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Abstract: The cracking of ultra-long and large concrete structures with strong constraints is a key issue
under the action of shrinkage and hydration heat. The length of section pouring during construction
is one of the main parameters to control the cracking of concrete. In this paper, the shrinkage test
of concrete specimens under the condition of coculture is carried out under the background of the
landing gear slide test platform of large aircraft. The measured early shrinkage curve of the expanded
concrete is obtained, and the finite element model is established. The effects of the casting thickness,
mould temperature, and limited expansion rate on the stress and cracking of super-long and large
concrete are studied. The results show that factors such as the casting thickness, mould temperature,
and limited expansion rate have significant effects on the limited length of the section after pouring.
When the casting thickness is increased by 200%, the limit of the section length is reduced by 42%.
When the mould temperature increases by 66.7%, the section length limit decreases by 28.2%, while
the value increases by 24.2%, with an increasing expansion rate of 75%. The relationship between the
three parameters and the piecewise pouring length is approximately linear. The exact calculation
of the section length limit of strongly constrained ultra-long mass concrete under different pouring
thicknesses, mould temperatures, and limited expansion rates is derived, and a simplified calculation
formula is also proposed through data regression analysis. The errors between them are less than
1.7%, which provides a basis for calculating the section length of strongly constrained ultra-long mass
concrete construction.

Keywords: super-long mass concrete; shrinkage test; strong restraint; segmental length; casting
thickness; moulding temperature; restrained expansion rate

MSC: 82-05

1. Introduction

The development of unstressed cracks in super-long mass concrete is mainly influ-
enced by two major factors: the shrinkage and heat of hydration. In the process of mass
concrete pouring, the cement hydration degree is high and the shrinkage has rapid de-
velopment and large shrinkage, which are some of the important causes of cracks in the
structure. The generation of cracks worsens the mechanical properties and durability of
the components and affects the safety of the structure [1-4]. The shrinkage mechanism
and crack resistance of mass concrete under dry conditions were studied, with the belief
that the early shrinkage of mass concrete was larger, which would cause greater tensile
stress [5-7]. If the stress exceeds the tensile strength of the concrete, the structure will crack.

To reduce the early cracks of concrete, methods for reducing the peak temperature
of concrete to reduce the tensile stress and thus reduce the generation of cracks were
proposed [8,9]. Different types of fiber reinforcements were suggested as additive materials
to enhance the tensile strength and prevent the cracking of concrete [10-12]. However,
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these methods can rarely be used in actual mass concrete construction [13] due to the
high costs. As a kind of industrial solid waste, fly ash produces a lot of pollution gas
every year, and it costs little. In recent years, many studies have shown that concrete
prepared with fly ash instead of partial cement can significantly reduce its hydration heat
and shrinkage and thus reduce the cracks due to temperature effects. Pitroda et al. [14]
studied the performance of concrete under different fly ash content and demonstrated
the feasibility of using fly ash instead of cement in concrete productions. Through a
comparative experimental study, Kalinski et al. [15] found that replacing ordinary Portland
cement with fly ash was a promising method to alleviate the thermal cracking of mass
concrete caused by temperature effects. Early hydration heat tests on concrete with different
fly ash content were conducted [16,17], and it was found that the addition of fly ash could
significantly reduce the early heat release of mass concrete and prevent cracking due to
early temperature.

Methods that control the cracks of mass concrete structures subjected to strong restric-
tions and the shrinkage mechanism between the old and new surfaces are restrained [18-21].
The shrinkage of new concrete after casting is more different when it is subjected to the
strong restraint effect of old concrete than when it is free, and this factor needs to be
considered in the calculation. The heat of hydration of mass concrete is affected by the ma-
terial properties, structural dimensions [22], moulding temperature, and other factors. The
temperature field and stress caused by the heat of hydration for different structures were
different [23-25]. Researchers [26-29] have theoretically discussed the causes of cracks from
the perspective of the actual construction of mass concrete and determined that the casting
length of the post-cast segment is important. They also proposed the critical segmental
length under special working conditions but did not provide a general recommendation on
the segmental length for various working conditions.

The COMAC Changsha Aviation Industry and R and D Base is an important project in
the development strategy of “Building an aviation industry city with landing gear system
as the leader” in the Hunan Province, China, and is one of the ten major science and
technology innovation landmark projects in Changsha City. The taxiway test line platform
is a super-long mass concrete structure consisting of a base slab and a runway panel. During
the construction, the base slab was poured first, and then the runway panel was poured
after a long period. The age difference between the two layers of concrete slabs is large,
the deformation of the runway panel is strongly restrained by the base slab under the
effect of temperature and shrinkage, and the concrete is subjected to obvious tensile stress.
Effectively reducing the level of tensile stress in concrete during construction is the key issue
for controlling cracks. At present, the “Standard for the Construction of Massive Concrete”
GB50496-2018 [30] only stipulates that the maximum sub-block single size of segmental
construction should not exceed 40 m. However, there is no reference standard for the length
of the post-cast segment under different working conditions. Selecting the segmental
casting length based only on construction experience may cause excessive structural stress,
resulting in the formation of a large number of cracks. Therefore, this paper verifies the
accuracy of the finite element model through shrinkage tests of concrete specimens and
deformation and stress tests of the structure combined with finite element analysis. The
effects of the casting thickness, moulding temperature, and restrained expansion rate on the
segmental length limit of the post-cast segment are discussed in detail. A theoretical model
as well as a numerical model are proposed for calculating the segmental length limits of
the post-cast segment of super-long mass concrete under different working conditions, and
the predicted results are compared and discussed.

2. Experimental Study and Finite Element Analysis
2.1. Project Description
The total length of the test line of the COMAC large aircraft was 1067 m. The main

part of the concrete consisted of a post-cast segment of C40 micro-expansion concrete and
a precast C30 concrete base slab with two layers. The size of the post-cast segment was
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7.5 m wide and 1.5 m high. The base slab was cast as a whole with a pile foundation, and a
permanent expansion joint was reserved for every three segments between the post-cast
segments. The structure of the slide rail is shown in Figure 1. In this project, the upper
post-cast segment was cast approximately 6 months after the first base slab was cast when
the main shrinkage of the base slab in the early stage had been completed. At the same time,
the concrete of the post-cast segment was directly laid on the chiselled concrete of the base
slab, which had a strong restraining effect on the post-cast segment due to the large stiffness
of the base slab and the pile foundation. The large age difference between the upper and
lower layers of the concrete would lead to more obvious tensile stresses in the post-cast
segment due to the strong interlayer restraint during the process of heat of hydration and
shrinkage deformation. If the tensile stresses in the concrete exceed the tensile strength of
the concrete at the same age, typical non-structural cracks would appear in the post-cast
segment. Considering that the shrinkage stress and temperature stress in the post-cast
segment caused by the strong interlayer restraint of two layers of concrete are affected by
the segmental casting length of the post-cast segment, determining the segmental length
limit of the post-cast zone is highly important for engineering crack resistance.

il il
Segmental length Segmental length Segmental length &

T T b F Slide walls for

- _{ water retention

Post-cast segment
Expansion joints ion joi Base slab
P J Post-cast-segment  Base plate Bxpansion jofaty |
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(a) (b)
Figure 1. Slider structure elevation diagram. (a) Elevation view. (b) Cross-sectional view.

2.2. Shrinkage Test Materials and Mixing Proportions

Based on the use of expansive concrete in the post-cast segment of this project, the
shrinkage curve of the concrete after the incorporation of the expansion agent could not
be calculated using the specifications. To accurately evaluate the effect of shrinkage on
the concrete via a stress analysis, it was necessary to measure the shrinkage curve of the
concrete through shrinkage tests. The mix ratio parameters of the concrete in this test
are shown in Table 1. P-O42.5 Portland cement was selected for the cement, river sand
(medium sand), and gravel (5-25 mm, continuous gradation) were selected for the fine
and coarse aggregates. The particle size of the aggregates is shown in Table 2, the particle
size curve is shown in Figure 2, and the mixing water was tap water. Class I fly ash was
selected as the admixture. The fly ash content was determined to be 19.43% by referring to
the test results of relevant scholars [31-33] and the “Application technical specification of
fly ash concrete” GB/T50146-2014 [34]. The chemical composition of the cement is shown
in Table 3. A UEA-W-modified low-alkali expansion agent was selected as the expansion
agent, and the dosage was determined according to its replacement of the same amount of
cementing material.

Table 1. Concrete ratio parameters.

Amount of Material (kg/m?)
Cement Water Sand Stone Fly Ash Expander
C40 252 150 748 1070 76 63

Strength Grade
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Table 2. Aggregate grain size.

Gravel

River Sand

Screen Mesh Size (mm)

Accumulated Sieving
Residue (%)

Screen Mesh Size (mm)

Accumulated Sieving
Residue (%)

2.36 99 0.15 95
4.75 92 0.3 80
9.5 79 0.6 58
16 54 1.18 37
19 23 2.36 19
26.5 4 475 3
31.5 0 / /
Note: “/” represents none.
100 100 }
80 F 80}k
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(a) (b)
Figure 2. Grain size curve of the aggregates. (a) Gravel. (b) River sand.
Table 3. Chemical composition of the cement and fly ash (%).
Ingredients Cement Fly Ash Ingredients Cement Fly Ash
Si0, 19.39 55.49 SrO 0.0516 0.115
Al,O5 3.75 25.22 MnO 0.0581 0.0856
Fep O3 3.245 5.876 V505 / 0.028
CaO 62.1 4.425 ZnO 0.0287 0.0231
KO 0.865 2.627 MoOs3 / 0.018
SO;3 3.289 2.09 Cry,0O3 0.0015 0.015
TiO, 0.238 1.28 CuO 0.006 0.0125
Na,O 0.183 1.18 NiO / 0.01
MgO 3.22 0.954 BaO / 0.219
P,0Os5 0.0529 0.322 Cl 0.04 /

Note: “/” represents none.

2.3. Shrinkage Test

For the actual construction of the slide platform, micro-expansion concrete shrinkage tests
were carried out at the construction site. The specimens were 100 mm x 100 mm x 515 mm
standard-size specimens. One group was plain concrete, and the other group was 0.2%
reinforced concrete (consistent with the structural reinforcement rate). The specimens and
test equipment are shown in Figure 3a,b. The maintenance conditions were the same as
those of the field structure, i.e., the specimens were covered with geotextiles, watered,
and moisturized daily for 28 days. The measured temperature and humidity curves are
shown in Figure 4a. The early shrinkage strain curves of the concrete specimens were
obtained from field tests, as shown in Figure 4b. Under natural field curing conditions,
the concrete specimens still showed a certain degree of shrinkage despite the admixture
of the expansion agent, and the 360-day shrinkage strain of the plain concrete specimens
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was 242 ue. The shrinkage strain was reduced by approximately 3% after reinforcement,
and the shrinkage curves overlapped, indicating that the reinforcement had a reduced
effect on the early shrinkage of the concrete when the reinforcement rate was the minimum
reinforcement rate, which is consistent with the experimental conclusion obtained by [35].
In the following section, the shrinkage curves of the field slide concrete are used to further
analyse the shrinkage and cracking of the actual structure.

(b)

Figure 3. Concrete specimens. (a) Shrinkage specimens. (b) Shrinkage test equipment.
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Figure 4. Shrinkage test. (a) Temperature curve. (b) Humidity curve.

Shrinkage strain
(x10-6

2.4. On-Site Test and Finite Element Analysis

Considering that the concrete shrinkage curve was obtained from actual measurements
and that the deformation and stress law of the post-cast segment under strong restraint
was not clear, the accuracy of the results of the direct finite element simulation should
be verified. Therefore, it was necessary to test the actual deformation and stress state



Mathematics 2024, 12, 1078

6 of 15

Point 3

Point 4

Strongly constrained
bonding surface Measurement point 1

of the post-cast segment to verify the accuracy of the finite element model for further
analysis. A 28 m post-cast segment was selected as the test segment at the construction
site of the slide rail platform project. The displacement test element and stress test element
were installed, and the initial length and initial stress were measured immediately after
the sliding platform was cast and moulded. The displacement measurement points were
arranged at the four corner points at the bottom of the top slab, as shown in Figure 5a. The
change in the distance between the two angles was the displacement. The stress-strain
measurement points were arranged at the top, middle, and bottom heights at the two ends
and mid-span. The site stress gauge and strain gauge installation diagrams are shown in
Figure 5b.

® I Detailed drawing
- of point 1

Point 2

(a) (b)

Figure 5. Schematic of the field test. (a) Field displacement test schematic. (b) On-site stress gauge
and strain gauge installation.

Midas/FEA was used to establish a three-dimensional finite element model of the
structure, which included two parts: the roof of the C40 micro-expanded concrete after the
pouring section and the bottom plate of the C30 concrete before the pouring section. The
concrete slab used 3D eight-node solid units, with a total of 3360 units in the top plate and
2816 units in the bottom plate. The rebar used 1D beam units for a total of 170 units. The
model divided the grid linearly according to the cell length standard, and the mesh size
was 500 mm.

The bottom plate and pile foundation were cast as a whole, and the lower side of the
bottom plate imposed fixed constraints. At the same time, convection with the environment
was applied to the parts of the roof and bottom plate that were in contact with the external
environment. Since the bottom plate was basically stable, the hydration heat was no longer
considered, and the part of the bottom plate in contact with the pile foundation was set to a
fixed temperature. The basic performance parameters of the concrete and reinforcement in
the model are summarized in Table 4.

Table 4. Material parameters.

Concrete Reinforcement
Strength Grade C30 C40 HRB400
Elasticity Modulus (GPa) 30 32.2 x (1 — 1070-0%) 206
Poisson’s Ratio 0.2 0.3
Tensile Strength (MPa) 2.01 See Equat(l;))ns (1) and /
Yield Strength (MPa) / 400
Unit Weight (kN/m?) 25 78

Note: “/” represents none.

The roof was a post-cast section; its shrinkage and creep characteristics should be
considered, and shrinkage and creep functions should be introduced into the finite element
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model. The shrinkage data were input into the model with reference to the “Standard for
Construction of Mass Concrete” GB50496-2018 [30] and modified according to the strain
time history of the shrinkage test in Section 2.3. The creep coefficient was adopted with
reference to [36]. The bottom plate could be considered to be basically stable, and its
shrinkage was no longer considered. The contact state of the joint surfaces of two layers
of concrete was simulated via symmetric bonding contact, and the stiffness between the
contact surfaces was automatically calculated based on a penalty function. The heat of
hydration function was introduced to simulate the heat of hydration in the post-pouring
section. The heat of hydration data were input into the model with reference to the on-
site temperature measurement data, and the action of the condensing tube within 7 days
was considered. The concrete tensile strength time histories were calculated according
to the “Standard for Construction of Mass Concrete” GB50496-2018 [30] and input into
the model, where the concrete tensile strength timescale was calculated according to the
following formula:

fir(t) = fe1 = 1070) ey

o < fult)/K 2

where fy(f) is the standard value of the tensile strength of concrete when the age is ¢, fy is
the standard value of the tensile strength of concrete taken as 2.39 MPa, ¢ is the maximum

allowable tensile stress, and K is the crack prevention safety factor taken as 1.15. The test
and model calculation results are shown in Figure 6.

05 — Maximum deformation of the top of the model
—O—Model value of measured point 1 i
B " —@— Test value of measured point 1 Displacement
£04 + DZ,mm
= | +4.6x10-1
S s - +3.5x101
@ U —
= +2.4x107!
s I +1.2x103
202 +0.0
ks -12x1073
'g 0.1 -2.4x101
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<00 ~4.6x101
| I I I P O A T T | | |
0 246 8101214 18 22 30
Time (d)
(a)
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i ] SPZZ,N/mm?
S 1.5 ==#=— Measured maximum stress 3 Boci O
] r ==O== Theoretical maximum stress _ +1.1x100
& 10 +8.9%10-
g ' +7.3x101
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g +3.8x101
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2 +4.2%1072
& ~1.3x101
5 0.0 |

Figure 6. Cont.
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Figure 6. Structural deformation curve and stress curve. (a) Deformation curve. (b) Concrete stress
curve. (c) Rebar compressive stress.

As shown in Figure 6, the deformation curves at the bottom of the structure obtained
from the test and the deformation curves obtained from the finite element model match,
and the difference between the two was 1.0% at 28 days. The measured stresses of the
concrete and reinforcement also had a high degree of agreement with the model results,
which indicates that this slide structure model has high accuracy. Based on this model, the
stresses in this test section were analysed under field construction conditions with different
lengths of post-cast segments. The casting thickness was 1.5 m, the moulding temperature
was 30 °C, and the shrinkage strain at 360 days for the reinforcement specimen was taken
as the final restrained expansion rate of —0.0235%. According to the comparison between
the FEA results and the tensile strength of the concrete, the segmental length limit of the
post-cast segment under the construction of the test section of the background project in
this paper was 40 m. Considering the safety reserve of engineering design and construction,
the final length of the post-cast segment was determined to be 35 m.

3. Length Limits of Strongly Constrained Super-Long Concrete Segments

To determine the segmental length limits of strongly constrained super-long mass
concrete under various conditions and to facilitate rapid application using construction
units, this paper uses a finite element numerical simulation to explore the effects of param-
eters such as the casting thickness, moulding temperature, and restrained expansion rate
and to establish a general calculation formula. The structural model is the same as that in
Section 2.4. The width of the concrete in the post-cast section under the base condition was
7.5 m, the thickness was 1.5 m, the temperature in the mould was 26 °C, and the expansion
agent was not mixed (according to the specification, the restrained expansion rate could be
taken as —0.04%). The model input parameters are summarized in Table 5. Whether the
maximum stress in the post-cast section exceeded the allowable tensile stress was used as
the judgement criterion for the segmental length limit.
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Table 5. Model input parameters.

Parameters

Concrete (C40) Cooling Pipe

Adjiabatic Temperature Rise (°C)
Ambient Temperature (°C)

Convection Coefficient (W/m?2-(°C)
Thermal Expansion Coefficient
Conductivity (k] /(m-h-°C))
Specific Heat (kJ/(kg-°C))
Moulding Temperature (°C)
Inlet Temperature (°C)

Shrinkage Strain

Creep Coefficient

Flow Rate (m®/h)

40.7 x (1 — 10112 /
15 + 12.1 x sin(rt/12t)
ey(t) = £,0(1 — 107001).M; - M, - M3---My3

This article modifies the formula based on factors /
such as different cross-sectional dimensions

Refer to the literature [36] /

13 371

1x 1075 1.2 x 107°
10.08 /
0.96 0.465

20 /

/ 15

/ 1.2

2.8

Stress (MPa)

Note: “/” represents none.

3.1. Casting Thickness

Considering that the minimum size of the concrete structure was not less than 1 m for
mass concrete and the general concrete slab thickness was not more than 3 m, five typical
casting thicknesses of 1 m, 1.5 m, 2 m, 2.5 m, and 3 m were selected in this section, and the
rest of the conditions were the same as those of the foundation. The effect of the casting
thickness on the stress and segmental length limit of the post-cast section was studied.
By further subdividing the casting thickness based on the results, the relationship curve
between the segmental length limit and casting thickness was obtained, and the results are
shown in Figure 7.

—---- Allowable tensile stress

I Im —=— 1.5m 40 - . Analysis point Equ.ation y:afb*x
— % 2m-—=m— 2.5m T 3 Scatter fitted line Weight Unweighted
= Intercept 42.40433+0.15313
-‘g 35 Slope —~7.44026+0.07328
i + SSE 0.78561
0 30 - Pearson’s r -0.99908
5 R? (COD) 0.99816
= i Adjusted R? 0.99806
€25 |-
=)
& L
v
N
20 oy Y
0.8 1.2 1.6 2.0 24 2.8 3.2
Segmental length (m) Casting thickness (m)
(a) (b)

Figure 7. Influence of the casting thickness on the segmental length limit. (a) Maximum stress of
different segmental lengths for post-cast segments of different casting thicknesses. (b) Segmental
length limits with casting thickness.

Figure 7a shows that to ensure that the stress in the post-cast section does not exceed
the allowable tensile stress of 2.08 MPa, the greater the casting thickness is, the smaller the
segmental length. The maximum segmental length was 20 m when the casting thickness
was 3 m, and the maximum segmental length was 34.5 m when the casting thickness was
1 m. Under the same segmental length, the maximum stress in the post-cast segment
increased with increasing casting thickness. From Figure 7b, it can be seen that when the
casting thickness increases, the segmental length limit of the post-pouring section decreases,
and the relationship between them is linear. The scattered points were linearly fitted with a
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scattered distribution according to the law of the segmental length limit under different
casting thicknesses, and the fitted R? (decidable coefficient) was 0.9982, which is a good fit.

3.2. Moulding Temperature

The “Standard for Construction of Mass Concrete” recommends that the moulding
temperature of concrete should be controlled below 30 °C. In this section, to study the
effect of the entry temperature on the stress and segmental length limit of the post-cast
segment, four typical moulding temperatures of 18 °C, 22 °C, 26 °C, and 30 °C were
selected, and the rest of the conditions were the same as the base conditions. At the same
time, the relationship between the segmental length limit and the moulding temperature
was obtained by further changing the moulding temperature, and the results are shown in
Figure 8.

2.5 —---- Allowable tensile stress - —
—A—30°C —4—26°C 2 . Analysis point Equz}tmn y—aJ.rb X
r —&—22°C T 48 Scatter fitted line Weight Unweighted
= Intercept 54.7645+0.34341
X ) E m [ = Slope -0.88442+0.01643
§ A 4 p L SSE 3.95108
v L : : : o 40 Pearson’s r -0.99674
¢ b ! § t R? 0.99348
= I 1 1 —
» 15 L b ! — 36 - Adjusted R? 0.99314
: : I % i
! I e[
1 1 1 %0 r
1 1 ! n 28
1.0 A I R B T B I B P I U U S BRI
16 20 24 28 32 36 40 44 48 8 12 16 20 24 28 32
Segmental length (m) Moulding temperature (°C)
(b)

Figure 8. Influence of moulding temperature on the segmental length limit. (a) Maximum stress of
different segment lengths for the post-cast segment at different moulding temperatures. (b) Segmental
length limit of the moulding temperature.

From Figure 8a, it can be seen that the lower the mould-in temperature is, the better it
is to prevent cracks from developing. To ensure that the stress in the post-cast section does
not exceed the allowable tensile stress of 2.08 MPa, the higher the moulding temperature is,
the smaller the segmental length. The maximum segmental length was 28 m at 30 °C, and
the maximum segmental length reached 39 m at 18 °C. The maximum stress in the post-cast
segment increases with increasing moulding temperature for the same segment length.
From Figure 8b, it can be seen that the segmental length limit of the post-cast segment
decreases when the moulding temperature increases and the relationship between the two
is linear. The scattered points were linearly fitted with a scattered distribution according
to the law of the segmental length limit under different moulding temperatures, and the
fitted R% was 0.9935, which is a good fit.

3.3. Restrained Expansion Rate

To prevent early cracks due to shrinkage in the post-cast segment of concrete, the use
of expansion agents as anti-cracking measures is considered in many mass concrete projects.
According to the recommendation of the specification GB50496-2018 “Standard for the
Construction of Mass Concrete” for a final shrinkage strain of —0.04% for concrete without
an expansion agent, four expansion concrete conditions were selected with final restrained
expansion rates of —0.020%, —0.015%, —0.010%, and —0.005% after the incorporation of
the expansion agent, and the rest of the conditions were consistent with the base working
conditions. The effect of the restrained expansion rate on the stress and segmental length
limits of the post-cast segment was investigated. Additionally, after further subdividing
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Stress (MPa)

2.4

2.2

2.0

the restricted expansion rate, the relationship curve between the segmental length limit
and restrained expansion rate was obtained, and the results are shown in Figure 9.

—---- Allowable tensile stress 68 __ m  Analysis point
| —=—-0.020% €64 Scatter fitted line
—u— -0.015% =

B -0.010% E 60 Equation y=at+b*x

Eoeenw : (_]9(_)5_02 ________________ ..'E: - Weight Unweighted

| ?56 - Intercept 62.81502+0.18326
= Slope 766.13504+15.35024

i = 5 SSE 0.61477

| 5 L Pearson’s r 0.9986
gn 48 - R? 09972

r F L Adjusted R? 0.9968

L P B 44 L | L | L | L | L 1 L |
36 40 64 68 -0.025 -0.020 -0.015 -0.010 -0.005 0.000 0.005
Segmental length (m) Restrained expansion rate (%)

(a)

(b)

Figure 9. Influence of the restrained expansion rate on the segmental length limit. (a) Maximum
stress of different segmental lengths for the post-cast segments with different restrained expansion
rates. (b) Segmental length limit of the restrained expansion rate.

In Figure 9a, to ensure that the stress in the post-cast section does not exceed the
allowable tensile stress of 2.08 MPa, the larger the restrained expansion rate is, the larger
the segmental length is. The maximum segmental length was 47.5 m when the restrained
expansion rate was —0.020%, and the maximum segmental length reached 59 m when the
restrained expansion rate was —0.005%. Under the same segment length, the maximum
stress in the post-cast segment decreased with an increasing restrained expansion rate.
Figure 9b shows that when the restrained expansion rate increases, the segmental length
limit of the post-cast segment increases, and the relationship between the two is linear.
The scattered points were linearly fitted with a scattered distribution based on the law of
segmental length limits at different restrained expansion rates, and the fitted R? was 0.9972,
which indicates a good fit.

3.4. Practical Algorithm for Determining the Segmental Length Limit of Strongly Constrained
Super-Long Mass Concrete

In Sections 3.1-3.3, the effects of the pouring thickness, entering temperature, and
limiting expansion rate on the stresses in post-cast sections of super-long mass concrete
were investigated, and it was concluded that the length of the post-cast sections was linearly
related to these factors under a single factor. Since the casting thickness, temperature enter-
ing the mould, and restriction expansion rate are not related to each other, Equations (3)—(5)
can be obtained.

L(H) = f(T,a)H + a(T ), 3)
L(T) = g(H,0)T + b(H,x), 4)
L(x) =m(H,T)a + ¢(H,T), (5)

where L is the segmental length limit (m) considering one of the factors of pouring thickness,
entering temperature, and limiting expansion rate, H is the pouring thickness (m), T is the
entering temperature (°C), and the final restrained expansion rate (%) of the standard spec-
imen. If the expansion agent is added, the restrained expansion rate should be measured
using the standard test regarding the relevant specification, and the specification can be
taken as —0.04% without adding an expansion agent.

To enable the construction unit to quickly determine the segmental length limits of
strongly constrained super-long mass concrete, this paper uses three variables, namely,
the casting thickness, moulding temperature, and restrained expansion rate, and uses
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mathematical methods to derive and integrate them into a unified functional expression.
The derivation process is briefly described as follows. By setting H = 1 and H = 2 in
Equations (3)—(5), respectively, Equations (6) and (7) can be obtained.

f(Tx) +a(T,x) =g(1,a)T + b(1,0) = m(1,T)a + c(1,T) (6)
2f(T,a) + a(T, ) = g(2,0)T + b(2,x) = m(2, T + c(2,T) (7)
f(Ta) =g(1,0)T + b(1,&) — a(T,x) (8)

Let T=1and T =2 in Equations (6) and (7), respectively, to obtain Equations (9)-(12).

g(1,a) =[m(1,2) — m(1,1)]a + [c(1,2) — c(1,1)] 9)
b(1,x) = [2m(1,1) — m(1,2)]a + [2c(1,1) — ¢(1,2)] (10)
8(2,0) = [m(2,2) — m2,1)]a + [c(2,2) — c(2,1)] (11)
b(1,a) = [2m(2,1) — m(2,2)]a + [2¢(2,1) — ¢(2,2)] (12)

The general expressions of L concerning H, T, and « are provided in Equation (13) by
combining Equation (3) with Equations (6)-(12).

LH, T, «) ={[m2,2) — m2,1)]Ta + [c(2,2)-c(2,1)]T — [m(1,2)-m(1,1)]Ta + [c(1,2) — c(1,1)]T
+ [2m(2,1) — m(2,2)]a + 2¢(2,1) — ¢(2,2)}H + {[2m(1,2) — m(1,1)]a + [2¢(1,2) — c(1,1)]
— [m2,2) — m2,D]a — c(2,2) + c,IT + [2m(1,1) — m(1,2)]a — [2m(2,1) — m(2,2)]a
+2¢(1,1) — ¢(1,2) — 2¢(2,1) + ¢(2,2)

(13)

The formula contains m(1,1), m(1,2), m(2,1), m(2,2), ¢(1,1), c(1,2), ¢(2,1), and ¢(2,2), for a total
of eight unknowns, which can be solved by substituting the finite element calculation data
to obtain all the unknowns. The final unified expression for L(H, T, «) in any case is shown
in Equation (14).

L(H, T, «) = —0.0625HTa — 0.0025HT + 1.875H« + 0.0625Ta — 7.575H — 0.9075T + 783.125x + 97.875 (14)

Because of the complexity of Equation (14), the calculation is relatively cumbersome
when applied to specific engineering analyses. A segmental length limit regression model
was fitted based on the results of each condition to facilitate the calculation, and the results
are shown in Equation (15).

L(H, T, a) = —7.65H — 0.91T + 786.06a + 97.99 (15)

Empirically, the error in the calculation of Equations (14) and (15) is within 1%. The
ANOVA results of the regression model are shown in Table 6, which reveals that the P value
of the regression model is less than 0.0001, the F value is 13,130.69, and the R? is 0.9988,
indicating that the fitted regression model is highly significant.

The segmental length limits for different H, T, and « values are shown in Figure 10.
Taking the post-cast segment of the super-long mass concrete structure of the slide rail in
the background of this paper as an example, the segmental length limit calculated using
the finite element in Section 2.4 is 40 m under the 1.5 m casting thickness, 30 °C moulding
temperature, and —0.0235% restrained expansion rate, and under the same conditions,
it is 40.7 m according to the regression model shown in Equation (15), with a relative
error of only 1.7%, indicating that the accuracy of the formula is high. Similar to the age
difference of super-long mass concrete layered casts or directly on the bedrock of super-long
mass concrete projects under the strong constraint of the construction of post-cast sections,
according to the actual casting thickness, moulding temperature, and restrained expansion
rate, combined with the needs of the project, the accurate calculation of Formula (14) or the
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approximate calculation of Formula (15) are used to determine the segmental length limit

to prevent post-cast section crack development.

Table 6. Analysis of variance for the segmental length limit polynomial regression model.
Variance Source Sum of Squares Degrees of Freedom Mean Square F Value P Value
Model 6082.88 3 2027.63 13130.69 <0.0001
H 561.73 1 561.73 3637.70 <0.0001
T 880.73 1 880.73 5703.52 <0.0001
« 3875.08 1 3875.08 25,094.57 <0.0001
Residual 7.41 48 0.15 / /
Misfitting Term 741 46 0.16 / /
Pure Error 0.000 2 0.000 / /
Sum 6090.29 51 / / /
R-Squared 0.9988 Adj R-Squared 0.9987 Pred R-Squared 0.9985
Note: “/” represents none.
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Figure 10. Limit values of the segmental lengths of the post-cast section under different construc-

4. Conclusions

@

@)

In this paper, the factors that influence the early stresses of strongly confined super-
large concrete structures were investigated through shrinkage tests and stress-strain mon-
itoring combined with finite element analysis. The segmental length limits of post-cast
sections under different casting thicknesses, inlet temperatures, and restricted expansion
rates under general conditions were discussed, and a general method for calculating the

segmental length limits of the post-cast sections was proposed. The main conclusions are
listed as follows:

The segmental casting length has a large effect on the stress of strongly constrained
super-long mass concrete structures. Increasing the segment length significantly
increases the maximum stress in the post-cast segment. Factors such as the casting
thickness, moulding temperature, and restrained expansion rate affect the segmental
length limit of the post-cast segment. All of the parameters have a linear relationship

with the segmental length limit;

The exact formula, as well as the simplified formula for calculating the segmental

length limit of the post-cast segment considering the parameters of the casting thick-
ness, moulding temperature, and restrained expansion rate, were derived from the
analysis. A comparison between the results calculated from these formulae was
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conducted, and the maximum error was 1.7%, indicating the high accuracy of the
proposed formulae. These formulae can be used to calculate the segmental length
of post-cast sections in the construction of strongly constrained super-long mass
concrete structures.
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