert expands outward as a whole.
Due to the stiffness difference between the vertical and
horizontal directions of the structure itself, the defor-
mation of the structure is mainly in the horizontal di-
rection, and the maximum incremental deformation value
is 0.595 mm, which appears at the waist of the arch. The
maximum vertical deformation occurs from the shoulder
to the waist of the arch, with a magnitude of 0.169 mm. The
incremental deformation of the structure presents a
symmetry which corresponds to the structure itself. Under
the influence of structural expansion and deformation, the
concentration of compressive stress at the bottom of the

circular culvert decreases, and the level of circumferential
compressive stress decreases to a certain extent. The
maximum compressive stress occurs at the anchor groove.
At the same time, the maximum tensile stress value de-
creased to 2.211 MPa, which still appeared at the over-
lapping part of the steel strand at the bottom of the
circular culvert. Compared to the field-measured moni-
toring data, the variation law is consistent with the actual
situation.

4.3.2. Working Condition of the Filled Soil. After the
completion of 18 m filling, the newly filled soil will settle
itself and cause further settlement due to additional stress
caused by its dead weight on the soil of the lower test
foundation pit. Figure 14 shows the total deformation of the
prestressed culvert structure due to soil settlement. To
further determine the deformation and structural stress
variation characteristics of concrete culvert structures
caused by bearing earth pressure, the “follow-up” defor-
mation caused by soil subsidence is deducted. Here, the
center of the bottom of the concrete culvert is taken as the
fixed point to obtain the relative deformation of the concrete
culvert structure with respect to the fixed point, as shown in
Figure 15.

Figure 16 shows that because the upper filled soil formed
the asymmetric structure of the culvert soil pressure, the
vertical earth pressure was large, and the horizontal earth
pressure was small. Combined with the concrete culvert
structure stiffness asymmetry, the vertical stiffness and
horizontal stiffness were small, thus causing shrinkage in
concrete culvert structure and presenting vertical direction
and horizontal expansion deformation characteristics. The
value of vertical convergent deformation was significantly
greater than that of horizontal convergent deformation. The
horizontal expansion deformation is 1.0 mm. The maximum
vertical relative deformation is 2.4 mm, which appears in the
vault and is vertically downward. Compared to the field-
measured monitoring data, the variation law is consistent
with the actual situation.
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TaBLE 1: Physical and mechanical parameters of rock mass.

Calculated parameters Clay Mud clay Clay containing sand and gravel
Deformation modulus (MPa) 14 16 20
Cohesive force (kPa) 10 10 3
Angle of internal friction (°) 14 14 20
Saturated unit weight (kN/m?>) 19.1 19.1 19
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FIGURE 12: Incremental deformation of the prestressed culvert structure: (a) deformation vector diagram; (b) horizontal deformation; (c)
vertical deformation.
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FIGURE 13: Stress cloud diagram of the prestressed culvert structure: (a) maximum principal stress; (b) minimum principal stress.
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FIGURE 14: Incremental deformation of prestressed culvert structure: (a) deformation vector diagram; (b) horizontal deformation; (c)
vertical deformation.

4.3.3. Water Filling Condition after Soil Filling. The internal ~ pressure. The horizontal expansion deformation of the
water pressure is simulated on the basis of the filling con-  prestressed culvert is larger than the vertical expansion
dition. Figure 17 shows the incremental deformation cloud  deformation due to the asymmetry of the stiffness of the
diagram of the prestressed culvert under internal water  culvert and the soil pressure. The deformation morphology
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FIGURE 15: Relative deformation cloud diagram of prestressed culvert structure: (a) resultant displacement; (b) horizontal displacement; (c)

vertical displacement.

-1.284e*?
-2.662¢*°
-5.159¢*°
-6.884¢™°
-8.573¢*0
-1.026e"7

()

1.451e*°
1.075e*¢
3.238e*0
-5.193¢™
-4.277¢*°
-8.034e™

(®)

FIGURE 16: Stress cloud diagram of the prestressed culvert structure: (a) maximum principal stress; (b) minimum principal stress.
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FIGURE 17: Incremental deformation of the prestressed culvert structure: (a) deformation vector diagram; (b) horizontal deformation; (c)

vertical deformation.

shows symmetry consistent with the structure. The defor-
mation near the arch waist of the prestressed culvert is the
largest and is mainly in the horizontal direction, and the
maximum horizontal deformation value is 0.579 mm. The
deformation diminishes from the arch waist to the vault. The
maximum vertical displacement occurred on the left and
right arch shoulders with a magnitude of 0.205mm.
Compared to the field-measured monitoring data, the

variation law is consistent with the actual situation. Affected
by the expansion deformation of the culvert pipe caused by
internal water pressure, the circumferential compressive
stress of the prestressed culvert decreases, and the maximum
compressive stress is 8.775 MPa. At the same time, the tensile
stress at the bottom and outside of the prestressed culvert
increases, and the maximum value for it is 1.529 MPa
(Figure 18).
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FIGURE 18: Stress cloud diagram of the prestressed culvert structure: (a) maximum principal stress; (b) minimum principal stress.

5. Conclusion

(1) During the in situ test of the culvert lining, a
magnetic flux sensor, a fully distributed fiber optic
strain gauge, a fiber grating strain gauge, and a vi-
brating string anchor cable dynamometer were used
to measure the tension of the steel strand. The test
conditions included tension, water pressure, soil
filling, and water pressure after soil filling, all of
which required -30°C cold weather and +35°C hot
weather. The test results show that the testing effect
of the magnetic flux sensor is obviously better than
the distributed optical fiber strain gauge and fiber
Bragg grating strain gauge. The test data of vibrating
string anchor cable are relatively stable under dif-
ferent conditions, but they can only test the tension
at the locking end of steel strand.

(2) Three-dimensional finite element analysis results
show that the upper filled soil formed the asymmetric
structure of the culvert soil pressure, with the vertical
earth pressure being big and the horizontal earth
pressure being small. Moreover, the stiffness asym-
metry is causing shrinkages in the concrete culvert
structure and presents a vertical direction and a
horizontal expansion deformation characteristic. The
value of the vertical convergent deformation is sig-
nificantly greater than that of horizontal convergent
deformation. The horizontal expansion deformation
is 1.0 mm. The maximum vertical relative deforma-
tion is 2.4mm, which appears in the vault and is
vertically downward. Compared with the field-mea-
sured monitoring data, the variation law is consistent
with the actual situation.

(3) The deformation near the arch waist of the pre-
stressed culvert is the largest and is mainly in the
horizontal direction, and the maximum horizontal
deformation value is 0.579 mm. The deformation
diminishes from the arch waist to the vault. The
maximum vertical displacement occurred on the left
and right arch shoulders with a magnitude of
0.205 mm. Compared to the field-measured moni-
toring data, the variation law is consistent with the
actual situation.
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