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Abstract

:

Temporary internal water pressure (IWP) during a construction period fundamentally affects the structural performance of spiral case structures (SCSs) in pumped-storage power plants (PSPPs). However, its actual role is rarely studied. This study focuses on this issue considering the complex construction-to-operation process of SCSs. An ABAQUS-based complete simulation procedure (CSP) is used with contact non-linearity considered. The contact-closing ratio is introduced to quantitively describe the contact status, and different design philosophies for temporary IWP are compared. The results show that the temporary IWP should be no greater than 80% of the minimum static headwater to ensure an overall contact-closing status under normal operating conditions in this study. The findings reveal that the cracking risk of concrete is negatively correlated with temporary IWP, while high temporary IWP is not suggested. Moreover, the stay ring actually shares a certain part of the unbalanced hydraulic thrust, which cannot be ignored. The limitation of this study might mainly lie in the idealized linear-elastic description of concrete. The temporary IWP should be designed with overall consideration of the IWP under normal operating conditions, the IWP-jointly-resisting status and design demands.
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1. Introduction


With ambitious commitments on net zero emissions made at the 26th Conference of the Parties (COP26), the transition to clean energy has accelerated worldwide, which accordingly triggers a boost in hydropower development [1,2]. Meanwhile, to make up for the limitations of clean energy, the pumped-storage power plant (PSPP) serves as a well-established technology in energy storage for its best cost-efficiency combination [3,4,5].



A PSPP operates by pumping and releasing water between a higher elevation reservoir and a lower one. During a low electrical consumption period, surplus electricity from the power grid is transformed to potential energy of water with PSPP. The demand for energy storage is, thus, achieved. When electrical consumption rises, PSPP works as a regular hydroelectric power plant (HPP) to feed electricity into the power grid. In general, PSPPs tend to use high-head, high-frequency and large-output pump turbine sets. Therefore, it is inevitable that the pump turbine set where energy transformation happens becomes a significant part of PSPP [6,7].



Moreover, with the development of engineering practices [8] and theory study [9], a design philosophy focusing on the safe and reliable operation of pump turbine set is proposed. The design philosophy clarifies the core position of the pump turbine set, thus introducing a new perspective in the design, construction and operation process of PSPPs for researchers and practitioners [10].



To provide steady and uniform water flow in the pump turbine, the spiral case structure (SCS), which is located at the end of the conduit and is the closest to the turbine, is of critical importance. The SCS normally consists of mass concrete with engineered reinforcement and a steel liner, which is often referred to as the steel spiral case (SSC). Based on the methods of embedment of SSC in concrete, there are generally three types of SCSs, which are the P-type SCS, M-type SCS and N-type SCS. The P-type SCS stands for the method that where SSC is embedded in concrete under temporarily water-pressurized condition, while the M-type SCS and N-type SCS are embedded under an unwatered condition. The difference between the M-type and N-type SCSs is that the N-type SCS is embedded in a natural state, while the M-type SCS has a compressible membrane covering the SSC [11].



In modern engineering practices, P-type SCSs are adopted in most PSPPs for its abundant engineering examples [12]. The standard construction process of P-type SCSs and an in-field scene of it are shown in Figure 1. The first-phase concrete and pedestal of the SSC are constructed previously to provide necessary support for the SSC. Then, the SSC is placed in position and sealed with the test head and test barrel. The test head is set at the inlet of the SSC, and the test barrel is set between the upper and lower stay rings. Meanwhile, the SSC is fixed to the concrete with tie rods around it to prevent the uplift of SSC during the construction of the second-phase concrete. Then, temporary internal water pressure (IWP) is specified in the SSC, and second-phase concrete is constructed with the SSC under pressurized condition. Finally, after the set of second-phase concrete, the temporary IWP is released, the sealing devices are removed and the construction of a P-type SCS is, thus, finished.



The aim of the complex construction process of P-type SCSs is to produce an initial gap between the SSC and the concrete. Considering the poor tensile resistance of concrete, SSC is designed to resist a major part of IWP. Therefore, the existence of the initial gap makes it possible to divide the structural load between the SSC and the concrete, and it benefits maximizing the two construction materials’ strengths. Since temporary IWP is a direct determinant of the initial gap, it is easy to understand that temporary IWP has a strong influence on the load-bearing characteristics of SCS.



Focusing on structural bearing capacity, researchers have conducted plenty of instructive work on P-type SCSs, considering multiple factors including crack propagation and effect [13,14,15], application and the modification of the finite element method (FEM) [16,17,18,19,20] and dynamic characteristics [21,22]. Despite the important structural role of temporary IWP, unfortunately, a key problem with most previous studies is that they failed to focus on its effect during the entire construction-to-operation process. Correspondingly, it is the motivation and aim of this work to investigate the actual effect of temporary IWP.



However, the complex construction process of P-type SCSs brings about high numerical-reproducing difficulty for it. More importantly, physically modeling it is time consuming and costly. Therefore, with a validated complete simulation procedure (CSP) technique proposed by the authors [20], this study focuses on temporary IWP, aiming to figure out its actual role in the construction-to-operation process and its effect on the structural performance of SCS. This study will provide engineers and practitioners with fresh insight concerning the design of the temporary IWP for P-type SCSs.




2. Overview of P-Type SCSs


2.1. The IWP-Jointly-Resisting Status of P-Type SCSs


The initial design philosophy for P-type SCSs is mainly attributed to (a) the hydrostatic test required by the American design code of pressure vessels and (b) considering the temporary IWP as a deciding threshold for the SSC-concrete contact status.



Based on the threshold assumption, it is believed that (a) SSC expands during pressurization and shrinks after unwatering, thus producing an initial gap between the SSC and concrete; (b) when the operating IWP is specified to be lower than the temporary IWP, the SSC and the concrete are isolated by the initial gap, and the SSC resists the operating IWP independently; and (c) when the operating IWP reaches the temporary IWP, the initial gap closes perfectly, and the SSC and the concrete jointly resist IWP. This final status is normally referred to as the IWP-jointly-resisting status.



In others words, the gap between the SSC and the concrete is considered a barrier that prevents IWP being transmitted into the concrete too much. Therefore, temporary IWP plays an important role in breaking up the IWP bearing of an SCS, and it fundamentally decides the IWP-resisting percentages of the SSC and the concrete.



Unfortunately, field monitoring data and numerical studies have revealed that the IWP-jointly-resisting status of SCSs is not what engineers expected [23]. Researchers have observed the untimely and delayed gap-closing phenomenon, which has been reproduced in numerical analysis based on multiple different cases. This phenomenon reveals that the SSC has already come into contact with the concrete before the operating IWP reaches the temporary IWP, and the gap between the SSC and the concrete does not close completely, when the operating IWP exceeds the temporary IWP. This phenomenon indicates that the effect of the temporary IWP is never a simple threshold issue, and it is believed to be rooted in the complex construction routine of P-type SCSs [24,25,26,27,28].




2.2. The Design Philosophy for Temporary IWP


When it comes to the design of temporary IWP, engineers and practitioners from different countries and regions have different understandings. American engineers tend to design the temporary IWP to be greater than or equal to the maximum design pressure (MDP), as U.S. Army Corps of Engineers [29] suggested. In this condition, a major part of the operating IWP is believed to be resisted by the SSC itself.



In contrast, European and Chinese engineers have some concerns about the structural integrity of SCS. Consequently, they follow an IWP jointly resisting design philosophy where the SSC and the concrete jointly resist the operating IWP. Therefore, the temporary IWP is often specified as 60 to 80 percent of the minimum static headwater in Europe, and it is suggested to be specified as 60 to 80 percent of the maximum static headwater in Chinese design codes for hydropower houses [30].



Table 1 presents the globally adopted temporary IWPs of several typical PSPPs/HPPs. It is easy to realize that the temporary IWPs of all three Chinese PSPPs are around 75 percent of the minimum static headwater and around 70 percent of the maximum static headwater as well, which meets both Chinese and European design codes. Actually, in Chinese engineering practice, there is a general consensus that the temporary IWP should be specified as 50 percent of the MDP, and all three Chinese PSPPs in Table 1 were actually designed following this consensus. The Grand Coulee Third Power Plant was completed in 1975, and its temporary IWP was chosen to be slightly over the maximum static headwater. Tehri PSPP has a wide variation in water head, and its temporary IWP was chosen around 45 percent of the MDP.



The reason for the discrepancy in the design philosophy for temporary IWP is actually rather comprehensible. The major purpose of American design philosophy is to eliminate the cracking risk of concrete. Therefore, with the temporary IWP specified to be equal to MDP, the SSC is highly unlikely to ever come into contact with the concrete, and the concrete merely provides the necessary structural support for SSC. However, Chinese designers tend to maintain better structural integrity of the composite system, and certain contact pressure is expected between the SSC and the concrete. In this condition, with the proper design of the temporary IWP, the IWP-resisting percentage of the concrete is expected to be restrained at an acceptable level.



However, these assumptions above are mainly based on engineering practices, and the actual effect of temporary IWP is rarely studied. Contrary to traditional knowledge, the effect of the temporary IWP and its actual role can be rather complicated. Because of the untimely and delayed gap-closing phenomenon of the SSC-concrete contact, the current practice-based design philosophy for temporary IWP can be error prone and may result in more uncertainty concerning this issue.



To better illustrate the structure of this study, a flowchart is shown in Figure 2. This study focuses on the IWP-jointly-resisting status of the SCS under different temporary IWPs, and the effect of temporary IWP is assessed through several typical aspects of structural performance.





3. Numerical Study


3.1. Project Profile of Meizhou PSPP


A P-type SCS of the Meizhou PSPP located in Guangdong province, China, is chosen as the object of the current numerical study. Meizhou PSPP has eight pump turbine sets, and each set has a capacity of 300 MW, totaling to a capacity of 2400 MW. The diameter of the inlet of the SSC is 2.5 m. The maximum and minimum liner thicknesses of the SSC are 62 mm and 24 mm, respectively. The MDP of the SSC is 6.86 MPa, which is equal to the bursting pressure of maximum headwater plus water hammer under load rejection condition. Under normal operating condition, the operating IWP lies between the maximum and minimum static headwater, which is 4.91 MPa and 4.58 MPa. Figure 3 shows the plain layout of the SSC.




3.2. FE Model and Material Parameters


The numerical study is based on the ABAQUS software. Figure 4 shows the FE model of the SCS, with part of the generator pedestal taken into consideration. The concrete, the thrust ring and the stay ring are modeled with C3D8 solid elements. The SSC, the test head, the internal steel liners of the generator pedestal and the draft tube and the fixed guide vanes of the stay ring are modeled with S4 shell elements. The tie rod is modeled with T3D2 truss elements. The consistent deformation of the SSC and the internal surface of the concrete during the construction process is simulated with CONN3D2 connector elements [20]. The model consists of 76,732 nodes and 116,383 elements. The typical element edge length is 0.1–0.75 m.



Multiple sets of contact pairs are defined at the interfaces between the SSC and concrete structures. The classical coulomb friction model is adopted to simulate the interaction between the SSC and concrete structures. The friction coefficient is defined as 0.25 with overall consideration of the authors’ previous work, as well as the research of Rabbat and Russell [31], Baltay and Gjelsvik [32], Zhang [11], Hu [33] and Zhang [34].



The elastic modulus of the steel shells is taken as 206,000 MPa, the Poisson’s ratio is taken as 0.26 and the mass density is taken as 7850 kg/m3. The elastic modulus of the tie rod is taken as 206,000 MPa, the Poisson’s ratio is taken as 0.3, and the mass density is taken as 7850 kg/m3. The elastic modulus of concrete is taken as 30,000 MPa, the Poisson’s ratio as 0.167, and the mass density as 2500 kg/m3. Since the focus of this study is the temporary IWP and its effect, the concrete is described as linear-elastic, and the reinforced steel bar is neglected. Even though the FEA-predicted stress of the concrete is still informative and attention should be paid to the stress-concentration zone, where a higher risk of tensile cracking is indicated.




3.3. Loads and Boundary Conditions


To determine the effect of temporary IWP on structural performance, seven cases are considered with the temporary IWP ranging from 1.832 to 6.86 MPa. The temporary IWP of case 1 is specified to be equal to 40% of the minimum static headwater, which is even lower than the lower limit of European design philosophy. The aim of case 1 is to investigate the effect under extreme conditions. The temporary IWPs of cases 2–7 are chosen following different design philosophies. Table 2 presents the temporary IWPs of seven cases with brief illustrations.



First, the temporary IWP is specified in each case, respectively. Then, after the set of second-phase concrete and the release of temporary IWP, multiple static load steps are defined with the operating IWP from 0.343 to 6.86 MPa, simulating the entire pressurization and operating process of SSC. Considering the actual status of the structure, normal displacement constraints are applied to the bottom of the FE model.




3.4. Complete Simulation Procedure (CSP) and Its Validation


In this study, an ABAQUS-based complete simulation procedure (CSP) was adopted to simulate the complex construction-to-operation process of the SCS, aiming to investigate the effect of the temporary IWP during the entire procedure. The CSP has been put forward and validated in the authors’ previous work to solve the problems concerning complex SSC-concrete contact [20]. With proper adoption of the CONN3D2 connector elements and the function of model change, the construction routine of P-type SCSs can be well simulated and analyzed, thus making it possible to reproduce the evolution process of the SSC-concrete contact [35].



As is shown in Figure 5, CSP works in the following routine.



	(1)

	
Deactivate second-phase concrete and specify temporary IWP in the SSC to simulate the pressurization of the SSC. With the existence of the connector elements, the inner surface of concrete expands with the SSC to maintain coincident displacement of the SSC and the concrete.




	(2)

	
Activate second-phase concrete gradually to simulate its construction process.




	(3)

	
After the set of second-phase concrete, deactivate the connector elements and activate the contact mechanism of the SSC and the concrete. Then, release the temporary IWP to simulate the formation of the initial gap between the SSC and the concrete.




	(4)

	
Specify the operating IWP in the SSC step-by-step to simulate the operating condition of the SCS.







The reliability of CSP has been validated in multiple cases. In a 1/10 scale physical model test of a P-type SCS of the Pubugou HPP, the complex construction routine has been reproduced, and the results of the CSP agree well with the test at multiple key aspects, such as the gap and contact statuses, the stresses of steel materials, the displacement of generator pedestal and the cracks and damage values of concrete [20].





4. Results and Discussion


4.1. Initial Gap between the SSC and the Concrete


During the construction process, the initial gap between the SSC and the concrete comes into formation after the release of the temporary IWP. Under operating conditions, with the application of the operating IWP, the initial gap begins to close, and the SSC comes into contact with the concrete gradually. Accordingly, the initial gap should be a major factor that influences the SSC-concrete contact’s status, thus affecting the IWP-jointly-resisting status of SCS.



To better understand the relationship between the initial gap and the temporary IWP, five typical cross sections were taken for thorough comparison and analysis. As is shown in Figure 6, section 1 is at the inlet of the straight tube, and sections 2–5 are typical “C” cross sections of +X, −Y, −X and +Y coordinate axes, respectively. Considering the downstream narrowing of “C” cross sections, the structural analysis of SCS can be roughly considered as an axisymmetric problem, and the structural performance of each cross section is primarily influenced by spiral case’s radius and surrounding concrete’s size. Therefore, these chosen cross sections should well represent the overall situation [36].



Figure 7 shows the calculated SSC-concrete initial gapping clearance at some representative points at five typical cross sections. An approximate linear relationship between the initial gapping clearance and the temporary IWP can be easily found in most curves, and it indicates that higher temporary IWPs directly lead to larger initial gaps. Moreover, significant unevenness in the distribution of the initial gap can be observed in all sections. In section 1, the gapping clearance at the left waist reaches 1.44 mm when the temporary IWP is chosen equal to the MDP at 6.86 MPa, while the gapping clearance at the right waist is only 0.09 mm at the same time. In sections 2–5, the gapping clearance at the left waist reaches 1.51 mm, 1.53 mm, 1.34 mm and 1.06 mm under the same condition above, respectively.



As for the upper half of the SSC, the gapping clearance at the top of sections 1–5 reaches 0.85 mm, 0.82 mm, 0.65 mm, 0.37 mm and 0.06 mm with the temporary IWP at 6.86 MPa, respectively. Due to the gravity load of the structure, the initial gap tends to be closing at the lower half of the SSC, resulting in minimal gapping clearances at the bottom of all five cross sections.



This result may be explained by the irregular expansion mode of the SSC, as is shown in Figure 8. During pressurization, the stay ring remains fixed, while SSC expands radially under temporary IWP. Accordingly, the maximum initial gapping clearance always appears at the left waist of each cross section, and its value is obviously larger than that at the top and bottom.



Another interesting aspect concerning the initial gapping clearance is that the value of the clearance decreases with the decrease in the radius of the cross section. Therefore, more attention should be paid to those cross sections with lager radii.




4.2. SSC-Concrete Contact Status


Under operating conditions, the SSC is specified with operating IWP, and the contact of the SSC and the concrete begins to close. In order to describe the contact-closing status briefly, the term contact-closing ratio is adopted in this study to quantitively describe the SSC-concrete contact’s status. The contact-closing ratio reveals the overall SSC-concrete contact status from a macro perspective. The contact-closing ratio is defined as follows:


  η =    S c     S a    × 100 %  



(1)




where Sc is the contact-closing area obtained in the FE analysis; Sa is the entire contact area.



Figure 9 shows the evolution process of the contact-closing ratio of all seven cases. It is shown in the dotted curve that more than 13% of the SSC-concrete contact area remains open when the operating IWP reaches the temporary IWP, and the contact-closing ratio declines with the increase in temporary IWP.



The most striking result about case 7 is that only less than three-quarters of the SSC-concrete contact area is closed when the operating IWP reaches the temporary IWP, and Figure 10 shows the SSC-concrete contact status of it. Open status is mainly observed at the straight tube and the pedestal area of the SSC.



Among all seven cases, cases 1–4 achieve an overall contact-closing status under normal operating condition. That is to say that, in this study, the temporary IWP should be no greater than 80% of the minimum static headwater to ensure the IWP-jointly-resisting status of the SSC and the concrete under normal operating condition.



In case 5, the contact-closing ratio reaches 78.67% at 4.58 MPa and increases to 91.07% at 4.91 MPa. While in case 6, the contact-closing ratio merely reaches 8.34% at 4.58 MPa, and reaches 78.00% at 4.91 MPa. In case 7, with the temporary IWP being chosen to be equal to MDP as 6.86 MPa, the SSC-concrete contact area basically remains open under normal operating conditions.



A marked observation to emerge from the results is that the SSC-concrete contact cannot restore the perfect contact-closing status even when the operating IWP is specified to be exactly equal to the temporary IWP. This should be attributed to the disaccord displacement of the SSC and the concrete.



In the design process, practitioners tend to design the structure under the assumed critical-loaded situation, which can be somewhat subjective. In this study, the SSC-concrete contact status varies greatly under different operating IWPs, and the assumed perfect contact-closing status never exists. It is erroneous to reckon that the temporary IWP can precisely offset part of the operating IWP, and the temporary IWP is never a strict threshold.



The operating IWP lies between the maximum and minimum static headwater under normal operating condition. Therefore, it’s significant to grasp the actual SSC-concrete contact status under normal operating condition.



When following European and Chinese design philosophies, an overall SSC-concrete contact closing status can be ensured under normal operating condition, and the structural integrity issue should not be a major concern. However, when following American design philosophy, the SSC-concrete contact is basically open under normal operating conditions. Even though this status is believed to benefit the stress condition of the concrete, it results in concern about the structural integrity and may cause structural vibration issues.




4.3. Stresses of the SSC and the Concrete


Figure 11 shows the circumferential stresses of the SSC and the concrete at some representative points at cross sections 1–3 (Figure 6) when the operating IWP is specified equal to the MDP (6.86 MPa). The dotted curves show the circumferential stresses of the SSC, and the solid curves show the circumferential stresses of the concrete.



In engineering practice, the SSC is designed to withstand the MDP independently with a conservative allowable stress intensity considered by reference to some design manuals or specifications [37,38]. While the current findings suggest that the concrete actually helps share part of the IWP, especially in the cases with lower temporary IWP. Therefore, the circumferential stress of the SSC is at a relatively low level, and the structural strength of the SSC should not be a major concern.



With the increase in temporary IWP, the circumferential stress of the concrete decreases, while the circumferential stress of SSC increases in an approximately linear pattern. When temporary IWP is specified to be equal to 40% of the minimum static headwater (1.832 MPa), the circumferential stress of concrete reaches 3.95 MPa, 4.25 MPa and 3.62 MPa at the top of sections 1–3. Since the characteristic value of the tensile strength of the concrete (C30-grade concrete in the Chinese grading system) is taken as 2.0 MPa in the CMWR design specification [39], the stress level of this case has already been far over the design code. When temporary IWP is specified to be equal to the MDP (6.86 MPa), the circumferential stress of concrete reaches 0.89 MPa, 0.15 MPa and 0.13 MPa at the top of sections 1–3, and no tensile stress is found at the waist of all cross sections.



Since this study mainly focuses on temporary IWP and its effect, the concrete is considered as linear-elastic. However, with the validated CSP, the results can well represent the IWP-jointly-resisting status, and the stress level of the concrete is quite informative.



A major idea of American design philosophy is to keep the stress of the concrete at a relatively low level, and it has been proven in this study. However, the results also reveal that the stress condition of the concrete under European and Chinese design philosophies is also acceptable, and the structural strength of the concrete can be ensured with the proper implantation of reinforced steel bars.



Moreover, the results also show that higher temporary IWP results in lower concrete stress, which indicates lower cracking risk of the concrete. This happens because higher temporary IWP results in lager initial gaps and tardier SSC-concrete contact closing, and the share of the IWP on the concrete is thus downgraded. However, considering the frequent start/stops needed for PSPPs and the relatively higher frequency of the pump turbine set, attention should be paid to the integrity and steady operation of the structure. Therefore, it is not necessary to specify the temporary IWPs equal to the MDP to avoid cracking risk, and the structure status under normal operating condition should be evaluated as well.




4.4. Share of Unbalanced Hydraulic Thrust


Apart from the issues mentioned above, the load-bearing characteristics of the unbalanced hydraulic thrust in SCS is also worth paying attention to. In China’s hydropower engineering practices, this issue has been observed in the feasibility study of M-type SCSs in the 700 MW class turbine unit [40,41]. However, it has long been neglected in P-type SCSs in PSPPs.



During the construction period of the SCS, the existence of the test head and other sealing devices makes the SSC a sealed pressure vessel. Therefore, the combined force of IWP in the SSC should be equal to zero. In operating period, after the removal of the sealing devices, the inlet of the SSC will be connected to an expansion joint or a penstock, and the former makes the inlet of the SSC a free-surface boundary. The SSC thus becomes an asymmetrical pressure vessel with an opening. Accordingly, the water flow in the SSC will generate an unbalanced hydraulic thrust in it. The value of the unbalanced hydraulic thrust is equal to the multiplication of the area of the inlet of the SSC and the operating IWP, and the direction of the thrust is downstream. Since the thrust forces the SSC to spin along the water flow, a thrust ring is normally set at the inlet of the SSC to help share that thrust and strengthen the connection of the SSC and the concrete.



As is shown in Figure 12, the unbalanced hydraulic thrust (F) is balanced with the test head in construction period, and it is shared jointly by the thrust ring (F1), the stay ring (F2) and the concrete (F3) in the operating period [40]. It is obvious that the share percentage of these three parts depends a lot on the IWP-jointly-resisting status.



Currently, the thrust ring is generally designed to share 100% of the unbalanced hydraulic thrust, and the stay ring is considered to be not involved in the share of the thrust [42]. This assumption simplifies the load-bearing characteristics of the unbalanced hydraulic thrust and is error-prone. Therefore, this subsection aims to study the effect of temporary IWP on the share of the unbalanced hydraulic thrust.



Figure 13 shows the share of unbalanced hydraulic thrust of the thrust ring, the stay ring and the concrete at 6.86 MPa. Under this condition, the value of unbalanced hydraulic thrust is 32.34 MN. It is shown that the share of unbalanced hydraulic thrust of the concrete declines with the increase in temporary IWP. Accordingly, the share of the thrust ring and the stay ring increases with the increase in temporary IWP. When the temporary IWP is specified equal to the MDP (6.86 MPa), the share of the thrust ring and the stay ring reaches 52.43% and 22.23%, respectively. The result proves the feasibility of the current design philosophy for the thrust ring.



However, it is striking that the unbalanced thrust shared by the stay ring reaches 7.19 MN under this condition. That is to say that, contrary to common knowledge, the stay ring actually shares a certain part of the unbalanced hydraulic thrust, and it cannot be ignored. Accordingly, the reliability assessment of the connection between the stay ring and its supporting concrete is, thus, suggested for structural safety.





5. Conclusions


This study sets out to investigate the effect of temporary IWP on structural performance of SCS in PSPPs. It is crucial to note that the IWP-jointly-resisting status varies with different temporary IWP and operating IWP, and it fundamentally affects structural performance. The initial gap caused by the temporary IWP cannot be simply offset by the operating IWP, even when the operating IWP reaches the temporary IWP. In this study, the temporary IWP should be no greater than 80% of the minimum static headwater to ensure overall contact-closing under normal operating condition. It has been verified in this study that the stress condition of SSC should not be a major concern, and the circumferential stress of SSC increases with the increase in temporary IWP in an approximately linear pattern. The cracking risk of concrete is negatively correlated with temporary IWP, while it is not necessary to specify the temporary IWP equal to the MDP to avoid the risk. The share of unbalanced hydraulic thrust is found to be closely related to temporary IWP, and it cannot be ignored that the stay ring actually shares a certain part of it. The temporary IWP should be designed with an overall consideration of the IWP under normal operating conditions, the IWP-jointly-resisting status and design demands.



Moreover, with the exception for IWP, there are other factors that may affect the IWP-jointly-resisting status, including material deterioration, climatic conditions and vibration problems. A further study with more focus on the long-term performance of SCS affected by other factors is, therefore, suggested.



The limitation of this study might mainly lie in the idealized linear-elastic description of the concrete in FE analysis. Notwithstanding the limitation, the current study has made some profitable progress towards understanding the role of the temporary IWP, thus helping practitioners better fulfill their design demands.
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Figure 1. P-type SCSs: (a) construction process; (b) scene of the temporary pressurization for the SSC. 
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Figure 2. Flowchart of this study. 
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Figure 3. Plain layout of the SSC. 
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Figure 4. FE model of the SCS. 
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Figure 5. The routine of the CSP (the initial gap between the concrete and the SSC has been exaggerated to better illustrate the procedure). 
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Figure 6. Typical cross sections. 
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Figure 7. Initial gapping clearance: (a) section 1; (b) sections 2–5. 
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Figure 8. Expansion mode of the SSC. 
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Figure 9. The evolution process of contact-closing ratio. 
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Figure 10. SSC-concrete contact status of case 7 when the operating IWP reaches the temporary IWP. 
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Figure 11. Circumferential stresses of the SSC and the concrete at 6.86 MPa: (a) at the top; (b) at the waist. 
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Figure 12. Unbalanced hydraulic thrust. 
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Figure 13. Share of unbalanced hydraulic thrust at 6.86 MPa. 
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Table 1. The adopted temporary IWP of several typical PSPPs/HPPs worldwide.






Table 1. The adopted temporary IWP of several typical PSPPs/HPPs worldwide.





	PSPP/HPP

(Country)
	Installed Capacity

(Number of Units × Unit Capacity in MW)
	Temporary IWP/MPa
	Minimum Static Headwater/MPa
	Maximum Static Headwater/MPa
	Maximum Design Pressure (MDP)/MPa





	Meizhou PSPP

(China)
	8 × 300
	3.43
	4.58
	4.91
	6.86



	Tianchi PSPP

(China)
	4 × 300
	4.31
	5.74
	6.19
	8.62



	Yongtai PSPP

(China)
	4 × 300
	3.62
	4.91
	5.11
	7.24



	The Grand Coulee

Third Power Plant

(America)
	3 × 600 + 3 × 805
	1.00
	-
	0.97
	1.20



	Tehri PSPP

(India)
	4 × 250
	1.50
	1.28
	2.28
	3.42
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Table 2. Calculation cases.






Table 2. Calculation cases.





	Case No.
	Temporary IWP (MPa)
	Illustration





	1
	1.832
	Equal to 40% of the minimum static headwater



	2
	2.748
	Equal to 60% of the minimum static headwater

The lower limit of European design philosophy



	3
	3.43
	Equal to 75% of the minimum static headwater

Equal to 50% of the maximum design pressure (MDP)

Following Chinese design philosophy [30]



	4
	3.664
	Equal to 80% of the minimum static headwater

The upper limit of European design philosophy



	5
	4.58
	Equal to the minimum static headwater



	6
	4.91
	Equal to the maximum static headwater



	7
	6.86
	Equal to the maximum design pressure (MDP)

Following American design philosophy [29]
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