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Abstract

:

The South-to-North Water Diversion Project has been in operation since 2014, directly benefiting more than 79 million people in China. Thus, its service life and long-term performance have gained much attention from scholars. To predict its life and performance, this study used the seepage/stress-damage coupling method. In addition, a seepage/stress-damage coupling theory was proposed and a finite element model of a deep excavated canal in the Xichuan Section of the South-to-North Water Diversion Project was established. The results showed that this canal subsided greatly in the first two years of operation, which can be confirmed by the monitoring data. It is predicted that, after 50 years of normal operation, the canal damage may start and spread from the water level, and reach 37.6%, but such damage will not affect its normal water delivery function. The purpose of this study is to provide guidance for the safe operation of the project.
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1. Introduction


The South-to-North Water Diversion Project (SNWDP) aims to optimize the temporal and spatial allocation of water resources in China. As a national strategic project, it safeguards China’s land management and sustainable development. Canal engineering is an integral part of SNWDP, and its seepage failure involves complicated hydraulic problems, particularly in some deep excavated sections, due to the high groundwater level, complex geological conditions, soil consolidation and deformation, and rainfall or channel infiltration [1]. The seepage–stress coupling may occur between the concrete lining and the foundation, damaging the lining plate. If the damage persists, the water from the canal will seep into the soil of the canal more quickly, altering the seepage field and causing structural damage between the soil of the canal, the concrete lining, and the seepage field [2]. Therefore, scholars at home and abroad are all concerned about the SNWDP’s service life and performance evolution in long-term operation, for it matters to water delivery safety and further affects the people’s living conditions, social and economic development, and environmental protection [3]. The Xichuan Section is the first section of the main channel of the SNWDP Middle Route, classified into Class I project according to the engineering grade, so its safe running is of great significance.



A seepage/stress-damage (SSD) coupling theory was proposed, and a finite element model of a deep excavated canal in the SNWDP Xichuan Section was established in the same scale as its actual design drawings. Even the materials used and the surrounding environment were the same as the actual situation. First, the SSD coupling theory proposed in this paper needs a stable seepage field, on which a lot of research has been performed. For example, Cai et al. [4] used the strength reduction method to establish a seepage–stress coupled numerical model. They discussed the impact of various factors on the slope stability under different working conditions and concluded that the groundwater and rainfall infiltration have the most considerable effect on slope stability. In southern Jiangxi province, Pan et al. [5] investigated the failure modes of granite residual soil slopes and employed normal soil material parameters to analyze precipitation infiltration under three operating situations. They discovered that the wet front’s depth and slope coefficient have varied over time. Zhou et al. [6] studied the spatial–temporal characteristics of water movement on fractured soil slopes under rainfall conditions. They investigated the mechanism of fractured slope instability as a function of soil saturation variations and discovered that matrix suction is the primary driver of overall instability. Huang et al. [7] analyzed the stability of hydraulic landslides with different permeability coefficients under fluctuating reservoir water levels and rainstorm conditions. They found that due to heavy rains, the stability of the landslide was considerably reduced, and the coefficient of stability increased with increased permeability. Kim et al. [8] analyzed and compared water pressure and pore pressure data from hydraulic wells to observe the influence of seepage changes. Luo et al. [9]. analyze the sudden pipeline crash of a specific project and derive its evolution process. Zhao et al. [10] proposed an innovative permeability evolution equation. They found that the seepage pressure will continuously intensify fracture propagation and penetration in the rock mass due to the time effect of permeability and failure. Nian et al. [11] used pore pressure as a controlled condition to analyze the rainfall infiltration and seepage on slopes under different rainfall intensities. They obtained the relationship between the rainfall intensity and the actual infiltration rate. The above research results showed that the permeability coefficient will change with time, rainfall intensity and other external factors, which can be verified by the SSD theory (taking the permeability coefficient as a variable) in this study.



Second, the SSD coupling method used in this paper needs the coupling of the seepage field and the stress field, which is mainly achieved by solving the seepage field and converting it into an equivalent load acting on the model nodes. Many research on the seepage–stress coupling has been conducted at national and global scales. For example, Wang et al. [12] established a theoretical model of micro-fracture grouting seepage based on the fluid–solid coupling between grout seepage and micro-fractures. They studied the fracturing conditions, fractures’ spatial distribution, and the variation law of mud seepage distance. Through analysis and comparison, Ma et al. [13] obtained the failure mode and seepage characteristics of unloaded rock with and without water pressure. Ma et al. [14] used finite-difference to analyze the influence of saturated or unsaturated seepage on the slope stability. They obtained the influence of the flow rate on the stability of the slope. Liu et al. [15] analyzed that the external water pressure of the tunnel is related to the basement and seepage of the basement and is the main influencing factor related to safety. Xiao [16] used the neural network method to develop the program to combine the seismic load effect and the fluid–solid coupling effect. He analyzed the seepage stability of the earth dam and determined the dangerous sliding surface of the dam slope. Chen [17] gave a method of calculating the safety factor of slope stability considering seepage conditions based on the law of seepage–stress coupling evolution. He estimated that the effect of seepage has a significant impact on slope stability. Cai et al. [18] evaluated the slope stability under rainfall infiltration conditions based on the shear strength reduction technology. They considered the non-coupled conditions of seepage and deformation, combined with statistics and observation methods. Rahardjo et al. [19] studied the factors influencing slope stability under rainfall infiltration conditions. They found that slope instability mainly depends on the rainfall intensity and the nature of the soil, as well as slope type and groundwater level. Baum et al. [20] established saturated and unsaturated transient rainfall infiltration models. Based on correlated groundwater transients, unsaturated infiltration analysis, and groundwater pressure diffusion, the models predicted the time and main source areas of landslides caused by rainfall. Rahardjo et al. [21] considered different groundwater levels, rainfall intensity, and soil properties to analyze the stability of the residual soil slope under rainfall infiltration conditions. The results are in good agreement with the research trend in the parameter study. Muntohar et al. [22] analyzed the failure laws of shallow slopes under rainfall infiltration conditions based on the Green–Ampt infiltration model and the infinite slope stability model. The proposed model can be used to estimate the first-order approximation of the time when a rainfall-induced shallow landslide occurs and its sliding depth. Tsai et al. [23] compared the design plan with actual case data. They investigated the influence of unit weight and the function of unsaturated shear strength and saturation on shallow landslides triggered by rainfall infiltration. Borja et al. [24] established a finite element model that couples solid deformation with fluid pressure in unsaturated soil to evaluate slope stability. However, most of the above research was conducted by using the seepage method or the seepage–stress coupling method. Based on these results, the SSD coupling method was adopted in this paper.



Third, the SSD coupling method used in this paper correlates seepage–stress with damage to reflect the impact of damage on the seepage of concrete linings. The relationship between the seepage coefficient and damage was used as a bridge connecting the seepage field, stress field and damage field. Some scholars have also explored such methods. For example, Zhou [25] derived the permeability coefficient conversion equation taking into account the damage to the tunnel rock and depicted the SSD multi-field coupling model of the surrounding rock. He analyzed the stability of the surrounding rock excavated in the tunnel construction based on the fluid–solid coupling theory. Zhou et al. [26] established an SSD coupling algorithm based on the permeable lining theory and applied it to high-pressure hydraulic tunnels. Their results are consistent with the general engineering laws and provide a reference for solving practical engineering problems. Sheng et al. [27] believe that the influence of groundwater on slope stability cannot be replaced by pore water, and the synergy of the seepage field and the stress field must be considered in foundation pit slope engineering. Xu et al. [28] established the equation of relation between rock failure and coefficient of permeability based on damage variables and seepage–stress coupling. They described the evolutions of the rock-failure-based permeability and groundwater seepage field. They studied the evolutionary relationship between rock mass stress and strain, permeability and strain, strain and failure, as well as permeability and failure. Zhu et al. [29] coupled failure and fluid flow to the Mohr–Coulomb failure criterion, based on the dynamic evolution of damage, porosity and permeability, and proposed SSD models under the effect of hydraulic fracturing and natural fracturing based on the dynamic evolution of damage, porosity, and permeability. The results are very close to the engineering practices. The above research findings and the SSD coupling method used in this paper make the predictions more realistic.



Aiming at the above problems, this study used the SSD coupling method to predict the SNWDP’s service life and performance evolution after long-term operation. Taking into account the change in the permeability coefficient induced by soil consolidation over time and the evolution of the infiltration field and its performance after long-term operation, it is necessary to discover the internal mechanism of the seepage failure and further explore the long-term changes in the performance of typical deep excavated sections of the SNWDP. The ultimate goal of this study is to predict the performance evolution of the deep excavated canal in the SNWDP Xichuan Section after long-term operation, providing a theoretical basis for the actual operation of the project.




2. Basic Theory and Realization Method of SSD Coupling


2.1. Basic Theory of SSD Coupling


Changes in the seepage–stress coupling environment can cause changes in the internal microstructure (i.e., meso-damage) [30], macro-mechanical properties, and permeability of concrete. Changes in permeability and mechanical properties can affect the concrete’s stress state, the distribution of soil pore pressure and worsen the meso-damage of concrete. This phenomenon is called SSD coupling.



Conventional seepage–stress coupled governing equations include solid-based geometric equations and equilibrium equations, fluid-based mass conservation equations and flow equations, and seepage–stress coupled constitutive equations [31]. The SSD coupled governing equations can be obtained by introducing concrete damage variables into the conventional seepage–stress coupled equations. The following derivation techniques are explained by using direct tensor notation to simplify the theoretical formulations mathematically [32].



Assuming that the seepage process follows the nonlinear Darcy’s law in the entire section, water and materials are incompressible, and the volumetric deformation of the saturated porous solid framework is equal to the deformation of the pores, then, the seepage field conforms to the continuity equation of three-dimensional single-phase porous fluid [33,34].


   ∂  ∂ x    [   k x    ∂ H   ∂ x    ]  +  ∂  ∂ y    [   k y    ∂ H   ∂ y    ]  +  ∂  ∂ z    [   k z    ∂ H   ∂ z    ]  + Q = 0  



(1)




where kx, ky and kz are the permeability coefficients in the x, y, and z directions, respectively; hydraulic potential   H =  p γ   , in which p is the pore water pressure and γ is the water unit weight; z is the elevation head; and Q is the source sink term.



Assuming that concrete and rock masses are equivalent continuum models, then, after finite element discretization, interpolation, and integration, the matrix equation for solving the seepage field can be obtained as follows [35]:


   [ A ]   { H }  =  { F }   



(2)




where    [ A ]    is the total permeability matrix,    { H }    is the column vector of the node head, and    { F }    is the nodal load obtained by integrating the seepage boundary. After the seepage field is calculated, the water load generated by the hydraulic gradient acts on the inside of the structure in the form of seepage force. In the equivalent continuum model, the seepage gradient acts on the node in the form of seepage force. After the node head is obtained through the seepage field calculation, the seepage load acting on the element node is calculated as follows:


   {   F p   }  = −    ∫ ∫ ∫    Ω    γ    [ N ]   T     {    ∂ H   ∂ x   ,   ∂ H   ∂ y   ,   ∂ H   ∂ z   − 1  }   T  d  Ω   



(3)




where    [ N ]    is the interpolation function, Ω is the integral domain of the seepage force node and T is the transposition of a matrix.



The computational space domain is discretized to obtain the seepage–stress coupling equation:


   [ K ]   [ U ]  =  {   F V   }  +  {   F s   }  +  {   F p   }  +  {   F   σ 0     }   



(4)




where    [ K ]    is the structural stiffness matrix;    [ U ]    is the nodal displacement matrix;    F V    and    F s    are the body and surface loads, respectively;    F p    is the equivalent load formed by pore pressure; and    F   σ 0      is the initial stress load.



According to the incremental theory of plasticity in the plastic damage model, the total strain tensor,  ε , is composed of the elastic strain rate,    ε  e l    , and the equivalent plastic strain rate,    ε  p l    :


  ε =  ε  e l   +  ε  p l    



(5)







When there is no damage to the concrete, the stress–strain relationship of the concrete is as follows:


  σ =  D  e l    (  ε −  ε  p l    )   



(6)




where  σ  is the total stress, and    D  e l     is the elastic stiffness matrix.



When the concrete material is damaged, according to the theory of continuum damage mechanics, the internal micro-cracks, micro-pores, and other micro-defects under the action of external loads can be described by the damage factor,  d . The damage factor is mainly used to reflect the concrete stiffness degradation under uniaxial or multiaxial loads. Assuming that the damage is isotropic, then, the relationship between the damage and stress of the concrete under the three-dimensional multiaxial state can be expressed by the damage elasticity equation, and the concrete stress,  σ , is calculated as follows [36]:


  σ =  (  1 − d  )   σ ¯  =  (  1 − d  )   D  e l    (  ε −  ε  p l    )   



(7)




where   σ ¯   is the effective stress, which represents the stress on the net section of the concrete material.



The element damage,  d , is expressed by the equivalent plastic strain     ε ˜   p l    :


   {       d t  =  d t   (    ε ˜  t  p l    )  , 0 ≤  d t  ≤ 1        d c  =  d c   (    ε ˜  c  p l    )  , 0 ≤  d c  ≤ 1        



(8)




where    d t    is the tensile damage factor,    d c    is the compressive damage factor,  t  is the tensile state, and  c  is the compressive state.



The equivalent plastic strain     ε ˜   p l     is calculated as follows:


   {        ε ˜  t  p l   =   ∫  0 t      ε ˜  ˙   t  p l   d t         ε ˜  c  p l   =   ∫  0 t      ε ˜  ˙   c  p l   d t        



(9)






   {          ε ˜  ˙   t  p l   = r  (    σ ¯  ^   )      ε ˙  ^    m a x   p l             ε ˜  ˙   c  p l   = −  (  1 − r  (    σ ¯  ^   )   )      ε ˙  ^    m i n   p l          



(10)




where       ε ˙  ^    m a x   p l     is the maximum value the plastic strain rate tensor,       ε ˙  ^    m i n   p l     is the minimum value of the plastic strain rate tensor,       ε ˜  ˙   t  p l     is the equivalent plastic strain rate in tension, and       ε ˜  ˙   c  p l     is the equivalent plastic strain rate in compression. The multiaxial stress weighting factor   r  (    σ ¯  ^   )    can be defined as follows:


  r  (    σ ¯  ^   )  =     ∑   i = 1  3   ⟨     σ ¯  ^   i  ⟩      ∑   i = 1  3   |      σ ¯  ^   i   |    , 0 ≤ r  (    σ ¯  ^   )  ≤ 1  



(11)




where       σ ¯  ^   i    (i = 1, 2, 3) are the principal stress components, respectively,   ⟨ · ⟩   is defined as    ⟨ x ⟩  =  (   | x |  + x  )  / 2  , and    | x |    is the absolute value of  x .



Under periodic alternating loads, the complex concrete damage mechanism is related to the cracking and merging of the initial cracks and their interrelation during changes. When the concrete is subject to compression after tension, its stiffness will be partially restored, that is, the unilateral effect is more significant. To reflect this effect, the relationship between tensile and compressive damage variables,    d t    and    d c   , is:


   (  1 − d  )  =  (  1 −  s t   d c   )   (  1 −  s c   d t   )   



(12)




where   0 ≤  s t  ,      s c  ≤ 1  ,    s t   , and    s c    are the relational expressions after stiffness recovery.


   {       s t  = 1 −  ω t  r  (    σ ¯  ^   )  , 0 ≤  ω t  ≤ 1        s c  = 1 −  ω c   [  1 − r  (    σ ¯  ^   )   ]  , 0 ≤  ω c  ≤ 1        



(13)




where    ω t    and    ω c    are the weighting factors of stiffness recovery related to the material properties. Figure 1 shows the stiffness recovery curve of the concrete damage model when the weighting factors are    ω t  = 0   (compression → tension) and    ω c  = 1   (tension → compression) under uniaxial alternating loads.



When the plastic damage model is used, the damage may cause the degradation of the concrete structure’s stiffness. Based on it, the influence of concrete damage and cracking on the stress state of the structure can be simulated. At the same time, the concrete damage and cracking have a significant impact on the permeability characteristics of the structure. The material element is composed of a damaged phase and an undamaged phase. The element permeability coefficient is calculated as follows [37]:


  k =  (  1 − d  )   k m  + d  k d     (  1 +  ε v     p f    )   3   



(14)




where    k m    is the permeability coefficient of the undamaged phase, and    k d    is the permeability coefficient of the damaged phase. Assuming that no damage occurs in the case of elastic deformation, while plastic deformation and damage occur simultaneously, then, the plastic volumetric strain of the damaged phase is    ε v     p f   = d  ε v p   , in which    ε v p    is the plastic volumetric strain of the element.



Once macroscopic cracks appear, brittle material’s permeability will suddenly increase; thus, the sudden jump factor, ξ, is introduced to calculate the permeability coefficient of the damage phase [25]:


   k d  = ξ  k m   



(15)




where, for compression–shear damage,   ξ = 100  , and for tensile damage,


  ξ =  {      10 , 0 < d ≤ 0.1         1000 − 10   0.9 − 0.1   d + 10 , 0.1 < d < 0.9       1000 , 0.9 ≤ d ≤ 1        











Compared with conventional seepage–stress coupling models, the model in this paper couples the effect of damage and extends the study of the seepage–stress coupling problem from the simple stress state analysis to the damage process analysis, which lays a theoretical basis for further studying the concrete failure process and seepage evolution under seepage–stress coupling conditions.




2.2. SSD Coupling Method


The lining supports most of the water pressure from the deep excavated canal of the SNWDP [38]. In this paper, the constitutive elastoplastic relationship is used to simulate the canal lining, and it is based on the Mohr–Coulomb criterion; and the SSD coupling method is used to analyze and predict the long-term functioning of the lining of the canal.



The SSD coupling method used in this paper is based on the ABAQUS finite element software for secondary development [39]. The SSD coupling method used in this paper is based on the ABAQUS finite element software for secondary development. The damage was obtained via the FORTRAN language program, namely GETBRM. According to the damage curve and the permeability coefficient, the subprogram USDFLD (ABAQUS subprogram, which can define the constant variable on the material point as a time function) is used to update the canal permeability coefficient with damage changes. The element’s permeability coefficient is defined as a field variable, and the subprogram was utilized in each incremental calculation to obtain the maximum principal strain and the equivalent plastic strain of the material integration point, thereby determining the element’s stress state. The element’s damage variable was solved. The lining’s permeability coefficient was revised based on relevant information of the element and node to predict the long-term operation of the SNWDP more accurately. The established SSD coupling analysis process is shown in Figure 2.





3. Model Parameters and Boundary Conditions


3.1. Project Overview


There is a canal excavated with a depth of 36–47 m in the SNWDP Xichuan Section. The canal is located on the edge of the northern subtropical zone and also in the humid area. Affected by the monsoon climate all year round, it has four distinct seasons and abundant rainfall, with an average annual rainfall of more than 730 mm. In addition, this canal has a high groundwater level. Given that canals with high fills are more likely to undergo slope instability, this paper selects a typical section of the said deep canal in Xichuan Section for research. Its slope is reinforced by the combination of large-section excavation and water collection well. The canal consists of concrete lining plates, a geomembrane, sand–gravel cushions, and foundations. There are three-level bridleways on both banks, which can withstand vehicle loads, canal water pressure, groundwater pressure, and gravity.



As illustrated in Figure 3, a three-dimensional finite element numerical simulation model of a representative portion of a deep dug channel was created. It was accomplished by considering the central point of the canal bottom as the origin, the X-axis as the horizontal direction of the vertical water flow, the Y-axis as the direction parallel to the flow direction, and the Z-axis as the vertical direction the vertical water flow. The canal structure in the numerical model was discrete based on the C3D8RP (hexahedral reduced-integration) element. It had 185,000 elements and 208,098 nodes in total. The bottom of the finite element model was constrained fully, and the surrounding was constrained normally. The boundary conditions of the total head and the free seepage section were set. The monitored seepage flow of the canal was converted into the seepage velocity and set as the seepage velocity boundary condition.




3.2. Finite Element Model and Material Properties


This study chose a specific section of a high groundwater level for the numerical simulation analysis of the infiltration–stress coupling. A three-dimensional finite element numerical simulation model based on the drawings of the typical section design was established. Figure 4 depicts the canal’s general details and the distribution of structural materials in each portion. Part of the model parameters are as follows: the canal bottom width is 13.5 m; the digging depth is 46 m; an 8 cm–thick C25 concrete slab is used as the lining plate, under which there is a composite geomembrane and then a 25 cm–thick coarse sand cushion, with the foundation at the bottommost; the designed water level is 8 m; the increased water level is 8.77 m; and the underground water level is 41.28 m.



Three monitoring points, A, B, and C, were selected in the deep excavated canal to monitor the canal’s displacement and settlement. The clay materials are mainly used for the foundation and slope of the deep excavated canal section of the SNWDP. The anti-seepage system is mainly achieved by a concrete lining board, geomembrane, coarse sand cushion, and polysulfide sealant, as shown in Figure 5. During the actual operation of the SNWDP, the canal’s infiltrated surface is subject to the continuous change of the permeability coefficient. Therefore, in this study, the characteristics of the water section were constantly assumed to ensure the continuity and accuracy of the results.





4. Comparison between Monitored Data and Numerical Simulation


This section provides a concise and precise description of the experimental results, their interpretation, and the experimental conclusions that can be drawn.



Three monitoring points, A, B, and C, were selected on the canal, bottom, and slope, respectively (as shown in Figure 6a). Their safety-monitoring data from January 2014 to January 2018 were calculated and analyzed. Settlement monitoring points were used to conduct on-site surveys of the settlement displacement of the deep excavated section of the SNWDP (Figure 6b,c). The calculation results were compared and analyzed. Figure 7 shows the correlation curve between the simulated settlement and the monitored settlement of the monitoring points.



It can be seen from Figure 7 that, (1) during the 5-year operation of the deep excavated canal, the displacement gradually increased from the bottom to the top of the canal, reaching the highest at the top. The maximum difference between the monitored displacement and settlement value and the calculated value is 0.559 mm, and the minimum is 0.02 mm; (2) the canal subsided rapidly during the first two years, and then the settlement slowed down and got close to final settlement; and (3) compared to the displacement curve of the monitored section, the settlement trend is similar. According to the Adj.R-square coefficient and Pearson’s correlation coefficient, the calculated data curve is highly fitted to the actually monitored data curve. After five years of operation, the settlements are the same, suggesting that the numerical simulation of the canal’s long-term settlements is consistent with the actual project operation.




5. Evolution of the Canal’s Long-Term Behavior Based on SSD


5.1. Evolution of Canal Pore Pressure


Long-term seepage failure has a significant impact on the safe operation of the canal. Taking as an example the deep excavated canal in the section of the SNWDP, the long-term settlement of the canal and seepage field changes under the effect of coupling of seepage and stresses are calculated. Based on the above parameters and conditions, the ABAQUS software is used to estimate the deep excavated canal’s long-term settlements and seepage field changes.



Figure 8 and Figure 9 respectively show the saturation contours of the deep excavated canal after 10 and 20 years of operation. Here, the saturation is used to describe the moisture content of the foundation soil under the concrete lining plate. It can be seen from the figures that in the deep excavated canal, most of the soil is in a saturated state, and some are unsaturated, and the seepage effect is relatively large. By comparing the two contours, it can be seen that under given conditions, as the operating time of the canal increases, the saturated zone decreases and the unsaturated zone increases. It may be due to the fluctuation in the void ratio and the permeability coefficient produced by canal settlement. With the continuous settlement of the canal, the void ratio decreases, and the coefficient of permeability also decreases. In the macroscopic view, a change in the seepage field generates a change in the stress field, which shows a change in the settlement.



Figure 10 and Figure 11 respectively show the pore pressure contours of the deep excavated canal after ten years and 20 years of operation. It can be seen from the figures that there is negative pore pressure at the top of the canal, indicating the existence of unsaturated zones. The foundation exhibits both saturated seepage and unsaturated seepage, which is consistent with the numerical results of saturation. Pore pressure decreases on both sides towards the middle. Due to the high groundwater level on both sides of the deep excavated canal, the groundwater flows into the canal center under the action of gravity. Therefore, drainage measures should be taken on the slope of the canal to reduce the groundwater seepage and improve the security of the canal water supply.




5.2. Evolution of the Canal’s Long-Term Settlements


In the calculation process, the design water level of the canal, the highest groundwater level of the slope and underground drainage measures are not applicable. The anti-seepage system is damaged, the seepage of the slope is stable, and the interior slope has no boundary flow. Based on the finite element model of the specific cross-section of the deep excavated canal, the characteristic points a, b, c, and d respectively were selected for settlement analysis at the canal bottom, embankment, slope, and top. The water level adopted the canal’s design water level, the vehicle load on the first-level bridleway adopted the car-10 level load, the crowd load was 0.3 t/m2, and the highest groundwater level was 180.218 m.



The SSD coupling method was used to compute the canal settlements after five years of operation based on the above working conditions. The nephogram of the canal’s vertical displacements after a 5-year operation is shown in Figure 12, and the settlement of each distinctive point is shown in Figure 13. The highest vertical displacement of the canal was 4.151 mm, which was within the authorized settlement range, as shown in the figures. The U2 is the vertical component of the total settlement U.



Based on the foregoing conclusions, a numerical simulation of the deep excavated canal is carried out, and a nephogram of the canal’s settling clouds after ten years of operation is obtained (see Figure 14). According to the nephogram of canal settlements, the settlement curve of each characteristic point was obtained (as shown in Figure 15). It can be seen from the figures that the maximum settlement is 5.128 mm, which represents an increase of 0.977 mm compared to the five years of operation. This change is not significant, so it is believed that the settlement has reached the final settlement. Table 1 shows the settlement rate of the canal top’s characteristic point at different times after the 10-year operation. The canal subsides at a decreasing rate after its operation. After 10 years of operation, the canal settlement rate is 0.16 mm/year. Although its absolute number is minimal and may not have much impact, the settlement continues.



The numerical simulation is repeated to investigate the deep excavated canal’s long-term settlement and deformation to get the nephogram of canal settlements after 20 years of operation, as shown in Figure 16. It is evident from the figure that the maximum settlement is very close to that calculated after 10 years of operation, indicating the deep excavated canal has reached a stable state, as shown in Figure 17. However, in actual operation, the stability of the deep excavated canal is affected by many factors such as complex water distribution conditions and varying environments, and significant settlements can occur locally. As the operating time increases, the canal’s settlement becomes smaller, not affecting its operating safety.



In this paper, the hypothetical SSD coupling method was used to predict the life and performance of the deep excavated canal in the SNWDP Xichuan Section. The numerical results showed that under normal operating conditions, the canal may only subside a little after 20 years of operation. The numerical simulation in this paper is based on the coupling of the seepage field and the stress field. It is expected that the canal operates will work stably for some time in the future.




5.3. Canal Lining Damage and Crack after Long-Term Operation


A numerical simulation of the evolution of the SNWDP’s deep excavated canal after 50 years of regular operation was conducted by using the SSD coupling. The canal settlement nephogram was obtained (Figure 18). The displacement of each characteristic point is shown in Figure 19. Compared with the settlement nephogram after 20 years of operation, the settlement is insignificant and remains stable.



The seepage effect is larger in the deep excavated canal because much of the soil is saturated. As the settlement increases, both the void ratio and permeability coefficient decrease. The change in the seepage field affects the stress field and settlement at the macro level.



After 50 years of operation, the canal was discovered to be slightly damaged when investigating the evolution of its long-term behavior (Figure 20). In terms of overall damage, the maximum damage to the canal lining after the long-term operation is 37.6%. It is predicted that the deep excavated canal in the SNWDP Xichuan Section can still be used under normal operating conditions, for there is no large-area damage, except the concrete damage near the water surface. The damage first appeared near the water level of the left lining plate because the elevation of the top of the canal on the left bank was higher than that on the right bank, and the seepage–stress coupling effect was greater. The damage then occurred on the right lining plate, particularly at the point of the overflow of the water table in the canal, which was symmetrical to the point of damage on the left bank. The high level of the water table and its increasing water pressure with depth are the main causes of damage to the canal lining board. The water pressure differential between the inside and outside of the canal lining board is significant. The water pressure difference between the top and lower positions of the water surface inside the canal is minor, resulting in damage. The canal lining board is generally in a relatively safe condition, and there is no large-scale damage. Over time, the lining board may eventually be damaged in the form of uplifting after 50 years of operation, which may provide theoretical indications for the actual operation of the project. This study used the SSD coupling method to predict the service life and running status of the deep excavated canal in the SNWDP Xichuan Section under normal conditions, but it was limited to such external factors as environment, climate, and rainfall intensity [40]. More other influencing factors need to be studied further.





6. Conclusions


In this study, the SSD coupling method was adopted. The canal “lining-foundation” is considered a whole coupled system. The concrete lining’s damage and the foundation’s seepage damage were linked together, and long-term effects were introduced for numerical simulation and analysis of the canal lining structure. The conclusion is summarized as follows:



	(1)

	
The applicability of the SSD coupling method to the SNWDP in China: The long-term settlement of the canal and the modification of the seepage field were investigated by using a constitutive coupled plastic damage model of nonlinear dynamic damage of concrete, which is used in the numerical simulation of the coupled seepage–stress model. After five years of operation through modeling, the maximum settlement of the deep excavated canal in the SNWDP Xichuan Section is 4151 mm, which is consistent with the monitoring data, thus verifying the rationality of the numerical simulation method.




	(2)

	
Prediction on the settlement of the canal after long-term operation: Through the numerical simulation of the settlement after 10 years of operation, it is found that the maximum settlement is 5.128 mm, and the canal settlement mainly occurred in the first two years. Numerical simulations were used to obtain the settlement nephograms after 20 and 50 years of operation. It is evident from the nephograms that the settlement finally remains the same.




	(3)

	
The damage evolution process of the canal after long-term operation: Judging by the overall damage of the lining plates on the canal of the SNWDP, the lining plate on the left bank was damaged first, and the damage was concentrated near the water level. After a long-term operation, the lining structure of the deep excavated canal in the SNWDP Xichuan Section is still safe, and there is no apparent damage.




	(4)

	
Causes of the damage and limitations of this study: The deep excavated canal in the SNWDP Xichuan Section is destroyed from the water surface, mainly due to the seepage of the high underground water. The damage spreads gradually from the local area, eventually leading to failure of the concrete lining plate. However, this study was limited by the environment, climate, and rainfall intensity. Therefore, more other influencing factors need to be studied further.
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Figure 1. Stress–strain relation under the uniaxial alternating load. 
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Figure 2. Flowchart of seepage/stress-damage coupling analysis. 
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Figure 3. Three-dimensional finite element model of a typical section of the deep excavated canal. 
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Figure 4. Finite element model of a typical section of the deep excavated canal. 
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Figure 5. Canal seepage system. 
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Figure 6. Canal of the South-to-North Water Diversion Project and settlement monitoring points. (a) A section of the South-to-North Water Diversion Project, (b) Settlement monitoring points protection box, (c) Settlement monitoring points. 
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Figure 7. Correlation curve between the estimated settlement and the monitored settlement of the monitoring points. 
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Figure 8. Canal saturation contour when t = 10 years. 
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Figure 9. Canal saturation contour when t = 20 years. 
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Figure 10. Canal pore pressure contour when t = 10 years. 
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Figure 11. Canal pore pressure contour when t = 20 years. 
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Figure 12. Canal settlement nephogram when t = 5 years. 
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Figure 13. Settlements of each characteristic point when t = 5 years. 
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Figure 14. Canal settlement nephogram when t = 10 years. 
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Figure 15. Settlement of each characteristic point when t = 10 years. 
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Figure 16. Canal settlement nephogram when t = 20 years. 
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Figure 17. Settlement of each characteristic point when t = 20 years. 
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Figure 18. Canal settlement nephogram when t = 50 years. 
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Figure 19. Settlement of each characteristic point when t = 50 years. 
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Figure 20. Damage-distribution cloud diagram after 50 years. 
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Table 1. Canal top’s settlement rate.
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	Time/Year
	1
	2
	3
	4
	5





	Rate (mm/year)
	1.38
	0.98
	0.64
	0.5
	0.4



	Time/year
	6
	7
	8
	9
	10



	Rate (mm/year)
	0.24
	0.18
	0.17
	0.165
	0.16
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