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Abstract

:

Earth-fill dams are the most common types of dam and the most economical choice. However, they are more vulnerable to internal erosion and piping due to seepage problems that are the main causes of dam failure. In this study, the seepage through earth-fill dams was investigated using physical, mathematical, and numerical models. Results from the three methods revealed that both mathematical calculations using L. Casagrande solutions and the SEEP/W numerical model have a plotted seepage line compatible with the observed seepage line in the physical model. However, when the seepage flow intersected the downstream slope and when piping took place, the use of SEEP/W to calculate the flow rate became useless as it was unable to calculate the volume of water flow in pipes. This was revealed by the big difference in results between physical and numerical models in the first physical model, while the results were compatible in the second physical model when the seepage line stayed within the body of the dam and low compacted soil was adopted. Seepage analysis for seven different configurations of an earth-fill dam was conducted using the SEEP/W model at normal and maximum water levels to find the most appropriate configuration among them. The seven dam configurations consisted of four homogenous dams and three zoned dams. Seepage analysis revealed that if sufficient quantity of silty sand soil is available around the proposed dam location, a homogenous earth-fill dam with a medium drain length of 0.5 m thickness is the best design configuration. Otherwise, a zoned earth-fill dam with a central core and 1:0.5 Horizontal to Vertical ratio (H:V) is preferred.
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1. Introduction


1.1. Research Background


Earth-fill (embankment) dams are the most common types of dam. In addition, they are considered as the most economical choice when utilizing locally available materials. Further, they have been part of a usual practice to store and control river water for a long time [1,2]. Such dams are normally built by placement and compaction of a complex semi-plastic mound of various soil, rock, sand, or clay compositions [3]. Stability and seepage are important in an earth dam as they were found to be the main reasons of dam failure [4,5]. Earth-fill dams lose water from the dam reservoir through evaporation and from the dam body through seepage [6,7,8]. Losses due to evaporation cannot be controlled, but with good construction techniques, seepage losses can be minimized [9]. Seepage is the outcome of the difference in water height upstream and downstream. Seepage rate depends on various factors, including the soil medium, the type of fluid, as well as the dams’ geometric conditions [10,11,12].



Soil seepage, which is the hydraulic conductivity of the soil and the pressure gradient, can be affected by a combination of factors acting on water [13]. Seepage in both homogenous and non-homogeneous earth-fill dams occur from the slow percolation of water on the dam and its foundation [14]. Inadequate seepage control has led to several seepage-related problems and failures on earth-fill dams [15]. Earth dams are more susceptible to internal erosion and piping due to seepage and require continuous maintenance. As the internal erosion and piping due to seepage are the main causes of failure in earth-fill dams, the control of seepage is extremely important in the design, construction, and safe operation of dams [4,9,16]. Although all earth-fill dams have at least some seepage, designing such dams should takes sufficient control of seepage into consideration, in order to ensure that the seepage does not adversely affect the safety and sustainability of the dam.



Several theories including Dupuit’s, Schaffernak–VanIterson’s, and Casagrande’s have been used to determine the seepage line and calculate the seepage rate through earth-fill dams [17,18,19]. In addition, several studies have been numerically and experimentally performed with the aim of calculating the seepage rate and the ways to minimize it [17,20,21,22,23,24]. This study aims to investigate the seepage line through earth-fill dams and estimate the rate of seepage using three methods, namely, physical models, mathematical calculations, and numerical models. This study also aims to investigate how the results from mathematical calculations and numerical models fit the observed seepage line and rate from the physical models.




1.2. Study of Seepage Through Earth-Fill Dams


The dam failures recorded in the 1700s and 1800s motivated the research for more scientific ways of designing and constructing dams. The first studies that quantitatively represented fluid flow through a porous media were published by Henri Darcy in 1856; he based his formula (now popular as Darcy’s law) on the flow of water through vertical filters in laboratory set-ups [25]. From the experiments, he demonstrated a simple relationship between the discharge velocity and the hydraulic gradient which he expressed as follows:


vd = k · i = Q/A



(1)






Q = k · i · A



(2)




where Q is rate of seepage (m3/s), vd is discharge velocity (m/s), i is hydraulic gradient (m/m), k is coefficient of permeability (m/s), and A is cross-sectional area normal to the direction of flow (m2).



In the 1880s, Forchheimer demonstrated that the distribution of water pressure and velocity within a seepage medium is governed by the Laplace differential equation. Early in the 1900s, a powerful graphical method was developed independently by Forchhiemer in Germany and Richardson in England to obtain approximate solutions of the Laplace equation [26]. This method was widely used for earth dams after the publication of a comprehensive research that was conducted by researchers [19]. Since then, the solution of the Laplace equation by the graphical procedure or with electrical analog models has become a standard procedure for seepage analysis [4]. However, the graphical method requires a long procedure of plotting, is time consuming, and subjected to personal skills [4]. The rate of seepage using the L. Casagrande solution (Figure 1) is:


q = k · a · sin2 β



(3)




where q is the Darcy flux or flow rate (m2/s), k is the hydraulic conductivity or permeability (m/s), a is the length of the seepage surface (m), and  β  is the angle of the downstream slope.



The length of the seepage surface a using upstream head h is calculated as:


  a = S −    S 2  −    h 2    s i  n 2  β      



(4)




where S is the length of the curve ĀBC (m), and h is the upstream head (m).



However, with about a 4–5% error, we can approximate S as the length of the straight line ĀC. Hence:


  S =    d 2  +  h 2     



(5)






  d = L + 0.3 Δ  



(6)








1.3. The Use of Physical and Numerical Models


Although the study of seepage through earth-fill dam needs an investigation of hydrological and geological conditions in sites, numerous studies have been conducted using physical models, (e.g., [16,28,29]), because physical models give a general picture of seepage behavior through earth-fill dams, including the phreatic line and the flow rate. Moreover, tests conducted on physical models can be an essential tool for investigating seepage behavior before the construction of the earth-fill dams and help to verify the initial design of dams by revealing potential demerits of a proposed design and to explore solutions.



However, as physical modeling has many limitations and constraints, the numerical modeling which is based on the mathematical solutions is the other way used in many researches (e.g., [30,31,32]), to solve the most complex engineering problems including seepage studies.



Numerical modeling is a rapid and less expensive technique and its results can be easily shared with the concerned parties. Being a purely mathematical approach, numerical modeling differs significantly from both laboratory-scale physical and full-scaled field modeling [10]. In situations where numerical modeling is considered improperly validated, physical modeling is normally recommended; such situations may include complex hydraulic conditions, non-standard or irregular site-specific conditions, or project performance improvement using non-standard designs.



In this study, the seepage through earth-fill dams was investigated using three methods, namely, physical, mathematical, and numerical models, and then the results were compared with each other. Subsequently, an example of seepage analysis for seven different configurations of an earth-fill dam was conducted using the SEEP/W software.





2. Materials and Methods


2.1. Experimental Setup


Two physical models of earth-fill dam were constructed in the hydraulic laboratory at Universiti Putra Malaysia. The models were placed inside rectangular tanks made of Perspex acrylic clear sheets, each with a length of 2.4 m, width of 0.5 m, and height of 0.5 m (Figure 2). Both models were homogenous with different drainage configuration, one with toe drain and the other with maximum length of horizontal drain.



The maximum length of horizontal drain was calculated using an equation [33] which is expressed as follows:


    L max  =  F b    ( m + n ) + T + h   1 +  n 2    2  n 2        ×   [ 0.3 m + n −     ( 0.3 m + n )   2   −  n 2    ]   



(7)




where Lmax is the length of horizontal drain (m), Fb is free board (m), m is upstream slope (m), n is downstream slope (m), T is crest width (m), and h is upstream head (m).



Details of models’ cross-sections are shown in Figure 3. Soil used to construct the earth-fill dam models was collected from the area of Gabai River near Langat Dam located in Hulu Langat, Selangor, Malaysia. Laboratory tests revealed that the soil sample was silty-sand, the optimum moisture of soil compaction was 20%, and the hydraulic conductivities for well and low compacted soil were 1.74562 × 10−8 m/s and 3.493 × 10−6 m/s, respectively. For the toe and horizontal drains, gravel with hydraulic conductivity of 0.016 m/s was used. During the construction of the physical models, soil was placed in layers of 5 cm and compacted accordingly, and the slopes of dam upstream and downstream were further compacted to fit the slope of 2.5:1 and 2:1 respectively.




2.2. Experimental Tests


The experiments were carried out with a constant upstream water level of 0.3 m. The reservoir of dam models was filled in water to the target level and kept at that level up to 9 h to get a fully saturated soil that has a constant seepage rate. To observe the phreatic line, four holes were drilled in the downstream slope of the dam to measure the height of water. Heights of the holes from the heel of the dam models were 0.87, 1.04, 1.28, and 1.46 m. The seepage rate through the dam models was calculated by a volumetric method, which involves measuring the volume of water outflow from the model. Hence, the total seepage rate was calculated by dividing the volume of water collected from the outlet (Figure 2) in a certain period of time.




2.3. Mathematical Calculation Using L. Casagrande Solution


The mathematical and graphical methods proposed by some researchers [34] were used to plot the phreatic line through the two physical models of earth-fill dam. Five and four points were allocated along the x-axis of models with toe drain and with maximum length of horizontal drain, respectively. The rate of seepage has been calculated mathematically using the L. Casagrande mathematical solution (Equations (3)–(6)).




2.4. Numerical Modeling Using SEEP/W Software


The SEEP/W software is a numerical model that depends on the finite element method. It can mathematically simulate the real physical process of water flowing through a particulate medium. The program deals with the fundamental flow laws for steady state and transient flow, and it shows how these laws are represented in numerical form. The mathematical equations used in SEEP/W are Darcy’s law, partial differential water flow equations, finite element water flow equations, temporal integration, numerical integration, hydraulic conductivity matrix, mass matrix, flux boundary vector, and density-dependent flow. In this study, the SEEP/W program was used to plot the phreatic line through the two physical models of earth-fill dam and to calculate the seepage rate through them.





3. Results and Analysis


3.1. Earth-Fill Dam Model with Toe Drain


For the dam model with toe drain, observations revealed that the heights of phreatic line were 0.27, 0.24, 0.193, and 0.175 m for holes located in 0.87, 1.04, 1.28, and 1.46 m from the heel of the dam models, respectively. Observations also revealed that some of the seepage exited at the downstream face of the dam model and flow out between the distances of 1.41 to 1.48 m from the heel of the dam (Figure 4). This phreatic line intersection with the downstream slope would influence the stability of the earth dam because of potential piping. The total seepage flow through the model was 6.3889 × 10−7 m3/s (2.3 l/h), and the discharge of seepage was 1.277 × 10−6 m3/s/m.



Mathematical calculations using L. Casagrande solutions showed that the seepage losses through the dam were q = 6.4588 × 10−10 and 1.2924 × 10−7 m3/s/m for well and low compacted soil, respectively, and the heights of phreatic line were 0.267, 0.243, 0.203 0.167, and 0.037 m for points located 0.82, 0.99, 1.23, 1.41, and 1.77 m from the heel of the dam, respectively (Figure 5a).



Figure 5b shows the seepage line, flux at different points, and the contours of the total head using the SEEP/W model. From Figure 5b, the seepage flow rate is q = 8.092 × 10−10 m3/s/m for well compacted soil. It is clear from Figure 5b that the seepage line touches the downstream face of the dam model between the distances of 1.46 to 1.7 m from the heel of the dam.




3.2. Earth-Fill Dam Model with Maximum Drain Length


For the dam model with maximum drain length, observations revealed that the heights of phreatic line were 0.21, 0.201, 0.146, and 0.118 m for holes located in 0.87, 0.9, 1.04, and 1.1 from the heel of the dam models, respectively, while the phreatic line remained within the drain after 1.2 m from the heel. Thus, the observations confirmed that using horizontal drains prevent seepage from exiting the downstream of the dam model. The total seepage flow through the model is 2.2222 × 10−7 (0.8 l/h) and the discharge of seepage is 4.441 × 10−7 m3/s/m.



From L. Casagrande solutions, the seepage losses through the dam were q = 1.1259 × 10−9 and 2.253 × 10−7 m3/s/m for well and low compacted soil, respectively, and the height of phreatic line were 0.2717, 0.225, 0.1574, and 0.0645 m for points located 0.66, 0.84, 1.04, and 1.2 m from the heel of the dam respectively (Figure 6a).



The seepage line, flux, and the contours of the total head using the SEEP/W model are shown in Figure 6b, from which the seepage flow rate is q = 2.1847 × 10−9 m3/s/m for well compacted soil.





4. Discussion


4.1. Comparison of Results From Experimental, Mathematical, and Numerical Methods


The phreatic line for seepage through the two physical models using the three methods is presented in Figure 7. The results revealed that both L. Casagrande solutions and the SEEP/W model have a plotted seepage line compatible with the observed seepage line.



The results of the seepage flow rate using the three methods are summarized in Table 1. As shown in the table, the seepage rate through the model with toe drain obtained from SEEP/W is close to that calculated by the L. Casagrande solution. However, the seepage rate observed from the physical model is higher than calculated with the other methods, even when considering low compacted soil. This difference in results indicates that when seepage flow intersects the downstream slope, water will exit the body of the dam and then follow the characteristics of surface water flow. Moreover, the intersection with downstream slope softens and weakens the soil mass, hence, increases the possibility of piping within the body of the physical dam model that eventually increases the total seepage rate.



For the model with horizontal drain, the seepage rate observed from the physical models is approximately the same as that obtained from SEEP/W and close to that calculated by the L. Casagrande solution when considering low compacted soil.




4.2. Example of Seepage Analysis using SEEP/W Models


The SEEP/W model was used to study seepage through a theoretical case of an earth-fill dam. The study consisted of analyzing seepage behavior with a total of 34 test trails through seven different configurations of a dam with 9 m height in order to recommend the most appropriate configuration based on seepage behavior. The seven dam configurations consisted of four homogenous dams and three zoned dams (Figure 8 and Figure 9).



The four configurations of homogenous dams (Figure 8) consisted of toe drain, maximum length of horizontal drain of 16 m, minimum length of horizontal drain of 8 m, and medium length of horizontal drain of 12 m.



The three configurations of homogenous dams (Figure 9) consisted of a central core of 1:1 (H:V) for upstream (U/S) and downstream (D/S) slope, a central core of 1:0.5 (H:V) for upstream (U/s) and downstream (D/S) slope, and inclined cores of 1:1 and 1:0.5 (H:V) for upstream (U/S) and downstream (D/S) slope, respectively. Details of the seven configurations are presented in Table 2.



The soil conditions were similar to those of the physical model used in this study. The normal and maximum water level at the dam reservoir was assumed to be 7.5 and 8 m, respectively. The normal freeboard (NFB) is 1.5 m, however, both normal and maximum water level was assessed. For each homogenous configuration, seepage analysis was conducted for two deferent drainage thicknesses (i.e., 1.25 and 0.5 m) and at two upstream water levels (i.e., normal and maximum upstream water levels of 7.5 and 8 m, respectively), while for each zoned configurations, seepage analysis was conducted for three deferent shell material permeability (i.e., 10, 100, and 1000 times of core material permeability) and at two upstream water levels (i.e., normal and maximum upstream water levels).



Table 3 shows the summary of results from the homogenous dam models. From the table, models with toe drain should be ignored because the seepage line either intersects with the downstream slope or have a very small space. Therefore, SEEP/W was unable to calculate seepage rates correctly. Model (b) is not preferable, because the seepage flow rate is very high. Model (c) is the best as its downstream cover of seepage is sufficient and has the lower seepage flow rate. Moreover, a medium drain length with 0.5 m thickness is preferable compared with 1.25 m thickness, because it is easier to construct and the difference in flow rate between them is insignificant.



Table 4 shows the summary of results from zoned dam models. As shown in the table, inclined core contains the smallest cross section area of core, but the seepage flow rate is very high compared with other models. The seepage flow rate for a central core with a 1:0.5 slope is slightly higher than the central core with a 1:1 slope, but the difference in cross section area makes it preferable.



Based on the seepage analysis, it is concluded that if sufficient quantity of silty sand soil is available around the proposed dam location, homogenous earth-fill dam with medium drain length of 0.5 m thickness is the ideal design configuration. If there is not enough soil available, the zoned earth-fill dam with central core and 1:0.5 slope would be the optimum design criteria.



Although the physically based numerical methods have been certified capable of performing spatial and/or temporal simulation of certain systems, seepage flow through earth dams are still significantly affected by natural, random, and real-world conditions such as anisotropy and heterogeneity, thereby limiting their application. For instance, a dam’s hydraulic conductivity can experience a deviation from the designed value due to operation or construction-related problems. Such situation demands the use of physical-based models to determine the model inputs and the associated output predictions before introducing other simulation models. This case is particularly when there are not enough field data and thus an accurate prediction is desired when conceiving the physics [35,36].





5. Conclusions


The study of seepage through earth-fill dams is very important for constructed dams to ensure that the control of seepage is sufficient for the safe and sustainable operation of the dam. It is also important in the design and construction of new dams to ensure that the seepage through and under the dam will be well controlled. In this study, the experimental and numerical analyses of seepage through earth-fill dam models were conducted. Results from two physical models were compared with those obtained from L. Casagrande equations and the SEEP/W program. Comparisons revealed that the location of the seepage line obtained from the three methods was almost the same. Moreover, when the seepage flow intersects the downstream slope and piping takes place, using SEEP/W to calculate flow rate becomes useless as it cannot calculate the volume of water flow in pipes. This was revealed by the big difference in the results between physical and numerical models in the first physical model, while the results were compatible in the second physical model when the seepage line stayed within the body of dam and low compacted soil was adopted. The results have proven the importance of using horizontal drains to control the phreatic line position for the stability of earth dams, as touching the downstream slope would soften and weaken the soil mass and increase the potential piping. Seven different dam configurations at normal and maximum water levels have been studied (four homogenous and three zoned dams) to find the most appropriate configuration among them, according to seepage analysis. Seepage analysis revealed that if a sufficient quantity of silty sand soil is available around the proposed dam location, a homogenous earth-fill dam with medium drain length of 0.5 m thickness is the best design configuration. Otherwise, a zoned earth-fill dam with a central core and 1:0.5 (H:V) is recommended.
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Figure 1. L. Casagrande’s solution for flow through an earth dam [27]. 
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Figure 2. Earth-fill dam models inside the rectangular tanks. 
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Figure 3. The cross-sections of the physical earth-fill dam models: (a) model with toe drain, (b) model with maximum drain length. 
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Figure 4. Seepage line touches the downstream slope of the model with toe drain. 
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Figure 5. (a) Seepage phreatic line for the model with toe drain using the Casagrande method, (b) seepage line, flux at different points, and the contours of the total head for the model with toe drain, using the SEEP/W model. 
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Figure 6. (a) Seepage phreatic line for the model with horizontal drain using the L. Casagrande method, (b) seepage line, flux at different points, and the contours of the total head for the model with horizontal drain, using the SEEP/W model. 
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Figure 7. The phreatic line using the three methods: (a) model with toe drain, (b) model with horizontal drain. 
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Figure 8. Cross section of the homogenous dam configurations. 
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Figure 9. Cross section of the zoned dam configurations. 
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Table 1. Seepage flow rate using the three methods.
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Models

	
q (m3/s/m)




	
Physical

	
L. Casagrande

	
SEEP/W




	
Well Compacted

	
Low Compacted

	
Well Compacted

	
Low Compacted






	
Toe drain

	
1.277 × 10−6

	
6.459 × 10−10

	
1.292 × 10−7

	
8.092 × 10−10

	
1.621 × 10−7




	
Horizontal drain

	
4.441 × 10−7

	
1.126 × 10−9

	
2.253 × 10−7

	
2.185 × 10−9

	
4.373 × 10−7
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Table 2. Details of the seven configurations of the earth-fill dam.






Table 2. Details of the seven configurations of the earth-fill dam.





	
Design Details

	
Configuration




	
(a)

	
(b)

	
(c)

	
(d)

	
(e)

	
(f)

	
(g)




	
Type

	
Homogenous

	
Zoned






	
Height (m)

	
9

	
9

	
9

	
9

	
9

	
9

	
9




	
Crest W(m)

	
5

	
5

	
5

	
5

	
5

	
5

	
5




	
NFB (m)

	
1.5

	
1.5

	
1.5

	
1.5

	
1.5

	
1.5

	
1.5




	
U/S Slope (H:V)

	
2.5:1

	
2.5:1

	
2.5:1

	
2:1

	
2:1

	
2:1

	
2:1




	
D/S Slope (H:V)

	
2:1

	
2:1

	
2:1

	
2:1

	
2:1

	
2:1

	
2:1




	
Dam Material

	
========== Silty sand ==========

	
-




	
Shell

	
-

	
-

	
-

	
-

	
===== Sand or gravel =====




	
Core

	
-

	
-

	
-

	
-

	
======= Silty sand =======




	
Core type

	
-

	
-

	
-

	
-

	
Central

	
Central

	
Inclined




	
Core slope

	
-

	
-

	
-

	
-

	
1:1

	
1:0.5

	
1:1 U/S

1:0.5 D/S




	
Core height

	
-

	
-

	
-

	
-

	
8.5

	
8.5

	
8.5




	
Core Crest

	
-

	
-

	
-

	
-

	
3

	
3

	
3




	
Type of drainage

	
Toe drain

	
Horizontal /Blanket

(thickness of 1.25 and 0.5 m)

	
Chimney and horizontal




	
LMax = 16 m

	
LMin = 8 m

	
LMid = 12 m
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Table 3. Details of seepage lines and rates from homogenous models.
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Models

	
Drain Details

	
Normal Water Level

	
Maximum Water Level




	
Seepage Line

	
Seepage q (m3/s/m)

	
Seepage line

	
Seepage q (m3/s/m)






	
a

	
Small toe drain (L = 2.5m)

	
Intersected

	
3.817 × 10−6

	
Intersected

	
3.265 × 10−6




	
Toe drain (L = 5.0 m)

	
Small space

	
4.395 × 10−6

	
Small space

	
4.695 × 10−6




	
b

	
Drainage thickness = 1.25 m

	
OK

	
7.55 × 10−6

	
OK

	
9.244 × 10−6




	
Drainage thickness = 0.5 m

	
OK

	
7.655 × 10−6

	
OK

	
9.3 × 10−6




	
c

	
Drainage thickness = 1.25 m

	
OK

	
4.9 × 10−6

	
OK

	
5.86 × 10−6




	
Drainage thickness = 0.5 m

	
OK

	
5.02 × 10−6

	
OK

	
5.99 × 10−6




	
d

	
LMid with 0.5 m thickness

	
OK

	
5.23 × 10−6

	
OK

	
6.18 × 10−6




	
Toe drain

	
Intersected

	
3.38 × 10−6

	
Intersected

	
5.15 × 10−6
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Table 4. Details of seepage lines and rates from zoned models.
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Models

	
Core Detail

	
Required Core Material (m3/m)

	
Shell Permeability

	
Normal Water Level

	
Maximum Water Level




	
Seepage Line

	
Seepage q (m3/s/m)

	
Seepage Line

	
Seepage q (m3/s/m)






	
e

	
Central 1:1 (H:V)

	
97.75

	
Kshell = 10 Kcore

	
OK

	
8.45 × 10−6

	
OK

	
9.85 × 10−6




	
Kshell = 100 Kcore

	
OK

	
8.73 × 10−6

	
OK

	
1.01 × 10−5




	
Kshell = 1000 Kcore

	
OK

	
8.75 × 10−6

	
OK

	
1.02 × 10−5




	
f

	
Central 0.5:1 (H:V)

	
61.63

	
Kshell = 10 Kcore

	
OK

	
1.23 × 10−5

	
OK

	
1.41 × 10−5




	
Kshell = 100 Kcore

	
OK

	
1.16 × 10−5

	
OK

	
1.51 × 10−5




	
Kshell = 1000 Kcore

	
OK

	
1.32 × 10−5

	
OK

	
1.48 × 10−5




	
g

	
Inclined

	
43.56

	
Kshell = 10 Kcore

	
OK

	
2.75 × 10−5

	
OK

	
3.05 × 10−5




	
Kshell = 100 Kcore

	
OK

	
2.9 × 10−5

	
OK

	
3.24 × 10−5




	
Kshell = 1000 Kcore

	
OK

	
2.62 × 10−5

	
OK

	
3.41 × 10−5
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