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Abstract:

 The aim of this paper was to verify the common methods of hydraulic conductivity estimation for soil assessment in respect to wastewater disposal. The studies were conducted on three types of sandy soils. Hydraulic conductivity was determined using a scale effect-free laboratory method, empirical equations and compared with measurements estimated from a laboratory infiltration column with identified head loss. Based on the hydraulic conductivity values, the long-term acceptance rates (LTAR) [1] were calculated. The differences in LTAR values were about one order of magnitude smaller than differences in hydraulic coefficient. The study showed a good convergention of the results obtained from the constant head method (CHM) by solving the Glover Equation for medium and coarse sands. In low permeability soil (fine sand), the best result was obtained using CHM-a with a capillary rise consideration (a is a factor included in the flow in the unsaturated and saturated zones calculated from a capillary rise). From a practical point of view the relatively small value of LTAR underestimation (20%-for constant head method) is responsible for the extended surface area of the system and provides a security margin (the avoidance of clogging risk). The use of the falling head method, based on the Van Hoorn equation, can be said to be highly overestimated. For medium and coarse sandy soils the underestimation of LTAR calculated and based on CHM test determination is 14%–18%. The total cost of soil absorption system (SAS) designed-based on CHM in comparison to that designed-based on real hydraulic conductivity value in Poland is only about 7%–9% higher.
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1. Introduction

Hydraulic conductivity is the main parameters used for estimation water and wastewater applicability in saturated soils.

Based on the determination of hydraulic conductivity the long-term acceptance rate can be calculated. The term “long term acceptance rate” (LTAR) is the daily volume of wastewater that can be applied over an indefinite period of time to a unit of soil surface area. LTAR values were determined using the equation [1]:
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(1)




where,

	LATR–long term acceptance rate, gal·ft−2·d−1, the utilization range between 0.32 and 0.80 gal·ft−2·d−1 (1.3 and 3.2 cm·d−1);


	Ks–hydraulic conductivity, ft·min−1.




Several studies can be found in the literature and related papers were published in accordance with LTAR [2,3,4].

There are many different methods to estimate hydraulic conductivity of soils under various conditions, which may have impact on hydraulic conductivity. For example, some methods are used to estimate hydraulic conductivity to obtain contamination migration velocity and others, to estimate hydraulic conductivity of soil for sub-surface disposal of waste-water. Some authors [5] have utilized the hydraulic conductivity decrease as a factor of biofilm growth (clogging factor).

Methods of estimation of hydraulic conductivity can be mainly divided into field and laboratory. The former are conducted in natural conditions where factors, such as temperature, pressure and the level of the water table, may affect the result. An additional advantage of field methods in comparison to laboratory ones is the opportunity to take into account the local conditions in a given research context. The most popular method among field methods is a percolation test which can be conducted in situ, where a given subsurface disposal system will be completed [6]. During the recent past, the percolation tests were modified and now can be divided into tests conducted in steady-state (constant head-CHM) and unsteady-state (falling head-FHM) conditions.

Laboratory methods can be divided into direct and indirect ones. Direct methods use soil samples with an unbroken or broken structure taken from where a subsurface drainage is planned. Hydraulic conductivity is often estimated using a filtration column where measurements are conducted in steady or unsteady conditions. This research is simple and inexpensive but the problem is how to obtain a representative size of soil sample. Indirect methods are based on information about the physical characteristics of investigated soils, e.g., bulk density, effective porosity, grain size distribution, and solid matrix properties, such as grain shape, pore shape, specific surface, tortuosity and organic matter content, to estimate hydraulic conductivity [7,8,9].

One of the first researchers who described the relationship between porosity and hydraulic conductivity was Slichter [10]. Aronovici [11] showed a correlation between the content of silts and clay in a cohesive soil and its impact on the soil hydraulic conductivity estimated in laboratory conditions. Oosterbaan and Nijland [12] reported that Smedema and Rycroft in 1983 presented the hydraulic conductivity in a range of soils as a function of grain size distribution. Additionally, the authors pointed out that in the case of soils with the same texture but different structure, the results of hydraulic conductivity can be differentiated a great deal more. De Ridder and Wit [13] described a method to estimate hydraulic conductivity using the ratio of irregular particles to regular ones contained in a sample measuring 1 cm in diameter. In the authors’ opinion, the range of method validity is limited only to homogeneous and isotropic soils, which are rather rare in nature.

Knowledge about grain size distribution can be used to calculate hydraulic conductivity using one of the well-known empirical formulae [14,15].

The empirical equations can be divided into two groups depending on the input data as follows:


	utilizing information about grain size distribution only, e.g., USBR (The United States Bureau of Reclamation) or Seelheim formula,


	demanding more information about the soil porosity or specific surface area, etc. as per the modified version of Hazen, the Krüger or Kozeny—Carman formula.




During the last few years the methods used to estimate hydraulic conductivity based on drainage porosity [16] have gained more popularity. In this paper the methods based on drainage porosity have not been verified by reason of difficulties in obtaining drainage porosity values.

There is no simple relation between wastewater infiltration rate and Ks decrease due to the complex nature of the clogging process and numerous related conditions and terms affecting such a process. There are many experimental research results showing that the infiltration rates through the biomat or sub-biomat soil layer in permeable, sandy soils can be between 1.4 and 7.5 cm/d [17,18,19]. The hydraulic gradient in fine sand below the biomat (clogging layer) was measured and its value came approximately to 7. For the minimum value of LTAR: 1.3 cm/d the corresponding K value is 8.64 cm/d and calculated (taking into consideration hydraulic gradient equal 7) permeability is about 61 cm/d. This value is almost 50 times higher than the LTAR value (1.3 cm/d). This shows the relation between LTAR value and soil permeability potentially clogged by wastewater. Such a small LTAR value compared to partly clogged soil permeability means that using the recommended daily dosing rate (LTAR) the possibility of full clogging is very low. In this paper, the methods used to estimate hydraulic conductivity for the assessment of soil in respect to wastewater subsurface disposal (soil absorption system) are described in brief and subsequently compared.

The main aim of this paper is the verification of commonly used methods to estimate hydraulic conductivity. The results of hydraulic conductivity measured, using a scale effect-free laboratory method were compared with the estimation from the infiltration column with a constant head of water. In addition, hydraulic conductivity was obtained using an empirical equation. The reason for choosing IC data as reference Ks values was the need to take into account the given water flow according to Darcy’s law. This was made possible because during research head loss on sand filter depth was measured. Taking into consideration that the result of hydraulic gradient was close to unity, the use of Darcy law was seen to be appropriate.



2. Experimental Procedures


2.1. Characteristic of Investigated Soils

Measurements were conducted on soils, which potentially can be used as a soil absorption system with different physical parameters (Table 1).


Table 1. Comparison of physical properties of investigated soils.



	
Soil type

	
Soil texture

	
Soil grain diameter

	
Bulk density

	
Porosity




	
Percentage




	
Gravel

	
Sand

	
Silt

	
Clay

	
d10

	
d20

	
P

	
n




	
%

	
mm

	
g·cm−3

	
%






	
fine sand

	
0.1

	
99

	
0.9

	
-

	
0.08

	
0.14

	
1.6

	
39




	
medium sand

	
0.5

	
98

	
1.5

	
-

	
0.14

	
0.20

	
1.8

	
32




	
coarse sand

	
15

	
85

	
-

	
-

	
0.27

	
0.30

	
1.85

	
30











The investigated soils were taken from pits without initial processing, thus the research was conducted on materials with almost natural properties. Before the soil samples were taken, the porosity and humidity were measured. The soil samples were placed in the model with density and moisture predetermined. The samples were disturbed (broken) in structure, then, the research set-up was filled with the layers of sand with compaction to achieve natural soils density identified before samples taken. During filling the porosity and moisture were verified.



2.2. Laboratory Measurements in Infiltration Column

The investigations were conducted in an infiltration column of a diameter of 15 cm (Figure 1).

Figure 1. Scheme of infiltration columns (IC) for samples with disturbed structure.
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Before measurements the soil samples were saturated. The saturation was conducted by an upwards flow of water (in the opposite direction) to push all the air trapped in the soil. The water used for research purposes was de-aired. During the measurements with constant head pressure the water level was maintained using a Mariotte bottle with outflow above the soil sample. In the case of measurements conducted with a falling water level (falling head pressure) the inflow to the column was stopped and the corresponding change of water level in time was recorded. Calculation of hydraulic conductivity was according to the well-known equation:



[image: there is no content]



(2)




where,

	Ks–hydraulic conductivity, m·s−1;


	A–cross-section area of infiltration column, m2;


	Δhl–differenced in piezometer heights (head loss), m;


	L–length of the sample, m;


	V–seepage velocity, m·s−1;


	Q–discharge of flow, m3·s−1;


	I–hydraulic gradient;




Hydraulic conductivity was calculated using measurements made in the infiltration column. Additionally, relevant values of hydraulic conductivity were calculated, using well-known formulae based on physical parameters of the investigated soils. The first was the Hazen Formula in the form presented by Lange [20] where value of hydraulic conductivity also depends on porosity:
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(3)




where,

	Ks–hydraulic conductivity, m·d−1;


	d10–effective grain size, mm;


	n–porosity, %.




The sand mine specification indicated d10 as 0.1 mm, however, the d10 estimated using sieving analysis was 0.08 mm on average. Taking into consideration this divergence (related probably to measurement precision) the d10 value was approximated to 0.1 mm.

Hydraulic conductivity was also calculated using the USBR Formula as follows:
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(4)




where,

	Ks–hydraulic conductivity, cm·s−1;


	d20–effective grain size, mm.






2.3. Scale Effect-Free Laboratory Method Conducted in Controlled Conditions


2.3.1. Research Set-Up Description

Measurements were conducted on a research set-up_presented in Figure 2. The front sidewall of the tank was built out of a transparent plexiglass. The tank bottom with a centrally designed outflow was covered by a 0.1 m layer of gravel. The tank was filled with the investigated soil with a density corresponding to natural occurrence. After filling, at the soil surface a hole had been prepared according to the Amoozegar [21] instruction. Only one half of the hole of diameter of 0.15 m and depth 0.30 m was created at the transparent wall to observe water level and streamlines. The wall of the hole was protected against collapse by a brass mesh screened by a fabric filter [22]. Water used for the experiments was deaerated, as a direct application of tap water in this type of research may give the wrong results [23].

Figure 2. Scheme of the research set-up of the scale effect-free laboratory method.
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2.3.2. Calculations of Hydraulic Conductivity

Soil saturation was measured using the TDR method (Time Domain Reflectometry). During and after full saturation, percolation tests were conducted according to schedule. Two kinds of tests were used. The first consisted of maintaining a constant level of water equal to 0.15 m in the hole (steady-state condition). The second was a falling head test, where the time taken to the drop of water level from 0.15 m to zero (bottom) was recorded in each test. Calculations of hydraulic conductivity in falling head tests were conducted using the Van Hoorn equation [1]:
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(5)




where,

	H0–initially water level in the hole, m;


	H1–final water level in the hole, m;


	r–radius of the hole, m;


	t–water falling time, s.




The above-presented equation is used to calculate the value of hydraulic conductivity in American tests known as the inversed auger hole method. In the French literature, this test is known as the Porchet method [12].

In steady-state tests the values of hydraulic conductivity were obtained by the Glover equation [24]. In a steady-state condition for a hole of cylindrical shape it holds:
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(6)




where,

	Ks–hydraulic conductivity, m·s−1;


	Q–quantity water needed to hold a constant water level at H, m3·s−1;


	H–constant water level in the hole, m.




In this paper additionally, the Philip equation was used to estimate hydraulic conductivity [24]:
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(7)
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(8)




where,
Cp-factor, which depends on the shape of the hole, and takes into consideration both saturated and unsaturated components of water flow around the auger hole.

This equation allows to calculate the value of hydraulic conductivity for both saturated and unsaturated flow of water out of the hole. Coefficient a must be determined independently or to be estimated for a given type of soil from values reported by Erlic but presented by Amoozegar [21]. The a depends on the type of soil, as follows:


	a = 1–compacted clays;


	a = 4–unstructured fine-textured soils;


	a = 12–most structured soils from clays to loam and unstructured medium and fine sand and sandy loam;


	a = 36–coarse and gravelly sands.








3. Results and Discussion


Laboratory Measurements

Hydraulic conductivity was calculated using measurements made in the infiltration column. The results for a water temperature of 10 °C are presented in Table 2. Additionally, relevant values of hydraulic conductivity were calculated using the Hazen and the USBR formulae.


Table 2. Results of hydraulic conductivity obtained by different methods.



	
Soil type

	
Method

	
Mean value of K10

	
N number of measurements

	
LTAR *

	
Percentage variation comparing to IC




	
(m·d−1)

	
-

	
(cm·d−1)

	
%






	
fine sand

	
IC

	
0.80 ± 0.01

	
85

	
1.79

	




	
FHM

	
11.66 ± 0.11

	
45

	
3.60

	
101%




	
CHM

	
2.03 ± 0.03

	
47

	
2.15

	
20%




	
CHM a = 4

	
0.83 ± 0.01

	
47

	
1.80

	
1%




	
Hazen

	
5.9

	
-

	
2.85

	
59%




	
USBR

	
3.4

	
-

	
2.44

	
36%




	
medium sand

	
IC

	
1.93 ± 0.12

	
25

	
2.13

	




	
FHM

	
7.65 ± 0.57

	
104

	
3.09

	
45%




	
CHM

	
0.90 ± 0.03

	
31

	
1.83

	
−14%




	
CHM a = 36

	
0.90 ± 0.03

	
31

	
1.83

	
−14%




	
Hazen

	
12.5

	
-

	
3.70

	
73%




	
USBR

	
7.7

	
-

	
3.10

	
45%




	
coarse sand

	
IC

	
5.27 ± 0.1

	
102

	
2.75

	




	
FHM

	
6.02 ± 0.39

	
147

	
2.86

	
4%




	
CHM

	
2.46 ± 0.08

	
295

	
2.25

	
−18%




	
CHM a = 36

	
2.55 ± 0.09

	
295

	
2.13

	
−23%




	
Hazen

	
40.8

	
-

	
6.57

	
139%




	
USBR

	
19.5

	
-

	
4.47

	
62%






Notes: Not measured; ** LTAR is calculated using the formula presented by Laak-scale effect-free laboratory tests conducted in controlled conditions.






During research using the FHM in gravel and medium sand higher variations of the results were noted. Infiltration rates were found to be gradually decreasing during percolation tests.

The results of hydraulic conductivity obtained using the CHM showed a relatively low variation.

In the Philips equations, the parameter a was calculated using capillary rise measurements (hk = 0.48 m) for fine sand. Assuming that the value of capillary rise is equal to the matrix potential the latter was calculated as a reciprocal of a, as follows [25]:
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(9)




where,

	hk–capillary rise in m H2O;


	ψ–matrix potential m H2O.




The value of a calculated using the Equation (9) a = 4.17 was close to the assumed value of the parameter (a = 4.0). In the calculation of a, the value was estimated and based on literature data. In the case where capillary rise is less then about 6 cm the value of a being equal to 36 has been found to be correct. Calculations of hydraulic conductivity in fine sand using Glover equations, comparing to those which neglect capillary rise, gave overestimated results.

The results of hydraulic conductivity obtained by empirical formulae based only on grain size distribution should be treated carefully, because the formulae are oversimplified. The results can be only used as a preliminary assessment of hydraulic conductivity.

Analysis of variance was completed with a significance level set on α = 0.05 confirmed significant differences in the compared tests. Therefore, it was important to conduct post hoc tests that can explain which values were responsible for rejecting the null hypothesis. The Tukey method was chosen to find which means are significantly different from one another. This test compare every group mean with every other group mean and typically incorporate some method of controlling for Type I errors.

Although Pedescol [26] did not explain the obtained result, the author reported that hydraulic conductivity of gravel soil obtained using the falling head method was about 38% higher than that obtained using a constant head method. However, the results of hydraulic conductivity obtained by both methods in a coarse sand were not significant (p < 0.05) despite the fact that the mean value estimated by the falling head method was several times higher than that obtained using the constant head method.

Comparison of hydraulic conductivities obtained by the falling head method and constant head method confirmed significant differences in the parameter (p < 0.05) between investigated soils obtained earlier by the author [27]. Comparable results were obtained by Spychała and Nieć [28], values obtained using the FHM test were higher than using CHM in the same conditions (geo-textile supplied with wastewater) but the difference was not as high (0.057 m/d and 0.047 m/d, respectively).

For fine and medium sand (most common soil types in practice) the relatively small values of the variation coeffcient (20% for fine sand and −14% for medium sand) for the 47 and 31 measurements respectively were made.

For the same types of soil the impact of differences between column measurements and constant water head test (CHM) measurement mean values on longterm acceptance rate (LTAR) [1] were relatively small. The hydraulic coefficient measurement points were located on the plotted LTAR function line (Figure 3). The significant differences in results for the same type of ground but using different methods (CHM, CHM-a and FHM) can be observed. These differences in hydraulic coefficient values implicates much smaller differences in LTAR values.

Figure 3. The hydraulic coefficient measurement points plotted on the LTAR function line.
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The best agreements were given by the method of constant head measurement for the calculation of hydraulic conductivity using the Glover equation, which gave similar results obtained, using the Philip equation for a parameter (which was equal to 36) as presented in Table 2. The differences between both variants of this test (without and with regard to capillary rise), for all types of sand, and infiltration column mean values were lower than 25%.



Taking into consideration that even filter column tests values were relatively highly differentiated (about 16%–31%) it seems that the differences between CHM test values and infiltration column mean values of about 20%–25% could be accepted. Values obtained from the CHM test were acceptable for medium and coarse sand (−14% and −18%, respectively) but less acceptable for fine sand (20%). The values with a minus sign mean that assessed hydraulic loading is lower than probably more certain values obtained from an infiltration column test. This is the reason that a potentially designed system will have a surface area of about 20% larger than optimal. From a practical point of view the 20% is a relatively small value and designing a larger surface area system gives some security margin, allowing for a decrease in clogging risk. In the case of fine sand the CHM-a test is preferred by authors for applications in practice than the CHM test, as it gives results in the long-term acceptance rate (calculated and based on the hydraulic coefficient) overestimated in comparison to the infiltration column. The value is not high but the sign is adverse due to the resulting smaller infiltration surface area than optimal (calculated based on infiltration column measurement). The difference between CHM-a test mean values and infiltering column test measurement values has the same sign but is very small—1% only, so it can be assumed that a measurement using this test is almost optimal. Taking this into consideration the authors of this paper suggest using CHM tests for medium and coarse sand and CHM-a for fine sand, or the CHM-a test for all types of soil.

For medium and coarse sandy soils (medium are the most common as a system location) the underestimation of calculated LTAR based on CHM test determination gives 14%–18% value of system infiltration surface area. In Poland the full cost of the most common type of on-site wastewater system (septic tank with soil absorption system in sandy soil for one four-person family) is about 2,000 EUR and soil absorption systems cost is about a half of the total cost (1,000 EUR). The cost of SAS designed systems, based on CHM in comparison to those designs based on real hydraulic conductivity value, is up to 7%–9% of total higher than on-site wastewater plant cost. This relatively low cost (70–90 EUR) gives some security value of infiltration surface area (14%–18%), preventing the system from clogging. For large surface area systems other methods or apparatuses should be recommended and used to determine K in the field—e.g., infiltrometers.

The FHM and well-known equations are not recommended by the authors for soil permeability and infiltration systems assessment due to the high difference compared to infiltration columns measurement results. The above can be used, however, for investigations of particular factors and their impact on soil permeability, indicating, e.g., wastewater solids [29].




4. Conclusions

Based on this study the following conclusions can be drawn:


	the differences in long-term acceptance rate values were about one magnitude smaller than differences in the hydraulic coeffcient (Figure 3), which is related to plotted function line slope;


	the research on medium and coarse sand showed that a similar result for hydraulic conductivity to that obtained from infiltration columns, which can be obtained using constant head tests; for the same types of soil the impact of difference between column measurements and constant water head test (CHM) measurement mean values on long-term acceptance rate value were relatively small–up to 14%–18%;


	studies conducted in fine sand confirmed a good convergence of hydraulic conductivity, using the infiltration column with constant head tests when the value of hydraulic conductivity is calculated with regard to capillary rise-the best agreements were given by the method of constant head measurement for the calculation of hydraulic conductivity, using the Philip equation for a parameter of 4;


	In the authors’ opinion the CHM tests measurements are acceptable for small systems (e.g., one family household). This test gives some overestimation, however it can be treated as a security factor preventing clogging risk. For calculating LTAR for low permeable soils (fine sand) the authors of this paper suggest using the CHM-a test where the unsaturated flow of water (common in small grain and pore diameter soils) can be determined thanks to a capillary rise determined by the test. For large surface area systems other, more precise methods or tests should be used to determine K in the field, e.g., infiltrometers;


	the cost of SAS designed based on CHM in comparison to designed based on real hydraulic conductivity value is higher up to 7%–9% of total on-site wastewater plant cost only;


	the result of hydraulic conductivity obtained in the falling head test can be overestimated due to the higher value of hydraulic gradient than unity assumed in development of the calculation formulae;


	the authors of this paper suggest using CHM-a especially for low permeable soils (e.g., fine sand) where the unsaturated flow of water occurs with regard to capillary rise so as to calculate hydraulic load as a LTAR.
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