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Abstract: Massive reinforced concrete (MRC) structures are utilized in a variety of applications where
both mechanical and thermal properties are of concern. A 1:2 large-scale test model of the steel-lined
reinforced concrete penstock (a kind of MRC) and a coupled thermomechanical numerical analysis are
both implemented to investigate the thermomechanical effects on structural behavior. Three different
temperature fields and eight temperature gradients are selected to explore how the temperature
affects the crack width, steel stress, and deformation. The results show that the numerical simulation
results are consistent with the experimental results and that this method can be applied to other
similar MRC structure analysis. The thermal effect can cause 10−3~10−2 mm thermal crack width and
±45 MPa thermal stress and this may lead the total crack width to exceed the limited value and the
reinforcement stress beyond the yield strength. Consequently, the influence of the thermomechanical
loads cannot be ignored and the corresponding temperature control measures must be taken to ensure
structural safety and durability.

Keywords: thermal–mechanical coupling analysis; massive reinforced concrete structure; steel-lined
reinforced concrete penstock; large-scale prototype model test; thermomechanical cohesive zone
model; different temperature fields; crack width; finite element analysis

1. Introduction

Massive reinforced concrete structures have been a commonly used type in civil
engineering structures with the rapid development of China’s national economy. The
consequences of this type of structure collapsing would be unimaginable; thus, designing
for their safety and durability is critical [1]. A steel-lined reinforced concrete penstock
(SLRCP) is a typical kind of MRC structure mainly used in hydropower stations and
diversion pipelines [2]. It is a composite structure of a steel liner and reinforced concrete,
as shown in Figure 1. With the combined bearing of a steel liner and reinforced concrete,
this composite penstock has an exceptional ability to bear high water pressure with less
steel consumption [3]. Cracking is unavoidable under these structures’ service conditions;
however, crack widths should be controlled within the allowable value for their long-term
use [4,5].

The penstock is exposed to a varying temperature field with the annual variation cycle
under the action of water temperature inside the penstock and the air temperature outside
the penstock during its long-term operation [6,7]. The differential expansion between
the reinforcements and surrounding concrete causes thermal mismatch at the interface
and may introduce extensive debonding in reinforced concrete [8,9]. As a result, under
the simultaneous coupling effect of mechanical loading and heating/cooling, the thermal
effects may be detrimental to MRC structures. However, there is limited research about the
thermal–mechanical coupling analysis of MRC structures. Previous studies in other similar
RC structures have proven that temperature changes have a significant effect on structural
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behavior. Essam H et al. [10] conducted three temperature gradients—uniform, linear, and
nonlinear—for finite element models to study the structural behavior of the reinforced
concrete beams and frames. The results showed that the response of RC beams and frames
was significantly based on the temperature gradients. Huang et al. [11] established a new
software program named Safety Analysis During Construction Considering Temperature
to analyze the effects of ambient temperature variations on RC structures and found that
the temperature variations were significant and cannot be ignored. Moreover, the existing
prototypes observation data of the SLRCPs have shown that the stress caused by tempera-
ture load is relatively large and will cause irreversible damage to the structure [12,13]. The
crack width is also beyond the design value to reduce the service life of the penstock. The
maximum crack widths of Dong-Jiang hydroelectric power plants (HPP), Wu-Qiang-Xi
HPP, and Li-Jia-Xia HPP have reached 0.9 mm, 0.65 mm, and 1.40 mm respectively, which
all exceed the limited design value of 0.3 mm [14]. This proves that it is far from enough to
consider only the action of structural load in the safety and durability design of MRC struc-
tures. Therefore, a comprehensive investigation of temperature effects on MRC structural
behavior is urgently need.

Figure 1. Schematic of the steel-lined reinforced concrete penstock.

There is no widely accepted empirical formula for the thermal cracking width or
thermal stress of MRC structures due to their high geometric complexity and cracking
nonlinearity [2]. Model test experiments are the most direct and effective method in MRC
structure thermal–mechanical coupling analysis. A 1:2 large-scale prototype model test
of the Three Gorges HPP has provided valuable and reliable data for the study of the
temperature effects of MRC structures. However, the applications of the prototype test
models are limited due to their high cost and time-consuming process. Therefore, the
finite element approach is also utilized in this paper for the modeling and analysis of the
MRC structures to investigate the influence of the coupling effect of thermal and mechan-
ical loading on structural behavior compared with the experiment results. A cohesive
crack model (CCM) [15–17] has been the commonly used crack model in concrete cracking
analysis based on cohesive zone theory. This theory divides the crack into two parts: the
true crack (fracture zone) and the virtual crack (fracture process zone). There is a rela-
tionship between the stress and opening displacement during the fracture process zone
called the traction–separation law. Crack initiation and propagation are then determined
by the traction–separation law and the true crack is then simulated by the separation
of the top and bottom nodes of the cohesive elements. This model overcomes the dis-
advantages of traditional crack models. For example, the smeared crack model cannot
obtain the crack width directly [18,19] and the element remeshing and node renumbering
is required in the discrete crack model to follow the crack formation [20,21]. In recent
years, several researchers [22–24] have improved the CCM to consider thermal effects in
the concrete cracking analysis and these investigations have indicated that the coupled
thermo-mechanical cohesive zone model is effective for thermal cracking simulation.
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The objective of this paper is to study the structural response of the MRC structures
subjected to thermal and mechanical loadings. A sequence of experimental tests is con-
ducted in a 1:2 large-scale prototype model to investigate the effect of temperature gradients
on the structural behavior of the SLRCP. In addition, a promising numerical method thermo-
mechanical cohesive zone model is employed to simulate the thermal–mechanical process
and the finite element results are verified by the experimental results.

2. Model Experiment Using a 1:2 Large-Scale Prototype
2.1. Description of Specimen

The Three Gorges HPP, as shown in Figure 2, with a total installed capacity of
18,200 MW is the largest in the world. It is in the Yangtze River in China and the diversion
system is composed of 26 steel-lined reinforced concrete penstocks on the downstream
side of the dam. The penstock is subjected to the internal water pressure, axis pressure,
and temperature loads under service conditions. To ensure operation safety, it is necessary
to explore the thermal–mechanical coupling effect on the structural behavior of the MRC
structures. As a result, Wuhan University conducted a 1:2 large-scale prototype model to
study the structural behavior of the SLRCP subjected to thermal and mechanical loadings.

Figure 3 shows the experimental section and specific dimensions of the test model.
This model was designed according to geometric and physical similarity with a scale of 1:2.
The plane dimension of this model is 12.5 × 12.5 m with a thickness of 0.6 m. The steel liner
is selected as 16 Mn with a thickness of 16 mm. The reinforcement ratio of the test model
is the same as the prototype model and three layers are arranged in the circular direction
of the penstock with the spacing of 200 mm. A 15 mm PS cushion layer is arranged at the
dam and penstock joint.

Figure 2. Steel-lined reinforced concrete penstock of the Three Gorges HPP.

Figure 3. A 1:2 large-scale prototype model of the Three Gorges HPP: (a) penstock longitudinal
profile (unit: m); (b) cross-section details of the penstock (unit: mm).
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2.2. Material Properties of the Model

The test model was made of the same material as the prototype and the similarity
coefficient of elastic modulus is 1. Particularly, the dam and penstock concrete aggregate
was made of granite gravel utilized in the Three Gorges HPP. The concrete compressive
strength was tested on six 200 mm cubes under standard conditions (temperature: 20 ± 2 ◦C
relative humidity: 90 ± 5%) for 28 d. The concrete tensile strength was established utilizing
the splitting strength test on six 200 mm cubes. The limiting extended value of the concrete
was tested on six concrete cuboids (400 × 100 × 50 mm). The material properties of the
steel used in this model were determined by tensile testing at ambient temperature. The
thermal properties of the concrete and steel were according to the standard GB 50010-2010.
The material properties after converting to standard specimens are given in Table 1.

Table 1. Mechanical and thermal properties of the test model.

Material Elastic
(MPa)

Poisson
Ratio

Compression
Strength

(MPa)

Tensile
Strength

(MPa)

Liner
Coefficient
Expansion

Specific
Heat

(kJ/kg·◦C)

Heat
Conductivity

(W/(m·K)

Concrete of penstock 29,000 0.17 20.20 1.78 1.00 × 10−5 0.96 1.28
Concrete of dam 24,000 0.17 14.60 1.00 1.00 × 10−5 0.96 1.28

Steel liner 198,000 0.30 350 1 350 1 1.20 × 10−5 0.46 60.00
Reinforcement 205,000 0.30 375 1 375 1 1.20 × 10−5 0.46 60.00

PS cushion layer 0.4 0.30 / / 8.00 × 10−5 1.30 0.028
1 The yield strength of the reinforcements.

2.3. Measuring Points Arrangement and Instruments

Eight sections (0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and 315◦, respectively) were desig-
nated to monitor the stress and deformation results of the steel liner and the reinforcements,
as shown in Figure 4. Strain gauges were attached to the outside surface of the model
1/2 height; measuring points on the inner surface of the steel liner were located at 0◦, 90◦,
180◦, and 270◦; and the strain gauges were also arranged at the above sections of the three
layers of reinforcements. Four resistance thermometers, temperature measuring resistors,
and crack measurement gauges were placed on the sections of 0◦, 90◦, 180◦, 270◦ respec-
tively to monitor the temperatures and thermal crack widths. The dial gauges were placed
on the outer wall of the penstock at an interval of 45◦ to detect the penstock deformation.

Figure 4. Longitudinal section schematic of the steel-lined reinforced concrete penstock.

2.4. Loading and Heating Test

Figure 5 demonstrates the loading device system. In particular, the mechanical load
and temperature similarity coefficients are both 1. The electric oil pump was used to put
pressure on the hydraulic steel pillow and then the pressure was evenly transmitted to
the penstock. Before the formal experiment, the penstock was repeatedly loaded with
0.2 MPa pressure to check the device condition and zero pressure relief should be adjusted
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after confirmation. The model was firstly loaded with 0.2 MPa, then the pressure was
gradually to 0.6 MPa. To achieve a more precise crack initiation time, a 0.1 MPa increment
in pressure was applied to the model until it reached a load of 1.21 MPa. To acquire a
more accurate crack distribution and change in crack width, the model was tested with the
design internal water pressure load of Three Gorges HPP of 1.21 MPa several times. The
mechanical loading process of the model test is given in Figure 6.

The heating tests were conducted after the pressure loading test and both internal
pressure load and thermal loads were applied to the test model. Massive reinforced
concrete structures are mostly used in civil engineering structures and are exposed to
natural conditions. The temperature schemes selected in this paper are based on the
natural conditions of the Three Gorges HPP and the measured water and air temperature
data [25–31] during the years of the Three Gorges are illustrated in Figure 7. It can be
concluded that the seasonal temperature jumps and the variation rules during the years
from 2004 to 2018 in The Three Gorges HPP are basically the same and the averages of
them are close. The low air temperature period in the Three Gorges HPP is not long,
mainly occurring from December to February. Furthermore, an average temperature below
5 ◦C rarely occurs. The air and water temperature in summer are lower than 30 °C. As a
result, it is of little significance to study extreme temperature conditions for hydropower
structures such as the SLRCP. There are three different temperature fields (the water
temperature higher than the air temperature, the air temperature higher than the water
temperature, and the water temperature is the same as the air temperature) of the steel-lined
reinforced concrete penstock from the measured temperature data. Therefore, three similar
temperature fields tests (Temperature field A: the inner wall temperature is lower than
the outer, Temperature field B: the inner wall temperature is higher than the outer, and
Temperature field C: the inner wall temperature is the same as the outer) were conducted.

It can be observed in Figure 7b,d that the maximum air and water temperature differ-
ences in 2007 of the steel-lined reinforced concrete penstocks were 22.5 ◦C and 17.65 ◦C
respectively. The maximum temperature gradients are 8.96 ◦C and −5.38 ◦C separately
from the measured data. As a result, eight temperature gradients were selected to further
explore the temperature performance on the MRC structural behavior and the specific
temperature gradients were given in Figure 8. The foam boards were laid on the surfaces
of the model for insulation and the boundary temperatures of the model are 22.45 ◦C (A),
28.40 ◦C (B), and 28.00 ◦C (C) respectively. It can be shown that there were 30 electrothermal
furnaces distributed in the air duct along the outer wall of the penstock. Moreover, to
make the temperature variation uniform, two electric fans were installed at the outlet of
the air duct. The hydraulic steel pillow was provided with tubes and filled with cooling
water/heating oil to cool/heat the inner wall of the penstock. Consequently, temperature
field A was easily formed by heating the outer wall of the penstock with the electrothermal
furnaces and cooling the inner wall of the penstock with the cooling water. The temperature
field B can also be realized by heating the inner wall with heating oil. Additionally, heating
the inner and outer walls simultaneously can form the temperature field C.
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Figure 5. Loading device system.

Figure 6. The loading process of mechanical load.
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Figure 7. Measured temperatures data of the Three Gorges HPP: (a) the water temperatures from
2004 to 2018; (b) the water temperatures in 2007; (c) the air temperatures from 2004 to 2018; (d) the air
temperatures in 2007.

Figure 8. Temperature fields of the test model: (a) the inner wall temperature is lower than the outer;
(b) the inner wall is higher than the outer; (c) the inner wall temperature is the same as the outer;
(d) measuring points schematic.
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2.5. Experimental Results
2.5.1. Crack Initiation and Propagation

The crack distribution and propagation (the subscript of the crack indexes indicates
the crack initiation sequence and related mechanical load) results are illustrated in Figure 9.
It can be found that the first crack was initiated at the left waist when the pressure reached
0.70 MPa and 20 radial cracks were finally distributed along with the circumferential
distribution of the penstock. The cracking analysis is described in Section 3.3.1.

Figure 9. Crack distribution and propagation of the SLRCP.

2.5.2. Crack Width

The crack width under mechanical loads and thermal loads at the waists and crown
are given in Table 2. It can be observed that the crack widths are largest in the middle which
is consistent with the ‘eye’ shape of the crack. The specific discussion about the thermal
crack width is in Section 3.3.1.

Table 2. Crack width (unit: 0.01 mm).

Crack Location
L1 L2 L3

Inner Middle Outer Inner Middle Outer Inner Middle Outer

P/MPa 7.80 30.00 20.40 10.00 42.30 13.20 8.84 48.80 15.70

Temperature
field A

∆T = 7.35 ◦C 2.20 0.50 −0.50 2.50 1.00 −0.50 8.00 1.00 −0.80
∆T = 14.00 ◦C 2.20 0.00 −1.00 3.20 0.80 −1.00 8.70 1.10 −1.00
∆T = 19.50 ◦C 3.50 1.00 −1.00 5.00 2.00 −1.00 9.50 1.00 −2.00

Temperature
field B

∆T = 5.97 ◦C −1.00 3.00 1.00 0.00 1.00 1.00 0.00 2.00 1.00
∆T = 9.63 ◦C −1.00 2.50 3.00 0.50 2.00 2.00 0.00 5.50 3.00

∆T = 13.08 ◦C −1.00 3.50 4.00 1.00 3.00 2.50 0.00 8.00 4.50
Temperature

field C
∆T = 6.50 ◦C 0.00 1.00 1.00 1.20 2.00 0.00 0.00 4.00 1.00

∆T = 19.60 ◦C 0.00 5.00 5.00 4.80 5.00 2.00 0.00 8.60 3.00

2.5.3. Steel Stress

Tables 3–5 show the thermal steel stresses around the crack exposed to different
temperature gradients. It can be concluded that the steel stresses near the cracks under
the coupling effect of thermal and mechanical loading change with a range of ±45 MPa
and may approach the yield strength. The analysis of the thermal stress is in the following
Section 3.3.2.
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Table 3. Thermal steel stress around the crack exposed to temperature field A (unit: MPa).

Crack Location Gradients/◦C Steel Liner RB1 RB2 RB3

L1

7.35 9.00 2.50 −8.00 −12.00
14.00 20.50 7.80 −20.50 −29.00
19.50 23.00 9.30 −24.00 −35.00

L2

7.35 5.50 4.50 −10.90 −11.20
14.00 10.00 9.80 −21.50 −20.80
19.50 13.60 14.50 −30.00 −27.20

L3

7.35 12.00 7.20 −14.00 −8.00
14.00 23.50 12.70 −26.70 −33.00
19.50 26.50 16.00 −36.00 −44.00

Table 4. Thermal steel stress around the crack exposed to temperature field B (unit: MPa).

Crack Location Gradients/◦C Steel Liner RB1 RB2 RB3

L1

5.97 −17.50 −8.00 13.80 11.80
9.63 −23.00 −10.80 26.00 20.00

13.08 −30.00 −17.00 40.00 34.00

L2

5.97 −4.50 −2.00 4.90 5.00
9.63 −8.00 −3.00 13.00 9.60

13.08 −15.00 −4.50 17.50 9.80

L3

5.97 −22.00 −6.00 17.00 9.50
9.63 −29.00 −9.00 30.00 23.00

13.08 −40.00 −12.00 45.00 38.00

Table 5. Thermal steel stress around the crack exposed to temperature field C (unit: MPa).

Crack Location Gradients/◦C Steel liner RB1 RB2 RB3

L1
6.50 −7.00 2.50 6.00 5.00

19.60 −21.00 3.50 27.00 25.50

L2
6.50 1.40 4.80 2.00 4.00

19.60 19.60 5.60 2.60 6.00

L3
6.50 −19.00 2.00 12.00 3.50

19.60 −21.80 3.50 19.50 8.00

3. Finite Element Modeling
3.1. Thermomechanical Cohesive Zone Model

The thermomechanical cohesive zone model is based on the cohesive zone theory
which was first proposed by Dugdale [32] and Barenblatt [33]. This theory divides the
crack into two parts [34,35] (Figure 10b): the virtual crack in the fracture process zone
(FPZ) and the true crack in the stress-free zone. Furthermore, there is a certain relationship
between stress and displacement in the FPZ called traction–separation law [36,37]. The
key is to determine the traction separation law in the FPZ to determine the initiation and
propagation of a crack. Consequently, this paper introduces a brief description of the
traction separation law, combining both the thermal and mechanical effects in the flowing.

The thermomechanical cohesive zone model [38,39] provides additional coupling be-
tween thermal and stress analysis as material degradation taking place in the cohesive zone
leading to changes both in load and heat transfer across the crack, as shown in Figure 10a.
Cracks are considered as internal cohesive surfaces with mechanical loads and heat transfer
capabilities in the thermomechanical cohesive zone model. Moreover, the mechanical equi-
librium and energy balance must be fulfilled at the cohesive interfaces [23,40,41]. Based on
the principle of virtual work, the mechanical equilibrium equation adding the contribution
from the cohesive interface is written as∫

Ω0

S : δFdV −
∫

Ω−
Tcz · δ∆dS =

∫
Ω+

Te · δudS (1)
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where, S = F−1det(F)σ means the nominal stress tensor; F is the deformation gradient; u
is the displacement vector; Tcz is the traction stress vector; Te is the traction vector on the
external surface; ∆ = u+ − u− is the displacement jump at the cohesive interface, “+” and
“−“ stands for the top and lower surfaces; Ω+ and Ω− represents the top and lower of the
cohesive interface respectively.

In the same way, the thermal equilibrium following the principles of Fourier’s law is
expressed by ∫

V

∂δθ

∂x
k

∂δθ

∂x
dV −

∫
Sint

qczδ(∆θ)dS =
∫

Sext
δθqedS (2)

where θ is the temperature; k is the conductivity matrix; qe is the heat flux on the external surface;
qcz is the cohesive heat flux; ∆θ = θ+ − θ− is the temperature jump at the cohesive interfaces.

Starting from the principles of thermodynamics stated above, a 3D finite element
formulation is derived for a fully coupled simultaneous solution of the thermal field and
the deformation field [42]. The eight-node cohesive element with three displacements
degrees of freedom and additional degree freedom of temperature is demonstrated in
Figure 8b,c [43]. The mechanical part realization of cohesive elements needs the derivative
of the second term of Equation (1) and the cohesive forces are given as

δUm =
∫

Ω+
[Tn Tt Ts][δ∆n δ∆t δ∆s]

TdS (3)

where, Tn, Tt, and Ts are the traction forces in three directions. ∆n, ∆t, and ∆s are the
displacement jump in three directions.

As for the thermal part, the implementation of the thermomechanical cohesive element
requires the evolution of the first variation of the second term that can be expressed in
Equation (2). The equation is given as

δUth =
∫

Sint

dqczδ(∆θ)dS (4)

where, the qcz = hcz∆θ, and hcz is the temperature conductance of the thermomechanical
cohesive element.

Figure 10. Schematic diagram of thermomechanical cohesive zone model: (a) solid body with the
thermomechanical cohesive interface; (b) cohesive zone model; (c) eight−node cohesive element;
(d) traction and heat flux in cohesive element.

The specific derivation of the nodal equation of the thermomechanical element can
be found in [44–46]. There is just a brief introduction of the thermomechanical cohesive
zone model in this paper, and the final element matrix considering both the mechanical
and thermal properties is expressed as
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SE :=
∂RE

∂XE =

[
− ∂Tcz

∂∆ − ∂Tcz
∂θ

∂hcz
∂∆

∂hcz
∂θ

]
(5)

where, RE and XE are the residual and displacement vector of the cohesive element respectively.

3.2. Finite Element Model

The coupled thermomechanical numerical analysis of the composite penstock loaded
with different temperature gradients and mechanical loads is described. A 3D finite
element model based on the test model data is presented in Figure 11, both global and local
systems are established to calculate the crack widths in the following analysis. Previous
studies [3,12–14] have shown that the embedded model of reinforcements can obtain
good simulation results and a perfect bond can be assumed between the reinforcements
and concrete in the cracking analysis of the steel-lined reinforced concrete penstock. The
cohesive elements are embedded throughout the mesh to simulate the random crack paths
of the massive reinforced concrete structure. Additionally, the mesh must be fine enough in
the thermomechanical cohesive zone model to ensure the crack initiation and propagation
process [47]. Thus, after a mesh convergency study, the cohesive element size in this paper
is settled as 0.1 m, which is 10−2 of the penstock dimensions. The coupled cohesive traction–
separation law comprises not only stress degradation due to micro-cracking but also heat
generation and energy transport [33,34] and the cohesive law used in this simulation is
given in Figure 12. In this simulation, the material properties, temperature boundary
conditions, and loading process of the penstock are the same as the test model, and the
temperature fields obtained in ABAQUS under different temperature gradients can be seen
in Figure 13.

Figure 11. The 3D finite element model of the penstock: (a) front section and (b) side section.
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Figure 12. Coupled cohesive traction–separation law.

Figure 13. Temperature fields of the penstock exposed to different temperature gradients.

3.3. Structural Behavior
3.3.1. Thermal Crack Width

It is widely accepted that civil engineering structures are designed with high safety
factors and it is hard for massive reinforced structures to reach a strength limit state. Large-
scale civil engineering, practical experience, and experimental observations have proven
that the composite penstock deteriorates faster in terms of serviceability than safety because
of the reinforcement’s corrosion. Furthermore, reinforced concrete cracking is unavoidable.
The crack widths should be limited to ensure the durability of the massive reinforced
concrete structures [48]. Therefore, the following discussion will focus on the crack width
exposed to the thermal–mechanical loads.

The numerical prediction results of the crack distribution and propagation are given in
Figure 14a and the local amplification of the crack are also shown in Figure 14b. Compared
with the experimental results in Figure 9, it can be observed that the cracks are both
distributed along the circumference of the penstock with the crack initiation at the left waist
and followed by the crown. The numerical maximum crack widths under mechanical loads
match the experimental results well with the differences of 1.33% (L1), 15.26% (L2), and
8.23% (L3).
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As for the crack widths subjected to different temperature fields (Figure 15), the crack
width variations are similar to the experimental results: the inner crack width increases
and the outer crack width decreases under temperature field A and the crack variation
is opposite in temperature field B. Furthermore, both the inner and outer crack widths
increase under temperature field C. The crack width changes nonlinearly with the increase
in temperature gradient and the crack width is the largest under temperature field C
under the same temperature gradient. It can be concluded that the thermal crack width
is between ±10−3 and 10−2 mm as seen in Figure 15a–h. Although this variation is small,
superimposition with the mechanical crack width will make some crack widths exceed
their limit value and reduce their service life.

Figure 14. Crack propagation in thermomechanical cohesive zone model: (a) crack distribution;
(b) calculation theory of the crack width.

Figure 15. Cont.
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Figure 15. Crack widths under finite element model and test model subjected to different temperature
gradients: (a)A1; (b) A2; (c) A3; (d) B1; (e)B2; (f) B3; (g) C1; (h) C2; (i) internal water pressure.

3.3.2. Thermal Stress of Steel

The temperature mainly affects the stress around the crack rather than the uncracked
zones, thus the thermal stresses near several special cracks are recorded in Figure 16. The
reinforcement RB1 is under tensile stress in temperature field A and the RB2/RB3 are under
compressive stress which is consistent with the thermal crack width variations. The thermal
stress variation phenomenon under temperature B is also opposite to the temperature field
A. It can be found that the experimental data points are close to the numerical prediction
curves and the thermal stress increases nonlinearly with the temperature gradient within
±45 MPa. Take the stresses around crack L1 in temperature field A2 as an example, the
thermal stresses error of the steel liner, RB1, RB1, and RB3 between the thermomechani-
cal cohesive zone model and the experiment are 6%, 2%, 2%, and 13% respectively. The
maximum tensile stress occurs around the crack L3 under temperature field B1 and reaches
45 MPa. It is recognized that the steel stress near the crack is large enough due to the muta-
tion and then the steel stress (288 MPa) under the thermal–mechanical loads approaches
the yield strength (375 MPa). As a result, the reinforcements tend to be more unsafe and
may exceed the yield strength during long-term operations. Consequently, temperature
control measures must be taken in the design to reduce the structural damage caused
by temperature.

Figure 16. Cont.
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Figure 16. Thermal stress under finite element model and test model subjected to different temperature
gradients: (a) A1; (b) A2; (c) A3; (d) B1; (e)B2; (f) B3; (g) C1; (h) C2; (i) internal water pressure.

3.3.3. Thermal Radial Displacement

The thermal radial displacements under exposure to different temperature fields are
illustrated in Figure 17. Figure 17i shows that the penstock deforms radially outward
under the coupling effect of internal water pressure and thermal loads. The penstock
thermal expansion under temperature is well simulated by the thermomechanical cohesive
zone model and the symmetric radial displacements are also modeled well due to the
uniaxial symmetry of the geometry and load. In contrast to the thermal crack width
and thermal stress, there exists a certain difference in the thermal radial displacement
between the numerical predictions and the experimental results. However, the radial
displacement results of the numerical model and the test model are still in the same order.
From the perspective of the structural deformation, the thermal radial displacement under
temperature C2 is 1.04 mm, which is basically equivalent to the mechanical displacement
of 1.71 mm. The thermal deformation further results in a crack width increase, such as the
crack increase in temperature field B3 is 0.045 mm, accounting for 22.5% of the total crack
width, and the crack increase in temperature field C2 is 0.03 mm, accounting for 15% of the
total crack width. The total crack width is then beyond the design value of 0.3 mm, which
is detrimental to the safety of the penstock.

Figure 17. Cont.
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Figure 17. Radial displacement under finite element model and test model subjected to different tempera-
ture gradients: (a) A1; (b) A2; (c) A3; (d) B1; (e)B2; (f) B3; (g) C1; (h) C2; (i) internal water pressure.

4. Conclusions

A 1:2 large-scale prototype model of the Three Gorges HPP SLRCP is conducted
to explore the structural response of MRC structures under thermo-mechanical loading.
Three different temperature fields and eight temperature gradients are selected to further
investigate the thermal phenomena of the MRC structures. In addition, based on the
thermodynamics and cohesive zone theory, a novel finite element model thermomechanical
cohesive zone model is formulated and utilized for thermo-mechanical analysis of the
interface separation and heat transport of the composite penstock. Eight-node thermal
cohesive zone elements are embedded throughout the mesh to realize and ensure a random
cracking process of the penstock. The thermal and mechanical coupled cohesive law is
proposed by extending the exponential cohesive law for the mode I modeling of the RC
structure cracking. The thermomechanical coupling effect is implemented by the damage-
dependent interface conductance and the thermal softening of the traction stress in the
cohesive zone.

The crack initiation and propagation process, steel stress, and crack width obtained by
the numerical method and experiment are in good agreement with each other. Based on
the results and discussions presented in this paper, it can be concluded that temperature
has an adverse effect on structural behavior. The thermal crack width around the cracks
under different temperature gradients are between 10−3 and 10−2 mm and this leads the
total crack width to exceed the limited value of 0.3 mm. The thermal stresses around the
crack are within ±45 MPa, and this results in the reinforcement stress approaching the
yield strength. As a result, temperature control measurements must be taken to reduce the
damaging effects of temperature and to consequently prolong the service life of massive
reinforced concrete structures.

This paper provides valuable insight into the understanding of the coupling effect
of thermal and mechanical loads on the steel-lined reinforced concrete penstocks and the
effect of temperature on the structural response using a 1:2 large-scale prototype model test.
These experimental results also verify the validation of the thermomechanical cohesive zone
model in coupling thermomechanical analysis. It has been found that the numerical results
are in good agreement with the experiment results, with an average difference of 6%. It
can be concluded that this model can be employed to carry out coupled thermomechanical
simulations of many other composites by changing the evolution cohesive law to describe
particular materials and failure phenomena more accurately. As a result, more experiments
on the thermomechanical analysis of reinforced concrete structures should also be designed
and conducted to define the evolution of a cohesive law.
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