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Abstract

:

In recent years, non-water reaction polymer grouting is a new technology for anti-seepage and reinforcement that has been widely employed in anti-seepage projects. However, there is little research on the consequence of defective polymer cutoff walls affecting the seepage safety of earth dams. To analyze the influence of the number, location, and randomness of defects in the wall on seepage characteristics of the earth dam, a three-dimensional finite element model of a typical earth dam with the polymer cutoff wall is established by numerical simulation technology. The model reflects the real geometry of the polymer cutoff wall as well as the internal common construction defects—windows and uneven thickness. The results indicate that construction deficiencies, especially defect rate and thickness uniformity, have a negative effect on the actual anti-seepage performance of the polymer wall. Eventually, the seepage safety of the earth dam may be endangered due to overestimation of the actual impermeability, if only assuming the cutoff wall is intact. Therefore, the index reflecting the integrity and the impermeability of the polymer cutoff wall is proposed, and the corresponding proposals are offered based on calculation results.
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1. Introduction


In the 1970s, the chemical solution composed of polyurethane foam prepolymers started to be used for chemical grouting in geotechnical engineering. Currently, non-water polyurethane polymerization methods with different characteristics and high-pressure injection techniques are developing rapidly [1]. In terms of hydraulic engineering, seepage is always one of the main hidden dangers threatening the safety of earth dams, which gradually wears down the solid skeleton, degrading the mechanical strength of the solid structure. About 25% of earth dam failures worldwide are caused by seepage damage [2,3,4]. For this practical need, non-water reaction polymer grouting is invented as a new seepage-proof and reinforcing technology for dikes and dams [5]. It is in line with the development trend of sustainable construction and the endlessly long life of dams [6,7]. It combines the construction technique of static pressure for slot-forming, lifting injection, and slot hole connections to realize the simultaneous construction of pressure groove grouting. Compared with the concrete cutoff wall [8], the polymer cutoff wall has the advantages of rapid construction speed, minimally invasive, high economy and practicality, excellent seismic crack resistance, high corrosion resistance, and so forth.



In recent years, extensive studies have been conducted on the material properties, the diffusion law in soils [9], the seepage-proof effect, and the nondestructive examination of polymer cutoff walls [10]. Li et al. [11,12] experimentally examined the mechanical properties of polymer grouting materials with different geometric sizes under uniaxial compression and the behavior of the polymer–bentonite interface under shear stress. Shi et al. [13] obtained the change regularity of compressive strength of polymer grouting material under different temperatures and the law of volume changes of polymer samples through the uniaxial compressive test. Guo and Wang [14,15,16,17,18] analyzed diffusion characteristics, anti-permeability properties, and the wall-formation mechanism of polymer grouting materials. Fang et al. [19] studied the coordination characteristics of the deformation between polymer anti-seepage wall and dam under traffic loads. Li et al. [20,21] conducted research on the seismic behavior and seismic resistance analysis of an earth dam with the new anti-seepage wall by using a centrifuge modeling test and certain verified numerical simulations. Along with a comparison of the response characteristics for earth dams with a concrete core, the results show that the earth dam with a polymer anti-seepage wall has a better capacity for seismic damage resistance. In quality inspection, Zhang et al. [22] preliminarily discussed the feasibility of testing the integrity of the polymer cutoff wall by the vibration method. In addition, Guo et al. [23] developed the construction equipment and process of polymer cutoff walls and tested its anti-seepage effect. During polymer grouting, when the grouting pipe uplifts too fast, the thickness of the cutoff wall could be uneven. Moreover, the window could appear when the slot holes connect inadequately. Internal defects of the polymer cutoff wall would impact the seepage characteristics of earth dams. In terms of the influence of the defective anti-seepage body, Wang et al. [24] analyzed how the seepage behavior would be affected by the ratio of constructional deficiency in the core wall and the permeability coefficient of the deficiency element, revealing that defects would influence the overall filtration stability of the core wall. Yang and Cen et al. [25,26,27,28] systematically investigated the influence of defective geomembranes on the seepage field of earth-rock dams. There are many relative studies on the defects of the anti-seepage bodies, except for the polymer cutoff wall. Hitherto, it is of utmost importance to find out the effect of random construction deficiencies inside the polymer cutoff wall on the seepage characteristics of earth dams.



The application of finite elements in hydraulic numerical calculation can effectively simulate the actual state of engineering and has been widely used in various hydraulic buildings [29,30,31,32,33]. Finite element simulation can consider small defects that are not easy to be monitored and can save a lot of monitoring costs. Therefore, to reveal the influence of internal construction flaws (e.g., windows and uneven thickness) on the polymer cutoff wall, a three-dimensional finite element model (including the latter) is established. Based on steady-state seepage theory, through analyzing the influence of the number, location, and randomness of defects on seepage characteristics, this paper summarizes the influence of laws on the seepage safety of the earth dam, and in addition, proposes an indicator to reflect the actual impermeability of the polymer cutoff wall.




2. Basic Formulation of Seepage Field


According to Darcy’s law and mass conservation law, the governing Equation of steady state seepage field [34] is as follows:


  ∇ ( k Δ h ) = 0  



(1)




where k [LT−1] is the permeability coefficient,   Δ h   [L] is the water head difference.



The first type of boundary conditions, also known as the boundary of fixed water level:



When the water head H [L] on the boundary of a certain part of the seepage region (   Γ 1   ) is known, the boundary condition is as follows:


  H ( x , y , z )  /   Γ 1    = φ ( x , y , z )  



(2)







The second type of boundary conditions, also defined as the boundary of fixed flow:



When the normal flow velocity on the boundary of a certain part of the seepage region (   Γ 2   ) is given, the boundary conditions are:


  k   ∂ H   ∂ u    /   Γ 2    = q ( x , y , z )  



(3)




where n means the external normal direction of    Γ 2   , q [L3T−1] stands for the lateral recharge of    Γ 2   .



The most common type of boundary is the impervious boundary, where q = 0. Under the condition of isotropic medium, the above equation is simplified as:


    ∂ H   ∂ n    /   Γ 2    = 0  



(4)







Free surface boundary conditions:



On the free surface (   Γ 3   ),


    ∂ H   ∂ u    /   Γ 3    = μ   ∂ H   ∂ t    n z   



(5)






  H ( x , y , z )  /   Γ 3    = z ( x , y )  



(6)




where   μ   ∂ H   ∂ t    n z    indicates the flow recharge on the free surface due to the change of the free surface,  μ  refers to the specific yield, representing the amount of water absorbed or excluded from the aquifer per unit area when the free surface fluctuates the unit height, which is a dimensionless number;    n z    is the exterior normal vector of the free surface.



Boundary conditions of overflow surface:



On the overflow surface (   Γ 4   ),


    ∂ H   ∂ n    /   Γ 4    ≤ 0  



(7)






  H ( x , y , z )  /   Γ 4    = z ( x , y )  



(8)








3. Calculation Model


3.1. Model Parameters


A 10 m long typical earth dam section with a polymer cutoff wall (shown in Figure 1) is used to establish a 3D finite element model for numerical simulation. The polymer cutoff wall is 0.5 m below the foundation, 0.02 m in thickness (the cross-section shown in Figure 2). The dam has both slope ratios of 1:2, with a 14 m water level upstream. The numerical model has 256,040 elements and 263,562 nodes totally, whose element type is C3D8P. The permeability coefficients of the dam, the dam foundation, and the polymer cutoff wall are 1.0 × 10−6 m/s, 5.0 × 10−7 m/s, and 1.0 × 10−10 m/s, respectively.




3.2. Simulation of Defects in Cutoff Wall


During the construction, when the grouting pipe uplifts too fast, the thickness of the cutoff wall could be uneven; the window could appear when the slot holes connect inadequately (simulation is shown in Figure 3). The permeability coefficient of elements was augmented to simulate flaws. The permeability coefficient of the uneven thickness deficiency element was 10, 100, and 1000 times that of the cutoff wall. Supposed windows are filled in soil, so the permeability coefficient of the deficiency element is equal to that of soil. The steps to simulate random defects are as follows: first, all the cutoff wall elements are selected from the model; second, the construction defect rate is determined; next, random sampling is according to a uniform distribution; and finally, the sample continues until reaching the preset defect rate.





4. Seepage Characteristics Analysis


4.1. Seepage Characteristics under Single Defects


Figure 4 illustrates the pore water pressure distributions of the earth dam, which has an uneven thickness defect in different sizes of 20 cm × 88 cm, 40 cm × 88 cm, and 60 cm × 88 cm in the middle of the wall (the permeability coefficient of deficiency elements is 1000 times that of the intact wall). In addition, the contour maps concern the pore water pressure of the earth dam when there are 20 cm × 3 cm and 60 cm × 3 cm windows in the middle of the cutoff wall (Figure 5). Under the condition of a single defect, there is a similarity among these seepage fields (Figure 4 and Figure 5), because one single defect has little influence on the overall saturated surface of the earth dam, but an effect on the contour distribution of local head nearby (Figure 6).



When the polymer cutoff wall has uneven thickness defects, compared with the complete cutoff wall, the maximum increase of leakage in the dam section is 0.15 m3/d, and the variation range of saturation line height is 0.15~0.57 m (Figure 7).



Compared with the same type of defects (Figure 8 and Table 1), the synchronous increases in seepage quantity and the infiltration line mean the anti-seepage ability of the cutoff wall decreases. Although the type, location, size, and permeability coefficient are not the same, one single flaw has few influences on the seepage. In the same conditions, the defects in different positions under the design water level, the closer to the upper wall, the higher the seepage flux and the infiltration line. That implies the water head difference decreases on both sides of the diaphragm (Table 1). That leads to more impact on the seepage and the worse impermeability of the polymer wall, which becomes more acute as the defect rate increasing. Therefore, more concentration on the construction quality of the polymer cutoff wall, particularly the upper part, to prevent the adverse effects on the seepage field caused by constructional deficiency.




4.2. Seepage Characteristics under Multiple Defects


Through the previous analysis, attention should be paid to the impact of uneven thickness deficiencies on the seepage field under varying permeability coefficients of imperfection elements and construction defect rates (Table 2). The permeability coefficients of the deficiency elements are equal to 10, 100, and 1000 times that of the normal. The flaw distributions of the cutoff wall result from random sampling as the construction defect rate are 5%, 10%, 15%, and 20% (Figure 9). The flaw distribution is uniform in the cutoff wall without local concentration.



Table 2 lists the seepage quantity, height of infiltration line and overflow point, and water head difference on both sides of the cutoff wall under random flaws with different defect rates or permeability coefficients. It illustrates that, under the design water level, the seepage quantity of the complete polymer cutoff wall is just 3.2 m3/d, and the water head difference on both sides of the cutoff wall reaches 5.695 m. The seepage field changes slightly in the case of a 5% defect ratio, where the permeability coefficient of deficiency elements rose 10-fold. The seepage flux variations of the dam section are less than 0.06 m3/d, and the water head difference decreases by less than 0.28 m. In the 10-fold increases of permeability coefficient, the seepage field has no obvious distinction whether a single flaw or a deficiency rate below 10%. However, when the same deficiency rate, the increase of the permeability coefficient, produced by the uneven thickness of the polymer wall, will seriously undermine the seepage control ability of the cutoff wall, affecting the overall seepage field. When the permeability coefficient of the flaw elements magnify 100 times, 1000 times, but at most that of the soil, compared with the 10-fold permeability coefficient, the leakage quantity ranged from 1.13 times to 1.27 times, the minimum pore water pressure is 1.35~1.86 times, the water head difference is reduced by 45% and 82%, respectively.



The contour maps of the total water head of the dam under the random uneven thickness defects with different deficiency rates (Figure 10) reveal a growth in defect rate severely cut down on the impermeability of the polymer wall when the deficiency elements have the same permeability coefficient of 100 times. The water head distribution over the flaw rate of 20% approaches that without the cutoff wall. Therefore, in addition to avoiding the uneven thickness, limit the total quantity of flaws to prevent the high defect rate fail the polymer cutoff wall.



After further analysis, with the increase of permeability coefficient of the defect element, the changes of seepage discharge, the height of infiltration line, and the height of overflow point all rise rapidly at first and then gradually approach a constant, but the trend of the water head difference is on the contrary. In addition, take the defect rate of 10% for example (partial results are shown in Table 2), these indexes all vary dramatically below the permeability coefficient of 5.00 × 10−8 m/s and tend to a definite value later. In other words, the variation range of the seepage field gradually decreases and stays stable when the permeability coefficient is over 5.00 × 10−8 m/s. The impermeability of the polymer cutoff wall has been less than 20% since the defect rate exceeds 10%, which is slightly better than the situation without the cutoff wall.




4.3. Impermeability Index


The polymer wall seems unavoidable to develop local construction deficiencies, especially these two kinds of defects above. The parameter of the seepage quantity reflects exactly the defect characteristics. In practice, it is usually hard to get the exact distribution location of tiny local defects utilizing detection. Therefore, a kind of impermeability index R is proposed as the evaluation index to judge the impermeability and construction quality of polymer cutoff walls. Computed by the variation in seepage flux, which is easier to determine by the existing methods, it can reflect reality with relative accuracy, which is simple to calculate and apply for preliminary on-site judgment.



The numerator is equal to the actual monitoring value of seepage quantity of the earth dam with the polymer wall (Adefect) minus that without the cutoff wall (Awithout), and the denominator is the seepage quantity of the earth dam with the polymer wall in design (Acomplete) minus that without the cutoff wall (Awithout). The ratio is defined as impermeability index R, which not only reflects the anti-seepage property of the polymer wall intuitively but also reflects construction quality.


  R =    A  d e f e c t   −  A  w i t h o u t      A  c o m p l e t e   −  A  w i t h o u t      



(9)







When R has a higher value (namely approaching 1), it represents better construction quality of the polymer wall and its impermeability (shown in Figure 11). On the contrary, the smaller value of R can imply more local defects in the polymer cutoff wall that need further detection and repair.





5. Conclusions


A 3D finite element model of an earth dam with the polymer cutoff wall is established in this study. The model reflects the real geometry of the polymer cutoff wall and the internal construction flaws, which are windows and uneven thickness. Furthermore, the number, location, and randomness of defects in the wall are simulated to reveal the influences of seepage characteristics on the earth dam. In addition, an index is proposed to reflect the practical impermeability of the polymer cutoff wall.




	
In comparison with flaws of the same type, the synchronous increases in seepage quantity and the infiltration line, along with the size or permeability coefficient of defects enlarging, means the anti-seepage ability of the cutoff wall decreases. Although the type, location, size, and permeability coefficient are not exactly the same, one single flaw has few influences on the seepage performance. Under the condition of multiple defects, the seepage flux and the water pore pressure increase, and become more acute as the defect rate increasing. So, controlling the number of defects is vital to limit leakage, for example, by improving and using advanced construction techniques.



	
Under the design water level, the more defects close to the upper wall, the more seepage flux and infiltration line increase, which induces a decrease in water head difference on both sides of the wall. That defect distribution leads to more impact on the seepage and the worse impermeability of the polymer wall. Therefore, more concentration on the construction quality of the polymer cutoff wall, particularly the upper part.



	
The increase of the permeability coefficient, produced by aggravating the degree of the uneven thickness defect, will seriously undermine the seepage control ability of the cutoff wall, affecting the overall seepage field. The influence of the extreme heterogeneous thickness of polymer cutoff walls may bring more serious consequences than a large area of defect.



	
To guarantee the seepage safety of the earth dam, construction quality supervision of the polymer cutoff wall should be ensured to avoid construction deficiency. It is necessary to strengthen the detection and improve the judgment index in order to judge the overall seepage control performance of the polymer wall.








This proposed index is only a preliminary judgment index based on the results obtained above, and the reliability of this index needs to be tested by sensitivity analysis and actual data.
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Figure 1. Three-dimension model of the earth dam with polymer cutoff wall. 
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Figure 2. A special drilling tool and a section of polymer cutoff wall (unit: m). (a) Tri-cone slot-forming plate, (b) Horizontal profile of the polymer cutoff wall model. 
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Figure 3. Schematic diagram of defect simulation. (a) Uneven thickness, (b) Window. 
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Figure 4. Pore pressure contour map of earth dam containing anti-seepage wall with an uneven thickness defect (unit: kPa). (a) Complete cutoff wall, (b) Defect size of 20 cm × 88 cm, (c) Defect size of 40 cm × 88 cm, (d) Defect size of 60 cm × 88 cm. 
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Figure 5. Pore pressure contour map of earth dam containing polymer cutoff wall with a window (unit: kPa). (a) Defect size of 20 cm × 3 cm, (b) Defect size of 60 cm × 3 cm. 
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Figure 6. Local pore pressure distribution of polymer cutoff wall. 
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Figure 7. Relations of seepage quantity, infiltration line, and size of the uneven thickness defect, respectively. 
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Figure 8. Variation of the seepage discharge and infiltration line with the permeability coefficient of the defect. (a) Seepage discharge, (b) Infiltration line. 
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Figure 9. Random distribution of uneven thickness defects in polymer cutoff wall. (a) Distribution 1st, defect rate of 5%, (b) Distribution 2nd, defect rate of 5%, (c) Distribution 3rd, defect rate of 5%, (d) Distribution 4th, defect rate of 10%. 
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Figure 10. Contour map of total water head of earth dam under different numbers of uneven thickness defect (unit: m). (a) Complete cutoff wall, (b) 10% defect rate, (c) 20% defect rate, (d) Without cutoff wall. 
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Figure 11. Relationship between impermeability index R and defect rate of polymer cutoff wall with different permeability coefficients. 
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Table 1. Calculation results of seepage field of polymer cutoff wall earth dam with a single defect.
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Defect Type

	
Defect Location

	
Defect Size

	
Seepage Quantity of Dam Section

	
Water Head Difference on Both Sides of Cutoff Wall




	

	

	
(cm)

	
(m3/d)

	
(m)






	
Without cutoff wall

	

	

	
4.44

	
12.19




	
Complete cutoff wall

	

	

	
3.20

	
7.79




	
Uneven thickness defect

	
upper

	
20 × 88

	
3.30

	
8.04




	
middle

	
3.28

	
8.01




	
lower

	
3.26

	
7.95




	
Window

	
middle

	
20 × 3

	
3.23

	
7.88




	
40 × 3

	
3.25

	
7.93




	
60 × 3

	
3.27

	
7.97
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Table 2. Partial calculation results of seepage field of an earth dam with defective polymer cutoff wall.






Table 2. Partial calculation results of seepage field of an earth dam with defective polymer cutoff wall.





	
Defect Rate

	
Defect Distribution

	
Permeability Coefficient of Defect Elements

	
Seepage Quantity of Dam Section

	
Water Head Difference on Both Sides of Cutoff Wall

	
Height of Infiltration Line

	
Height of Overflow Point




	
(%)

	

	
(m/s)

	
(m3/d)

	
(m)

	
(m)

	
(m)






	
0

	
-

	
1.0 × 10−10

	
3.20

	
5.695

	
7.79

	
5.73




	
5

	
1st

	
1.0 × 10−9

	
3.26

	
5.422

	
7.94

	
5.73




	
5

	
2nd

	
1.0 × 10−9

	
3.26

	
5.460

	
7.96

	
5.73




	
5

	
3th

	
1.0 × 10−9

	
3.26

	
5.457

	
8.00

	
5.73




	
10

	
4th

	
1.0 × 10−9

	
3.31

	
5.226

	
8.11

	
5.73




	
10

	
4th

	
1.0 × 10−8

	
3.74

	
2.847

	
9.88

	
7.64




	
10

	
4th

	
1.0 × 10−7

	
4.20

	
0.931

	
11.35

	
8.92




	
15

	
5th

	
1.0 × 10−7

	
4.27

	
0.695

	
11.71

	
8.99




	
20

	
6th

	
1.0 × 10−7

	
4.28

	
0.563

	
11.86

	
9.56
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