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Abstract: To study the force and deformation characteristics of a full-section immersed tube with post-
pouring belt under the action of hydration reaction, the numerical model of full-section immersed
tube with post-pouring belt was established by using MIDAS FEA (V2013) finite element analysis
software, and the stress, cracking and deformation of the segment of the post-pouring belt were
analyzed. The results show that under the action of hydration reaction, the concrete reaches the
highest temperature at about 36 h, which appears at the roof of the tube gallery in the immersed tube,
and the bottom steel plate expands rapidly initially, and subsequently shrinks gradually. The outer
surface of the post-pouring segment concrete is stretched, and the internal region is under pressure,
and as the internal temperature of the concrete cools down, the bottom plate starts to contract. The
steel bar connection between the post-pouring belt and the surrounding immersed tube segment will
increase the risk of cracking in the bottom plate of the full-section immersed tube. When only the
steel bars in the bottom plate are connected, the maximum tensile stress of the immersed tube bottom
plate will increase by 16.0% compared to the no connection case. If the steel bars of the immersed
tube’s web and roof are also connected, the maximum tensile stress will increase by over 20%. By
connecting the steel bars, the peripheral tube section plays a certain role in limiting the transverse
deformation of the post-pouring belt and constraining the reinforcement of the bottom plate and web
(and roof) can reduce the transverse deformation of the immersed tube to a great extent, reducing the
proportion by over 10%.

Keywords: full-section immersed tube; post-pouring belt; connection form; hydration reaction;
temperature stress

1. Introduction

Immersed tube tunnel originates in the 19th century, it is made of precast concrete
segments of immersed tubes under water. Due to its advantages, such as easy construction
quality assurance, good seismic performance, and adaptability to poor foundations, it has
become an important choice in traffic infrastructure construction and is widely used in
underwater tunnel engineering [1-5]. Based on the pouring method of precast concrete
in the cross-sectional direction of the tunnel, the immersed tube tunnel can be divided
into the layered immersed tube and the full-section immersed tube, as shown in Figure 1
(different colored blocks 1 and 2 represent the sequence of concrete pouring, and block 2 is
poured after block 1). In the prefabrication of the full-section immersed tube segment, the
integral poured concrete is adopted, the post-pouring belt is set in the axial direction of the
immersed tube, and the connection between the segments is achieved using the steel bars
of the post-pouring belt. The full-section immersed tube avoids the problem of cracking in
the new concrete caused by the constraint of old concrete during layered pouring and is
gradually being increasingly applied in engineering.
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(a) Layered immersed tube (b) Full-section immersed tube

Figure 1. Immersed tunnel.

The underwater application environment puts forward higher requirements for the wa-
terproof and impermeability performance of the immersed tube tunnel, and the immersed
tube segment, as a mass concrete, has some problems, such as high heat of hydration,
significant drying shrinkage, significant uneven shrinkage and so on. This weakens the
overall waterproof and impermeability performance of the immersed tube tunnel to a
certain extent. Therefore, it is necessary to study the temperature stress, the risk of cracking
and the deformation of immersed tube under the action of concrete hydration reaction, in
order to design the post-pouring belt section of the immersed tube more reasonably.

Research on the engineering application of the full-section immersed tube tunnel
has been reported in the literature. In reference [6], starting from the two major factors
affecting the cracking of the immersed tube concrete structure, this paper introduces
some measures, such as optimizing raw materials, preparing low-heat and low-shrinkage
concrete, controlling the temperature of concrete raw materials, mixing concrete with
crushed ice and cooling water, setting up an automatic maintenance system, and so on.
The occurrence of harmful cracks in the immersed tube structure during construction is
effectively controlled. In reference [7], the influence of belt-conveying and pump-conveying
technology on concrete construction performance is studied through a full-scale model
and compared with technology, site, construction control, follow-up construction, and so
on. In this case, a mixing truck combined with a ground pump was used to transport
concrete in order to carry out the full-section pouring construction of immersed concrete. In
Reference [8], the integral binding and forming of a steel cage with a full-section immersed
tube was realized through the inflatable airbag lifting process, and the overall stiffness of
the steel cage was improved and the key processes such as the transformation of the whole
system and the installation of internal mold were completed. In reference [9], which took
the hydraulic internal model of a full-section immersed tube as the research object, a linear
elastic numerical analysis model was established by using the finite element program to
analyze the influence of panel thickness, transverse rib spacing, and member section size on
the deformation of the internal model. In addition, reference [10] also studied and designed
the matching of a dry dock system suitable for full-section pouring and puts forward a
reusable dry dock system with formwork support system, traffic system, drainage system
and lifting system. Reference [11] proposed a formulation to current meshes dealing with
finite shell elements to solve the problem of stress analysis of curved pipes subjected to
in-plane bending forces. However, in the existing literature, there is little analysis on the
post-pouring belt section of full-section immersed tubes.

The setting of the post-pouring belt has an influence on the thermodynamic perfor-
mance of mass concrete. A number of research papers have carried out thermal analysis of
mass concrete by using finite element technology [12-16]. In this paper, the finite element
software MIDAS FEA (V2013) is used to carry out the numerical simulation analysis of the
hydration reaction of full-section immersed tube with post-pouring belt, and to explore
the influence of different connection forms of steel bar of post-pouring belt on the force
of immersed tube. By testing the temperature, strain, and deformation of the immersed
tube concrete in the construction site, the force, deformation, and connection form of post-
pouring belts under the action of the hydration reaction are revealed, so as to provide
guidance for the pouring construction of full-section immersed tube segments.
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2. Numerical Model
2.1. Model Developing

As shown in Figure 2, the full-section numerical model of the immersed tube is
established by using the finite element program, MIDAS. The post-pouring belt is connected
with the surrounding immersed tube segments by the steel bars. The concrete of the main
body of the immersed tube is simulated by the three-dimensional solid element, which
has eight-nodes with a one-point Gauss integration. The steel plate at the bottom of the
immersed tube is simulated by the two-dimensional plate element, which has four-nodes
with a one-point Gauss integration, and the thickness is 6 mm. The main size of the
elements is about 0.2 m to 0.4 m in the axial direction, and 0.2 m in thick direction.

[
S =

Surrounding segments

Figure 2. Numerical model of full-section immersed tube.

Concrete material parameters are given as follows according to the literature [17]. The
cube compressive strength is 52.5 MPa, the elastic modulus is 35 GPa, the bulk density
is 2500 kg/m?, the specific heat capacity is 0.973 kJ/(kg-°C), the thermal conductivity
is 9.54 k] /(m-h-°C), the thermal expansion coefficient is 1.2 x 1075, Considering the
continuous growth of concrete strength during the setting period, the change in concrete
compressive strength is shown in Figure 3, based on Formula (1).

f(t) = teqf28/(a + bteq) )

in which, f»g is the compressive strength in 28d; the parameter a is 4.5, and the parameter b
is 0.95.

Time (d)

Figure 3. Curve of concrete compressive strength.
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The steel material parameters are simulated by the elastic-plastic model, and the yield
strength is determined according to the steel strength of the immersed tube structure. The
elastic modulus is 210 GPa, the bulk density is 7850 kg/m?3, the specific heat capacity is
0.46 kJ/ (kg-°C), the thermal conductivity is 180 k] /(m-h-°C), and the thermal expansion
coefficient is 1.0 x 1072, according to the literature [18].

The connection between the main concrete and the bottom steel plate is considered,
and the sliding friction between the bottom steel plate and the ground where the immersed
tube is located is considered, and the friction coefficient is 0.3.

In the process of analysis, the hydration reaction of mass concrete under adiabatic
conditions, the temperature K(t) increases with time ¢ can be expressed as below

K(t) = K(1—e™) )

in which, a is the parameter of the rising curve, t is the time, and the unit is day (d); K is
the maximum adiabatic rising temperature, and the unit is °C, which can be expressed by
Formula (3).

_ Qo(W +kF)
T
in which, Qp is the final hydration heat of cement, W is the cement dosage of unit volume
concrete, k is the reduction coefficient of hydration heat of admixture, F is the amount of
admixture per unit volume concrete, c is the specific heat capacity of concrete, and p is the
density of concrete.

K 3)

2.2. Verification
2.2.1. Site Monitoring

In order to verify the rationality of the full-section immersed tube model developed
above, this paper uses the hydration reaction data monitored by a full-section immersed
tube tunnel project in the field to verify the model. The site pouring is shown in Figure 4,
and a 1.6 m wide post-pouring belt is arranged between the two concrete immersed
tube segments.

Figure 4. Site pouring.

A monitoring section is arranged on the post-pouring belt, which is 0.4 m away from
the end, and five monitoring points are arranged on the monitoring section, as shown in
Figure 5a. Among them, monitoring points 1-4 are equipped with vibrating string non-
stress gauges (as shown in Figure 5b) to measure the strain and temperature caused by the
change of concrete volume at the measuring point in real time, and vibrating string strain
gauges are arranged in monitoring point 5 (as shown in Figure 5c) to measure the strain
and temperature of the bottom steel plate. In order to analyze the stress of the post-pouring
belt connection steel bar in the process of concrete pouring, a vibrating string steel bar
meter is arranged on the steel bar (as shown in Figure 5d). When the stress of the steel
bar inside the tested structure changes, the steel bar meter will be subjected to tensile or
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compression deformation, and the deformation will be transferred to the vibrating string
to transform into the change of vibrating string stress, so as to realize the real-time test of
steel bar stress.
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(a) Cross-section monitoring points positions

(b) Vibrating string non-stress gauge (d) Vibrating string steel bar meter

Figure 5. Monitoring Layout.

During the pouring process, the entire section was poured only once, and the pouring
process lasted 31 h.

2.2.2. Comparison

Under the action of the hydration reaction during the site pouring, the temperature
variation curve of the concrete at each monitoring point on the post-pouring belt section
is shown in Figure 6a. It can be seen from the figure that the temperature of concrete
increases rapidly in the early stage, reaching the highest temperature at about 36 h, and the
maximum measured temperature is 72.8 °C, which appears at the roof of the middle tube
corridor at monitoring point 4, where the plate thickness is the largest. The subsequent
temperature gradually decreases with the passage of time. After 7 days of concrete pouring,
the temperature at the roof of the middle tube corridor was 56.0 °C, and the temperature at
the bottom of the roadway and the middle position of the roof at monitoring points 1 and 3
decreased to about 47.0 °C.
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Figure 6. The temperature change curve at the concrete monitoring points 1-4 on cross-section.

The time variation curve of concrete temperature at each monitoring point simulated
by the numerical model is shown in Figure 6b. This figure shows that the temperature of the
concrete increases rapidly in the early stage, and reaches the maximum at each monitoring
point at 34 h to 38 h, and the maximum simulated temperature at the middle span of the
middle tube corridor roof is 71.9 °C. The subsequent temperature gradually decreases with
time. After 7 days of concrete pouring, the simulated temperature at the middle span of
the middle tube corridor roof is 56.8 °C, and the temperature at the bottom of the roadway
and the roof at monitoring points 1 and 3 basically drops to about 47.4 °C.

Comparing the measured concrete temperature obtained by on-site monitoring with
the simulated temperature obtained by the numerical model, as shown in Table 1, at several
critical moments, the maximum error of simulated temperature is only 1.43%, and the trend
of the two sets of curves is relatively consistent. However, there is an obvious platform
development section in the site pouring monitoring curve (Figure 6a) at the initial stage of
development, while the numerical model simulation curve rises rapidly at the beginning
of the reaction, because the on-site pouring is completed in a certain period of time. The
whole pouring process takes 31 h, so the temperature increase in each monitoring point is
not significant during this period.

Table 1. Comparison of temperature.

ops . Measured Simulated o
Position Time Temperature/°C  Temperature/°C Errox/%
Point 4 the maximum moment 72.8 71.9 —-1.24
Point 4 7d 56.0 56.8 1.43
Points 1 and 3 7d 47.0 474 0.85

On the other hand, measuring point 5 was arranged on the bottom steel plate because
the pouring of a large amount of concrete at the bottom is completed in a short time at the
initial stage of pouring; the time-consuming effect of the pouring process on the measuring
point 5 is relatively small. Comparing the measured temperature and the simulated
temperature on the bottom steel plate at measuring point 5, as shown in Figure 7a, it can be
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seen that the two curves fit well in terms of the highest temperature, the occurrence time of
the highest temperature, and the development law of the curve.
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Figure 7. Comparisons of the temperature and strain at monitoring point 5.

Compare the measured strain with the simulated strain on the bottom steel plate at
point 5, as shown in Figure 7b. The bottom steel plate expands and shrinks correspondingly
with the temperature rise and drop caused by the heat of hydration of concrete. In the early
stage of concrete pouring, the bottom steel plate expands rapidly, and the maximum strain
measured on site is 128 pe. The maximum strain is calculated by numerical simulation and
is 120 pe. Subsequently, with the decrease in temperature, the bottom steel plate gradually
shrank, and finally the bottom steel plate showed overall shrinkage.

Thus, it can be seen that the numerical model developed in this paper can effectively
simulate the temperature and deformation of a full-section immersed tube under hydration
reaction. The model can be used for further analysis to explore the influence of different
connection forms of steel bars on the force of the immersed tube.

3. Cracking Analysis of Concrete

In the process of the segment pouring of immersed tube tunnel, the stress of the
post-pouring belt section at the slice of the monitoring section is shown in Figure 8. It can
be seen that the outer surface of the concrete is obviously stretched after being poured for
1 day, which is due to the significant temperature difference between the inside and outside
of the concrete, which makes the surface position of the post-pouring segment stretched
and the internal position compressed (the maximum compressive stress is 0.28 MPa). With
the internal cooling of concrete, the bottom slab begins to be pulled and the tensile stress
increases gradually, which is mainly caused by the restraint of the bottom steel plate. The
bottom slab produces 1.56 MPa tensile stress when it is poured for 30 days.

As shown in Figure 9a, the concrete measuring points on the cross-section of the
post-pouring belt are further selected, and the stress changes of concrete at each point
are analyzed, in which the concrete tensile strength curve is calculated according to the
Chinese “Standard for construction of mass concrete (GB50496-2018)"” code [19]. As can
be seen from Figure 9b, the concrete stress on the surface of the immersed tube (A and
B) is first subjected to tension, and then compression. The stress in the internal position
of the concrete (C and D) is first compressed and then stretched, and during the 0-3 d
period in the early stage of concrete pouring, the tensile stresses at point A and point B are
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closer to the standard tensile strength, which are mainly caused by the internal and external
temperature difference of concrete. So, in order to reduce the risk of cracking in the early
stage of pouring, the temperature difference between the inside and outside of the tube
section should be strictly controlled within 12 °C according to the technical parameters of
the site pouring process.

3D ELEMENT STRESS
2

@@1ld

(b)30d

Figure 8. Stress diagram of the post-pouring belt section (no connection).
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Figure 9. Cont.
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Figure 9. Stress curve of post-pouring concrete.

The tensile strength of the concrete in Figure 9b is subtracted from the tensile stress of
point A and point B, and the tensile reserve of concrete is obtained. The tensile stress of the
immersed tube produced at point B under the action of dead weight is compared (as shown
in Figure 9c). It can be seen that during the 0-3 days period in the early stage of pouring,
the tensile stress in the middle span of the immersed tube roof caused by self-weight is
greater than its tensile reserve, and if the mold is removed at this time, it is likely to cause
cracking in the middle span of the immersed tube roof. Therefore, in order to reduce the
cracking risk of post-pouring segment, the demolding time should be controlled after three
days of pouring.

Figure 9d shows that the stress at the bottom of the middle tube corridor and carriage-
way changes over time. In the early stage of pouring, the temperature difference between
the inside and outside of the concrete plays a significant role, and the surface of immersed
tube concrete experiences tension (E and F) and internal pressure (G and H). With the
hydration reaction, the bottom steel plate constraint starts to play a significant role, so that
there is tensile stress in the bottom plate of the immersed tube. The interior of the bottom
plate (G and H) is restrained by the temperature drop and the bottom steel plate, thus
the tensile stress increases gradually. However, in the whole pouring process, the tensile
stress of the bottom slab does not exceed the tensile strength of concrete. Compared with
the immersed tube roof, the tensile stress caused by the weight of the bottom plate can
be ignored due to the support of the tube bottom foundation, so the cracking risk of the
bottom plate is lower than that of the roof.

4. Influence of Connection Form of Post-Pouring Steel Bar

In the above numerical analysis and site pouring process, the steel bars between the
post-pouring belt and the surrounding immersed tube segment are not connected. Due
to the different forms of disconnection of the reserved steel bar, it can be divided into
five forms as follows, all of the connections of the steel bar post-pouring, the steel bar
connection between the bottom plate and web only, the steel bar connection between the
bottom plate and the outer wall web only, and the connection between the bottom plate and
no connection only. In these forms, the post-pouring belt is connected with the surrounding
immersed tube through steel bars, and the effects of different connection forms on the
cracking, force and deformation of the immersed tube are explored.

All the steel bars in the axial direction of the post-pouring steel bars and the reserved
steel bars of the surrounding immersed tube segments are connected by welding. To
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simulate this connection form, an elastic connection element is used to represent the
connected steel bar. The elastic connection stiffness represents the axial stiffness of the
post-pouring steel cage.

When all the post-pouring steel bars are connected, the stress of the post-pouring
belt section at the slice of the monitoring section under the action of hydration reaction
is shown in Figure 10. It can be seen that the outer surface of the concrete is obviously
stretched during the first day of pouring, which is due to the significant temperature
difference between the inside and outside of the concrete, which causes tension on the
surface of the post-pouring segment and compression on the internal position (maximum
compressive stress 0.30 MPa). With the internal cooling of the concrete, the bottom slab
begins to be pulled and the tensile stress increases gradually, which is mainly caused by
the restraint of the surrounding immersed tube segment by connecting the steel bar, and
the floor produces a tensile stress of 1.89 MPa after being poured for 30 days. Comparing
Figures 8 and 10, it can be seen that the overall stress distribution of Figures 8 and 10 is
similar, but the maximum stress of Figure 10 is larger than that of Figure 8. It can be seen
that by connecting the steel bar of the post-pouring belt with the surrounding immersed
tube segment, the restraining effect of the surrounding immersed tube on the post-poured
belt section will be increased, and the cracking risk of the post-poured belt will be increased.

3D ELEMENT STRESS
0.572

01%
0.514
0.4%

- 0456

@1d

(b) 30 d

Figure 10. Stress diagram of the post-pouring belt section (all connection).

Similarly, the hydration reaction of the immersed tube with only the steel bar connec-
tion between the bottom plate and the web, the steel bar connection between the bottom
plate and the outer wall web, and the steel bar connection between the bottom plate are also
analyzed together with the cases where all the post-pouring steel bars are connected and
not connected, the maximum compressive stress on the post-pouring belt and maximum
tensile stress on the bottom plate during 30 days of pouring are shown in Table 2.



Buildings 2023, 13, 2377 11 0f 14
Table 2. Concrete stress under hydration reaction.
Connection Form Maximum Compressive Increase Maximum Tensile Increase
Stress/MPa Proportion/% Stress/MPa Proportion/%
No connection 0.28 0 1.56 0
Only connection between 0.29 36 181 16.0
bottom plate
Only connection between
bottom plate and outer 0.30 7.1 191 22.4
wall web
Only connection between
bottom plate and web 0-30 71 192 21
All connection 0.30 7.1 1.89 21.2

Table 2 shows that the connection of bottom plate steel bars increases the maximum
tensile stress in the full-section immersed tube post-pouring belt segment during the
hydration reaction. This is because the connection of bottom plate steel bars enhances the
interaction between the surrounding immersed tube and the post-pouring belt section,
and in the later stage of hydration reaction, when the concrete starts to cool down, it
shrinks along the axial direction, but the steel bar does not shrink significantly due to the
restraint of the surrounding immersed tube. Therefore, the concrete floor is subjected to a
certain tensile stress. When only the reinforcement of the bottom plate is connected, the
maximum tensile stress increases by 16.0% compared to the no connection case, and if the
steel bars of the immersed tube web and roof are also connected, the restraining effect
of the surrounding immersed tube on the post-pouring belt becomes more pronounced.
The maximum tensile stress is more than 20% higher than in the no connection case. The
connection of steel bars between the post-pouring belt and the surrounding immersed tube
segment will increase the risk of cracking in the full-section immersed tube floor.

The transverse deformation of the post-pouring belt section of the full-section im-
mersed tube under the action of hydration reaction is analyzed. Figure 11a shows the
transverse deformation diagram of the cross-section of the post-pouring belt at the slice
of the monitoring section where none of the post-pouring steel bars are connected to the
surrounding immersed tube segments, from which it can be seen that the immersed tube
experiences some lateral expansion under the action of hydration reaction. Due to the
restraint of the steel plate beneath the bottom plate and the friction constraint of the ground,
the expansion deformation of the bottom plate is smaller while the roof deformation is
larger. The maximum deformation occurs on both sides of the near outer wall of the roof,
with a maximum deformation of 0.96 mm. Figure 11b shows the transverse deformation
diagram of the cross-section of the post-pouring belt at the slice of the monitoring section
where all the post-pouring steel bars are connected to the surrounding immersed tube
segments. Compared to Figure 11a, we can see that the two deformation patterns are
essentially the same, but the maximum deformation is 0.80 mm. By connecting the steel
bar, the surrounding tube section plays a certain role in limiting the transverse deformation
of the post-pouring belt.

Similarly, the transverse deformations of the section of the immersed tube with only
the steel bar connection between the bottom plate and the web, the steel bar connection
between the bottom plate and the outer wall web, and the steel bar connection between the
bottom plate and the bottom plate are simulated under the action of hydration reaction, and
the results are shown in Table 3. It can be seen from Table 3 that as the steel bar connection
between the post-pouring belt and the surrounding immersed tube gradually strengthens,
the transverse deformation of the section of the immersed tube gradually decreases, and
the axial constraint can also limit the transverse deformation of the immersed tube to
some extent, especially considering the short length of the post-pouring belt. In addition,
connecting only the bottom plate reduces the transverse deformation by only 3.1%, which
is relatively limited, while constraining the bottom plate and web (and roof) at the same
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time can significantly reduce the transverse deformation by more than 10%. This is because
when the sidewall is constrained, the lateral deformation of the roof will also be limited.

DISPLACEMENT

(a) No connection
DISPLACEMENT

'29% 0.801
Sy 0701
0,601

53%
sa% 0500
Sy 0401
sy o

0.200

BE
539, 0-100

14.1%

(b) All connection

Figure 11. Lateral deformation diagram of the cross-section of the post-pouring belt.

Table 3. Lateral deformation of cross-section under hydration reaction.

Connection Form Maximum Deformation/mm Reduce Proportion/%
No connection 0.96 0
Only connection between bottom plate 0.93 3.1
Only connection between bottom plate and outer wall web 0.86 10.4
Only connection between bottom plate and web 0.83 13.5
All connection 0.80 16.7

In addition, measures to reduce the heat of hydration like using low-heat cement,
fiber reinforced concrete should be the effective way to the hydration reaction effect of the
full-section immersed tube.

5. Conclusions

By developing the numerical model of full-section immersed tube with a post-pouring
belt, and analyzing the force, cracking and deformation of the segment of post-pouring
belt section under the action of hydration reaction, the following main conclusions can
be obtained.
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(1) During the hydration reaction, the temperature of concrete increases rapidly in the
early stage and reaches its highest temperature at about 36 h, which occurs at the
roof of the tube gallery with the largest thickness. It then gradually decreases with
time, and the bottom steel plate expands and shrinks with the hydration of con-
crete. It expands rapidly in the early stage of concrete pouring and then gradually
shrinks with the decrease in temperature. Finally, the bottom steel plate as a whole
shows shrinkage.

(2) To reduce the risk of cracking in the early stage of pouring, the temperature difference
between the inside and outside of the tube section should be strictly controlled within
12 °C, and the demolding time should be set to 3 days after pouring. As the concrete
cools down, the bottom plate starts to expand.

(38) Thesteel bar connection between the post-pouring belt and the surrounding immersed
tube segment increases the risk of cracking in the full-section of the immersed tube
bottom plate; when only the bottom plate steel bar is connected, the maximum
tensile stress of the immersed tube bottom plate is 16.0% higher than that in the no
connection case. If the steel bars of the immersed tube web and roof are also connected,
the restraint effect of the surrounding immersed tube on the post-pouring belt section
becomes more apparent, and the maximum tensile stress is more than 20% higher
than that in the no connection case.

(4) By connecting the steel bar, the peripheral tube section plays a certain role in limiting
the transverse deformation of the post-pouring belt. Gradually strengthening the
steel bar connection between the post-pouring belt and the surrounding immersed
tube will gradually reduce the transverse deformation of the immersed tube section.
Only connecting the bottom plate reduces the transverse deformation by only 3.1%,
while constraining the bottom plate and web (and roof) can significantly reduce the
transverse deformation by more than 10%.
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