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An Evaluation of Short-Term Effects of Different Soil Management Systems on Soil 

Physical, Structural and Hydraulic Properties and an Estimation and Optimization of 

Water Infiltration for Layered Domains Using a Restructured Green-Ampt Model in 

an Agricultural Terrain, Lebanon 

 

Caroline Merheb 

 

Abstract 

 

Soil management systems are widely used in agricultural systems due to their diverse 

functionality in enhancing water infiltration, soil aggregate stability, and ultimately 

crop yield. In this regard, each system provokes alteration to the soil physique. Such 

changes are sometimes reported as contradicting. Consequently, choosing a system to 

enhance water infiltration in an agricultural terrain seems site-specific. Nevertheless, 

implementing all management systems to determine water infiltration capacities for a 

specific site can be costly and time-consuming. Hence, the need for a mathematical 

model that computes infiltration into agricultural soils is necessary. As this stands, this 

study attempt to solve three questions: (1) what are the changes and their significance 

that the soil management systems impose on soil properties? (2) which mathematical 

model is best used to compute infiltration in layered agricultural soils under different 

irrigation rates while taking into consideration ponding effects? (3) what is the best 

soil management system to be implemented in loamy sand agricultural land that is 

cultivated by apple trees and legumes and vegetables in-between rows to carry water 

to depths of 40cm faster with less water consumption while maintaining the subsurface 

moisture for longer periods? The first part includes the determination of soil properties. 

Two sites are chosen: loamy sand and clay loam soils. Five management systems were 

implemented: NT (no-tillage), CC+NT (cover crop), MC+NT (chicken manure cover), 

RT+NT (tilled soil by rotation using a tractor), MTA+NT (tilled soil mixed with 

chicken manure), and MT+NT (tilled soil mixed with crop residues). The organic 

matter content, the aggregate size distribution, the densities (in addition to porosities 

and residual moisture content), and the saturated hydraulic conductivities were 

measured in the laboratory using the loss on ignition, sieve analysis, coring, and 

constant head permeability methods, respectively while the pore structure was 
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analyzed from CT-scan images of undisturbed samples. In both soils, tillage 

application decreased the densities, the aggregate mean weight diameter, the residual 

moisture content, and the fine pore volumes while increased the organic matter 

content, the porosity, the saturated hydraulic conductivity, and the amount of large 

pores of undisturbed soil. Likewise, the addition of organic matter supplemented the 

behavior of RT. In loamy sand soils, NT layer proved to be more adequate for 

maximum crop production, to have good air capacity for soil aeration while 

maintaining a better storage for subsequent use of water, and to maintain a good 

aggregate stability. Albeit the rotary tilled layer had a similar good structure and 

environment for soil aeration to NT, it lacked the qualities to maintain water and to 

structurally hold water for plant growth. However, the addition of organic matter 

enhanced such qualities with some limitations. The advantage of tilled layers over 

undisturbed soils is the better conductivity of water due to larger and better sorted 

pores. However, in clay loam soils, NT lacked all criteria for good physical quality 

indications in opposition to RT. Even the addition of organic matter was not shown to 

be advantageous as the large pores found in RT were further decreased by the 

deposition of the organics. Notwithstanding, the role of organics was consistent in 

improving the water conductivity. Yet, the crop residues proved to be highly 

adsorptive to water and tend to activate preferential flow while chicken manure is more 

conductive. The second part included the derivation of the mathematical model which 

resulted in good Nash-Sutcliffe Efficiency. For irrigation rate smaller than 

0.05cm/min, NT was faster since all the other systems had larger pore structure for 

which more time is needed to saturate. For higher irrigation rates, systems have only 

tilled layer are more efficient especially those amalgamated with chicken manure. 

Hence, it is recommended to use crop residues as soil covers in case of ponding 

irrigation. Finally, the third part resulted in having MTA+NT as the optimal system in 

loamy sand soil in which the addition of artificial macropores filled with straw residues 

would enhance water storage and drainage.  

 

Keywords: Soil Management System, Tillage Systems, Soil Physical Properties, Pore 

Structure, Soil Physical Quality, Agricultural Soils, Infiltration, Green-Ampt Model, 

Layered Soil Profile, Artificial Macropore, CT-Scanning. 
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Chapter One 

 

Introduction 

Soils are the basic means that tolerate gaseous, hydrological and nutrient fluxes to pass 

from the earth’s surface to subsoil layers. These systems also structure the habitat for 

micro-organisms, animals, and plant root growth. Such phenomenon exists in the pore 

structure of the soil domain which is either filled with water, air or both. Soil pore 

structure cogitates connectivity, tortuosity, lateral and vertical size distribution of 

pores. Thus, these parameters are dependent on hydraulic and physical properties, soil 

type, soil particle size distribution, and surrounding climatic factors (Kutilek, 2004). 

For instance, shrinking and swelling soils, also-called expansive soils, induce porosity 

changes when subjected to a decrease and increase in soil moisture content, 

respectively. Affected by the contiguous climatic factors, as moisture content drops, 

air-filled void spaces are subjected to capillary stresses applied from the surrounding 

surface of soil particles. This increase in surface tension shrinks soil volume by pulling 

adjacent soil particles together resulting in smaller pores between inter-aggregates 

while causing the formation of cracks in which bigger pores are formed. 

Notwithstanding, the opposite occurs in swelling soils in which minerals in aggregates 

attract and absorb water favoring pore water pressure over tension surface. Indices 

such as the Atterberg limits are used to qualify expansive soils: soils have very high, 

high, medium and low expansion degree for a plasticity index of more than 35, 25-41, 

15-28, less than 18, respectively, and a shrinkage limit of less than 11, 7-12, 10-16, 

greater than 15, respectively (Holtz, 1959, U.S. Bureau of Reclamation, 1974). On 

the other hand, three types of soils are defined: poorly graded soil (PG) that has a 

uniform grain size, well-graded soil (WG) in which particle sizes are distributed over 

a wide range, and a gap graded soil (GG) which has a combination of two or more 

particle fraction sizes (Das and Sohban, 2014, p. 57). Pores in PG are uniform 

between inter-aggregates, have a mixed structure in WG and tortuous paths along the 

bigger soil particle sizes in GG. Nonetheless, density which is a measure to compare 

the extent of compaction of soil media affects the porosity in addition to hydraulic 

parameters such as the field moisture content, soil matric potential, and saturated 

hydraulic conductivity.  
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In agricultural systems, good quality soil exists through the optimization of pore 

structure that contains long, large, and well-connected pores to allow a rapid and 

satisfying cumulative of water infiltration and nutrients transport to the root zone while 

minimizing surface runoff. Meanwhile, these fluxes are stimulated not to flow into 

deeper zones so that nutrients are not wasted and lost into the vadose zones. During 

non-irrigated periods, the soil domain must have high water holding capacity to 

maintain water and dissolved nutrients. The water capture and saving condition is 

essential in agricultural systems that are exposed to the effects of climate change 

causing more intense and frequent rainfall events and droughts (Pryor et al., 2014). 

Accordingly, soil management systems are incorporated in the cultivation process to 

modify the soil media profile. The most ancient system is conventional tillage which 

consists of altering completely the soil structure to a certain depth. Applications such 

as moldboard/disk/chisel plowing, rotary harrowing, rotary tiller are extensively used 

around the world in agricultural systems. Conventional tillage consisted of using 

human, animal and later on mechanical power at a certain depth to destroy soil clogs 

(Alvaro-Fuentes et al., 2008), aerate soil pores (Alvarez et al., 2001), transport 

nutrients, and increase hydraulic conductivity (Lindstorm and Onstad, 1984). Soil 

disturbance causes small pores to widen by allowing more air to fill in the voids during 

the movement and rotation of soil layer, thus increasing the total porosity through the 

intensification of the number of pores of sizes ranging from 0.5𝜇𝑚 to 500 𝜇𝑚 

(Osborne et al., 1979; North and Brown, 1982). Yet, these systems induced 

problems due to soil disturbance such as soil roughness imposed by post-application 

of heavy rainfall drops or abrasive winds causing soil erosion (Govers et al., 1999; 

Saber and Mrabet, 2002; López et al., 2003). Hence, erosion causes nutrients losses 

needed for plant growth (Yan et al., 2005, 2013; Su et al., 2017; Lal, 2018; Zou et 

al., 2018; Wang et al., 2020b). Hacisalihoglu et al. (2010) states that erosion detaches 

soil sediments thus threatening plant growth and soil stability because it transports the 

part of the soil containing most of the organic matter. It was also shown that higher 

losses of organic nitrogen, potassium, phosphates and organic matter existed in these 

systems (Gómez et al., 2009b). Replenishing such alterations increases off-site and 

on-site production costs by about 25% each year (Pimentel et al., 1995). Further, high 

production costs were also observed in conventional tillage systems (Castellini and 

Ventrella, 2012). In addition, some studies found that when whirling the soil in the 
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tilled layer, embedded moist soil reaches the surface along which it gets exposed more 

rapidly to evaporation and slower infiltration rates (Hatfield et al., 2001). Moreover, 

prolonged periods of tillage decreased soil degradation (Yang and Wander, 1998; 

Mrabet et al., 2001) pertaining to a decline in soil quality. The exacerbated problems 

motivated researchers to investigate new methods. It was found that adding organic 

matter to the soil enhances soil stability by enriching the soil with nutrients and the 

pore structure allowing for better hydraulic fluxes and water holding capacities 

(Findeling et al., 2003). Hence, new ways to solve the roughness of tillage 

applications in conventional system are established by incorporating organic matter 

with soil with potential limited and reduced tillage operation. Exemplars are mulch 

tillage, reduced tillage, manure tillage, and cover crop. Gómez et al. (2009b) noted a 

reduction in the runoff for crop cover in olive tree cropping plots of 59 mm. year-1 

compared to the conventional tillage treatment. Crop covers inhibit soil losses two 

orders of magnitude smaller than those measured in the conventional tilled plots. In 

the aforementioned systems, soil disturbance caused by tillage is minimized and 

organic matter including either crop residues or animal manures are added to the soil 

surface and sometimes mixed with the soil (mulch tillage and manure tillage) 

experiencing better enhanced fluxes in soil (Findeling et al., 2003) while causing 

higher crop productivity (Gómez et al., 2004, 2009a; Triplett and Dick, 2008; 

Bechara et al., 2018; Bogunovic et al., 2018; Rodrigo‐Comino, 2019; Bogunovic 

et al. 2020). As such, organic matter coherently aids in fluxes movement by enhancing 

aggregate hydrophobicity (Chenu et al., 2000) and improves soil structure since it 

works as a binding agent for aggregate formation (Tisdall and Oades, 1982; 

Amézketa, 1999; Bronick and Lal, 2005), thus promoting aggregate stability 

(Mamedov et al., 2000; Six et al., 2000; Baumhardt et al., 2004; Pinheiro et al., 

2004) and preventing soil surface crusting or sealing (Blevins and Frye, 1993; 

Lascano and Baumhardt, 1996) which is caused by splash effects of potential energy 

in heavy rainfall events.  

Despite the decline of production costs of conservative tillage in comparison with 

conventional tillage, a further cheap system (No-tillage) was familiarized by 

eliminating any tillage application. It is economically beneficial to agriculture 

(Blanco-Canqui et al., 2017) as it constitutes a growing sector for many developing 

and developed countries (Kefi et al., 2009). This method configured higher capacities 
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to hold water (Unger, 1994; Drury et al., 1999) and maintain soil biopores (Francis 

and Knight, 1993) due to the lack of disturbance. Consequently, it creates an 

environment that facilitates roots to grow deeper and wider (Martino and 

Shaykewich, 1994). 

The incongruent systems invigorated researchers to go in depth with their effects on 

soil physical properties. Yet, the literature proves to have opposing evaluations for 

systems because the implementation of tillage systems incorporates nuisance factors 

including site conditions, equipment specifications, climatic factors, and testing errors 

due to human inaccuracies. Though, temporal and spatial variation of systems majorly 

influences the assessment of their effects (Messing and Jarvis, 1993; Prieksat et al., 

1994; Coutadeur et al., 2002). In other words, factors combine the historical 

management systems applied on the site, the number of years of which the system is 

applied, the time (which affects climatic and soil conditions) at which sampling and 

testing are implemented after tillage application (Alletto and Coquet, 2009), and the 

location depending on the soil type, structure, and properties (van ES, 1993). For 

instance, an increase in the hydraulic conductivity occurs after short-term tillage period 

followed by a decrease during the growing season (Angulo-Jaramillo et al., 1997; 

Azevedo et al., 1998; Bormann and Klaassen, 2008) which is caused by the 

instability of the porosity created by tillage operations (Alletto and Coquet, 2009).  

Nevertheless, the disputing evaluation of effects of the tillage system is wide, diligent, 

and in continuous search for choosing a soil management system that generates soil 

media of excellent soil quality and copious crop productivity. In general, a perfect 

system is not applicable, yet a system might be advantageous for a certain agricultural 

field while not efficient in other fields. For example, Sauer et al. (1996) found that 

conservation tillage systems incorporating residues and mulches surface covers are 

able to reduce surface water evaporation by 34 to 50% while evaporation rates are 

increased by 7% on bare stripped soils as found in the no-tillage systems. Additionally, 

conservation tillage with residue covers had lower soil temperatures than those found 

in conventional systems (Allmaras et al., 1964; Anderson and Russell, 1964; Greb, 

1966; Wilhelm et al., 1989). This is beneficial in hot climate periods in which 

moisture is maintained in the soil media (Lascano and Baumhardt, 1996) and 

unfavorable in cooler seasons in which lower crop growth can assimilate since warmth 

is needed for microbial activity. Prior to evaporation events, tillage operations increase 
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in silty clay loam (Blanco-Canqui et al., 2017), in loam sand soils (Lindstorm and 

Onstad, 1984), in clay soils (Negi et al., 1981) and in sandy clay soils (Ciollaro and 

Lamaddalena, 1998), decrease in sandy loam soils under unsaturated conditions 

(Datiri and Lowery, 1991) and in clay/silty loam soils (Wu et al., 1992) or have no 

effect on hydraulic conductivities in sandy loam soil near saturation (Datiri and 

Lowery, 1991). Similar patterns of increase (Tanaka and Anderson, 1997; Lyon et 

al., 1998; Stone and Schlegel, 2010), decrease (Unger, 1992; Baumhardt et al., 

1993; Blanco-Canqui et al., 2004; McVay et al., 2006) and no variation (Unger, 

1992; Pikul and Aase, 1995) are found in no-tillage systems on soil water retention. 

Such discrepancies are reflected in the assessments of pore structure in different soil 

management systems. Macropores of sizes greater than 3cm were reduced in no-tillage 

systems in sandy and silty loam soils when compared with tilled systems (Schjønning 

and Rasmussen, 2000). However, converting from tilled to no-tilled soils, fractions 

of macropores of sizes between 10 and 50 cm are increased following by a decrease of 

fractions of macropores of sizes between 3 and 10 cm (Kay and VandenBygaart, 

2002) due to the effects of swelling and shrinking soils. Although their fractions are 

considerable small, hydraulic fluxes are enhanced by preferential flows due to the 

presence of macropores (Sauer et al., 1990; Reynolds et al., 1995; Moret and Arrue, 

2007b; Mubarak et al., 2009b) while diffusing at a slower rate into the bulk soil 

matrix (Gerke and van Genuchten, 1993; Köhne and Mohanty, 2005). According 

to Moret and Arrue (2007a), water fluxes are largely maintained by macropores 

regardless of the tillage system. Macropores are thus naturally formed either through 

the presence of soil fauna, the action of roots penetration, or the fallouts of shrinking 

soils (Tebrugge and During, 1999; Stewart, 2018). Aside, the concept of artificial 

macropores (AM) was introduced in experimental studies (Castiglione et al., 2003; 

Mori and Hirai, 2014; Guertault and Fox, 2020) and can be applied to mimic natural 

structures lacking these pores such as short-termed tilled soil layers. As such, AM were 

applied in agricultural degraded soils of poor drainage in the objective of ameliorating 

infiltration rates and enhance crop growth followed by an increase in organic matter 

(Mori et al., 2014).  

Nonetheless, the assessment of tillage applications in the literature review is generally 

applied to an agricultural land (large-scale experimental sites) during the whole period 

of cultivation of a certain crop either over a one-time life cycle or over a numerous 
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number of years (Blanco-Canqui et al., 2017). The successive and consistent 

manipulation of lands can exhaust soil media and deteriorate its structure (Karlen et 

al., 1994; Pagliai et al., 2004; McVay et al., 2006; D’Haene et al., 2008). Such 

practices must be used in the right place and at the right time (Wall, Nielsen, & Six, 

2015). Hence, prediction of hydraulic fluxes in these systems using a mathematical 

model is suggested. In the literature, models approximating infiltration rates are 

alienated between empirical and physical-based models. Their varieties and 

dissimilarities aggravate a challenge of choosing one that complies to a soil media 

subjected to different soil management systems. The latter is evidently shown to be 

affecting infiltration by altering physical properties (Khurshid et al., 2006), profile 

layout (Sarauskis et al., 2012), and organic contents (Alam et al., 2014) of the soil. 

Accordingly, the Green-Ampt model (GA) was chosen in this research work because 

it is proven to be the most flexible physical model which can be modified and adjusted 

to fit in the abrupt conditions (Fok, 1970; Hsu and Hilpert 2011; Stewart, 2018). 

Different GA were modified by incorporating various modifications on the porous 

media. Some are interested for the sake of this research work as they resemble the 

settings presented with the application of the different soil management systems such 

as presence of cracks, properties of porosity, wettability, interfacial tension, water 

density, soil grain size, preferential flow, and layering of the soil profile. The 

development of the mathematical model inquires a restructuring of the GA models.  

The outcome model incorporates the effects of different soil management systems on 

infiltration such as physical, and chemical characteristics of the soil, preferential flow, 

and layered profile, except for the effects of water/nutrient root uptake. Additionally, 

it accounts only for short-term effects of the application of soil management systems, 

while the results and conclusions are only applicable to flat lands subjected to a soil 

management system under different rainfall rates. On the other hand, the validation is 

accomplished through experimental testing. The data collection includes soil physical 

properties for each soil management system. Hence, the systems which are commonly 

applied by local farmers in the area of testing include no-tillage (NT), rotary tillage 

(RT), cover crop (CC), manure cover (MC) and manure tillage application (MTA). 

Yet, the design of experiments is performed in spring 2022. Winter measurements are 

not possible since the chosen lands are at elevations higher than 1450 meters above 

sea level, thus they will be covered by snow mainly from January till early March. 
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The aim of the research combines four fragments: (1) evaluate the effects of tillage 

systems on soil physical properties, soil structure and soil quality, (2) propose a new 

methodology to measure preferential flow, (3) propose a mathematical model that 

simulates water infiltration into layered agricultural soil profile taking into 

consideration prior and post ponding conditions, and (4) optimize the best soil 

management system simulated using the restructured Green-Ampt model in loamy 

sand soils in agricultural fields. Accordingly, the objectives are: 

 Prepare design experiments in field and apply six different soil management 

systems (NT, CC, MC, RT, MT, MTA). 

 Test for soil physical properties and structure parameters. 

 Prepare an experimental setup to perform rainfall simulation of slow rate on 

soil profile while taking records of the real wetting front depths which will be 

compared with the theoretical wetting front. 

 Assess the soil profiles having difference between the theoretical and 

experimental wetting fronts to determine preferential flow depths. 

 Model the effects of different soil management systems on the soil, water, and 

profile properties for different soil types. 

 Restructure the Green-Ampt model for layered soil profile. 

 Validate the mathematical with experimental measurements results. 

 Simulate the infiltration for different soil management systems under different 

irrigation rates. 

 Determine the soil treatment profile using field irrigation rate that infiltrate 

water more rapidly into higher depths without having surface runoff. 

 Optimize the system by introducing the concept of artificial macropores and 

using crop residues as soil cover to assess the protection of water for longer 

periods. 

The first fragment of the results is important because it adds to the wide body of 

research patterns that tillage systems can cause to the soil media. Additionally, the 

assessment can help farmers cultivating in similar soils to choose the optimal system. 

On the other hand, the developed mathematical model can be used for predicting 

infiltration rates and solute transport properties for soils subjected to different soil 

management systems. The prediction allows for a water and soil quantity/quality 
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assessment prior to the implementation of the soil management system. Additionally, 

it allocates strategies for implementing integrated management plans for water, soil, 

and erosion in agricultural systems. A sensitivity analysis can be performed for any 

soil type in response with applying the best fitting soil management while avoiding 

waste of water and nutrients in fertilizers percolating into soils. The third part is a 

model design that farmers can adopt to increase water infiltration to reach the roots of 

apple trees while watering the vegetables cultivated in between rows. 
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Chapter Two 

 

Literature Review 

2.1 Infiltration 

Infiltration is a significant process in the hydrological cycle in which mass and energy 

exchange take place between surface and subsurface hydrosphere (Emerson et al., 

1978). It attributes to the overland flow thereby affecting runoff time and flow rates. 

Modelling infiltration configure a substantial role in mitigation flood risk, controlling 

groundwater contamination, and managing water supplies in agricultural areas when 

dealing with root water uptake (Chen et al., 2019). Soil constitutes the media that 

supports this exchange -driven by gravity and driving forces- by comprising inter-

connected pores spaces through which channels exist and allow the movement of water 

and solute transport into vadose zones and later groundwater storages. The process is 

mainly affected by porosities, hydraulic conductivity, and initial soil moisture content. 

The porous media is consisted of two domains: solid particles and void spaces (are 

filled with water and/or air). The pore space is classified into micropores and 

macropores (Kutilek and Nielsen, 1964, p. 20). The micropores, also known as 

capillary pores, are the domains that contributes to the redistribution and upward flow 

of water, while the second domain, macropores, subsidizes downward pathways for 

water. Such flows are similar to water flows in thin films. The phenomenon depends 

on the porosity content and the pore size, continuity and distribution along a porous 

media profile. For instance, infiltration is directly related to macro-porosities (Wang 

et al., 1986; Horton et al., 1987) which is influenced by soil densities. Nassif and 

Wilson (1975) found that increasing the soil density allows for a declination in 

infiltration rates. This hypothesize was also supported by Pikul and Aase (1995), 

Bharati et al. (2002), Gregory et al. (2006), Patle et al. (2018), and Harisuseno et 

al. (2019). Moreover, Fitzmaurice (1997) identified a positive correlation between 

porosity and saturated/unsaturated hydraulic conductivity of the soil media. Voorhees 

et al. (1986) tested that as bulk density increased from 1.05 to 1.25 Mg.m3, saturated 

hydraulic conductivity of a clay loam soil decreased by 50%. The relationship granted 

the identification of another positive link between infiltration and hydraulic 
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conductivity. Yet for soil moisture contents, infiltration rates decline with an 

increasing degree of saturation (Yen and Akan, 1983). It was experimentally observed 

that an increasing soil moisture content affects positively the time of concentration for 

the precipitated water particle to reach an equilibrium runoff rate, ultimately initiated 

by a decrease in infiltration (Harisuseno et al., 2019). However, this was not evident 

when infiltration rates were tested in sand columns. It seems that the infiltration rate 

was higher in pre-wetted sand columns than that in dry columns because the former is 

affected by a strong dynamic pressure of capillary pressure (Hsu et al., 2017).  

Other parameters were shown to be associated with infiltration such as soil surface 

conditions, soil size distribution and texture, presence of stratified soil layers (double 

layers or more), and distance from water source to the wetting front. Soil surface 

conditions including surface residues, roughness and soil crusting can alter the 

infiltration rate thereby affecting the time to runoff. Soil crust for example causes a 

seal layer on the upper surface of soil. The sealing’s hydraulic conductivity is lower 

than that of the underlying layer thereby causing a decrease in infiltration (McIntyre, 

1958). On the other hand, Mwendera and Feyen (1993) found that delayed surface 

runoff occurs with an increased surface roughness which is enhanced due to tillage 

practices. Thus, it was argued in other studies that soil roughness is not as significant 

as soil residues to impact infiltration (Bouma et al, 1977). This concept is further 

elaborated in the proceeding section. Furthermore, Patle et al. (2018) measured 

infiltration rates using the double-ring infiltrometer on field for different soil size 

distribution and textures. They found that silt and clay caused a decline in infiltration, 

whereas an increase was tested for sand and organic matter occurrence. Since 

infiltration is altered by the type of soil classification, then considering a soil profile 

of different layers is a prominent justification for modifications of infiltration in such 

case. The alteration differs on the type of stratification, for example infiltration in a 

soil profile of two layers is reduced when the wetting front is in a coarse layer lied 

under a fine layer (Wang et al., 1999). Wang et al. (1999) found that the thickness of 

first layer in a case of stratified soil profile changes infiltration rates because it affects 

the location of the wetting front. 

Research has proven that infiltration is yet a process that configures ambiguous 

progressions that are in need for more clarifications and simplifications. As such, 

preferential flow is difficult to measure and quantify. It is caused by soil heterogeneity 
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in which either water or solute or both be transported along preferential pathways such 

as earthworm burrows, cracks in soil, flow associated with soil layering, bedrocks, 

roots, and channels formed by buried crop residues or organic matter (Allaire et al., 

2009). Hendrickx and Flury (2001) suggested that preferential flow most probably 

occurs at shallow depths (up to 3 meters), thus making it significant to account for its 

effect on infiltration. The effect depends on the position of the matter with respect to 

that of the preferential flow paths (Allaire et al., 2009). Some have found that 

preferential flow causes a rapid movement of mass, thus causing higher infiltration 

(De Rooij, 2000; Jamieson et al., 2002; Lin and Zhou, 2008).  

As a result, it is concise to relate infiltration to various parameters that are all 

interdependent. The connection is a hard-evidence to relate infiltration rates to a 

physical-topological model.  

 

2.2 Soil Pore Size Identification 

The quality of soil is characterized mainly by its pore structure since it is considered 

as the domain where all hydraulic fluxes, microbial activity, root penetration and 

growth, nutrients transport, and all the interaction between the surface and the 

subsurface happen. To be able to describe such structure, it is important to characterize 

the pores based on their sizes. Different definitions are found in the literature: 

macropores are defined as pores with diameter greater than 0.015mm (Nimmo, 2004), 

0.03mm (Marshall, 1959; Kay and Lal, 1997), 0.05mm (Reichert et al., 2009; 

Zhang et al., 2021b), 0.375mm (Moret and Arrue, 2007a), 0.5mm (Luxmoore, 

1981; Lin et al., 1996; SSSA, 2008), 1mm (Jury et al., 1991), 1-5mm (Brewer, 

1964), and 2-10mm (Reeves, 1980), while mesopores are those of diameter between 

0.06-0.5mm (Luxmoore, 1981; Lin et al., 1996; SSSA, 2008), 0.0002-0.03mm (Kay 

and Lal, 1997), 0.06-1mm for coarse mesopores and 0.01-0.06mm for fine mesopores 

(Jury et al., 1991), and 0.15-0.375mm (Moret and Arrue, 2007a), and for micropores 

are those having sizes lower than 0.01mm (Jury et al., 1991) and 0.0002mm (Kay 

and Lal, 1997). The classification between macro-, meso- and micropores extends 

further into a classification that depends on matric potential limits: pores of non-

available water (>1500kPa), pores of available water (33-1500kPa), slow drainage 

pores (10-33kPa), and fast drainage pores (<10kPa) (Amer, 2012). Since the 
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mathematical model is based on characterizing the flow between capillary-induced and 

flowing-free flows, the classification of pores in this research similar to that reported 

by Tuller and Or (2002) and outlined by Kutilek and Nielsen (1964, p.20) are 

determined as micropores or capillary pores including the matrix (intra-aggregate) that 

are pores within soil aggregates and the structural pores (inter-aggregate) that are pores 

between aggregates. Macropores or non-capillary pores in which flows are flown 

freely. The boundary size between the two categories is 12mm as reported by 

Finnemore & Franzini (2002, p.39) since the effects of capillaries become negligible 

for larger sizes.  

 

2.3 Soil Management Systems 

Soil management systems are of two categories: the conventional tillage including the 

practice of using either a moldboard plow, chisel plow, disk plow, rotary tiller, or 

large-disk harrow and the conservative tillage comprising the practice of either no-

tillage, mulch-tillage, strip/zonal tillage, ridge-tillage, reduced/minimum tillage, cover 

crop, and manure tillage applications. The conventional practices involve the use of 

machinery or large farming implement consisting of one or more blades that are 

specific and unique to each type and are fixed to a sequence that rotates in the soil 

media causing the destruction of soil clogs. However, the conservative tillage does not 

focus mainly on the action of tillage but on the practice of changing the ground layout. 

No-tillage is the simplest form that doesn’t require any operation, thus leaving the soil 

surface undisturbed (not removing any organic matter is also applicable), cover crop 

is when the undisturbed soil surface is covered with crop residues, mulch-tillage is 

similar to no-tillage but the soil surface is minimally disturbed to remove any evidence 

of soil crust while incorporating crop residues along the disruption (as cited in Opara-

Nadi, 1993), the strip/zonal tillage is the practice of dividing the soil surface into inter-

zones: the seedling zone which is mechanically tilled and the soil management zone 

which is left undisturbed (as cited in Opara-Nadi, 1993), the ridge-tillage is the 

practice of only disturbing the soil when planting to clean the rows (Opara-Nadi, 

1993), and the reduced/minimum tillage is the act of reducing tillage.  
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2.4 Effect of Soil Management Systems 

2.4.1 Effect on Infiltration 

The significance behind assessing the effects of tillage on infiltration is that the latter 

can be altered on long-term periods due to only single tillage operation on a no-tilled 

soil surface (Kettler et al, 2000). Studies were performed to investigate the effect of 

different soil management systems on infiltration. Some studied the effect of tillage on 

infiltration with respect to no-tilled soils, others argued the efficiency of conventional 

and conservative practices, and even others compared the practices within each 

system.  

2.4.1.1 Tillage vs. No-Tillage 

The act of disturbing the soil provoked by tillage activities reduced infiltration as 

compared to undisturbed samples (Edwards et al., 1988; Miyamoto et al., 2001; 

Akhtar et al., 2011). The reason is that higher water contents were tested in tilled soils 

compared to no-till soils (Fitzmaurice, 1997). However, modifications in soils such 

as compaction of the upper soil layer, hindering root growth, and reduction in 

infiltration can be induced from no-tillage practices on the long term (Sarauskis et al., 

2012). Tillage improves soil roughness leading to an increase in infiltration 

(Mwendera and Feyen, 1993). It was also disputed that soil bulk density, porosity, 

penetration resistance, and aggregation were improved by tillage practices in a manner 

leading to an increase in the infiltration (Gantzer and Blake 1978; Lindstorm and 

Onstad, 1984; Karlen et al., 1990; Pikul et al 1990; Khurshid et al., 2006). Thus, 

this was refuted by Haghighi et al. (2010) in which tillage destroys pore size 

distribution, number of macro-pores, and the continuity of pores or pathways. The 

controversy dispute to either consider tillage a good practice for increasing infiltration 

or not is obviously incessant because all the studies were examined on field, while 

each carrying different soil and profiles’ conditions (effect of spatial variation). 

Consequently, the contradictions led authors to start examining the effects of different 

soil management systems instead of comparing infiltration in tillage and no-tillage 

systems.  

2.4.1.2 Conservative vs. Conventional Tillage 

Conflicting theories of which system is more favorable to infiltration also exist. 

Conservation tillage increases the soil bulk density compared to the conventional 
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tillage (Afzalinia and Zabihi, 2014). Yet, it is commonly shown that conservative soil 

management system provided better infiltration than the conventional system 

(Tebrugge and During, 1999; Leys et al., 2007; Singh et al., 2009; VanWie et al., 

2013; Alam et al., 2014; Cunha et al., 2015). Alam et al. (2014) investigated the 

effects of four different tillage practices (zero tillage, minimum tillage, conventional 

tillage, and deep tillage) on soil properties. They have found that conservational tillage 

practices allow for an improvement in the physical and chemical properties of soil such 

as bulk and particle densities, organic matter accumulations, and maximum root 

densities. The highest organic matter accumulation, the maximum root mass density 

(0–15 cm soil depth), and the improved physical and chemical properties were 

recorded in the conservational tillage practices. Bulk and particle densities were 

decreased due to tillage practices. Salem et al. (2015) found that a combination of 

conventional and conservative systems called the integrated reservoir tillage system 

increased soil infiltration compared to each system alone producing a rate of 48% and 

65% higher than the conservative and conventional systems, respectively. Within the 

conservative system, cover crop and mulch tillage were found beneficial in many cases 

as it prevents surface sealing thus reduces runoff when compared to reduced tillage 

(Mannering and Meyer, 1963; Bouma et al., 1977; Radcliffe et al., 1988; Trojan 

and Linden, 1998; Ruan et al., 2001). According to Baumhardt et al. (2011), the 

retained wheat residue covers increased the mean cumulative infiltration by depths 

greater than 25mm compared to bare soils. Radcliffe et al. (1988) found that the mulch 

layer enhanced infiltration when added to layers either conventionally tilled or non-

tilled. In Addition, Wilhelm et al. (1989) concluded that whatever type of 

management system is used, applying residues on the soil surface increased soil 

moisture contents due to decreased evaporation. This was proved with the addition of 

poultry manure to soil (Adeyemo et al., 2019). However, this trend is affected by the 

application rate of which values between 6 to 10 Mg/ha tend to reduce infiltration rates 

due to the formation of slurry (Haraldsen and Sveistrup, 1994). However, for long-

term periods manure applications tend to intensify macropores through the activity of 

microbes (Mubarak et al., 2009a). On the other hand, within the conventional system, 

the disk harrow practice reported to increase soil porosity and reduce bulk densities 

thereby increasing infiltration when compared to the chisel practice (Dahab, 2011). 

Moreover, Leghari et al. (2015) found that both the disc plow and the cultivator 

enhanced infiltration, thus the disc plow is more advantageous.  
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2.4.2 Spatial Variation on Soil Physical Properties and Structure 

As defined by Acton and Padbury (1993), soil quality is attributed to any soil 

property that affects the potential of soil to acquire a certain function. In this section, 

variations of soil quality due to tillage systems are presented in this section which 

proves that such operations affect majorly the quality of soils in particular in 

agricultural land-uses. Karlen et al. (1994) evaluated soil physical properties of silt 

loam soils in a temperate area where long-term tillage was applied for 12 years. The 

land was left undisturbed for one year prior to moldboard plow, chisel and no-tillage 

operations were applied. They found that water content was significantly higher in no-

till plots in the top 5cm soil profile. Water contents corresponding to soil matric 

potentials between -100 and -1500kPa were higher in no-till plots, between -1.3 and -

100kPa no significant differences occurred while for lower potentials poorer water 

content was available which reflects a structure of small pore sizes in no-till plots. 

However, in the same plots, turbid metric measurements of water stability for 

aggregate of sizes 1-4mm showed that these pores were more stable. Tillage treatments 

accelerated the decomposition of organic matter which are incorporated with soil 

aggregates at greater depths (between 15 and 20cm). In these depths, results in tilled 

systems of higher volumetric water contents due to higher capacities of water retention 

of small pore aid in the decomposition of organic matter. Nitrogen concentrations at 

shallow depths (0 to 2.5cm) were almost twice as high in no-till plots and in chisel 

treatments at greater depths (7.5-15cm) while decreased in intermediate depths in the 

plow plots. Peak and minima concentrations of phosphorous and potassium were 

found at shallow depths (0-2.5cm) and deeper depths (7.5-22.5cm) in no-till plots, 

respectively which is not the case in subhumid region (Buschiazzo et al., 1998). 

Differences due to tillage systems affecting soil physical, chemical, and biological 

properties become negligible at depths greater than that at which the tillage operation 

was applied (Buschiazzo et al., 1998; McVay et al., 2006). In the modified layer, bulk 

density was lower in loam, sandy loam and sandy soils in conservation tillage systems 

when compared with conventional systems (on-going for 5-11 years) in a subhumid 

and semiarid region because the soil particles are loosened due to tillage effects 

(Buschiazzo et al., 1998). However, lower densities were found at deeper depths in 

conservation tillage (Buschiazzo et al., 1998) because such systems having higher 

organic matter contents promote soil biological activities activated by earthworms 

(Lal, 1976). A different assessment of properties was found by Ferreras et al. (2000) 
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who reported no variation in bulk density in a clay loam soil (in a humid-subhumid 

mesothermal region) subjected to long-term no-tillage and conventional tillage 

treatments due to temporal variation effects of sampling with respect to operations 

implementation resulting in an equilibrium state of settlement that the aggregates 

reach. In addition, both plots experienced a low structural stability due to the fact that 

the practices were initiated on a soil of low degradation condition.  

While small pores in no-tillage systems were addressed as an advantage to improve 

water holding capacity (McVay et al., 2006), they can cause compaction converting 

pore structure to a closed system in which root growth tend to be difficult and 

ineffective (Fabrizzi et al., 2005). Additionally, compaction in the undisturbed layer 

in tilled soils can be induced by machinery operations (Ess et al., 1998). Still, 

resistance to compaction varies between soil types; higher values are found in soils 

rich in clay and organic matter contents (McVay et al., 2006). Aside, adding organic 

residues to soil is an efficient method to upgrade the quality of soil regardless of the 

tilled system used. In this regard, Shirani et al. (2002) reported that soil physical 

properties including organic matter content, bulk density, saturated hydraulic 

conductivity, and aggregate mean weight diameter are affected only by the addition of 

manure in arid climate to fine-loamy soils subjected to conventional tillage (moldboard 

plowing) and conservation tillage (reduced tillage with shallow disk harrowing). In 

their study, the soil exploited extensively with conventional tillage practices followed 

by 4 years fallowing had initially a low organic matter content. Thus, the addition of 

manure improved the organic content after 2 years, decreased the bulk density by 12 

and 16% (applying 30 and 60 Mg.ha-1 of manure, respectively), increased significantly 

the saturated hydraulic conductivity and the aggregate mean weight diameter. Other 

advantages for adding organic matter is temperature regulation. Hence, it was tested 

that the mean soil temperature under cover crop soil surfaces was lower than under 

tilled systems (Fabrizzi et al., 2005) due to the high solar reflectivity and low thermal 

conductivity of crop residues (Al-Darby and Lowery, 1987; Cox et al., 1990; 

Schinners et al., 1994). On the other hand, not the same results are obtained when 

adding straw instead of manure to soils. In the same type of soil reported in Shirani et 

al. (2002) but in a cool temperate environment and soils exploited on a long-term 

period of conventional systems. Singh and Malhi (2006) found that the bulk density, 

the aggregated size distribution, and the infiltration rate were not affected by the 
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addition of straw but on the type of soil and tillage systems, favoring higher values in 

no-till systems.  However, penetration resistance was reduced to a depth of 12-15cm 

in no-till areas when adding the organic matter which supports the initial hypothesize 

stated by McVay et al. (2006). This was not applicable in a different study where the 

penetration resistance was higher in the top 2cm in cover crop plots when compared 

to moldboard plowed plots with incorporated shredded residues in a clay alluvial soil 

located in a Mediterranean region (Martinez et al., 2008). Similarly, bulk density did 

not vary which is not consistent with the pore size distribution that resulted in more 

micropores in no-till plots. Besides, infiltration rates were lower in the cover crop plots 

since tillage increase the portion of fast draining pores. Further, the aggregate size 

distribution changed as the size decreased in cover crop with depth opposing to the 

other treatment. Aggregate sizes larger than 2mm were more abundant in cover crop 

plot especially in the upper layer due to the accumulation of organic residues. In fact, 

the mineral particles attached to clay are bonded to organic matter to form macro 

aggregates (Tisdall and Oades, 1982; Bossuyt et al., 2002). This implies that the 

larger the aggregate sizes are, the smaller micropores are created resulting in higher 

water potentials and thereby more time to unsaturated. Consequently, tightened pores 

filled with water for a longer time affect root respiration and growth. In this regard, 

no-tillage systems reported an inadequate soil aeration especially with the non-

existence of cracks (Castellini et al., 2013).  

2.4.3 Effect on Preferential Flow 

Preferential flow is defined as the unequal or non-equilibrium flow path that fluids 

undertake hastily than others during an infiltration event in a porous media, mostly soil 

(Gerke, 2006; Cheng et al., 2011; Ranjit Kumar et al., 2017). Applicability of such 

flows mainly occurs in macropores and cause lateral exchange between domains in the 

form of adsorption and absorption (Weiler and Naef, 2003). It is influenced by the 

pore structure including pore size distribution, pore sizes and the extent of their 

continuity (Jarvis, 2007), by the physical and hydraulic properties of soil and by the 

impact of incorporated soil management system (Andreini and Steenhuis, 1990). For 

instance, non-tilled soils are known to be conductive for preferential flows (Andreini 

and Steenhuis, 1990) while adding vegetative cover on the soil can decrease these 

flows (Stumpp and Maloszewski, 2010). Similarly, tillage applications induce pore 

structure heterogeneity along the soil profile by destroying the dimension, continuity 
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and longevity of pores, thus decreasing preferential flow paths (Hangen et al., 2004; 

Gerke et al., 2009; Badorreck et al., 2010). However, this was reverted by Petersen 

et al. (2001) since tillage transform soil into a well-structured media, thereby creating 

new network of interconnected pores in which preferential flows are initiated. In 

addition, Kodešová et al. (2015) reported that organic matter affects positively dye 

coverages area because organic matter acts as a coating for soils and thus enhancing 

infiltration between the coated aggregates while preventing the flux between smaller 

pores (Kodešová et al., 2012). Accordingly, preferential flows are descriptive of the 

multi-moving front in a domain of several permeability. These flows, eminently found 

in hydrogeological simulations, can be visualized, identified, and quantified using dye 

tracer experiments (Steenhuis et al., 1990; Flury and Fluhler, 1995; Flury and Wai, 

2003; Ohrstrom et al., 2004; Kodešová et al., 2010; Schneider et al., 2018; Zhang 

et al., 2021a). This method provides a way to reflect the hydraulic properties of the 

soil media through the analysis of dye coverages areas and locations (Zhang et al., 

2021a). Therefore, it is important to choose dyes that can color the areas in which the 

hydraulic flux actually passes, while be able to have high tendency to travel in water 

and doesn’t have harmful effects on recipient bodies. Thus, the dye opts to be visible, 

nontoxic, and to have similar hydraulic properties as the fluid (water in this case) 

(Flury and Fluhler, 1994). In this concept, visibility means reactivity, nontoxicity is 

referred to humans, fauna, flora, and the environment, while similarity is conservative 

or having low retardation (Cao et al., 2020). This is why Brilliant Blue FCF (C.I. Food 

Blue 2, Chemical Formula C37H34N2Na2O9S3) is consistently used in the dye tracer 

experiments (Flury and Fluhler, 1995; Kasteel et al., 2002; Mon et al., 2006). The 

method proved to be efficient in delivering images that can be assessed effortlessly 

either by eye observations or by image analysis software (Mooney and Morris, 2004). 

Based on the eye observation reasoning, in this study we will suggest a new 

methodology for preferential flow determination.  

2.4.4 Macropore Significance 

An extensive review of the literature proves that the structure of pores in the soil media 

affects undeniably hydraulic fluxes and retention (Lin et al., 1996), root growth, and 

crop productivity. This property is the most significant between properties that is 

altered due to tillage systems (Hill, 1990; Tagar et al., 2017). As it was described in 

many studies, tillage practices destroy macropores formed by cracks, animal burials, 
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and roots (Gao et al., 2019). Since these practices tend to ameliorate root penetration 

and growth (Lal and Shukla, 2004) and enhance crop productivity by mixing the 

organic matter with soil in deeper layers, adding macropores within these systems is 

efficient. Accordingly, Salem et al. (2014) studied the effect on four tillage systems 

(conventional tillage, minimum tillage, cover crop and reservoir tillage which is 

similar to minimum tillage with the addition of artificial macropores through the 

creation of mini-depressions or holes after planting using a hand-pushed tool with a 

truncated square pyramid shape) on soil physical properties. Operations resulted in 

higher bulk density in cover crop followed by reservoir tillage, then minimum tillage. 

The last two systems differed due to the effect of hand-pushed tool that was used to 

create the artificial macropores. Further, reservoir tillage showed a negative impact on 

soil temperature with respect to minimum tillage, positive results in terms of crop 

yields with respect to the other treatments and intermediate values of soil water 

potentials between cover crop and minimum tillage. The authors encouraged farmers 

to start using this technique especially when desired to shift from conventional to 

conservation systems to reduce production costs. Alternatively, Colombi et al. (2016) 

investigated the effects of artificial macropores of 1.25mm diameter using a stainless 

steel wire injected in compacted soils. Even though soil bulk density was not affected, 

such application improved oxygen concentrations, thus treating hypoxia. 

Discrepancies in bulk densities are caused by the increased root density occurred 

towards these macropores. Consequently, it reimbursed decreased robustness needed 

for plant growth caused by soil compaction. However, the problem with empty 

artificial macropores is that they tend to clog and collapse after a prolonged period of 

infiltration event (Mori and Hirai 2014). Remediation was observed when adding 

either clay, organic residues or natural polymers (Mori et al., 1999). As such, Mori et 

al. (2014) filled artificial macropores (10mm) with fibrous material (glass fiber) in 

poorly drained soils. Other than increasing vertical infiltration as in an empty 

macropore, the structure was enforced by the glass fiber. However, the artificial 

macropore did not function properly for rainfall intensity greater than 80mm.hr-1. 

Artificial macropore in the literature range from 1 to 5mm (Lamy et al., 2009; Mori 

et al., 2014; Mori and Hirai, 2014; Guertault and Fox, 2020). Hence, flow in these 

pores are driven by capillary pressure. The only study to the knowledge of the author 

that used artificial macropore of size greater than 12mm (non-capillary flow conducts 

as it was indicated in section 2.2) is that of Zhang et al. (2021b). Artificial vertical 
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boreholes of diameter 16mm were entrenched in bare saline soils. However, fine sandy 

particles were used to fill these holes for a similar objective of that of Mori et al. 

(2014). Consequently, such fillings are not practical for usages in agricultural soils, 

therefore, further evaluation and application of artificial macropores not only in 

compacted soils is desirable to study the hydraulic fluxes and their patterns.  

 

2.5 Infiltration Models 

Infiltration models are either empirical or physical-based models. The most common 

and used models are: Kostiakov, Horton, Green and Ampt (GA), Richard’s equation, 

and Philip model. Cunha et al. (2015) compared infiltration rates of three different 

soil management systems: conventional tillage, no tillage and minimum tillage 

measured using the classic double-ring infiltrometer method with calculated rates 

using different empirical models: Kostiakov, Kostiakov-Lewis, and Horton. The 

calculated infiltration rate that best fitted the field measured rates was Kostiakov 

model, in the no-tillage system, meaning that none of the empirical models was able 

to fit the tillage/soil management system effects. Alternatively, only physical models 

will be evaluated in this work in the process of choosing that best fit the suggested 

model.  

The Green-Ampt method is a quasi-physically based model that is derived from the 

principle of conservation of mass with combination of Darcy’s law and is applied to 

one-dimensional vertical flow through a soil column that is partly saturated and do not 

include a shallow water table (Green and Ampt, 1911). It assumes that two zones 

exist as continuous ponding is maintained at the surface: an upper saturated zone and 

a lower unsaturated zone that are divided by a sharp wetting front. It also assumes that 

infiltrated water maintains a uniform moisture content as it moves down into the lower 

zone (Green and Ampt, 1911). Just so, another physical equation is the Richards 

equation obtained by mass conservation and Darcy’s law (Richards, 1931). The 

equation is implicit which makes it hard to use. Thus, Philip (1957) found an explicit 

solution for the Richards equation by assuming boundary conditions inspired from 

those imposed in the Green-Ampt model. However, Philip’s model is not taken into 

consideration since the Green-Ampt model proves flexibility in incorporating many 

effects.  
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Other than the complications of setting the initial and boundary conditions, the implicit 

form of the Richards equation makes it in need for numerical solutions because of its 

non-linearity (Caviedes-Voullième et al. 2013). In addition, such solutions confront 

divergence issues when simulating infiltrations (Zha et al. 2017). Lee. et al. (2020) 

stated that solving the Green-Ampt equation for two-layered soils is less extensive then 

solving the nonlinear partial differential equation, the Richards equation. 

Subsequently, the Green-Ampt model is chosen. The flexibility of such model to 

incorporate different parameters affecting infiltration is described in the following 

section. 

2.5.1 Green-Ampt Model 

The simplicity of the GA allowed researchers to raise questions of whether the model 

can be applicable to all cases. Experimentally, it was shown in column infiltration that 

the pressure head at the front depends on the flow velocity (Weitz et al., 1987; Geiger 

& Durnford, 2000; Annaka & Hanayama, 2005) as this opposes to the applied 

assumption in the GA (the soil-water suction is constant as the wetting front advances). 

In this regard, Hsu and Hilpert (2011) adjusted the GA into a modified Green-Ampt 

model (MGAM) by correcting the suction head at the wetting front and including 

parameters of porosity, wettability, interfacial tension, water density, and soil grain 

size. The dynamic effect of the capillary pressure was accounted for more precisely in 

the MGAM than the classical GAM (Pellichero et al., 2012; Hsu et al., 2017). Thus, 

computing the infiltration using the MGAM is complicated as it includes fitting 

parameters which are unique to the testing media. The researchers validated the model 

with experimental infiltration data according to fitted parameters that were computed 

originally using the same experimental data. This analogy is inapplicable in this work. 

Alternatively, an approach named “Moving Multi-Fronts” is developed to account for 

the saturated and unsaturated flow dynamics by discretizing the model variables 

themselves including the pressure head, the water contents and the hydraulic 

conductivity of the soil (Alastal & Ababou, 2019). Meaning that the homogeneous 

soil profile is divided into multiple vertical zones, while each zone subsidies its own 

hydraulic properties replacing the single wetting front into multi-fronts. This method 

can account for the non-linear behavior of the moisture content in the soil during 

infiltration, however gets complicated for a layered soil profile in which some wetting 

fronts might reach the bottom of a certain layer before other. Consequently, the 
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potential to have lateral infiltration is desired especially when the infiltration capacity 

of the underneath layer is smaller than that of the underlying layer.  

In addition, derived GA models were developed for heterogeneous soils. The model 

of Beven (1984) as such for non-uniform soils is only applicable to a soil profile 

adhering to an exponentially decreasing saturated hydraulic conductivity with depth 

and to a constant storage-suction. Alternatively, Selker et al. (1999) proposed that the 

storage-suction product is not constant, as it is affected by the change in the pore size. 

Thus, they assumed that as the pore size decreases following the power law, the 

hydraulic conductivity drops with the square of the pore size and the wetting front 

pressure increases linearly with respect to the wetting front depth. Hence, their 

assumption of a linear decline in particle size might not be the case in our research. 

Later, heterogeneity became more generalized in the concepts of layering soils and 

preferential flow generated in the macropore domains. Researchers promoted the 

concept of macropore-micropore domains. Stewart (2018, 2019) accounted for the 

presence of macropores in the porous media. The model was the summation of 

infiltration corresponding to each domain (soil matrix and macropore domain). Cracks 

including either small-scale inter-aggregate shrinkage crack or inter-block cracks 

surrounding the soil matrix are inducers of preferential flow as it was mentioned in the 

first section of this division. Thus, the models of Stewart (2018, 2019) cannot be 

directly applied to determine the infiltration; the model included parameters that 

cannot be directly obtained neither experimentally nor theoretically such as the 

hydraulic conductivity of the aggregate and inter-aggregate domains (such parameters 

were experimentally fitted in this research work). Similarly, Liu et al. (2016) assumed 

that the cumulative depth of infiltration is the sum of the cumulative depth of 

infiltration in diffuse-flow domain and in source-responsive domain. For the purpose 

of developing such model, the infiltration diffuse-flow domain was based on the GA, 

while the other was related to the model of flux of diffuse and preferential flow by 

combining the Darcy–Buckingham law and the continuity equation (Nimmo, 2010a). 

Nimmo (2010b) assumed that the unsaturated flow in the source-responsive domains 

or macropores is typical to the flow in free-surface films lined by pore walls from only 

one side by an imaginary flat plate of a fixed length and width that are largely 

compared to the film thickness. However, when the macropore space is fully saturated, 

the assumption is no longer valid since the saturated flow of water is now completely 
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bounded by the pore walls. In addition, macropore flows may have different cross-

sections (rectangular cracks, circular tubes, etc.) and may be tortuous. Besides, when 

modeling water infiltration into multi-domains, researchers don’t recognize evidently 

the interaction between such domains, assuming no exchange of water (Sternagel et 

al., 2019; Stewart, 2019). The interaction which can be from both domains is still 

considered a challenge since several factors must be considered (Simunek et al., 2003; 

Weiler, 2005). As it was defined in section 2.2, the sizes of macropores are beyond 

12mm. Notwithstanding, all soil management treatments applied in this research shall 

prove that their application inhibit the occurrence of such pores in the cover and 

modified layers by breakage and crop/manure macropore filling effects. Thus, the 

problem resides in the macropores formed by shrinkage crack at the top of no-tillage 

treatments (Vogel et al., 2005). However, these cracks are assumed to be negligible 

for continuously cultivated soil. In addition, these large pores are also found in the 

underneath unmodified layers formed by animal buries (Li and Ghodrati, 1995) and 

root penetrations (Angers and Caron, 1998). Such consideration is neglected as it is 

not in the scope of this work.  

Nevertheless, GA models prove to be efficient in incorporating the most significant 

parameters to this research work that is the profile of the soil. The first attempt of 

deriving infiltration rates from the GA for a soil profile of n layers was by Fok (1970), 

followed by Moore and Eigel (1981) for two layered soil. The derivation of the later 

was based on the modification of the GA developed by Mein and Larson (1973). 

Both models were only valid for steady rainfall event. Hence, for unsteady rain, a 

model for multilayered soil was extended by Jia and Tamai (1997) and later modified 

by Chu and Mariño (2005) and Liu et al. (2008). Later models for layered soils 

focused on determining equivalent values for layered soils of the physical parameters 

found in GA as such modifications adhere to the efficiency of determining more 

accurate infiltration rates. According to Ma et al. (2010), the hydraulic conductivity 

for wetted zone is equal to the hydraulic conductivity at residual air saturation 

(suggested by Bouwer (1966) to be equal to the half of the saturated conductivity) 

because above the wetting front, the soil pores are not actually fully filled with water 

(Bouwer, 1969; Hammecker et al., 2003). Ma et al. (2010) introduced a saturation 

coefficient that is equal to the ratio between measured moisture volume and total 

saturated moisture volume of the wetted zone. It is used as a correction factor for the 
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hydraulic conductivity and the soil water content of the saturated zone. Additionally, 

the suction head at the wetting front is determined by using either the method of 

Bouwer (1969) or that of Neuman (1976). Such parameters were employed in the GA 

model for layered soils developed by Han et al. (2001). Hence, the modified model of 

Ma et al. (2010) was later improved by Chen et al. (2019) by introducing two 

saturation coefficients, one for correcting the hydraulic conductivity and the other used 

for the soil moisture content since using the same correction factor for both parameters 

induces errors. However, this model is only applicable to fine-textured soil with a 

coarse interlayer and induces difficulties in determining the saturation coefficients. 

Still, a residing problem in the model is that it replaces the original saturated hydraulic 

conductivity by an average value when the wetting front moves from layer 𝑖 to layer 

𝑖 + 1. However, the average value is constant and is independent on the location of the 

wetting front location. Regardless of the accuracy to average the hydraulic 

conductivity rather than using an equivalent value that takes into consideration the 

wetting front location, the simplification is inefficient when computing the model and 

desiring to continue the simulation of infiltration beyond the initial chosen depth. Thus, 

a new average hydraulic conductivity must be calculated resulting in repeating the 

simulation all over again. In the same context, Lee. et al. (2020) developed a GA for 

two-layered soils. They suggested that it was more effective to determine the 

maximum saturated depth of the top layer, meaning to anticipate whether the wetting 

front will reach the bottom layer or not. In addition, this model did not consider an 

equivalent hydraulic conductivity for a layered soil domain in the computation of 

cumulative infiltration. This neglects the heterogeneity by shadowing the effects of the 

upper layer when water reaches the bottom layer. Nonetheless, a model was developed 

by Mohammadzadeh-Habili & Heidarpour (2015) for n-layered soil profile taking 

into effect the wetting front location in the computation of the hydraulic conductivity 

but no corrections were made to the parameters of the original GA. The model 

described the flow of water, the time-variance, and the depth of the wetting layer in a 

layered soil profile, while each layer possessing unique hydraulic parameters but only 

for ponded boundary conditions. Thus, no consideration was taken into account for 

rainfall smaller than the infiltration capacity of the layered soil. Lastly, Chu (1985) 

and Damodhara Rao et al. (2006) were the only researchers -to the knowledge of the 

author and after an extensive search for related published papers- to develop a model 

suitable for tilled systems. Their model similar to that of Mohammadzadeh-Habili & 
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Heidarpour (2015) targeted only three-layers: a crust, a tilled layer, and a subsoil 

layer. The crust layer forms either by the impact of rain drops (McIntyre, 1958) or 

after water erosion happens prior to overland flow (Eisenhauer, 1984). Thus, the crust 

layer only forms on the long-term after the operation of tillage, which is not the case 

here as the study is carried out on the short-term prior to tillage application.  However, 

the methodology used to develop the model for infiltration in micropore domain driven 

by capillary pressures is similar to the used by Damodhara Rao et al. (2006), while 

taking into consideration pre- and post- ponding conditions (which usually occur 

during irrigation events in agricultural soils) as derived similarly in the study of Mein 

and Larson (1973).  

2.5.2 Infiltration in Dual-Permeability Soil 

Dual-permeability is a concept that defines a soil structure having two domains: 

macropores imbibing spontaneous fast flow while micropores in which slower flow 

takes place (Simunek and van Genuchten, 2008; Köhne et al., 2009a, 2009b). 

Hydraulic fluxes in such domains were modeled (Beven and Germann, 1981; 

Germann and Beven, 1982; Coppola et al., 2009a; Nimmo, 2010b; Lassabatere et 

al., 2013; Liu et al., 2016; Stewart, 2019). Thus, they did not include any exchange 

between domains. On the other hand, the assumption that both domains obey Darcy’s 

law is invalid in soils with macropores (Coppola et al., 2009a). Thus, the GA model 

which is a derivation of Darcy’s law can be used to model the flow in micropore both 

vertically and horizontally (Weiler, 2005). Flows in macropores differ from those in 

micropore is when neither soil particles nor capillarity constrain the flux as if water is 

flowing vertically in a long-standing pipe with a certain cross-section while the 

boundary is formed of soil particles (Nimmo, 2010b). The effects of capillary as 

mentioned before are restricted to the sizes of pores. Hence, water particles are 

attracted by the surface tension formed between water and soil. However, when pore 

size gets bigger, the surface tension to hold all the water particles from all sides become 

negligible with respect to the pressure gradient of free-water flow. In this regard, the 

kinematic wave equation or the Hagen-Poiseuille equation is increasingly used to 

model flow in non-capillary pores (Ahuja et al., 2000; Zehe and Fluhler, 2001; 

Malone et al., 2004; Coppola et al., 2009a, 2009b). Yet, discrepancies were found 

between experimental and analytical data because macropores were not only conducts 

of preferential flow, but also a source of flow to the surrounding matrix (Castiglione 
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et al., 2003; Lamy et al., 2009) while the models did not take into consideration the 

interaction between the macropore and the surrounding domain. Nonetheless, the 

exchange happens laterally (Beven and Germann, 1982) and was numerically and 

experimentally simulated by Castiglione et al. (2003). Thus, water exchange between 

domains was modeled using the first order approximation with the assumption of 

mobile-immobile domains which created a problem in estimating an appropriate value 

for the transfer rate coefficient. The exchange phenomenon is dependent on the 

hydraulic conditions of domains: if the macropore is saturated, water will move from 

this domain to micropore and vice versa (Beven and Germann, 1982). Since the flow 

in macropore domains will be more rapid than that in the matrix domain, exchange 

between both domains will only occur from the saturated macropore to the unsaturated 

micropore. Beven and Germann (1982) added that the process of water exchange 

from the macropore to the matrix and the interaction with the water present in the 

micropores is a function of time and geometry of both domains. When domains are 

saturated, exchange is limited as Sternagel et al. (2019) assumed that the lateral 

exchange becomes negligible in comparison with the vertical advection of water. 

The complexity to capture the exchange moved researchers into using numerical 

software to compute infiltration rather than creating a complex mathematical model 

which will eliminate the preference of using such models over others. Exemplars used 

in the simulation of water flow in dual permeability soil domains are HYDRUS-1D, 

echoRD model, LAST-model (Lassabatere et al., 2013; Sternagel et al., 2019).  
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Chapter Three 

 

Methodology 

3.1 Physical, Structural and Hydraulic Properties 

3.1.1 Testing Sites 

The field experiments are located in Hasroun village situated in the district of Bcharreh 

in the Northern governorate of Lebanon (as shown in Figure 1-a). The study area sited 

along the valley of Quannoubine is exposed to a great deficit of altitude from southern 

highest of 2300 m above sea level (absl) to northern lowest of 1000 m absl (Figure 1-

b). However, most of the lands are agriculturally exploited (Figure 1-c) through the 

application of ground leveling due to the adequacy of soil for cultivation usages 

(Figure 1-d). The region is characterized by a Mediterranean climate. Annual mean 

snow precipitation of 500mm extends from December to early March having a mean 

temperature of −50𝐶. This period is known as the resting period in which cultivation 

halts. Warmer periods prolong from April to June (sowing period) and from September 

to November (harvest period) with a mean rain precipitation of 10mm and a mean 

temperature of 150𝐶. The remaining months are exposed to a dry spell, thus conveying 

the highest annual temperatures, around 350𝐶. Agricultural systems in that area 

depends on the type of soil, the type of cultivation, and the production costs. The 

common practices are rotary tillage, manure tillage, manure cover (especially after 

harvest period before winter), and no-tillage. Two experimental sites having different 

soil textural and hydraulic properties are chosen from disparate agricultural fields. The 

first testing site, denoted by “Tawbe” (Lat. 34°13'17.65"N, Long. 35°57'36.10"E) and 

having the highest altitude of 1900 m absl, is formed of loamy sand soil (USCS: well-

graded sand, LL=54.63, PL=44.06, PI=10.57). The site was converted from a heath to 

a cultivated land of sweet cherry (Prunus avium) and Firecracker™ Red Flesh Apple 

(Malus domestica) trees and in-between leef vegetables, common bean (Phaseolus 

vulgaris) and potatoes (Irish potato, white potato, Solanum tuberosum L.) almost 

fifteen years ago. Rotary tillage and the application of manure and fertilizers was 

annually implemented. The second testing site (Lat. 34°14'35.03"N, Long. 
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35°58'0.25"E) designated by “Aren” is at 1355m absl and formed of clay loam (USCS: 

sandy fat clay, LL=61.41, PL=32.42, PI=28.99). The area was cultivated by a 

wheat/potato yearly rotation and managed using traditional tillage methods for more 

than 20 years after which pear trees with no-tillage system was instigated. Thereafter, 

the abandoned region was turned into a heath in the late 90s until 2019 in which wheat 

cultivation was realized again with no-tillage system.  

 

 

Figure 1: (a) Geographical position, (b) Topography map, (c) Land-use map and (d) Soil 

description map of Hasroun village 

 

3.1.2 Experimental Design and Land Preparation 

The experiment is arranged in randomized design block (Adeyemo et al., 2019) with 

6 plots (as shown in Figure 2 first row). Each plot size is 2m x 2m (~4m2) buffered 

from the next plot by a 2m x 1m zone. Samples were only removed from the top layers, 

hence the studied depths differed from one plot to other. Six treatments are evaluated: 

No Tillage (NT), Rotary Tillage (RT), Chicken Manure Tillage Application (MTA), 

Mulch Tillage (MT), Crop Residues Cover (CC), and Chicken Manure Cover (MC). 

The conventional tillage methods (RT, MTA and MT) are implemented both using a 
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rotary tiller. A chain of rotary blades is fixed at the front-bottom of the tractor which 

rotates when the engine is turned on allowing the blades to cut the soil. In addition, a 

rail secured at the backward-bottom of the machine is embedded in the soil allowing a 

mass balance between the farmer holding the dynamic instrument and the machine 

itself. The only difference between RT and the other methods is that a layer of 5cm 

chicken manure is added to the soil for the MTA plot so that the tilled soil layer is 

mixed with the manure (equivalent to an application rate of ~173tons/ha) while a layer 

of 5cm crop residues is added to the MT plot (equivalent to an application rate of 

~42tons/ha). Physical, structural and hydraulic properties of the cover layers’ materials 

are found in Table 2. The conservative methods require less physical work in that the 

NT plot is left completely undisturbed. In the CC plot, a 5cm layer of residues mixed 

of straw, hay and stubble are added to the top soil surface. Duplicate to CC, chicken 

manure is used instead of residues for MC plot. Such notations will only be used to 

objectify the type of application used on the corresponding layer. As such, CC+NT 

would be defined as the soil profile formed of a top layer CC which are crop residues 

resided on an intact/unmodified layer (NT). As this stands, all layers have a bottom 

intact/unmodified infinite layer designated as NT. The depths of layers are fixed as 

5cm for covers, 20cm for modified layers. Table 1 summarizes the different 

combinations used to determine the infiltration rate. 

 

Table 1: Soil treatment combinations used in this research work 

Treatment 

Designation 

Number of 

layers 

Depth of layer 

above NT (cm) 
Description (above NT layer) 

NT 1 0 The soil is left as is 

CC+NT 2 5 The soil is covered by crop residues 

MC+NT 2 5 The soil is covered by chicken manure 

RT+NT 2 20 The soil upper layer is tilled 

MTA+NT 2 20 
The soil upper layer is tilled while mixed 

with chicken manure 

MT+NT 2 20 
The soil upper layer is tilled while mixed 

with crop residues 

CC+RT+NT 3 5+20 
The tilled upper layer is covered with crop 

residues 

MC+RT+NT 3 5+20 
The tilled upper layer is covered with 

chicken manure 

CC+MTA+NT 3 5+20 
The mixed tilled and manure layer is covered 

with crop residues 

CC+MT+NT 3 5+20 
The mixed tilled and crop residues layer is 

covered with crops 

MC+MT+NT 3 5+20 
The mixed tilled and crop residues layer is 

covered with chicken manure 

CC+MC+NT 3 5+5 
A chicken manure layer is overlaid by a crop 

residues layer 

MC+CC+RT+NT 4 2.5+2.5+20 
The tilled upper layer is covered with crop 

residues then with manure 
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Figure 2: Soil profiles variation with respect to the soil management systems (not to scale) 

 

Table 2: Physical, hydraulic and structural properties of cover layer materials 

 
BD 

(g.cm-3) 

DD 

(g.cm-3) 

SD 

(g.cm-3) 

n 

(cm3.cm-

3) 

Θr 

(cm3.cm-

3) 

OMC 

(g kg-1) 

MWD 

(mm) 

Ks 

(cm/day) 

Crop 

Residues 

0.0837 

± 

0.0005 

0.0837 

± 

0.0005 

0.9772 
0.8935 ± 

0.0006 

0.04509 

± 0.0006 

912.5 ± 

5.2 
5.032 

2752.9 ± 

77.6 

Chicken 

Manure 

0.3446 

± 

0.0023 

0.2726 

± 

0.0036 

1.0141 
0.7415 ± 

0.0036 

0.3358 ± 

0.0036 

414.8 ± 

12.2 
4.951 

30.245 ± 

0.245 
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3.1.3 Sample Collection and Preparation 

Table 3 summarizes the characteristics to be tested, the depth at which the samples 

were removed, the number of replicates for each measurement in each soil plot, the 

total number of measurements in each study area and the method used to determine 

the corresponding property. Undisturbed (UD.S.) and disturbed (D.S.) samples are 

removed from the study area for the analysis of soil physical, structural and hydraulic 

properties. A disturbed soil sample from each study area used to determine soil 

classification is collected using a shovel. In the same area, undisturbed soil samples 

are removed from each plot using an epoxy cylinder having exact dimensions of the 

apparatus used in the hydraulic conductivity test. Other undisturbed and disturbed 

samples are removed using metallic rings and spoons, respectively, to compute the dry 

and bulk densities, the organic matter content, and the aggregate size distribution. 

After measuring the dry density, samples were saturated for 24hr period and then 

measured for saturated densities and left to drain water for subsequent days. Other 

UD.S. are removed using a polyvinyl chloride (PVC) pipe for CT-scanning. The soil 

columns are carefully removed by gently pushing the tubes into the soil (4.5cm inner 

diameter tube, 1cm thick, 10cm long) (Filipovic et al., 2020).  

 

Table 3: Summary of parameters and properties tested for each tillage system in each site 

Characteristic 
Resulted 

parameter 

Type of 

sample 

 Depth-increment (cm) 

R.* 𝚺’ Method 
NT CC MC MT RT MTA 

 Maximum depth (cm) 

40cm -5cm^ 20cm 

Soil 

classification 
Soil type D.S   1 1 

Sieve analysis 
USDA, USCS 

Organic matter 

content 

OMC 

 
UD.S 10cm -5cm 20cm 3 33 Loss on ignition 

Density 
𝐵𝐷, 𝐷𝐷, 𝑆𝐷, 

𝑛, 𝜃𝑟 
UD.S 10cm -5cm 20cm 3 33 Core method 

Aggregate size 

distribution 

(f) 

MWD 
UD.S in the upper 0-20cm 1 6 Sieve analysis 

Saturated 

hydraulic 

conductivity 

𝐾𝑠 UD.S in the upper 0-20cm 1 6 

Constant head 

Permeability 

Test 

Pore Structure 

SWRC, 
PVD, AC, 

PAWC, RFC 

S-value 

UD.S in the upper 0-20cm 3 18 

X-ray computed 
tomography 

scanning 

analysis 

* R. means replicate number 

’ 𝚺 means the total number of measurement in each study area 

^ The negative sign in front of the 5cm corresponds to the direction of depth measurement with respect to the soil 

surface; the positive sign corresponds to depth measured downward from the soil surface. 
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3.1.4 Soil Pore Structure 

The undisturbed soil samples were scanned at an energy level of 120kV and current of 

60mAs using an Aquilion Prime SP medical CT scanner (Canon Medical Systems) at 

LAU Medical Center – Saint John’s Hospital, Jounieh, Lebanon. A rate of 

1slice/0.3mm was set and produced in an axial view for each sample (capturing the 

whole cross-sectional area in every slice). The scanned images were analyzed with 

ImageJ software (version 1.48) and the ImageJ plugin BoneJ (Doube et al., 2010). The 

images (600 x 600 pixels) were cut near the edges to minimize the analysis of any 

artificial feature that might occur due to beam hardening (Schneider et al., 2012). For 

simplicity, an area comprising a circle of diameter 40mm was selected for each core 

data. Subsequently, the images were processed using a 1.0 Guassian filter and a 2.0 

median filter that is widely used to reduce noise (Jassogne et al., 2007) and were 

analyzed using the processed binary images of 0 and 255 color thresholds. The 

quantification of soil pore structure was assessed for ranges of pixels’ areas to 

determine the percentage of areal content in the x-y plane of each range mean pore 

size. The data were transferred to an excel sheet in which the areal content was 

converted to a volumetric content 𝑉(ℎ) by using 0.3mm increments in the z-direction. 

The real total porosity 𝑛 which is assumed to equal 𝜃𝑠 was used as a reference to 

determine 𝜃 (ℎ) for each pore size and treatment by subtracting 𝜃𝑠 from 𝑉(ℎ)  

corresponding to the lowest pressure head ℎ. The result was further subtracted from 

𝑉(ℎ) corresponding to the second lowest ℎ and the sequence continues until reaching 

the 𝜃 (ℎ) corresponding to the highest ℎ.  

3.1.5 Soil Properties 

3.1.5.1 Soil Classification 

Soil Size Distribution 

The soil size distribution is determined using the sieve analysis method (Das and 

Sohban, 2014). The method consists of placing the disturbed soil samples in an oven 

at 110 ± 50𝐶 for 24hrs. Then, the soil is completely crushed so that all particles are 

alienated and placed on a set of sieves having progressively smaller openings from top 

to bottom (from top to bottom US. sieves No. 4, 8, 16, 30, 40, 50, 60, 100, 200, and a 

pan equivalent to diameters of 4.75, 2.36, 1.18, 0.6, 0.43, 0.36, 0.25, 0.15, 0.08, and 

0mm). The set is mechanically shaken for 10mins. After determining the mass of the 

soil retained on each sieve, the particle size distribution curve is drawn in a plot of the 
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percent finer with respect to the particle diameter (log-scale) from which two 

parameters valuable in the determination of soil classification can be determined: 

 The uniformity coefficient 𝐶𝑢 which is expressed as: 𝐶𝑢 =
𝐷60

𝐷10
 (1), where 𝐷10 

and 𝐷60 are the diameters corresponding to 10% and 60% finer, respectively; 

 The coefficient of gradation 𝐶𝑐 which is expressed as: 𝐶𝑢 =
𝐷30

2

𝐷60×𝐷10
 (2), where 

𝐷30 is the diameter corresponding to 30% finer; 

Soil Classification 

Two classification systems are used to define the soil class for each testing site: the 

textural classification system developed by the U.S. Department of Agriculture 

(USDA) and the Unified Soil Classification System (USCS). Each requires a specific 

guideline. Table 4 compare the definitions of the aforementioned systems for soil 

sizes: gravel, sand, silt and clay. The percentages of these soil types are only required 

to classify the soil on the USDA textural classification chart. In addition to the 

percentages passing U.S. NO. 4 and 200 sieves, the Atterberg limits are needed and 

determined according to ASTM in test designation D-4318. The USCS is the most 

extensive system (ASTM Test Designation D-2487) which requires in addition to all 

the above-mentioned parameters the following: 𝐶𝑢, 𝐶𝑐, location on the plasticity chart 

(Das and Sohban, 2014, p.132) and the organic matter content (OMC). 

 

Table 4: Soil particle size definitions 

% USDA USCS 

Gravel 100 - %passing U.S. No. 10 

sieve 

100 - %passing U.S. No. 4 

sieve 

Sand %passing U.S. No. 10 sieve - 

%finer than 0.05mm 

%passing U.S. No. 4 sieve - 

%passing U.S. No. 200 sieve 

Silt %finer than 0.05mm - %finer 

than 0.002mm 

%passing U.S. No. 200 sieve * 

Clay %finer than 0.002mm  

Note: U.S. No. 4, 10, and 200 sieves corresponds to sieve openings of 4.75mm, 2mm, and 

0.075mm, respectively. 

*Silt and clays are combined in the Unified Soil Classification systems and are denoted as 

fines. 
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Organic Matter Content 

The organic matter content is determined based on the loss on ignition method 

(Stockdale, 2018). The method consists of measuring the weight loss from a dried soil 

sample that is oven-heated at 110 ± 50𝐶 for 24hrs. Accordingly, the samples are 

placed in a furnace at a temperature of 5500𝐶 for one hour allowing the organic matter 

to be burnt and are weighted again. The organic matter content 𝑂𝑀𝐶 is determined by: 

𝑂𝑀𝐶(%) =
𝑚𝑑−𝑚𝑑−550

𝑚𝑑
× 100   (3), where 𝑚𝑑 is the mass of the oven-heated solid 

[𝑀] and  𝑚𝑑−550 is the mass of the dry soil burnt at 5500𝐶 [𝑀]. 

3.1.5.2 Aggregate Size Distribution 

The undisturbed soil sample is set to air-dry for 3days. Then the soil is placed in a set 

of US. sieves no. – (38.1mm), - (25mm), ¾ (19mm), ½ (12.5mm), 3/8 (9.5mm), ¼ 

(6.3mm), 4 (4.75mm), 8 (2.36mm), 10 (2mm), 20 (0.85mm), 40 (0.43mm), 100 

(0.15mm), 200 (0.075mm) and a pan underneath. The set is mechanically shaken for 

10mins. The soil retained on each pan is oven-dried at 110 ± 50𝐶 for a 24hr period 

and weighed. The weights are then expressed as percentages of the total dry weight 

and converted into a mean weight diameter (MWD) from the frequency density 

function of the aggregate distribution (f) in the same manner as calculated in van Bavel 

(1950).  

3.1.5.3 Saturated Hydraulic Conductivity 

The saturated hydraulic conductivity of the micropore domain is measured using the 

constant-head permeability test (Klute and Dirksen, 1986). The undisturbed soil 

samples are placed in the specimen tube. After allowing the sample to saturate, the 

supply of water to the specimen is adjusted at a constant rate. The saturated hydraulic 

conductivity is calculated using Eq. (4): 

𝐾𝑠 =
𝑉𝑙

𝐴𝐻𝑡
   (4), where 𝑉[𝐿3]  is the quantity of water collected in time 𝑡[𝑇]; 𝑙 is the 

length of the soil sample [𝐿]; 𝐴 is the cross-section area of the soil sample; and 𝐻 is 

the constant head elevation at which the water flows into the saturated specimen [𝐿]. 

3.1.5.4 Soil Water Retention Curve 

Micropore sizes are expressed in terms of the capillary forces in the form of pressure 

head potential ℎ [𝑚] by the capillary rise equation (Hillel, 1980): 



 35   

 

ℎ =
2𝑇𝑠𝑐𝑜𝑠𝜍

𝜌𝑔𝑟
 (5a), where 𝑇𝑠 is the surface tension between water and air [𝑀 𝑇−2⁄ ] 

(0.0727 kg.s-2 at 200C); 𝜍 is the contact angle taken as 0 for a wetted surface [−]; 𝜌 is 

water density (998 kg.m-3 at 200C); 𝑔 is the acceleration due to gravity [𝐿 𝑇−2⁄ ] (9.81 

m.s-2); and 𝑟 is the equivalent cylindrical pore radii [𝐿]. Accordingly, a pore radius 

corresponding to a certain water pressure is expressed from Eq. (5a): 

𝑟 =
2𝑇𝑠

𝜌𝑔𝑟ℎ
 (5b) 

The van Genuchten (1980) water release function, 𝜃(ℎ), can be written as: 

𝜃(ℎ) = 𝜃𝑟 +
(𝜃𝑠−𝜃𝑟)

[1+(𝛼ℎ)𝑛]𝑚 (6), where 𝜃(ℎ) is a volumetric water content [𝐿3 𝐿3⁄ ] 

correspondent to a pressure head ℎ [𝐿], 𝜃𝑠 is the saturated volumetric water content 

[𝐿3 𝐿3⁄ ] assumed to equal the total porosity of soil 𝑛, 𝜃𝑟 is the residual volumetric 

water content [𝐿3 𝐿3⁄ ] measured after the soil has been left to drain for three days, 

𝛼 [𝐿−1], 𝑛 [−] and 𝑚 [−] are to-be-determined parameters. In Eq. (6), ℎ is set to be 

positive. In addition: 

𝑚 = 1 −
1

𝑛
 (7) 

Accordingly, the soil water retention curve (SWRC) is dependent on volumetric water 

content that is corresponding to a pore water pressure. Thus, the volumetric water 

content is determined from the image analysis followed by pore quantification 

performed on undisturbed soil samples using CT scanning (which is explained in 

section 3.1.4). SWRC is fitted on a semi-log plot (volumetric water content [L3/L3] vs. 

natural logarithmic of the pressure head ln(h) [L]) from which 𝛼 and 𝑛 are fitted from 

the SWRC curve using Retention Curve Computer Program (RETC) with the aid of 

unfitted 𝜃𝑟, 𝜃𝑠 and 𝐾𝑠 (van Genuchten et al., 1991). 

3.1.5.5 Pore Volume Distribution Function 

The pore volume distribution function 𝑃𝑉𝐷 is a curve on a plot having y-axis the pore 

volume density 𝑆𝑣(ℎ) [−]  and x-axis (log scale) the equivalent pore diameter, 𝑑 =

2𝑟 [𝐿], where 𝑟 is determined from Eq. (5b) (Jena and Gupta, 2002). 𝑆𝑣(ℎ) is derived 

from the van Genuchten (1980) fitted 𝜃(ℎ) by Dexter (2004a) which equals the slope 

of the volumetric water content 𝜃(ℎ) vs. ln(h): 

𝑆𝑣(ℎ) =
𝑑𝜃(ℎ)

𝑑(𝑙𝑛ℎ)
= −𝑚𝑛(𝜃𝑠 − 𝜃𝑟)(𝛼ℎ)𝑛[1 + (𝛼ℎ)𝑛]−(𝑚+1) (8) 
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In addition, the peak point of the PVD curve corresponds to the inflection point 

𝑆𝑣𝑖(ℎ) [−] found in the van Genuchten fitted 𝜃(ℎ) vs. ln(h) and having the coordinates 

(𝜃𝑣𝑖(ℎ), 𝑙𝑛ℎ𝑖)and has the following magnitude: 

𝑆𝑣𝑖(ℎ) =
𝑑𝜃𝑣𝑖(ℎ)

𝑑(𝑙𝑛ℎ𝑖)
= |−𝑛(𝜃𝑠 − 𝜃𝑟) [1 +

1

𝑚
]

−(𝑚+1)

| (9), where 𝜃𝑣𝑖(ℎ) = 𝜃𝑟 +
(𝜃𝑠−𝜃𝑟)

[1+
1

𝑚
]

𝑚 

and ℎ𝑖 =
1

𝛼
(

1

𝑚
)

1

𝑛
 

The pore volume distribution function is characterized and compared by shape and 

location parameters (Reynolds et al., 2009) which can be calculated based on an 

equivalent diameter: 

𝑑Θ =
2980𝛼

(Θ−1/𝑚−1)
1/𝑛  (10) 

Location Parameters 

Location parameters include the mode (the most frequent 𝑑Θ, which corresponds to 

the inflection point in the SWRC) , the median, and the mean (central tendency) 

diameter: 

𝑑mode =
2980𝛼

𝑚−1/𝑛  (11) 

𝑑median = 𝑑0.5 =
2980𝛼

(0.5−1/𝑚−1)
1/𝑛  (12) 

𝑑mean = 𝑒(
𝑙𝑛(𝑑0.16)+𝑙𝑛(𝑑0.5)+𝑙𝑛(𝑑0.84)

3
)
  (13) 

Shape Parameters 

Shape parameters comprise standard deviation SD (spread), skewness (asymmetry), 

kurtosis (peakedness). As reported by Blott and Pye (2001), the parameters are 

expressed as: 

𝑆𝐷 = 𝑒(
𝑙𝑛(𝑑0.84)−𝑙𝑛(𝑑0.16)

4
+

𝑙𝑛(𝑑0.95)−𝑙𝑛(𝑑0.05)

6.6
)
 (14), where 𝑆𝐷 ≥ 1 

Skewness =
1

2
[

𝑙𝑛(𝑑0.16)+𝑙𝑛(𝑑0.84)−2𝑙𝑛(𝑑0.5)

𝑙𝑛(𝑑0.84)−𝑙𝑛(𝑑0.16)
+

𝑙𝑛(𝑑0.05)+𝑙𝑛(𝑑0.95)−2𝑙𝑛(𝑑0.5)

𝑙𝑛(𝑑0.95)−𝑙𝑛(𝑑0.05)
] (15), where 

−1 ≤ Skewness ≤ +1 

𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
𝑙𝑛(𝑑0.05)−𝑙𝑛(𝑑0.95)

2.44[𝑙𝑛(𝑑0.25)−𝑙𝑛(𝑑0.75)]
 (16), where 𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 ≥ 0.41 
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3.1.5.6 Soil Physical Quality Indicators 

Reynolds et al. (2009) propose a set of soil physical quality indicators with threshold 

levels recommended for agricultural soils. The thresholds are summarized for different 

parameters in Table 5. 

 

Table 5: Optimal ranges or critical limits for soil physical quality indicators (Reynolds et al., 

2009) 

Parameter 
Critical 

Lower Limit 
Optimal Range Critical Upper Limit Soil Type 

Bulk density, 

BD 

< 0.9 g.cm-3 

inadequate 

plant 
anchoring 

and a 

reduction in 
PAWC 

0.9-1.2 g.cm-3 for maximum crop 

production 

> 1.3 g.cm-3 

productivity decreases 

due to inadequate 
soil aeration 

Medium or 

fine texture 

Air capacity, 

AC 

 AC≥0.14 cm3.cm-3 is required.  
Sandy loam 

or clay soils 

 

AC>0.10 cm3.cm-3 to reduce 
the incidence of crop-damage or yield-

reducing aeration deficits in the 
root zone. 

 
Agricultural 

soils 

Plant-available 

water capacity, 

PAWC 

PAWC<0.1 

cm3.cm-3 is 

poor or 
droughty 

PAWC≥0.2 cm3.cm-3 is ideal for root 
growth and functions 

0.15≤PAWC<0.2 cm3.cm-3 is good 

0.1≤PAWC<0.15 
cm3.cm-3 is limited 

 

Relative field 

capacity, RFC 

RFC<0.6 

water limited 
soils 

0.6≤RFC≤0.7 optimal balance between 
AC and PAWC: desirable water and air 

content needed for a better microbial 

production of nitrogen more recurrently 
and for extended periods (Reynolds et 

al , 2002; Castellini et al., 2013) 

RFC>0.7 aeration 

limited soils 

Agricultural 

soils 

S-value (Dexter, 

2004b; Dexter 

and 

Czyz, 2007; 

Tormena et al., 

2008) 

0.020≤

𝑆𝐼<0.035 poor 
physical 

quality 

𝑆𝐼<0.020 very 
poor or 

degraded 

physical 

quality 

𝑆𝐼≥0.05 very good soil physical or 

structural quality, 0.035≤𝑆𝐼<0.050 good 

physical quality 

 
Temperate 

and tropical 

soils 

 
Common range 0.007≤𝑆𝐼≤0.14 (Dexter 

and Czyz, 2007) 
 

Agricultural 
soils 

Field saturated 

hydraulic 

conductivity, 

𝑲𝒔𝒇 

<8.6 cm.d-1  

(Reynolds et 

al., 2007) 

43.2-432 cm.d-1 ideal to increase 
infiltration, drainage of excess soil water 

and distribution of PAWC and decrease 

surface runoff and soil erosion (Reynolds 

et al., 2008) 

864 cm.d-1 
droughty soils (i.e., 

soils with coarse 

texture or excessive 
cracks 

and biopores (Topp et 

al., 1997; Reynolds et 

al., 2007) 

Agricultural 
soils 

 

Bulk, Dry and Saturated Densities 

Densities are determined according to the core method (Blake & Hartge, 1986). 

Cylindrically cores of well-known dimensions are used to remove the undisturbed soil 

samples at the assigned depths by applying gentle pressure by hand. The cores are 
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weighted prior and after the soil sampling. The bulk density 𝐵𝐷[𝑀 𝐿3⁄ ] is expressed 

as: 

𝐵𝐷 =
𝑚𝑚

𝑉
   (17), where 𝑚𝑚 is the mass of the moist solid removed using the metallic 

ring (which is the difference of the mass of the ring filled with soil and the mass of the 

ring prior to sampling) [𝑀] and 𝑉 is the volume of the metallic ring [𝐿3]. 

 Later, the samples are placed in an oven at a temperature of 110 ± 50𝐶 for 24hr and 

are weighed again to have a dry mass 𝑚𝑑[𝑀] (Hartge and Horn, 2009). Accordingly, 

the dry density 𝐷𝐷 is: 

𝐷𝐷 =
𝑚𝑑

𝑉
 (18) 

Afterwards, the dry samples are saturated for 24 hrs and weighed again to have a mass 

of 𝑚𝑠[𝑀]. Thus, SD is defined as: 

𝑆𝐷 =
𝑚𝑠

𝑉
 (19) 

Porosity 

The total porosity 𝑛 is determined by the relationship between densities, where 𝜌 is 

the density of water [𝑀 𝐿3⁄ ]: 

𝑛 =
𝑆𝐷−𝐷𝐷

𝜌
 (20) 

Residual Volumetric Content 

The residual volumetric moisture content 𝜃𝑟 equals the volumetric content of water in 

a saturated soil sample that has been left to drain for three consecutive days after which 

the soil sample is weighed as 𝑚𝑟 [𝑀]. The sample is placed in an oven for 24 hrs at a 

temperature of 110 ± 50𝐶 and is weighed again to have the dry mass of 𝑚𝑑  [𝑀].   

𝜃𝑟 =
𝑚𝑟−𝑚𝑑

𝜌𝑉
 (21) 

Air Capacity 

As defined in Castellini et al. (2013), air capacity or soil aeration is the ability of soil 

to store and transmit air and is defined as: 

𝐴𝐶 = 𝜃𝑠 − 𝜃𝐹𝐶  (22), where 𝜃 is the volumetric water content [𝐿3 𝐿3⁄ ] and the 

subscripts 𝑠 and 𝐹𝐶 correspond to the field capacity of water pressure under saturation 
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and at ℎ = 100𝑐𝑚 (equivalent to 2.97μm pore diameter), respectively determined 

from the SWRC. 

Plant-available Water Capacity 

As defined by its name, the plant-available water capacity is the ability of soil to store 

and provide water necessary for root uptake and plant growth (Castellini et al., 2013). 

It is expressed as: 

𝑃𝐴𝑊𝐶 = 𝜃𝐹𝐶 − 𝜃𝑃𝑊𝑃 (23), where 𝜃 is the volumetric water content [𝐿3 𝐿3⁄ ] and the 

subscripts 𝐹𝐶 and 𝑃𝑊𝑃 correspond to the field capacity of water pressure at ℎ =

100𝑐𝑚 and to the permanent wilting point at ℎ = 15,300𝑐𝑚 (equivalent to 0.0195μm 

pore diameter),  respectively determined from the SWRC. 

Relative Field Capacity 

The dimensionless relative field capacity is the ability of soil to store water and air 

with respect to the soil's total pore volume represented by the saturated volumetric 

water content 𝜃𝑠 (Castellini et al., 2013): 

𝑅𝐹𝐶 =
𝜃𝐹𝐶

𝜃𝑠
 (24) 

S theory 

The S-value is the magnitude of the slope at the inflection point expressed in Eq. (9) 

which is derived by Dexter (2004a). 

3.1.6 Preferential flow 

Preferential flow patterns are evaluated only for loamy sand soil in a rainfall simulation 

experiment of which the setup is sketched in Figure 3 similarly as that applied by 

Andreini & Steenhuis (1990). The application rate didn’t create runoff or ponding as 

referred by Andreini & Steenhuis (1990). The soil was obtained from Site 1 from 

plots that were subjected to rotary tillage without any addition of any agricultural 

waste. After placement in large bags, the soil was placed on ground near the laboratory 

setup in an open space not to allow the soil to crumble in the bags. The same soil 

layers’ combinations used in section 3.1.3 as presented in Table 1 are applied. RT 

layers and covers of either crops or chicken manure were poured into the box and 

leveled without any pressure to a certain depth. Similarly, MTA and MT layers were 

placed after preparation of soil and either crop residues or manure mixes of 2:1 volume 

ratio. In addition, it was not applicable to remove an undisturbed sample of NT to fit 
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in the experimental glass box. Therefore, it was practical to compact the soil by placing 

it in 5cm increments and using a 10x5x5cm wood box to apply a pressure on the air-

dried soil. Prior to the experiments, batch tests of NT were measured for dry densities 

and compared with those measured for the field undisturbed samples resulting in a fair 

P-value of 0.15 (fail to reject the hypothesis of equal means). As a result, the soil was 

placed in 5cm increments which were compacted for NT layers and only free-pressure 

leveled for the others. Each increment was tested for its initial moisture content using 

TEROS 12 (TEROS12, METER Group) (Singh et al., 2020). It consists of three 

parallel needles 5.5cm long. The rods are embedded into the soil in which 

electromagnetic field is generated by an oscillator in the sensor head running at 70MHz 

and is transmitted into the soil media. As a response, the oscillator measures the 

dielectric constant in the soil which is converted into the apparent permittivity and later 

into the volumetric moisture content. A pro-check handheld meter is connected to the 

sensor for measurements’ readings.  

Nonetheless, the setup consists of a transparent glass box 40x40x40cm (1). The later 

was placed on a flat steel table (2) in which soil was placed in different layers to 

simulate all the treatments. Water in a tank (7) was pumped at the delivery of 2m at a 

constant rate (6) during the entire time of the irrigation period. A pressure gage (5) was 

connected to the pipes after the pumping action to assure a constant pressure of 25kPa 

from which water is moved through the closing value (4) into a sprinkler (3) centered 

and fixed above the box by 50cm. Surface runoff was collected from one side of the 

box on an aluminum sheet attached to the box from one side while suspended to the 

outside where a graduated cylinder is placed underneath (8). A low constant flow of 

1.2 ± 0.0207 𝑚3 𝑑𝑎𝑦⁄  equivalent to an irrigation rate of 0.518 ± 0.008984 𝑚𝑚/

𝑚𝑖𝑛  was chosen for all experiments. The nozzle sprayed over a circular area diameter 

of 35cm. Time is recorded at the beginning of each irrigation experiment after which 

the wetting front locations 𝐿𝑒𝑥𝑝𝑖 along the back (𝐿𝑒𝑥𝑝1), front (𝐿𝑒𝑥𝑝2), and right 

(𝐿𝑒𝑥𝑝3) sides of the box are monitored and logged through observation along the 

transparent sides of the box. The objective is to compare the experimental wetting front 

𝐿𝑒𝑥𝑝𝑖 and the theoretical wetting front depth 𝐿 to assess the presence of preferential 

flows PF. As a result, three conditions arise: if 𝐿𝑒𝑥𝑝 = 𝐿, this means that there are no 

PFs. If 𝐿𝑒𝑥𝑝 > 𝐿, then PF is assumed to be in the vertical direction and its length would 

be 𝐿𝑒𝑥𝑝 − 𝐿. Similarly, if 𝐿𝑒𝑥𝑝 < 𝐿, then the length of PF is 𝐿 − 𝐿𝑒𝑥𝑝 but measured in 
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the horizontal (lateral) direction. The irrigation rate 𝐼𝑟𝑟 (0.518𝑚𝑚/𝑚𝑖𝑛) is the sum 

of the infiltration 𝐼𝑛𝑓 and surface runoff 𝑆𝑅 rate. Therefore, 𝐼𝑛𝑓 = 𝐼𝑟𝑟 − 𝑆𝑅 =

0.518 − 𝑆𝑅. Nevertheless, the theoretical wetting front depth 𝐿 is determined in the 

set of Eq. (25) in Table 6.  

 

 

Figure 3: Scheme of the device for wetting front location and surface runoff with volume 

reading in calibrating cylinder (not to scale) 

 

Table 6 [Eq. (25)]: Wetting front depth, 𝑳 for preferential flow experimental study 

Profile  
Subscript 

Designation 

Wetting front 

Depth, 𝑳 
Condition 

Time 

variables 

1-layer  - 
𝐼𝑛𝑓 × 𝑡

∆𝜃
   

2-layers 
1rst layer ‘mo’ 

𝐼𝑛𝑓 × 𝑡

∆𝜃𝑚𝑜

 𝑡 ≤ 𝑡𝑧𝑚𝑜
 

𝑡𝑧𝑚𝑜

=
𝑧𝑚𝑜 × ∆𝜃𝑚𝑜

𝐼𝑛𝑓
 

2nd layer ‘umo’ 𝑧𝑚𝑜 +
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑚𝑜

)

∆𝜃𝑢𝑚𝑜

 𝑡 > 𝑡𝑧𝑚𝑜
  

3-layers 

1rst layer ‘c’ 
𝐼𝑛𝑓 × 𝑡

∆𝜃𝑐

 𝑡 ≤ 𝑡𝑧𝑐
 𝑡𝑧𝑐

=
𝑧𝑐 × ∆𝜃𝑐

𝐼𝑛𝑓
 

2nd layer ‘mo’ 𝑧𝑐 +
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑐

)

∆𝜃𝑚𝑜

 𝑡𝑧𝑐
< 𝑡 ≤ 𝑡𝑧𝑚𝑜

 

𝑡𝑧𝑚𝑜

= 𝑡𝑧𝑐

+
𝑧𝑚𝑜 × ∆𝜃𝑚𝑜

𝐼𝑛𝑓
 

3rd layer ‘umo’ 
𝑧𝑐 + 𝑧𝑚𝑜

+
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑚𝑜

)

∆𝜃𝑢𝑚𝑜

 
𝑡 > 𝑡𝑧𝑚𝑜

  

4-layers 

1rst layer ‘c1’ 
𝐼𝑛𝑓 × 𝑡

∆𝜃𝑐1

 𝑡 ≤ 𝑡𝑧𝑐1
 𝑡𝑧𝑐

=
𝑧𝑐1 × ∆𝜃𝑐

𝐼𝑛𝑓
 

2nd layer ‘c2’ 𝑧𝑐1 +
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑐1

)

∆𝜃𝑐2

 𝑡𝑧𝑐1
< 𝑡 ≤ 𝑡𝑧𝑐2

 

𝑡𝑧𝑐2

= 𝑡𝑧𝑐1

+
𝑧𝑐2 × ∆𝜃𝑐2

𝐼𝑛𝑓
 

3rd layer ‘mo’ 
𝑧𝑐1 + 𝑧𝑐2

+
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑐2

)

∆𝜃𝑚𝑜

 

𝑡𝑧𝑐2
< 𝑡

≤ 𝑡𝑧𝑚𝑜
 

𝑡𝑧𝑚𝑜

= 𝑡𝑧𝑐2

+
𝑧𝑚𝑜 × ∆𝜃𝑚𝑜

𝐼𝑛𝑓
 

4th layer ‘umo’ 
𝑧𝑐1 + 𝑧𝑐2 + 𝑧𝑚𝑜

+
𝐼𝑛𝑓 × (𝑡 − 𝑡𝑧𝑚𝑜

)

∆𝜃𝑢𝑚𝑜

 
𝑡 > 𝑡𝑧𝑚𝑜
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3.1.7 Statistical Analysis 

A completely randomized design is set to implement the field testing experiments of 

several response variables 𝑦𝑖. Each experiment is analyzed using the analysis of 

variance (ANOVA – 1 and 2-way interaction) (in which the test statistic for the 

hypothesis of no differences in treatment means is two-sided) after checking for model 

and normality assumption adequacy with a 95% confidence of interval. Further, for 2-

way ANOVA, experiments depend on two factors: the two factors F1 & F2 are the soil 

treatment systems and the soil type. F1 entails 6 qualitative levels: (1) NT, (2) CC, (3) 

MC, (4) MT, (5) RT, (6) MTA while F2 combines 2 qualitative levels: (1) Site 1-

Tawbe (loamy sand) and (2) Site 2-Aren (clay loam). Nuisance factors such as 

sampling soil disturbances, and temperature variations cannot be neglected, hence they 

are not taken into consideration (no blocking). In case of statistical difference 

occurrence, least significant difference method was used to compare means pairs. 

Minitab19 was used to simulate the aforementioned statistical analysis.  

 

3.2 Mathematical Model 

In this section, the theory behind developing the model of infiltration for agricultural 

soils is listed in details. Prior to derivation, the model must opt to certain criteria that 

were previously described in the literature review section such as the heterogeneity of 

the soil, physical properties, and water supply conditions. As a result, Table 7 entails 

a schematic that assists in the methodology for developing the model. The involved 

properties are those specific to the soil media and to the source and intensity of water. 

In this regard, three cases arise, where 𝑃 is the rate fall of water on the soil surface (the 

source of water might be from rainfall and irrigation water either from sprinkles, or 

furrow/strip water), 𝐼 is the infiltration capacity of the soil horizon, and 𝐾𝑠𝑒𝑞
 is the 

equivalent saturated hydraulic conductivity of the soil profile. In this work, we are only 

interested in case 2.  

1) 𝑃 < 𝐾𝑠𝑒𝑞
< 𝐼 

2) 𝐾𝑠𝑒𝑞
< 𝑃 < 𝐼 

3) 𝐾𝑠𝑒𝑞
< 𝐼 < 𝑃 

The infiltration in the micropore system is driven by capillary pressure induced by 

micro-porosities. Hence, it is modeled according to the Green-Ampt model for layered 
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soils similar to that derived by Damodhara Rao et al. (2006). In each layer, the soil 

is considered homogeneous, having a constant initial soil moisture, constant matric 

potential and a uniform hydraulic conductivity pertaining to the assumptions of the 

original Green-Ampt model. The wetting-front moves vertically and uniformly from 

one layer to the other. In addition, the water supply is assumed to be constant and at 

steady state resembling to the irrigation systems. 

3.2.1 Infiltration in one-layer micropore domain 

According to Darcy’s law (Darcy, 1856, pp. 590–594), the discharge velocity of water 

in a micropore domain 𝑣𝑚 determined at right angles to the direction of flow is the 

volume of water flowing in unit time through a unit gross cross-sectional area of soil 

which is the infiltration rate of water into soil. It is determined using Eq. (26) where 

𝐾𝑠 is the saturated hydraulic conductivity of the transmission zone [L/T] and 𝑖 is the 

unitless total hydraulic gradient which is the head loss ∆ℎ between the starting and 

ending boundaries of the area in which the water flows [𝐿] divided by the length 𝐿 

perpendicular to the flow over which the head loss occurs [𝐿] as written in Eq. (27). 

𝑣𝑚 = 𝐾𝑠𝑖 (26) 

𝑖 =
∆ℎ

𝐿
 (27) 

The total head at any point in flowing water is the summation of the pressure head ℎ𝑝, 

velocity head ℎ𝑣, and elevation head ℎ𝑒 according to the Bernoulli’s equation. Hence, 

the velocity head is negligible in the case of flowing water in porous media in 

comparison with the remaining heads (Das and Sohban, 2014). For downward 

infiltration in a soil column floated by a ponding water, the head loss in the micropore 

domain in which flow of water is driven by capillary forces is determined between the 

soil surface at point A and the Green-Ampt sharp wetting front at point B as shown in 

Figure 4. ∆ℎ can be written as Eq. (28) where ℎ𝐴 and ℎ𝐵 are the total heads at point A 

and B, respectively [𝐿]; ℎ0 is the ponded depth above the soil surface [𝐿]; 𝜓𝑓 is the 

initial suction head at the wetting front [𝐿] and 𝑧𝑚 is the vertical length of the wetting 

front in the micropore domain measured positively downwards from the tope surface 

of the soil [𝐿]. For calculation purposes, a datum is set at the wetting front location.  
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Table 7: Infiltration into layered agricultural soil with and without ponding 

Soil Profile Before Ponding After Ponding 

1 Layer 

  

2 Layers 

𝑃 > 𝐾𝑠𝑚𝑜
, with 𝐾𝑠𝑚𝑜

> 𝐾𝑠𝑢𝑚𝑜
 for all cases 

  

𝐾𝑠𝑢𝑚𝑜
< 𝑃 < 𝐾𝑠𝑚𝑜

, with 𝐾𝑠𝑚𝑜
> 𝐾𝑠𝑢𝑚𝑜

 for all cases 

  

3 Layers 

𝐾𝑠𝑚𝑜
< 𝑃 < 𝐾𝑠𝑐

, with 𝐾𝑠𝑐
> 𝐾𝑠𝑚𝑜

> 𝐾𝑠𝑢𝑚𝑜
 for all cases 

  

𝐾𝑠𝑢𝑚𝑜
< 𝑃 < 𝐾𝑠𝑚𝑜

, with 𝐾𝑠𝑐
> 𝐾𝑠𝑚𝑜

> 𝐾𝑠𝑢𝑚𝑜
 for all cases 

  

 

Note: All notations are defned in 

section 3.2.2 
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Thus, the total head at B is equal to the pressure head driven by the weight of the water 

carried by capillary forces, while the total head at A is equal to the elevation head 

measured vertically from the reference datum and the pressure head formed from the 

ponded water above the soil surface. 

∆ℎ = |ℎ𝐴 − ℎ𝐵| = |ℎ0 + 𝑧𝑚 − 𝜓𝑓| = |ℎ0 − 𝜓𝑓| + 𝑧𝑚 (28) 

 

 

Figure 4: Water Infiltration in layered soil media 

 

In cases where there is no ponding water at the surface, ℎ0 would be zero. Using Eqs. 

(27) and (28), Eq. (26) is re-written as 

𝑣𝑚(𝑧𝑚) = 𝐾𝑠
|ℎ0−𝜓𝑓|+𝑧𝑚 

𝑧𝑚
 (29) 

In addition, the aforementioned discharge velocity equals the multiplication of 

effective porosity 𝑛𝑆 (𝑛 is the porosity [L3/L3] and 𝑆 is the difference of degree of 

saturations after and before wetting [L3/L3]) and the actual velocity of the water 

defined as the seepage velocity 𝑣𝑚−𝑎 (𝑣𝑚 = 𝑛𝑆𝑣𝑚−𝑎). The seepage velocity is the 

quantity of water flowing in unit time through the void spaces of the porous media. 

Thus, it is equivalent to the gradient in wetting front location with respect to time 

𝑡 [𝑇] (𝑣𝑚−𝑎 =
𝑑𝑧𝑚 

𝑑𝑡
). Consequently, we can replace 𝑣𝑚 by: 
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𝑣𝑚 = 𝑛𝑆
𝑑𝑧𝑚 

𝑑𝑡
 (30) 

The first two factors of Eq. (30) can be replaced by ∆𝜃 = 𝜃𝑠 − 𝜃𝑖 where 𝜃𝑠 is the 

saturated volumetric moisture content [L3/L3] and 𝜃𝑖 is the initial volumetric moisture 

content [L3/L3]: 

𝑣𝑚 = ∆𝜃
𝑑𝑧𝑚

𝑑𝑡
 (31) 

Combining Eqs. (29) and (31) yields 

𝑑𝑧𝑚

𝑑𝑡
 = 𝐾𝑠

|ℎ0−𝜓𝑓|+𝑧𝑚 

∆𝜃𝑧𝑚
 (32) 

The integration of Eq. (32) on both sides with initial condition (𝑧𝑚, 𝑡) = (0,0) yields 

either an implicit form to determine the wetting front location in the partially saturated 

soil column in terms of time or an explicit solution for the time in terms of the wetting 

front location as shown in Eqs. (33a) and (33b), respectively. 

𝑧𝑚∆𝜃 − |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (
|ℎ0−𝜓𝑓|+𝑧𝑚

|ℎ0−𝜓𝑓|
) = 𝐾𝑠𝑡 (33a) 

Or 

𝑡(𝑧𝑚) =
1

𝐾𝑠
[𝑧𝑚∆𝜃 − |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (

|ℎ0−𝜓𝑓|+𝑧𝑚

|ℎ0−𝜓𝑓|
)] (33b) 

The cumulative infiltration 𝑍𝑚 is 

𝑍𝑚 = 𝑧𝑚∆𝜃 (34) 

Substituting Eq. (34) into Eq. (33a) yields an implicit equation for the cumulative 

infiltration in the micropore domain with respect to time 𝑡. 

𝑍𝑚 − |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (1 +
𝑍𝑚

|ℎ0−𝜓𝑓|∆𝜃
) = 𝐾𝑠𝑡 (35a) 

𝑡(𝑍𝑚) =
1

𝐾𝑠
[𝑍𝑚 − |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (1 +

𝑍𝑚

|ℎ0−𝜓𝑓|∆𝜃
)] (35b) 

Eq. (35) is the conventional Green-Ampt model (GA) which is derived for a one-layer 

homogeneous soil profile. As such, Figure 5 illustrates conceptually the flow in 

unsaturated micropore domain taking into consideration the basic assumptions of the 
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GA model which consists of shifting from the actual non-linear profile to a more-stable 

rectangular shaped that moves immediately from unsaturation to full saturation.  

The infiltration rate 𝑣𝑚 in Eq. (29) for pre-ponding conditions equals the waterfall rate 

𝑃. Ponding occurs when 𝑡 = 𝑡𝑝, where 𝑡𝑝 is the time for the water to pond at the surface 

of the soil which is inferred when the infiltration rate is greater than the infiltration 

capacity of the soil profile. At the time of ponding, the cumulative infiltration 𝑍𝑚 is 

denoted as 𝑍𝑝. Hence Eq. (29) can be re-written as: 

𝑃 = 𝐾𝑠

|ℎ0−𝜓𝑓|+
𝑍𝑝

∆𝜃
 

𝑍𝑝

∆𝜃

 (36) 

 

 

Figure 5: Infiltration profile in an unsaturated micropore domain (not to scale) 

 

In addition, the vertical cumulative infiltration depths in micropore domains 𝑍𝑚 and  

𝑍𝑝 equal 𝑃 × 𝑡 and 𝑃 × 𝑡𝑝 for pre- and at ponding conditions, respectively. So Eq. (36) 

becomes: 

𝑃 = 𝐾𝑠

|ℎ0−𝜓𝑓|+
𝑃×𝑡𝑝

∆𝜃
 

𝑃×𝑡𝑝

∆𝜃

 (37) 

Re-arranging Eq. (37) to have 𝑡𝑝−1𝑙 where 𝑡𝑝 = 𝑡𝑝−1𝑙 for one-layer soil profile or when 

ponding occurs while the wetting front is still in the first layer for a layered soil profile 

𝑡𝑝−1𝑙 =
𝐾𝑠(|ℎ0−𝜓𝑓|)∆𝜃

𝑃(𝑃−𝐾𝑠)
 (38) 
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The integration of Eq. (32) on both sides with initial condition (𝑧𝑚, 𝑡) = (𝑧𝑝, 𝑡𝑝−1𝑙), 

where 𝑧𝑝 is calculated using Eq. (34) by replacing 𝑍𝑚 with 𝑍𝑝 yields: 

(𝑧𝑚 − 𝑧𝑝)∆𝜃 + |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (
|ℎ0−𝜓𝑓|+𝑧𝑝

|ℎ0−𝜓𝑓|+𝑧𝑚
) = 𝐾𝑠(𝑡 −  𝑡𝑝−1𝑙) (39a) 

Re-arranging Eq. (41a) to implicitly determine the time for post-ponding conditions: 

𝑡(𝑧𝑚) =  𝑡𝑝−1𝑙 +
1

𝐾𝑠
[(𝑧𝑚 − 𝑧𝑝)∆𝜃 + |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (

|ℎ0−𝜓𝑓|+𝑧𝑝

|ℎ0−𝜓𝑓|+𝑧𝑚
)] (39b) 

According to Eqs. (31) and (34), the infiltration rate can be re-written as: 

𝑣𝑚 = ∆𝜃
𝑑𝑧𝑚

𝑑𝑡
=

𝑑𝑍𝑚

𝑑𝑡
 (40) 

Substituting Eqs. (34) and (39) in Eq. (29), we get: 

𝑑𝑍𝑚

𝑑𝑡
= 𝐾𝑠

|ℎ0−𝜓𝑓|+
𝑍𝑚
∆𝜃

 

𝑍𝑚
∆𝜃

 (41) 

The integration of Eq. (41) on both sides with initial condition (𝑍𝑚, 𝑡) = (𝑍𝑝, 𝑡𝑝−1𝑙) 

yields the modified GA adjusted for post-ponding conditions: 

𝑍𝑚 − 𝑍𝑝 + |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (
|ℎ0−𝜓𝑓|∆𝜃+𝑍𝑝

|ℎ0−𝜓𝑓|∆𝜃+𝑍𝑚
) = 𝐾𝑠(𝑡 − 𝑡𝑝−1𝑙) (42a) 

Re-arranging Eq. (41a) to implicitly determine the time for post-ponding conditions: 

𝑡(𝑍𝑚) =  𝑡𝑝−1𝑙 +
1

𝐾𝑠
[𝑍𝑚 − 𝑍𝑝 + |ℎ0 − 𝜓𝑓|∆𝜃𝑙𝑛 (

|ℎ0−𝜓𝑓|∆𝜃+𝑍𝑝

|ℎ0−𝜓𝑓|∆𝜃+𝑍𝑚
)] (42b) 

3.2.2 Infiltration in multi-layered micropore domain 

The different soil management systems prompt alterations to the soil profile 

homogeneous structure resulting in two homogeneous layer profile by either adding a 

cover or disturbing the top soil layer.  Three-layers profile is also applicable by adding 

a cover to the tilled/modified layer. As this stands, we are only interested in 1-, 2-, and 

3-layers soil profile. Each layer is assumed to be homogeneous, has distinctive 

hydraulic and physical properties, and flow moves from one layer to the other 

downward and vertically.  

The derivation in section 3.2.1 was employed for 1-layer soil profile. In this section, 

derivation is performed for 2 and 3-layers profile taking also into account pre- and 

post-ponding conditions. The subscripts ‘c’, ‘mo’ and ‘umo’ are added to all 
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parameters to define those measured in the top cover layer, the second modified layer 

and the subsoil intact/unmodified layer, respectively. The model is referred to the re-

structured Green-Ampt Model for Agricultural layered soils model (GARALS). 

3.2.2.1 2-layers profile 

When the wetting front is within the upper modified layer (𝑧𝑚 ≤ 𝑧𝑚𝑜), all equations 

stated in 3.2.1 can be used by replacing all the parameters by those adhering the 

subscript ‘mo’. However, when the wetting front reaches the subsoil intact layer (𝑧𝑚 >

𝑧𝑚𝑜), 𝐾𝑠 is replaced by an equivalent hydraulic conductivity 𝐾𝑐
,
 for vertical flow 

(Damodhara Rao et al., 2006).  

𝐾𝑐
, =

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝑧𝑚𝑜∆𝜃𝑚𝑜

𝐾𝑠𝑚𝑜
+

(𝑧𝑚−𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜
𝐾𝑠𝑢𝑚𝑜

 (43) 

Replacing Eq. (43) in Eq. (32) 

∆𝜃𝑢𝑚𝑜
𝑑𝑧𝑚

𝑑𝑡
=

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝑧𝑚𝑜∆𝜃𝑚𝑜

𝐾𝑠𝑚𝑜
+

(𝑧𝑚−𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜
𝐾𝑠𝑢𝑚𝑜

×
|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚 

𝑧𝑚
 (44) 

Eq. (44) is reduced into 

𝑑𝑧𝑚

𝑑𝑡
=

|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚

𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑚𝑜 −𝐾𝑠𝑢𝑚𝑜)
+

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝐾𝑠𝑢𝑚𝑜

 (45a) 

Or  

𝑑𝑧𝑚

𝑑𝑡
=

|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚

𝐴,+𝐵,𝑧𝑚
 (45b) where 𝐴, =

𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑚𝑜−𝐾𝑠𝑢𝑚𝑜)
 and 𝐵, =

∆𝜃𝑢𝑚𝑜

𝐾𝑠𝑢𝑚𝑜

 

The integration of Eq. (45b) on both sides with initial condition (𝑧𝑚, 𝑡) =

(𝑧𝑚𝑜 , 𝑡(𝑧𝑚𝑜)), where 𝑡(𝑧𝑚𝑜) is the time for the wetting front to reach the bottom of 

the modified layer and by replacing 𝑧𝑚 with 𝑧𝑚𝑜,  yields either an implicit form to 

determine the wetting front location in terms of time or an explicit solution for the time 

in terms of the wetting front location as shown in Eq. (46): 

𝑡(𝑧𝑚) = 𝑡(𝑧𝑚𝑜) + (𝐴, − 𝐵,|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜|) [𝑙𝑛 (
𝑧𝑚+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|

𝑧𝑚𝑜+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|
)] + 𝐵,(𝑧𝑚 − 𝑧𝑚𝑜) 

(46) 

The cumulative infiltration in this case is  

𝑍𝑚−𝑢𝑚𝑜 = 𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 − 𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜 (47) 



 50   

 

Using Eq. (47) to determine explicitly 𝑧𝑚: 

𝑧𝑚 =
𝑍𝑚−𝑢𝑚𝑜−𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

∆𝜃𝑢𝑚𝑜
 (48) 

As well, integrating Eq. (45b) by replacing 𝑧𝑚 by its value in Eq. (48) on both sides 

with initial condition (𝑍𝑚−𝑢𝑚𝑜 , 𝑡) = (𝑍(𝑧𝑚𝑜), 𝑡(𝑧𝑚𝑜)), where 𝑍(𝑧𝑚𝑜) is calculated 

using Eq. (34), meanwhile assuming that 
𝑑𝑍𝑚−𝑢𝑚𝑜

𝑑𝑡
=

𝑑

𝑑𝑡
[𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 −

𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜] =
𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+

𝑑[𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)]

𝑑𝑡
=

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+ 0 = ∆𝜃𝑢𝑚𝑜

𝑑𝑧𝑚

𝑑𝑡
, Eq. 

(45) becomes: 

𝑡 = 𝑡(𝑧𝑚𝑜) +
1

∆𝜃𝑢𝑚𝑜
{(𝐶 , − 𝐵,𝐷,) [𝑙𝑛 (

𝑍𝑚−𝑢𝑚𝑜+𝐷,

𝑍(𝑧𝑚𝑜)+𝐷, )] + 𝐵,[𝑍𝑚−𝑢𝑚𝑜 − 𝑍(𝑧𝑚𝑜)]} (49), 

where 𝐶 , = 𝐴,∆𝜃𝑢𝑚𝑜 − 𝐵,𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) and 𝐷, = ∆𝜃𝑢𝑚𝑜|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜| −

𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) 

Additionally, the time to pond exerts some modification with the replacement of the 

saturated hydraulic conductivity with its equivalency for wetting fronts located in the 

second layer (𝑧𝑚 > 𝑧𝑚𝑜).  

To identify whether ponding occurs before or after the wetting front moves into the 

second layer, we shall determine the time for the wetting front to reach the bottom of 

the first layer 𝑡∗(𝑧𝑚𝑜) (without taking into effect any ponding yet) and the time to 

pond if the wetting front is still in the first layer 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑚𝑜) using Eq. (38): 

𝑡∗(𝑧𝑚𝑜) =
𝑍𝑚𝑜

𝑃
=

𝑧𝑚𝑜∆𝜃𝑚𝑜

𝑃
 (50) 

 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑚𝑜) =
𝐾𝑠𝑚𝑜(|ℎ0−𝜓𝑓−𝑚𝑜|)∆𝜃𝑚𝑜

𝑃(𝑃−𝐾𝑠𝑚𝑜)
 (51) 

If 𝑡∗(𝑧𝑚𝑜) ≥  𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑚𝑜), then ponding occurs when the wetting front is in the 

first layer, thus having 𝑡𝑝 = 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑚𝑜). In this case, 𝑡(𝑧𝑚𝑜) in Eq. (46) is 

calculated using Eq. (39b). However, when 𝑡∗(𝑧𝑚𝑜) <  𝑡𝑝−1𝑙(𝑧 ≤ 𝑧𝑚𝑜), then the 

wetting front reaches the second layer prior to ponding. 𝑡(𝑧𝑚𝑜) in this case would be 

equal to 𝑡∗(𝑧𝑚𝑜). In addition, when the wetting front reaches the unmodified layer, we 

ought to use the equivalent hydraulic conductivity 𝐾𝑐
,
; a situation that alters the 

computation of the ponding time, the infiltration rate, the wetting front location and 

the cumulative infiltration. Thus, the time of ponding is equal to the time the wetting 
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front reaches the bottom of the first layer 𝑡∗(𝑧𝑚𝑜) in addition to the time it takes to 

pond in the second layer computed using Eq. (38): 

𝑡𝑝−2𝑙 = 𝑡∗(𝑧𝑚𝑜) +
𝐾𝑠𝑢𝑚𝑜(|ℎ0−𝜓𝑓−𝑢𝑚𝑜|)∆𝜃𝑢𝑚𝑜

𝑃(𝑃−𝐾𝑠𝑢𝑚𝑜)
 (52) 

The integration of Eq. (45b) on both sides with initial condition (𝑧𝑚, 𝑡) = (𝑧𝑝, 𝑡𝑝−2𝑙), 

where 𝑧𝑝 is calculated using Eq. (48) by replacing 𝑍𝑚−𝑢𝑚𝑜 with 𝑍𝑝 yields: 

𝑡(𝑧𝑚) = 𝑡𝑝−2𝑙 + (𝐴, − 𝐵,|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜|) [𝑙𝑛 (
𝑧𝑚+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|

𝑧𝑝+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|
)] + 𝐵,(𝑧𝑚 − 𝑧𝑝) (53) 

As well, integrating Eq. (45b) by replacing 𝑧𝑚 by its value in Eq. (48) on both sides 

with initial condition (𝑍𝑚−𝑢𝑚𝑜 , 𝑡) = (𝑍𝑝, 𝑡𝑝−2𝑙), meanwhile assuming that: 

𝑑𝑍𝑚−𝑢𝑚𝑜

𝑑𝑡
=

𝑑

𝑑𝑡
[𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 − 𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜] =

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+

𝑑[𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)]

𝑑𝑡
=

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+ 0 = ∆𝜃𝑢𝑚𝑜

𝑑𝑧𝑚

𝑑𝑡
: 

𝑡(𝑍𝑚) = 𝑡𝑝−2𝑙 +
1

∆𝜃𝑢𝑚𝑜
{(𝐶 , − 𝐵,𝐷,) [𝑙𝑛 (

𝑍𝑚−𝑢𝑚𝑜+𝐷,

𝑍𝑝+𝐷, )] + 𝐵,(𝑍𝑚−𝑢𝑚𝑜 − 𝑍𝑝)} (54), 

where 𝐶 , = 𝐴,∆𝜃𝑢𝑚𝑜 − 𝐵,𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) and 𝐷, = ∆𝜃𝑢𝑚𝑜|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜| −

𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) 

3.1.2.1 3-layers profile 

When the wetting front is within the upper cover layer (𝑧𝑚 ≤ 𝑧𝑐), all equations stated 

in 3.2.1 can be used by replacing all the parameters by those adhering to the subscript 

‘c’. However, when the wetting front reaches the subsoil intact layer (𝑧𝑐 < 𝑧𝑚 ≤ 𝑧𝑐 +

𝑧𝑚𝑜), Eqs. (43) to (49) and Eqs. (52) to (54) are to be used by replacing the subscripts 

‘mo’ by ‘c’ and ‘umo’ by ‘mo’. In addition, when the water moves into the unmodified 

layer (𝑧𝑚 > 𝑧𝑐 + 𝑧𝑚𝑜), the equivalent hydraulic conductivity becomes (Damodhara 

Rao et al., 2006): 

𝐾𝑐
,, =

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝑧𝑐∆𝜃𝑐

𝐾𝑠𝑐
+

𝑧𝑚𝑜∆𝜃𝑚𝑜
𝐾𝑠𝑚𝑜

+
(𝑧𝑚−𝑧𝑐−𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜

𝐾𝑠𝑢𝑚𝑜

 (55) 

Replacing Eq. (55) in Eq. (32): 

∆𝜃𝑢𝑚𝑜
𝑑𝑧𝑚

𝑑𝑡
=

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝑧𝑐∆𝜃𝑐

𝐾𝑠𝑐
+

𝑧𝑚𝑜∆𝜃𝑚𝑜
𝐾𝑠𝑚𝑜

+
(𝑧𝑚−𝑧𝑐−𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜

𝐾𝑠𝑢𝑚𝑜

×
|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚 

𝑧𝑚
 (56) 
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Eq. (56) is reduced into 

𝑑𝑧𝑚

𝑑𝑡
=

|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚

𝑧𝑐(∆𝜃𝑐−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑐−𝐾𝑠𝑢𝑚𝑜 )
+

𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑚𝑜−𝐾𝑠𝑢𝑚𝑜 )
+

𝑧𝑚∆𝜃𝑢𝑚𝑜
𝐾𝑠𝑢𝑚𝑜

 (57a) 

Or  

𝑑𝑧𝑚

𝑑𝑡
=

|ℎ0−𝜓𝑓−𝑢𝑚𝑜|+𝑧𝑚

𝐴,,+𝐵,,𝑧𝑚
 (57b), where 𝐴,, =

𝑧𝑐(∆𝜃𝑐−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑐−𝐾𝑠𝑢𝑚𝑜)
+

𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

(𝐾𝑠𝑚𝑜−𝐾𝑠𝑢𝑚𝑜)
 and 𝐵,, =

∆𝜃𝑢𝑚𝑜

𝐾𝑠𝑢𝑚𝑜

 

The integration of Eq. (57b) on both sides with initial condition (𝑧𝑚, 𝑡) =

(𝑧𝑐 + 𝑧𝑚𝑜 , 𝑡(𝑧𝑐 + 𝑧𝑚𝑜)),  where 𝑡(𝑧𝑐 + 𝑧𝑚𝑜) is the time arrival of the wetting front to 

the bottom of the modified layer, yields either an implicit form to determine the 

wetting front location in terms of time or an explicit solution for the time in terms of 

the wetting front location as shown in Eq. (58). 

𝑡(𝑧𝑚) = 𝑡(𝑧𝑐 + 𝑧𝑚𝑜) + (𝐴,, − 𝐵,,|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜|) [𝑙𝑛 (
𝑧𝑚+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|

𝑧𝑐+𝑧𝑚𝑜+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|
)] +

𝐵,,(𝑧𝑚 − 𝑧𝑐 − 𝑧𝑚𝑜) (58) 

The cumulative infiltration is  

𝑍𝑚−𝑢𝑚𝑜 = 𝑧𝑐∆𝜃𝑐 + 𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 − 𝑧𝑐 − 𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜 (59) 

Using Eq. (59) to determine explicitly 𝑧𝑚: 

𝑧𝑚 =
𝑍𝑚−𝑢𝑚𝑜−𝑧𝑐(∆𝜃𝑐−∆𝜃𝑢𝑚𝑜)−𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)

∆𝜃𝑢𝑚𝑜
 (60) 

As well, integrating Eq. (57b) by replacing 𝑧𝑚 by its value in Eq. (60) on both sides 

with initial condition (𝑍𝑚−𝑢𝑚𝑜 , 𝑡) = (𝑍(𝑧𝑐 + 𝑧𝑚𝑜), 𝑡(𝑧𝑐 + 𝑧𝑚𝑜)), where 𝑍(𝑧𝑐 + 𝑧𝑚𝑜) 

is calculated using Eq. (59) by replacing 𝑧𝑚 with 𝑧𝑐 + 𝑧𝑚𝑜, meanwhile assuming that: 

𝑑𝑍𝑚−𝑢𝑚𝑜

𝑑𝑡
=

𝑑

𝑑𝑡
[𝑧𝑐∆𝜃𝑐 + 𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 − 𝑧𝑐 − 𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜] =

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+

𝑑[𝑧𝑐(∆𝜃𝑐−∆𝜃𝑢𝑚𝑜)+𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)]

𝑑𝑡
=

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+ 0 = ∆𝜃𝑢𝑚𝑜

𝑑𝑧𝑚

𝑑𝑡
 : 

𝑡(𝑍𝑚) =
1

∆𝜃𝑢𝑚𝑜
{(𝐶 ,, − 𝐵,,𝐷,,) [𝑙𝑛 (

𝑍𝑚−𝑢𝑚𝑜+𝐷,,

𝐷,, )] + 𝐵,,𝑍𝑚−𝑢𝑚𝑜} (61), where 𝐶 ,, =

𝐴,,∆𝜃𝑢𝑚𝑜 − 𝐵,,𝑧𝑐(∆𝜃𝑐 − ∆𝜃𝑢𝑚𝑜) − 𝐵,,𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) and 𝐷, = ∆𝜃𝑢𝑚𝑜|ℎ0 −

𝜓𝑓−𝑢𝑚𝑜| − 𝑧𝑐(∆𝜃𝑐 − ∆𝜃𝑢𝑚𝑜) − 𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) 
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It is critical to identify the wetting front location during the initiation of ponding. Using 

Eqs. (50) and (51) and by substituting the subscript ‘mo’ by ‘c’, we compare the time 

for the wetting front to reach the bottom of the first layer with the time for ponding to 

occur as if the wetting front is still in the top layer: 

𝑡∗(𝑧𝑐) =
𝑍𝑐

𝑃
=

𝑧𝑐∆𝜃𝑐

𝑃
 (62) 

 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑐) =
𝐾𝑠𝑐(|ℎ0−𝜓𝑓−𝑐|)∆𝜃𝑐

𝑃(𝑃−𝐾𝑠𝑐)
 (63) 

If 𝑡∗(𝑧𝑐) ≥  𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑐), then ponding occurs when the wetting front is in the first 

layer, thus resulting in 𝑡𝑝 = 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑐). In this case, 𝑡(𝑧𝑐 + 𝑧𝑚𝑜) in Eq. (58) is 

calculated using Eq. (46) while substituting the subscripts ‘mo’ and ‘umo’ with ‘c’ and 

‘mo’ respectively and 𝑧𝑚 with 𝑧𝑐 + 𝑧𝑚𝑜. Consequently, 𝑡(𝑧𝑚𝑜) in Eq. (46) becomes 

𝑡(𝑧𝑐) which is calculated using Eq. (39b) which is computed by replacing 𝑧𝑚 with 𝑧𝑐. 

However, when 𝑡∗(𝑧𝑐) < 𝑡𝑝−1𝑙(𝑧𝑚 ≤ 𝑧𝑐), then the wetting front moves beyond the 

top layer. We proceed to identify whether ponding occurs before or after the wetting 

front moves into the third layer, we shall determine the time for the wetting front to 

reach the bottom of the second layer 𝑡 ,,,(𝑧𝑚𝑜) (without taking into effect any ponding 

yet) and the time to pond if the wetting front is still in the second layer 

𝑡𝑝−2𝑙(𝑧𝑐 < 𝑧𝑚 ≤ 𝑧𝑚𝑜) using Eq. (51): 

𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜) =
𝑧𝑐∆𝜃𝑐

𝑃
+

𝑧𝑚𝑜∆𝜃𝑚𝑜

𝑃
 (64) 

 𝑡𝑝−2𝑙(𝑧𝑐 < 𝑧𝑚 ≤ 𝑧𝑚𝑜) = 𝑡∗(𝑧𝑐) +
𝐾𝑠𝑚𝑜(|ℎ0−𝜓𝑓−𝑚𝑜|)∆𝜃𝑚𝑜

𝑃(𝑃−𝐾𝑠𝑚𝑜)
 (65) 

If 𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜) ≥ 𝑡𝑝−2𝑙(𝑧𝑐 < 𝑧𝑚 ≤ 𝑧𝑚𝑜), then ponding occurs when the wetting front 

is in the second layer, thus resulting in 𝑡𝑝 = 𝑡𝑝−2𝑙(𝑧𝑐 < 𝑧𝑚 ≤ 𝑧𝑚𝑜). In this case, 

𝑡(𝑧𝑐 + 𝑧𝑚𝑜) is calculated using Eq. (53) while substituting the subscripts ‘mo’ and 

‘umo’ with ‘c’ and ‘mo’ respectively. However, when 𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜) < 𝑡𝑝−2𝑙(𝑧𝑐 <

𝑧𝑚 ≤ 𝑧𝑚𝑜), then the wetting front reaches the third layer prior to ponding then 

𝑡(𝑧𝑐 + 𝑧𝑚𝑜) is equal to 𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜). Thus, Thus, the time of ponding is equal to the 

time the wetting front will reach the bottom of the second layer 𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜) in 

addition to the time it takes to pond in the third layer computed using Eq. (38): 

𝑡𝑝−3𝑙 = 𝑡∗(𝑧𝑐 + 𝑧𝑚𝑜) +
𝐾𝑠𝑢𝑚𝑜(|ℎ0−𝜓𝑓−𝑢𝑚𝑜|)∆𝜃𝑢𝑚𝑜

𝑃(𝑃−𝐾𝑠𝑢𝑚𝑜)
 (66) 
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The integration of Eq. (57b) on both sides with initial condition (𝑧𝑚, 𝑡) = (𝑧𝑝, 𝑡𝑝−3𝑙), 

where 𝑧𝑝 is calculated using Eq. (60) by replacing 𝑍𝑚−𝑢𝑚𝑜 with 𝑍𝑝 yields: 

𝑡(𝑧𝑚) = 𝑡𝑝−3𝑙 + (𝐴,, − 𝐵,,|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜|) [𝑙𝑛 (
𝑧𝑚+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|

𝑧𝑝+|ℎ0−𝜓𝑓−𝑢𝑚𝑜|
)] + 𝐵,,(𝑧𝑚 − 𝑧𝑝) 

(67) 

As well, integrating Eq. (57b) by replacing 𝑧𝑚 by its value in Eq. (60) on both sides 

with initial condition (𝑍𝑚−𝑢𝑚𝑜 , 𝑡) = (𝑍𝑝, 𝑡𝑝−3𝑙), meanwhile assuming that:  

𝑑𝑍𝑚−𝑢𝑚𝑜

𝑑𝑡
=

𝑑

𝑑𝑡
[𝑧𝑐∆𝜃𝑐 + 𝑧𝑚𝑜∆𝜃𝑚𝑜 + (𝑧𝑚 − 𝑧𝑐 − 𝑧𝑚𝑜)∆𝜃𝑢𝑚𝑜] =

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+

𝑑[𝑧𝑐(∆𝜃𝑐−∆𝜃𝑢𝑚𝑜)+𝑧𝑚𝑜(∆𝜃𝑚𝑜−∆𝜃𝑢𝑚𝑜)]

𝑑𝑡
=

𝑑(𝑧𝑚∆𝜃𝑢𝑚𝑜)

𝑑𝑡
+ 0 = ∆𝜃𝑢𝑚𝑜

𝑑𝑧𝑚

𝑑𝑡
 : 

𝑡(𝑍𝑚) = 𝑡𝑝−3𝑙 +
1

∆𝜃𝑢𝑚𝑜
{(𝐶 ,, − 𝐵,,𝐷,,) [𝑙𝑛 (

𝑍𝑚−𝑢𝑚𝑜+𝐷,,

𝑍𝑝+𝐷,,
)] + 𝐵,,(𝑍𝑚−𝑢𝑚𝑜 − 𝑍𝑝)} (68), 

where 𝐶 ,, = 𝐴,,∆𝜃𝑢𝑚𝑜 − 𝐵,,𝑧𝑐(∆𝜃𝑐 − ∆𝜃𝑢𝑚𝑜) − 𝐵,,𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) and 𝐷, =

∆𝜃𝑢𝑚𝑜|ℎ0 − 𝜓𝑓−𝑢𝑚𝑜| − 𝑧𝑐(∆𝜃𝑐 − ∆𝜃𝑢𝑚𝑜) − 𝑧𝑚𝑜(∆𝜃𝑚𝑜 − ∆𝜃𝑢𝑚𝑜) 

3.2.3 Model Validation 

The same experimental setup described in section 3.1.6 is applied to run irrigation 

simulation for 2 and 3 layers of soils takes from Site 1 only. For each profile, the 

experiment is duplicated but each time using different irrigation rate: 𝑃1 (1.875 𝑐𝑚/

𝑚𝑖𝑛) to observe ponding while the wetting front is still in the modified layer and 

𝑃2  (0.25 𝑐𝑚/𝑚𝑖𝑛) resulting in the initiation of surface runoff when the wetting front 

reaches the unmodified layer. For 3-layers profile in particular, the pressure needed to 

have ponding in the first layer having the largest hydraulic conductivity and shallow 

depth is high and cannot be performed using the setup described. Since all treatments 

will be later analyzed for infiltration simulation after model validation, we will choose 

only one 2-layers profile and one 3-layers profile to run. The 2-layers profile includes 

a rotary tilled layer on the top and a compacted layer in the bottom while the 3-layers 

profile is formed of 5cm crop residues cover, a rotary tilled layer and a compacted 

layer. Table 8 summarizes the properties of each soil profile. Initial conditions of 

moisture content and matric potential are measured for each layer using real-time 

monitoring sensors TEROS12 (TEROS12, METER Group) (Singh et al., 2020) and 

TEROS21 (TEROS 21, METER Group) (Wang et al., 2020a), respectively. The 

working suction range of the tensiometer is limited between -9 and -2000kPa. 
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Nevertheless, a pro-check handheld meter is connected to each sensor for 

measurements’ readings. 

The validation is achieved by evaluating the performance of the model through the 

calculation of the Nash–Sutcliffe Efficiency (NSE; Nash & Sutcliffe, 1970).  

𝑁𝑆𝐸 = 1 −
∑ (𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖−𝑎𝑐𝑡𝑢𝑎𝑙𝑖)2𝑁

𝑖=1

∑ (𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖−𝑎𝑐𝑡𝑢𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )2𝑁
𝑖=1

  (64), where 𝑁𝑆𝐸 ≤ 1. The upper limit 

corresponds to a perfect model, while values above 0.75, 0.65 and 0.5 results in a very 

good, good, and acceptable model (Moriasi et al., 2007). 

 

Table 8: Initial, boundary and physical properties of the experiments for model validation 

Soil 

Profile 
Formation 

Depth 

(cm) 
𝑲𝒔 [𝒄𝒎

𝒎𝒊𝒏]⁄  𝜽𝒔 [𝒄𝒎𝟑

𝒄𝒎𝟑⁄ ] 𝜽𝒊 [𝒄𝒎𝟑

𝒄𝒎𝟑⁄ ] 𝝍𝒇 [𝒄𝒎] 

Irrigation Rate = 1.875 cm/min 

2-layers 

RT 0-20 
0.04803 ± 

0.00819 

0.57549 ± 

0.02992 

0.06613 ± 

0.00432 

113.80 ± 

2.23 

NT 20-40 
0.00847 ± 

0.00031 

0.43342 ± 

0.03791 

0.07837 ± 

0.00561 

562.05 ± 

8.90 

3-layers 

CC 0-5 
1.91176 ± 

0.05392 

0.89354 ± 

0.00060 

0.01225 ± 

0.00025 

14409.73 

± 74.28 

RT 5-25 
0.04803 ± 

0.00819 

0.57549 ± 

0.02992 

0.07867 ± 

0.00167 

60.13 ± 

0.62 

NT 25-40 
0.00847 ± 

0.00031 

0.43342 ± 

0.03791 

0.08513 ± 

0.00350 

550.08 ± 

9.64 

Irrigation Rate = 0.25 cm/min 

2-layers 

RT 0-10 
0.04803 ± 

0.00819 

0.57549 ± 

0.02992 

0.08425 ± 

0.00125 

113.80 ± 

2.23 

NT 10-40 
0.00847 ± 

0.00031 

0.43342 ± 

0.03791 

0.09133 ± 

0.00276 

5530.91 ± 

107.19 

3-layers 

CC 0-5 
1.91176 ± 

0.05392 

0.89354 ± 

0.00060 

0.01250 ± 

0.00065 

14296.9 

± 111.80 

RT 5-15 
0.04803 ± 

0.00819 

0.57549 ± 

0.02992 

0.0735 ± 

0.00238 

83.01 ± 

2.35 

NT 15-40 
0.00847 ± 

0.00031 

0.43342 ± 

0.03791 

0.075 ± 

0.00207 

555.70 ± 

8.82 

 

3.3 Optimal Soil Management System 

3.3.1 Model Simulation 

GARALS is applied to a different combinations of soil management systems of two 

and three layers of Site 1 – Loamy sand. The model only tolerates a decreasing 

saturated hydraulic conductivity from top to bottom, hence MC is not chosen as a cover 

except for MC+NT since it has a saturated hydraulic conductivity smaller than those 

of the other layers.  
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Since each layer is treated as a homogeneous and independent layer, in this section the 

combinations of soil layers’ profiles found in Table 1 are chosen so that the underlying 

layer has always a smaller saturated hydraulic conductivity (CC+NT, MC+NT, 

RT+NT, MTA+NT, MT+NT, CC+RT+NT, CC+MTA+NT, CC+MT+NT, 

CC+MC+NT). Each soil management system is simulated for water infiltration under 

steady irrigation rates (0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, and 40 cm/min) to evaluate 

which profile is able to move water to deeper depths faster in study area of Site 1 

regardless of the irrigation rate. The depths of layers are fixed as 5cm for covers, 20cm 

for modified layers and infinite depth for intact/unmodified NT layer. Initial conditions 

shown in Table 9 of moisture content and matric potential are measured for each layer 

using TEROS12 and TEROS21, respectively, on site in the randomized design block 

applied in section 3.1.2.  

 

Table 9: Initial properties of the different soil management systems for water infiltration 

simulation 

Formation Depth (cm) 𝑲𝒔 [𝒄𝒎
𝒎𝒊𝒏]⁄  𝜽𝒔 [𝒄𝒎𝟑

𝒄𝒎𝟑⁄ ] 𝜽𝒊 [𝒄𝒎𝟑

𝒄𝒎𝟑⁄ ] 𝝍𝒇 [𝒄𝒎] 

CC 0-5 
1.91176 ± 

0.05392 

0.89354 ± 

0.00060 

0.01 ± 

0.00026 

17654.21 ± 

84.13 

MC 0-5 
0.02100 ± 

0.00012 

0.74150 ± 

0.00361 

0.0357 ± 

0.00072 

84076.20 ± 

112.72 

RT 0-20 
0.04803 ± 

0.00819 

0.57549 ± 

0.02992 

0.05 ± 

0.00252 
113.80 ± 2.23 

MTA 0-20 
0.12054 ± 

0.00975 

0.54843 ± 

0.06989 

0.078 ± 

0.00457 

54879 ± 

91.64 

MT 0-20 
0.04703 ± 

0.00185 

0.60725 ± 

0.05220 

0.0579 ± 

0.00641 

26534.97 ± 

86.72 

NT >20 
0.00847 ± 

0.00031 

0.43342 ± 

0.03791 

0.07837 ± 

0.00561 

1363.59 ± 

38.11 

 

3.3.2 Soil Treatment Optimization 

The ultimate purpose is to identify the best soil management system that when 

implemented in Site 1, can drain water faster and to greater depths. The system is 

optimized by introducing the concept of artificial macropores. Additionally, the 

system will opt covers to assess the ability of soil to preserve the water while protecting 

it from extreme evaporation. Initially, to assess the best management system, an 

irrigation rate equal to that used on field is used (0.04cm/min). The type of cultivation 

in Site 1 is a mixture of vegetables and apple trees. So, after an investigation to 

determine an acceptable and moderate subsurface soil depth to irrigate, 40 cm of 
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saturated soil is ideal for Site 1 as referred by the farmers. Therefore, the first criteria 

involve choosing all systems having wetting front depth larger than 40cm prior to 

ponding not to have any waste in water. For the chosen systems, a further identification 

is set to determine the treatment that insures the least amount of cumulative water 

(since we want to use the least amount of water for preservation purposes) while 

having fastest times to reach 10, 20, 30 and 40 cm depths. It is noteworthy to mention 

that the aforementioned depths are measured from the initial soil surface so that the 

additional depths of added covers are taken into consideration. After identification of 

the best soil management system using the initial properties listed in Table 8, the 

treatment is applied on field in Site 1 over a total area of 2.2m x 1.5m (~3.3m2). The 

treatments are implemented on 3 plots identically twice (plot 1 [1a & 1b], plot 2 [2a & 

2b], and plot 3 [3a & 3b]), while each 90 cm x 60 cm plot is buffered from the next 

plot by a 90 cm x 10 cm zone as shown in Figure 6. A soil moisture sensor TEROS10 

placed in each soil plot in the soil at 20 cm depth and left during and after the entire 

study period for real-time monitoring. Hence, the TEROS10 indicates moisture 

contents larger than 0.4 m3/m3 when the voids start to fill with water. After the 

application of the system, artificial macropores (AM) are only placed in plot 2 and plot 

3. In plot 3, the AM are filled with crop residues (CC-AM) while those in plot 2 are 

left empty (AM). They are created vertically into the soil using a steel rod of 2 cm 

diameter (Mori and Hirai, 2014). The rod is pushed into the soil with light pressure 

at depths of 20 cm and equally spaced of 15cm with 15cm margins transversely, and 

20 cm with 20cm margins longitudinally resulting in 9 AM in total in each plot. 

Notwithstanding, since the soil was initially dry, the AM collapsed after the removal 

of the rods. Therefore, we irrigated the plots for 15 minutes after which the simulation 

was stopped to insert the AM after which the irrigation was resumed. 

On the other hand, the irrigation event was applied similarly to how local farmers apply 

it without any alteration of the system. The irrigation system consists of primary and 

secondary pipes that are connected to a centralized system which only holds filters for 

suspended solids. The source of water comes from a water pond elevated from the land 

by 40 m. Sprinkles are connected to secondary pipes and are installed for every 50 cm 

x 50 cm plot. A steady state rate of 7.3m3/day ± 0.22 was naturally maintained. The 

plots were irrigated for 6 hours and a half in the morning starting at 9:00am. Real-time 

monitoring data were recorded along 5 minutes’ increments in the first one hour and a 
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half followed by 10 minutes’ intervals and later 30 minutes during the irrigation period 

and for 2 hours following the irrigation event the same day of irrigation event while 

the monitoring continued on the next six days in the morning and the evening. It is 

also noted that after the irrigation event, crop residues were placed at 5cm depth to 

cover plots 1b, 2b, and 3b. The resultant data of moisture are then evaluated by 

comparing the moisture content at 20 cm below the soil surface. The optimized 

treatment would have the highest moisture contents in shorter times during the 

irrigation period and will maintain higher moisture content for longer times following 

the irrigation event.  

 

 

Figure 6: Field experimental setup to optimize the optimal management system with the 

creation of artificial macropores 
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Chapter Four 

 

Results and Discussion 

4.1 Soil Properties 

4.1.1 Organic Matter Additives 

4.1.1.1 Densities 

Bulk, dry, and saturated density of chicken manure (0.3446 g.cm-3 ± 0.0023, 0.2726 

g.cm-3 ± 0.0036, 1.0141 g.cm-3, respectively) are significantly greater (***P<0.001) 

than those of straw residues (0.0837 g.cm-3 ± 0.0006, 0.0837 g.cm-3 ± 0.0006, 0.9772 

g.cm-3, respectively) (as shown in Figure 7). It was reported by Khater (2015) that the 

bulk densities of cattle manure, herbal plants residues, and sugar cane plants residues 

are 0.655 g.cm-3, 0.582 g.cm-3, and 0.420 g.cm-3, respectively while having moisture 

contents of 25.6%, 31.2%, and 32.1%, respectively. Compared to our values, the 

moisture contents of chicken manure and straw residues when measuring the bulk 

density were 26.44 % ± 2.17 and 0% ± 0, respectively. The bulk density of chicken 

manure is less than that of cattle manure and the bulk density of straw residues resides 

less than those of herbal plants residues and sugar cane plants residues. This is because 

the material in Khater (2015) was compacted in opposition to the materials tested in 

this study in which the organics were filled in the containers as if they are thrown on 

the ground. Notwithstanding, similar results for chicken manure were obtained for 

farmyard manure made from cow dung having a bulk density of 0.3462 g.cm-3 with a 

moisture content of 23.55% (Sahu et al., 2020). Comparing the bulk densities with the 

optimal values indicated by Reynolds et al. (2009) found in Table 5, both organic 

additives are not suitable for plant anchoring while their capacities to hold water for 

plants are limited. The inappropriateness of having these substances as a replacement 

for medium cultivation is ample to drive farmers to only use them either as soil cover 

of shallow depths or as organic additives to soil. However, it is essential to mention 

that the compaction of organic matter increased the bulk densities as found in Khater 

(2015), hence organic matter in particular chicken manure is highly predicted to be 

adequate to replace soil when it is appropriately compacted. In addition, it was referred 

by Caron et al. (2015b) that mixing different components of organic matter can result 
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in a mixture suitable to physically support root growth thereby be used as growing 

medium. For instance, the bulk density of a green waste compost (0.64 g.cm-3 ± 

0.0045) was increased to the optimal range of 0.9-1.2 for maximum crop production 

when ground bricks was added in different mixing ratios (Willaredt & Nehls, 2021).  

 

 

 

Figure 7: Physical properties of straw residues and chicken manure 
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4.1.1.2 Organic Matter Content 

The organic matter content in chicken manure (414.75 g.kg-1 ± 12.20) is significantly 

less (***P<0.001) than that in straw residues (912.45 g.kg-1 ± 5.20) (as shown in 

Figure 7). Lower organic matter contents were reported in Khater (2015) for cattle 

manure (313 g.kg-1) than chicken manure and for herbal plants residues and sugar cane 

plants residues (431 g.kg-1 and 613 g.kg-1, respectively) than straw residues. 

Nonetheless, cow dung (OMC = 510.3 g.kg-1) has higher OMC than chicken manure 

(Khaing et al., 2019). Yet, straw residues are found to have the highest organic matter 

content even greater than green waste composts reported by Willaredt and Nehls 

(2021) (0.268 g.kg-1 ± 0.0052) and higher than agricultural wastes as cited by Khaing 

et al. (2019). Notwithstanding, Khaing et al. (2019) reported organic matter contents 

for sesame husk (899.7 g.kg-1), saw dust (911.8 g.kg-1), chaff (234.9 g.kg-1), cow dung 

(510.3 g.kg-1), and rice husk (793.6 g.kg-1). When these agricultural wastes are mixed 

while each having a mass of 250g, the organic matter content of the resultant compost 

becomes 228.9 g.kg-1. Further, the organic matter content drops when green waste 

composts are mixed with ground bricks (Willaredt & Nehls, 2021). The alteration in 

organic matter between different organic substrates and organic mixtures is important 

to consider since changes in organic matter contents imply different soil structures and 

thereby affecting moisture drainage and maintenance in the pore system of the medium 

(Panagea et al., 2021). 

4.1.1.3 Porosity and Residual Moisture Content 

Higher porosities are significantly (***P<0.001) stated in straw residues (0.8935 

m3.m-3 ± 0.0006 equivalent to 10.6780 g H2O.g-1 straw residues ± 0.0828) then chicken 

manure (0.7415 m3.m-3 ± 0.0036 equivalent to 2.7212 g H2O.g-1 chicken manure ± 

0.0493) (as shown in Figure 7). On the contrary, higher residual moisture contents 

(***P<0.001) were found for chicken manure (0.3359 m3.m-3 ± 0.0036 equivalent to 

1.2327 g H2O.g-1 chicken manure ± 0.0296) than for straw residues (0.0451 m3.m-3 ± 

0.0006 equivalent to 0.5390 g H2O.g-1 straw residues ± 0.0109). Green waste composts 

are found to have intermediate values of saturated and residual moisture content 

between chicken manure and straw residues (θs ~ 0.64 m3.m-3, θr ~ 0.22 m3.m-3) 

(Willaredt & Nehls, 2021). Notwithstanding, Quemada and Cabrera (2002) found 

that the maximum water contents for clover leaves, rye leaves, clover stems, and rye 

stems are 4.5 g H2O.g-1, 2.9 g H2O.g-1, 3.7 g H2O.g-1 and 2.1 g H2O.g-1, respectively, 
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while the residual water contents are 0.2 g H2O.g-1, 0.1 g H2O.g-1, 0.2 g H2O.g-1 and 

0.2 g H2O.g-1 for clover leaves, rye leaves, clover stems, and rye stems, respectively. 

Albeit the aforementioned organics are cut, they have lower residual contents with 

smaller pore sizes than the straw residues. It is noteworthy to highlight the effect of 

the hydrophobicity that is positively correlated with some organic matter 

(MataixSolera and Doerr 2004; Nakaya 1981) as reflected in the low residual 

contents (Quemada and Cabrera, 2002) which impedes the storage capacities. On 

the other hand, values of porosities reported by Quemada and Cabrera (2002) are 

closer to those of chicken manure than the straw residues. Similarly, other studies 

reported near porosity values to chicken manure than straw residues for oat straw 

(2.5g.g-1) (Bartholomew & Norman, 1946) and for wheat straw (slightly over 3g.g-1) 

(Myrold et al., 1981). While it seems paradoxical, the straw used in those researches 

were either cut (Quemada & Cabrera, 2002), chopped (Myrold et al., 1981) or 

grounded to pass 2-mm sieve (Bartholomew & Norman, 1946) so that their pore 

structure resembles that of the chicken manure and not the straw residues which are 

not chopped in this study. Hence, the capacity of a porous medium to hold and maintain 

water depends on the pore-size distribution of the medium in addition to the 

composition since the presence of organic matter doesn’t always signify water 

repellency (Nakaya et al., 1977). This hypothesize is verified by the residual moisture 

content obtained by Khater (2015) for cattle manure (3.5g.g-1), herbal plant residues 

(3.9g.g-1), and sugar cane plants residues (4.4g.g-1) which are significantly larger than 

those of chicken manure and straw residues as cited in this study while smaller 

porosities were reported (0.61 m3.m-3 for cattle manure, 0.67 for herbal plants residues, 

and 0.72 for sugar cane plants residues). The discrepancies are due to the compaction 

application applied in Khater (2015) that increased the capacity of soil substrate to 

hold more water for longer periods by decreasing the pore sizes.  

4.1.1.4 Aggregate Size Distribution 

From the aggregate size distribution found in Figure 7, chicken manure partakes 40%, 

40% and 20%, while straw residues endure 30%, 55%, and 15% of aggregates of sizes 

finer than 2mm, between 2mm and 10mm, and greater than 10mm, respectively. 

Consequently, both organic substrates have a range in their pore sizes distribution. It 

is noteworthy to mention that through observation the large aggregates (>10mm) found 

in straw residues are due to the longitudinal shape of straws that couldn’t pass the 
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coarser sieves due to the position of displacement. Yet, such aggregates found in 

chicken manure are due to very fine organics bounded to each other during composting 

period (wetting and drying processes) to form large aggregate. Such distributions 

resulted in near values for the mean weight diameter (5.03mm for straw residues and 

4.95mm for chicken manure). Hence, higher MWD was reported for cow dung 

farmyard manure (22mm) (Sahu et al., 2020) even though both chicken manure 

(344.56 kg.m-3) and cow dung (346.25 kg.m-3) had close bulk densities. This means 

that the inconsistency in the MWD is caused by dependence of aggregate formation 

and the pore-size distribution of the medium rather than on the total volume of pores.  

4.1.1.5 Saturated Hydraulic Conductivity 

As expected, the straw residues (27.5290 m/day ± 0.7764) acquired a significant larger 

(***P<0.001) saturated hydraulic conductivity than chicken manure (0.3025 m/day ± 

0.0024) (as shown in Figure 7). This is because a wider range of moisture contents was 

observed between the residual and saturated moisture content for straw residues (θs – 

θr = 0.8484 m3.m-3) than chicken manure (θs – θr = 0.4057 m3.m-3). This means that 

water is better drained in straw residues than chicken manure while keeping in mind 

that the aggregate size distribution of straw residues endures a wider range of coarser 

pores. In addition, the large aggregates in the straw residues are dry and thirsty so that 

when they are saturated, the aggregates themselves become conductive due to the high 

organic matter content in opposition to the large aggregate found in chicken manure. 

Such aggregates get clogged so that water passage becomes only applicable in larger 

pores. According to Reynolds et al. (2009), the saturated hydraulic conductivity of 

chicken manure is almost within the range of optimal infiltration while impeding 

surface runoff (if it was compacted, then higher Ks would have been recorded). 

However, the saturated hydraulic conductivity of straw residues indicate that the 

medium has an excessive of coarse pores which results in having a high conductive 

medium but subjective to fast droughts. 

4.1.1.6 Pore Structure and WRC 

The pore structure as illustrated in Figure 8 from CT-scans differ by shape, size, and 

distribution. Large pore sizes exist on the boundary of large aggregates in straw 

residues and chicken manure samples, while their shape changes between wide and 

longitudinal pores in straw residues and curved and circular in chicken manure. The 

connectivity of pores in straw residues is better than that in chicken manure, since the 
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pores in the formed are more distributed over the entire surface area of the samples 

while those are only found around aggregation formations. Hence, such aggregation 

may not be distributed along the same vertical plane in the chicken manure.  

 

 

(a) 

 

(b) 

Figure 8: CT scanning images for (a) straw residues and (b) chicken manure. On the left, the 

picture is the result of the CT-scan which is cropped to a diameter of 4cm, after which 

brightness and contrast are adjusted while filters are applied to convert the picture into 8-bit 

image with a threshold of two colors 0 (matter) and 255 (pore space). 

 

The observational interpretation is further juxtaposed by the volumetric content 

distribution of pore sizes in these two soil substrates (as shown in Figure 9). Hence, 

straw residues have 0.046, 0.095, 0.727, and 0.025 m3.m-3 porosities corresponding to 

pore sizes finer than 0.1mm, between 0.1 and 1mm, between 1 and 5mm, and larger 

than 5mm, respectively. In opposition, porosities of chicken manure of the same pore 

sizes are 0.367, 0.252, 0.118, and 0.004 m3.m-3. Higher volumetric contents of medium 

and large pores exist in the straw residues, while finer pores (<0.1mm) are more 
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profuse in the chicken manure that are mainly found in the large aggregates (also 

observed in the CT-scan images: there are no black dots in the large aggregates of the 

chicken manure which explains that the pores are so fine (<0.1mm) that the resolution 

of CT-scan couldn’t detect them). In addition, it is evident that the pores in straw 

residues have almost the same size which explains the well sorting behavior of WRC. 

This means that the chicken manure is better graded than the straw residues since it 

has abundant porosities of different pore sizes.  

 

 

Figure 9: Porosity Distribution for straw residues and chicken manure from the analysis of 

volumetric contents of pore sizes in ImageJ 

 

Figure 10a and 10b exemplifies the observed and fitted moisture content with respect 

to the matric potential. Both model fittings using RETC software are good-fit models 

with R-squared greater than 0.99. α and n are higher for straw residues (α=0.1875mm-

1, n=3.8837) than chicken manure (α=0.064mm-1, n=2.6971). The fitted van 

Genuchten parameters α and n are used to simulate the soil water retention curves 

developed in Figure 10c. Chicken manure drains over a large range of matric potential 

in opposition to straw residues which drains over a smaller range of potentials. This 

means that the straw residues is better sorted than the chicken manure. 

Notwithstanding, chicken manure can hold more water while straw residues can 

convect more rapidly. For instance, at 100kPa (equivalent to 10mm matric potential), 

the WRC is higher for chicken manure than straw residues, while between 10kPa 
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4.1.1.7 Physical Quality Indicators 

According to Table 10, both soil substrates have optimal air capacity and S theory 

values, meaning they both have adequate capacities for root and microbial activity 

aeration in a satisfactory medium of good physical and structural quality. However, 

PAWC is limited in chicken manure while droughty conditions are appeared in straw 

residues making it limited with water. Yet, chicken manure indicates an optimal 

balance between AC and PAWC as an indication for a better microbial production due 

to the balanced water and air content availability for longer time periods. Hence the 

limitation of water storage in straw residues and better capacities of water maintenance 

in chicken manure were also observed in the WRC. 

 

Table 10: Soil physical quality indicators for straw residues and chicken manure 

Soil Physical Quality Indicators Straw Residues Chicken Manure 

θ(FC) 0.0875 0.4765 

θ(PWP) 0.0474 0.3749 

Air Capacity AC 0.8059 0.2649 

PAWC 0.0401 0.1015 

RFC 0.0980 0.6426 

S theory 0.3126 0.0749 

 

4.1.2 Site 1 – Loamy Sand 

4.1.2.1 Densities 

Tillage application decreases significantly the bulk density (*P-value = 0.018) from 

1.149 g/cm3 ± 0.047 (NT) to 0.954 g/cm3 ± 0.037 (RT) to 0.852 g/cm3 ± 0.084 (MTA) 

to 0.809 g/cm3 ± 0.065 (MT) and the dry density (*P-value = 0.024) from 0.899 g/cm3 

± 0.037 (NT) to 0.729 g/cm3 ± 0.029 (RT) to 0.679 g/cm3 ± 0.069 (MTA) to 0.629 

g/cm3 ± 0.052 (MT) (as shown in Figure 11). Accordingly, NT layer proves to be more 

compacted and evidently is denser with grains and finer with pores (Ball-Coelho et 

al., 1998; Schønning and Rasmussen, 2000) but proves to be efficient for maximum 

crop production in loamy sand soil while not causing any harm to root growth (critical 

range between 0.9 and 1.2g/cm3) (Singh & Malhi, 2006). The tillage application 

reduced the bulk density by 17%, yet the reduction didn’t affect the quality for crop 

production. The reduction of bulk density from NT to RT was the result of soil 

loosening (Buschiazzo et al., 1998), hence this was observed in many studies (Taser 
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& Metinoglu, 2005; Fabrizzi et al., 2005; Afzalinia & Zabihi, 2014; Salem et al., 

2014). Within the tilled layer, the addition of crops and manure to soil decrease the 

bulk of RT by 15% and 11% and the dry density of RT by 14% and 7%, respectively 

to produce a body that is inadequate for plant anchoring and water storage, thereby 

causing a dilution effect on the soil (Zhang et al., 2014). The decrease is due to the 

low dry and bulk densities of CC and MC. Further, the addition of crops generates a 

larger decrease than manure on the short-run because CC has smaller bulk and dry 

densities (BD=DD=0.083 g/cm3 ± 0.0006) than MC (BD=0.344 g/cm3 ± 0.00234, 

SD=0.272 g/cm3 ± 0.00361). Similar decrease in the bulk density with the addition of 

organics in sandy soils was reported on the long term and was due to the high 

earthworm activity (Lal, 1976; Buschiazzo et al., 1998). Consequently, the addition 

of organic matter decreased the tendency for soil to compact (Mosaddeghi et al., 

2000). 

 

 

Figure 11: Bulk, dry, and saturated densities of individual homogeneous layers of different soil 

management systems in Site 1 – Loamy Sand 

 

It is also perceptible that the bulk and dry densities of CC increase by 10 times and 7.5 

times respectively when added to soil while that of MC increases by 2.5 times. Hence, 

their low density ranges indicate that the cover layers formed of organic matter have 

much smaller bulk and dry densities than the others, thereby they are not suitable for 
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plant growth (as their density is much smaller than the optimal range set by Reynolds 

et al. (2009), yet they are only used either as covers along a shallow depth or as mixture 

components. In addition, even though when added to soil didn’t improve the bulk 

density to a value in the optimal range proposed by Reynolds et al. (2009), however, 

the problem might be in the ratio mixture chosen in this study. Hence, it was shown in 

Willaredt and Nehls (2021) that the bulk density improved when the ratio on volume 

basis of loamy sand/organic matter additive (in their case green waste compost) was 

increased. Consequently, the application rate of straw residues and chicken manure 

(42 tons/ha and 173tons/ha, respectively) must be further reduced to reach an optimal 

range for bulk density.  

On the other hand, SD decreases from 1.332 g/cm3 (NT) to 1.304 g/cm3 (RT) to 1.236 

g/cm3 (MT) to 1.227 g/cm3 (MTA). The only difference is that MT has a higher 

saturated density than MTA due to the higher volumes of voids that are filled with 

water created by the crops. In addition, since crops are initially dry (SD=DD) more 

water is needed since the dry crop residues will prove in later section to be very 

adsorptive to water; meaning not only the air voids are saturated but also the crops 

themselves absorb the water creating higher volumes of filled water. This is also 

reflected in the increase in the dry density of CC by 11.7 times to reach saturation. For 

the others, DD is increased by 1.5, 1.79, 1.8, 1.96, and 2.8 times to saturate for NT, 

RT, MTA, MT and MC, respectively. This finding results in having more pore spaces 

in crop residues, followed by chicken manure, then the tilled layers and finally NT. 

The author couldn’t find any study that compared the pore structure of CC, MC, NT, 

RT, MT, and MTA, but the literature is abundant with findings of tillage systems 

altering the fine pores found in NT to coarser pores (Gantzer and Blake 1978; 

Lindstorm and Onstad, 1984; Karlen et al., 1990; Pikul et al 1990; Mwendera and 

Feyen, 1993; Khurshid et al., 2006; García-Orenes et al., 2009) due to the formation 

of cracks and large pores from animal buries and wormholes. 

4.1.2.2 Porosity and Residual Volumetric Content 

NT layer provokes the least porosity (0.433 m3/m3 ± 0.038) which is defined here as 

the saturated moisture content, with respect to other treatments also reported by Salem 

et al. (2014) (as shown in Figure 12). Tillage practices results in higher porosities 

(***P-value<0.001) by the breakage application of soil aggregates to alter fine into 

coarser pores: the tillage application, the addition of manure, and the incorporation of 
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crops increases the porosity by 32%, 26%, and 40%, respectively. The addition of 

crops to tilled soils increases the porosity by only 5% while the addition of manure 

decreases it by 4.7%. According to Tukey’s test, such difference is not significant since 

95%CI of RT, MTA, and MT overlap. Hence, the addition of organic matter doesn’t 

affect the porosity of tilled layer since the voids which are filled by these organic 

matter residues are recovered by voids created on their boundaries. However, 

numerically, the addition of crop residues increased the total porosity of soil. Another 

study found similar patterns in porosity variations between NT, RT and MT (Eden et 

al., 2011). In their study, the total porosity of NT was increased from 0.452 to 0.462 

for RT and 0.467 for MT on the long term. Hence, higher increase rates can be 

observed on the short-term (Bamberg et al., 2011). 

 

 

Figure 12: Moisture volumetric contents for NT, RT, MTA, MT, CC, and MC in Site 1 – Loamy 

Sand, (a) porosity or saturated volumetric moisture content 𝜽𝒔, (b) residual volumetric moisture 

content 𝜽𝒓 

 

On the other hand, the residual water content does not differ between the layers NT, 

RT, MTA, MT and CC while only that of MC is significant (P-value= 0.002) (NT: 

0.0624 m3/m3 ±0.0379, RT: 0.04105 m3/m3 ± 0.02992, MTA: 0.1046 m3/m3 ± 0.06989, 

MT: 0.09726 m3/m3 ± 0.0522, CC: 0.04509 m3/m3 ± 0.0006). This means that the 

tillage application doesn’t affect the residual moisture content since the later depends 

on the amount of clay particles in the sample which are relatively small in compacted 
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and tilled soils (0% USDA, 13.28% USCS) (Lund, 1959; Kivisaari, 1971). Albeit 

statistically is not significant, NT has a larger residual moisture content than RT due 

to its smaller mean pore sizes which allow soil to maintain water (Martinez et al., 

2008; Salem et al., 2014). In addition to the scarcity of fine pore volumes, RT’s larger 

pores can induce higher evaporation rate by allowing heat to percolate within its larger 

pores’ pathways (Buschiazzo et al., 1998). On the other hand, the addition of organic 

matter enhanced the ability of soil to maintain water. From one side, MC contains large 

aggregates formed of fine particles that are resilient in withstanding water and 

containing the moisture for longer times to have the highest residual moisture content 

of 0.335 m3/m3 ± 0.0036. The addition of manure to loamy sand soil was efficient by 

raising the residual moisture content by 60% with respect to tilled soils, even though 

the large aggregates of MC were crushed during tillage application. This is also 

supported by Haynes and Naidu (1998) who noted that the addition of organic manure 

decreased the bulk densities (as seen in section 4.1.1.1) and enhances the water holding 

capacity of soils by increasing the residual moisture content while improving water 

drainage as well. In addition, several studies substantiate higher water contents 

measurements in systems that incorporated organic matter (Puricelli et al., 1976; 

Thomas, 1985; Smika & Unger (1986).  

4.1.2.3 Organic Matter Content 

The incorporation of chicken manure in tilled soil results in the highest organic matter 

content (137.7g.kg-1 ± 5.2) following the mulch tilled layer in which crop residues are 

added (11.847 g.kg-1 ± 0.41), the tilled layer RT (102.27 g.kg-1 ± 1.3) and lastly the 

NT layer (86.07 g.kg-1 ± 0.7) (Figure 13-a). A one-way ANOVA indicates that the 

organic matter content in NT, RT, MTA, and MT layers is significant (***P-value 

<0.001) which means that organic matter content increases by 20% when the soil is 

disturbed by rotation and further rises by 40% and 60% when organic crops and 

chicken manure are added, respectively. This was also proved using the paired 

Dunnett’s, Fisher’s and Tukey’s test in which all 95%CI do not contain 0 while 

adhering to the percentages of increase by the CI shifts from zero (Figure 13-d). In 

addition, the MTA treatment proves to have the highest 95%CI in all pairs’ 

comparisons, which indicates that the chicken manure alone has a higher organic 

matter content than the crop residues. However, this is not retained as shown in Figure 

7 since the crop residues layer (912.7g.kg-1 ± 5.2) contain much higher OMC than the 
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chicken manure layer (414.87 g.kg-1 ± 12.2) (P-value<0.001). This is because the 

OMC is obtained by mass rather than volume measures, hence the crops are much 

lighter than the chicken manure.  

 

 

 
 

Figure 13: OMC Statistical Analysis for NT, RT, MTA, MT in Site 1 (a) Interval plot  with 95% 

CI for the mean, (b) Tukey 95%CI, (c) Fisher LSD pairwise comparison with 95%CI, (d) 

Dunnett 95%CI with a control treatment NT 

 

Nonetheless, it is important to imply that the rotary tillage layer has a higher OMC 

than the unmodified layer albeit that none organic matter is added while tillage 

application. This can be explained by the short-term application of crushing and 

mixing tree and plant debris that are found on the top of the soil surface which are not 

included in the NT testing samples. However, on the long term, it was shown that NT 

has a higher OMC in sandy soils than tilled layers (Buschiazzo et al., 1998) since the 

tillage application rotates the soil while pushing the organics into deeper depths (Dick, 

1983; Rosell & Andriulo, 1989; Standley et al., 1990; Unger, 1991; Schomberg et 

al., 1994). Meanwhile organics found at the surface of NT are preserved. 

Notwithstanding, the addition of crop residues to the tilled layer impose nearly the 

same effect on OMC that RT implies on NT (same 95%CI in Figure 13-b and 13-c). 
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Similarly, the addition of chicken manure to the tilled layer create a same effect on 

OMC that when adding crops to an unmodified layer. This can be interpreted that the 

addition of chicken manure has a double effect on the rise of OMC when compared to 

the mulch tillage layer. Lastly, each individual homogeneous layer has a different 

organic matter content which makes it different that the other in its composition. 

4.1.2.4 Aggregate Size Distribution 

The frequency density functions found in Appendix A are used to determine the mean 

weight diameter of individual homogeneous layers which form the different soil 

profiles of different soil management systems. The MWD (Figure 14) of the NT layer 

soil sample is the highest (0.68cm) following MT (0.44cm), then RT (0.39) and later 

MTA (0.38cm). The cover layers (CC 0.5cm, MC 0.49cm) have a MWD smaller than 

that of NT but greater than the tilled layers. This means that the compaction of soil in 

the NT layer removed excess voids to allow soil particles to adhere together to form 

larger soil aggregates (Martı´nez et al., 2008).  

On the other hand, the tillage application broke down the aggregates by disturbing the 

binding agent of macro-aggregates formed by binding recalcitrant-humified organic 

matter with mineral particles (clay–humus complexes) and activated by compaction to 

tolerate the entry of air in soil and move the particles away resulting in the formation 

of smaller aggregates by almost 40% (Martı´nez et al., 2008) and in the reduction of 

aggregate stability (García-Orenes et al., 2009). Thus, in the process of adding 

chicken manure to the tilled soil, the MWD didn’t quite change from that of the tilled 

soil while the addition of crop residues increased the MWD of RT by almost 15% as 

similarly found by Singh & Malhi (2006) in loam textured soils in NT plots covered 

with crop residues in which the retention of crop residues caused the increase in the 

aggregate distribution (Rolda´n et al., 1994; Lax et al., 1997).  

Hence, the addition of organic matter enhances the aggregate stability of soil. This is 

absurd to the MWD values of CC and MC. Nevertheless, MWD is measured by mass 

portions. Paradoxically, CC and MC have much smaller bulk densities than their 

counter layers of mixed tilled layers (MT and MTA, respectively). In particular, CC is 

really light compared to the other treatments which allow the addition of manure to 

the tilled layer more effective than the addition of crops. As this stands, the initial 

MWD of the compacted soil decreases 44% due to manure amalgamation while 35% 
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due to crop addition might be due to two reasons: (1) crop residues comprise 

longitudinal shapes of particles which might either got stuck or was standing in 

position that hinder its passage from one sieve to the other, (2) during tillage 

application, the large aggregated particles formed in the chicken manure might be 

crushed in the rotation process to have an amalgam of soil aggregates similar to that 

of the RT layer. Consequently, the MWD of CC could have been lower if the 

longitudinal shapes crops were passed through the sieves vertically (their cross-

section). Then, the manure chicken would have the highest MWD following the NT 

layer. Regardless, the highest MWD means that the soil has large aggregates which 

are formed of very fine soils adhered together during the wetting and drying events. 

Yet, in accordance with the results obtained for MT, the addition of straw mulch to 

soil results in a medium mean weight diameter that improves aggregate stability 

(Mulumba & Lal, 2008; Jordán et al. 2010) and soil strength (Pervaiz et al., 2009) 

by increasing soil porosity, moisture retention and drainage capacities. 

 

 

Figure 14: Mean weight diameter (MWD) from the frequency density function of the aggregate 

distribution (f)  in Site 1 for NT, RT, MTA, MT  

 

4.1.2.5 Saturated Hydraulic Conductivity 

NT layer has the lowest saturated hydraulic conductivity of 1.31 cm/day ± 0.044 (a 

critical value as referred to Reynolds et al. (2007) while greater and significant values 

(***P-value<0.001) are reported for tilled layers (MT: 67.7 cm/day ± 2.66, RT: 69.1 
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cm/day ± 11.79, MTA: 173.6 cm/day ± 14.04 illustrated in Figure 15). This means that 

the tillage application created a larger space for voids so that water would pass through 

to have optimal saturated hydraulic conductivity as advised by Reynolds et al. (2008) 

for better infiltration, thereby reducing surface runoff and soil erosion while allowing 

space for water distribution and penetration into the finer pores. This is shown by the 

increase of 𝐾𝑠 by 52 times from NT to RT. Similar findings were determined on coarse 

loamy over sandy by Martinez et al. (2008) and Reyes et al. (2002). However, this 

finding is opposed when NT comprises cracks or macropores from animal boreholes 

(Karlen et al., 1994). When comparing the tilled layers, the addition of crop residues 

didn’t affect the saturated hydraulic conductivity of RT similarly as found by other 

studies (Blevin 1983; Ahamefule and Mbagwu, 2007) because the predicted 

additional water would be assumed to pass in the preferential paths that the crops 

created along the longitudinal shaped residues in the shape of fingered flows that 

would be longer than the vertical path (Liu et al., 1994). Another reason could be due 

to the high adsorption capacity of crop residues to water especially for air-dried straws 

that can absorb water up to 4.8 times its original weight (Wu et al, 1995). Here again 

the crop residues prove to be highly adsorptive to water. Thus, such effect is neglected 

for CC since the convection effect is highly substantial due to the large volumetric 

content of void spaces that exist in the structure of crop residues. The high saturated 

hydraulic conductivity (2753cm/day) indicates that the large pores make the soil in a 

droughty state much faster than the others. This concept is additionally justified in 

loamy soil plots where tilled and no-tilled fields were covered with straw mulch. 

Consequently, Singh and Malhi (2006) reported that the organic cover increased the 

infiltration of water, hence proving that the crop residues are highly conductive when 

left solo.  

Nonetheless, the addition of chicken manure to tilled soils was significant (according 

to Tukey’s and Fisher LSD tests) and increased the saturated hydraulic conductivity 

of the tilled layer by 2.5 times as it was reported in other studies where the infiltration 

was affected positively by the addition of organic matter (Lal & Vandoren, 1990; 

Shukla et al., 2003; Ghuman & Sur, 2001). de Jonge et al. (2009) interpreted that 

high-carbon medium endure a “sponge-like” effect for water conductivity. Such effect 

is altered into a “pipe-like” effect when the organic matter is decreased. Hence, the 

chicken manure with high organic matter had a lower hydraulic conductivity reflecting 
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the sponge-like effect while its incorporation with loamy sand soil reflected a better 

conductive soil similar to the pipe-like effect. On the other hand, MC had the lowest 

saturated hydraulic conductivity among layers other than NT but an optimal value for 

an efficient infiltration. As it was mentioned earlier, MC had the largest MWD 

following the NT layer, meaning that water tends to only pass between the large 

aggregates of manure which decreased its hydraulic conductivity. However, when the 

manure is mixed with soil, the rotary tiler crushes the aggregates which creates more 

spaces for water flow. This is revealed in the increase of the hydraulic conductivity of 

tilled soils when manure is added. In addition, Jiao et al. (2006) found that the addition 

of manure increased the stability of the soil structural quality in sandy soils which 

enhanced the water retention capacity of the soil. 

 

 

Figure 15: Saturated Hydraulic Conductivity, KS for individual layer in Site 1 for NT, RT, 

MTA, MT 

 

4.1.2.6 Soil Pore Structure and SWRC 

The structure of individual layers forming the different soil management systems are 

illustrated in Figure 8 and 16. From left to right of Figures 16 in (a), (b), (c), and (d), 

the first picture is the CT-scan image result, the second is the one cropped in ImageJ 

and the last is the one filtered and color thresholded. Figure 16 demonstrates that the 

pores are smaller and lesser in NT and larger and abundant in tilled layers.  



 77   

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 16: CT scanning images for (a) NT, (b) RT, (c)  MTA, and (d) MT in Site 1 
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On the other hand, Figure 8 proves that CC induces the largest areal content of voids 

while the large aggregates in MC as discussed in 4.1.2.4 are shown through their 

surrounding void spaces. In addition, the cross-sectional shape of pores differ from 

one layer to the other, depending on the soil aggregates and organic content. As this 

stands, the NT acquirnig the highest MWD have small circular pores, while RT and 

MTA have larger circular pores due to the smaller MWD. However, MT’s pores are 

partially longitudinal where crop residues are found and partially circular surrounding 

the soil aggregates.  

 

 

 

Figure 17: Porosity Distribution for NT, RT, MTA, and MT from the analysis of volumetric 

contents of pore sizes in ImageJ in Site 1 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 1 2 3 4 5 6 7 8 9 10

P
o

ro
si

ty
 (

m
3

/m
3

)

Pore Radius (mm)

NT

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5 6 7 8 9 10

P
o

ro
si

ty
 (

m
3

/m
3

)

Pore Radius (mm)

RT

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5 6 7 8 9 10

P
o

ro
si

ty
 (

m
3

/m
3

)

Pore Radius (mm)

MTA

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 1 2 3 4 5 6 7 8 9 10

P
o

ro
si

ty
 (

m
3

/m
3

)

Pore Radius (mm)

MT



 79   

 

The porosity distribution for the different individual layers with respect to pore sizes 

are shown in Figure 17. Pores of radius greater than 5mm are the least present in NT 

(<7%) followed by MTA (<18%), MT (<37%), MC (<38%), RT (<51%), and lastly 

CC (<83%).  This again shows that NT (mean pore radius = 50μm) is a compacted soil 

layer that only permits very small pores to exist. The compaction is disturbed by tillage 

practices so that soil particles move away from each other to create new and larger 

void spaces (Mean pore radius of RT = 234μm). A finding that supports the 

hypothesize of Castellini et al. (2013) stating that tillage practices allow to drain 

excess water and ease root penetration by providing a satisfactory pore structure. Thus, 

the more the tillage application is intensive, the large the pore sizes ought to be (Ren 

et al., 2019). Similarly, organic covers (CC and MC) endure larger void spaces than 

NT. Yet, the crop residues have a much larger mean pore radius than the chicken 

manure. Porosities for (NT, RT, MTA, and MT) corresponding to pore sizes smaller 

than 0.1mm, between 0.1 and 1mm, between 1 and 5mm and larger than 5mm are 

(0.358, 0.070, 0.375, 0.215 m3.m-3), (0.062, 0.411, 0.149, 0.253 m3.m-3), (0.008, 0.094, 

0.025, 0.112 m3.m-3), and (0, 0, 0, 0.027 m3.m-3), respectively. Hence, fine pores 

(<0.1mm) are more profuse in NT, following MTA, MT and RT. Pores between 0.1-

1mm are more abundant in RT following MT, MTA, and NT. For pores between 1-

5mm, MT is favorable following RT, MTA, and NT while MT only contains pores 

larger than 5mm. It is evident that the incorporation of straw residues in the loamy 

sand soil increase volumetric contents of large pores, while the addition of chicken 

manure increases the content of fine pores of tilled soils. Hence, it is fair to indicate 

that the incorporation of organic matter has altered the soil into a well graded soils 

(having pores of different radius). Notwithstanding, the manure is crushed resulting in 

a decrease of pore sizes so that the manure replaces the large pores of RT to have a 

smaller mean pore radius. On the other hand, CC evidently has the largest volumetric 

content of pores. However, when adding crop to tilled layers, the observation of Figure 

8 remarks that there is no increase in the total volumetric pore content. This means that 

the large pores existed in the crop residues are decreased by the tillage practice. Hence, 

the crushed crops fill the large voids founds in RT and create new but smaller spaces 

than those found in CC. When comparing the mean pore radius obtained in the CT-

scans, MT has a larger mean pore radius than RT since the crop form void spaces 

juxtaposing to their boundaries which are longitudinal and more connected so that the 

area gets bigger. 
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Similar findings were reported in Kumar et al. (2012). Accordingly, more energy is 

required for water to drain the undisturbed layer when compared to the tilled layers 

while the undisturbed soil can maintain more water for longer time. The soil water 

retention curve SWRC of NT decreases the SWRC similarly as in Ciollaro and 

Lamaddalena (1998) and Kumar et al. (2012) and indicates that the soil is poorly 

sorted and drains over a long range of matric potential due to its compacted state in 

comparison with the other layers due to the heterogeneity of soil pore sizes and their 

discontinuities (Castellini et al., 2013) (as shown in Figure 19). Further, the number 

of pores finer than 3μm is higher in NT analogous to that found in Eden et al. (2011) 

where volumes of pores larger than 10μm are limited. In contradiction, the tilled layers 

show to be better-sorted than NT which supports the hypothesis that tillage practice 

change soil structure in more advantageous way to drain water (Ciollaro & 

Lamaddalena, 1998). Being more precise, the NT had more fine pores (<10μm) than 

the other layers while the tilled layer had medium to large pores (>10μm) similar to 

that found in Francis & Knight (1993), Karlen et al., (1994), Startsev & McNabb 

(2001) and Kumar et al. (2012). On the other hand, the addition of organic matter 

produces a good sorting for smaller pore sizes then those found in RT. Similarly, in 

Eden et al., (2011), the porosity was higher for pores less than 30μm in MT than both 

RT and NT while for pores greater than 30μm the porosities were smaller than RT but 

greater than NT. In this regard, comparing the air-entry value (1/α), MT has the lowest 

air-entry value following RT, MTA and NT. This means that MT has the largest 

volumetric contents with coarse pores (>10mm) following RT, MTA and NT. 

However, when the SWRC move beyond their inflection points and prior to dryness 

(<30μm), more profuse fine pores are activated in NT following MTA, MT and RT.  

Notwithstanding, there are no studies to the knowledge of the author that compare the 

amalgamation of crop residues and chicken manure to tilled soils. Hence, in this study, 

the addition of both crop residues and chicken manure increases the range of finer 

pores than RT and the range of coarse pores than NT. However, coarser pores are 

reported in MT while finer pores are found in MTA. This is because MT has a higher 

mean pore radius than RT and MTA as it was shown in the earlier section while they 

all have a mean pore radius greater than that of NT. Consequently, as the three layers 

(RT, MT, MTA) have near values of porosities, it is logical to interpret that the sizes 

of their pore contents change with the addition of organic matter.  
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It is also worthy to mention that the saturation of MT is observed for matric potential 

smaller than 0.1MPa while larger values were reported for wheat straw (0.38MPA) 

(Myrold et al., 1981), clover leaves (0.31MPa), clover stems (0.19MPa), rye leaves 

(0.94MPa), and rye stems (0.88MPa) (Quemada & Cabrera, 2002). Hence, the 

residues were cut into piece of 5mm while those used in this study were left as. The 

MWD for CC was ~5mm meaning that larger sizes of residues existed in the CC 

samples. The distribution in aggregate sizes led to a coarser pore structure which 

decreased the matric potential at saturation in opposition to the other cut residues. 

 

 

Figure 19: Fitted soil water retention curves for NT, RT, MTA, MT, CC, and MC in Site 1 

 

Further, the addition of organic matter in particular chicken manure placed additional 

stress on water to either retain or drain in tilled soils. However, such addition will 

prove to be balanced by other advantageous alterations to the soil physical and 

structural quality that would together enhance water infiltration.  Nevertheless, it is 

remarkable to mention that even though RT has the highest bulk density following 

MTA and MT meaning wider curve for RT than MTA and MT, this doesn’t omit the 

fact that soil water retention curve relies on pore size distribution rather than on the 

total porosity of the soil whilst neglecting the effect of bulk density. This is also 

reflected in the curve of MC which has a smaller bulk density than the tilled layers but 

drains over a long range of pressure. In contrast to this finding, Hebb et al., (2017) 
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reported an indifference in α parameter for native grassland which had a higher total 

porosity than the others, introduced pasture and annual cropland plots due to the 

change in the sizes of macropores. However, the bulk density parameter is significant 

when evaluating the SWRC for undisturbed, disturbed and crop residues cover layer. 

Consequently, CC having the lowest bulk density shows to be the best sorted layer, 

thus it drains quickly due to its lightness and its large pore sizes. A correlation between 

bulk density and the SWR curve was reported by many researchers (Husz, 1967; 

Gupta & Larson, 1979; Arya & Paris, 1981; Vereecken et al., 1989) in which the 

higher the bulk density, the more stretched is the SWRC. 

 

 

Figure 20: Pore volume distribution PVD functions for NT, RT, MTA, MT, CC, and MC in Site 

1 

 

4.1.2.7 Pore Volume Distribution 

A further analysis for the pore structure is established by evaluating the pore volume 

distribution function 𝑃𝑉𝐷 for each individual layer NT, RT, MTA, MT, CC, and MC 

as shown in Figure 20. The manipulation of the PVD functions is carried by analyzing 

the location and shape parameters which describes the layout of each function. These 

are reported in Table 10. The mean pore diameter is the least for NT, followed by MC, 
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mean pore radius obtained when analyzing the CT-scans. This is due to the limitation 

of the CT-scans to capture pores smaller than 10 μm. Thus, the fitting of the SWRC 

using the measured saturated and residual moisture content allowed the prediction of 

matric potential with their equivalent volumetric content for pores smaller than 10 μm. 

Therefore, when incorporating all the micropores, the mean diameter decreased by 

90%, 20%, 45%, 67.5%, and 90.5% for NT, MTA, MT, CC and MC, respectively, 

while it increased by 29% for RT. Consequently, all layers except for RT had larger 

volumes of micropores (<10 μm). In particular, NT and MC had their highest portions 

of such micropores since NT is a compacted layer while those in MC are located in 

the large aggregates that were formed after wetting and drying of highly organic soils. 

For MTA and MT, the additional micropores are justified by the very fine organic 

matter that fills in larger pores and thereby creating smaller void spaces. 

Notwithstanding, CC have the highest total pore volume and the largest mean diameter 

which hinders ImageJ from capturing the finest pores even when the brightness and 

contrast are adjusted since the large pores tend to overshadow the smaller ones. In 

addition, the median diameters are spaced from the mean diameter by almost 11.5, 

61.5, 44.1, 205.1, 470.8, and 68.6μm for NT, RT, MTA, MT, CC, and MC, 

respectively. The significance of the spacing is analyzed using the shape parameters. 

Additionally, the modal equivalent diameter measures the most frequent diameter 

found in a layer. Accordingly, it is apparent that CC endures the largest frequent 

diameter (~3.4mm). The addition of crops to tilled soils also results in the largest 

frequent diameter (~1.4mm) among the tilled soils equivalent to an increase of 63% 

from that of RT. In opposition, the addition of chicken manure lowers the most 

frequent diameter with respect to RT by 65% since chicken manure alone has a lower 

(by 10%) most frequent diameter than that of RT. As this stands, chicken manure is 

further crushed during tillage application so that fine particles are able to fill more 

pores in tilled soils. Yet, NT remains the layer of smallest frequent diameter due to its 

compaction state.  

Blott and Pye (2001) suggested a descriptive terminology reported in Table 11 for the 

shape parameters of grain size distribution. In the same manner, the terminology is 

used to assess the PVD function’s parameter. NT and CC are extremely poorly sorted 

since they are abundant with very fine pores. This presumption was also predicted by 

the shape of their SWRC and by the low saturated hydraulic conductivity. Conversely, 
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That’s why the skewness gets finer thereby generating a surfeit in small pores to 

reimburse the low resolution of CT-scans in capturing very fine pores. Lastly, all layers 

have leptokurtic distributions since the functions are more peaked in the center with 

flatter tails in the extremes as shown in Figure 20. This means that the degree of 

concentration of pore diameters lies within the centered 95% of the distribution and 

neglects the upper 5% due to unmeasured very fine pores (<10 μm). Thus, a similar 

leptokurtic distribution was observed in Castellini et al. (2013) who used a Buchner 

funnel apparatus for the measurement of water retention data. Herein, the range is 

measured from left and right of the modal diameter since it corresponds to the peak of 

the PVD functions (inflection point of the SWRC). So, RT has the narrower range of 

[877.8; 884.42] following CC [3407.5; 3417.2], MTA [303.38; 322.34], MT [1427.3; 

1448], MC [763.5; 826.13], and NT [55.64; 153.44]. The narrower the range the more 

the soil is sorted as this was proved earlier. 

4.1.2.8 Soil Physical Quality Indicators 

Referring to the optimal and critical ranges of soil physical indicators reported in Table 

5, all the layers of the different soil management systems possess an air capacity higher 

than 0.1 cm3/cm3 which is needed for agricultural soils to allow soil aeration in the 

root zone for healthier yields (Refer to Table 12). This means that the volumetric 

content of pores greater than ~3μm allowing for air to penetrate is enough even for the 

compacted soil layer NT which has the smallest pore diameters. However, the 

volumetric contents of pores smaller than 0.0195μm are scarce for all the layers. 

Therefore, limited water is available for storage for root uptake for NT layers, while 

the other layers are poor (Fabrizzi et al., 2005). Consequently, the cover layers’ role 

of maintaining the water is not applicable. On the other hand, the tillage application 

widened the soil-pore structure in loamy sand soils so that the soil’s ability to store 

water for longer times is not an option as when the soil is left undisturbed in loamy 

sand. A similar finding was reported by Castellini et al. (2013). Albeit the addition of 

crops (1:4 volume ratio) raised the PAWC of tilled soil, still it is not efficient. Future 

investigations are recommended for different ratios of soil-organic matter mixes. 

Similarly, the relative field capacity shows water storage limitation under tillage 

practices with respect to undisturbed soils. Likewise, CC cannot store water since it 

proved that it drained quickly. However, chicken manure having fine pores have 

optimal relative field capacity. Also NT but smaller than MC, has an optimal RFC 
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(between 0.6 and 0.7) which indicates a good pore structure for microbial production 

of nitrogen more often and over a prolonged time. Notwithstanding, the addition of 

organic matter (either crops or chicken manure) increased the RFC but in the same 

manner it did with the PAWC. Although RT and CC didn’t prove to maintain and store 

water (as was also found in Castellini et al (2013) for tilled soils), they have a very 

good soil physical and structural quality as they have the highest S theory values which 

is similar to the findings of Castellini et al. (2013). Thus, all the other layers have the 

optimum range for physical and structural quality. The S-index was also found 

statistically similar to forests natural and disturbed plots with and without pasture in a 

Mediterranean region (Cullotta et al., 2016). 

 

Table 12: Soil physical quality indicators for NT, RT, MTA, MT, CC, and MC in Site 1 

 SITE 1 Common 

 NT RT MTA MT CC MC 

Air Capacity AC 0.172281 0.522048 0.337347 0.443302 0.805945 0.264994 

PAWC 0.138396 0.012322 0.095449 0.059078 0.04011 0.101597 

RFC 0.602509 0.092867 0.384886 0.269984 0.098033 0.642626 

S theory 0.052235 0.202687 0.097669 0.108799 0.312647 0.074903 

 

4.1.2.9 Preferential Flow 

The experimental vertical (VPF) and lateral (LPF) preferential flow depths are 

illustrated with respect to the simulated wetting front depth in Figure 21. Among the 

different soil profiles, only RT+NT, MT+NT, and MC+CC+RT+NT provoked LPF 

while water flow in all layers traveled some VPF of different depths and times. NT 

and MTA experienced an almost steady VPF along the experiment, while VPF 

increased rapidly to reach its maximum when water was passing in the systems having 

organic matter as covers (either crop residues or chicken manure i.e. CC+NT, 

MC+NT, CC+RT+NT, MC+RT+NT, CC+MTA+NT, MC+MT+NT, 

MC+CC+RT+NT). Such PF starts to decrease when reaching the undisturbed layer to 

reach the real wetting front (CC+NT, MC+NT) or when intermediately passing 

through the tilled layer to follow the simulated wetting front and either start new PF 

(CC+RT+NT, MC+RT+NT, MC+CC+RT+NT) or move along a uniform front 

(CC+MTA+NT, MC+MT+NT). Consequently, the wetting front of layers having RT 
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as the modified layer moves into LPF after it reaches the bottom of that layer. Hence, 

when the wetting front reaches its bottom, its infiltration rate decrease while 

infiltrating into NT. Thereafter, water particles tend to move laterally to resume its 

saturation in the tilled layer while slowing the rate of infiltration moving into the 

undisturbed layer. Notwithstanding, the addition of organic matter to tilled soils better 

regulated the tendency for PF formations as reflected in those having MT or MTA as 

tiller layers. VPF is activated at the beginning of the irrigation event but becomes either 

steady (in the case of MTA) or unsteady with minimal fluctuations with respect to the 

real wetting front (in the case of MT). Hence, water particles find a balance while 

moving in fine and coarse pores so when they reach other layers, their speed is better 

adjusted so they are motivated to continue rather than finding other easier paths. This 

is reflected in the PF variations in MT+NT and MTA+NT profiles. For instance, in 

MTA+NT profile VPF initially appears but later shows a uniform change between the 

experimental and simulated wetting fronts. This means that after the initial VPF, the 

pore structure was well sorted so that water starts to infiltrate in the same speed as it 

started but with a delay. Nonetheless, the wetting front in the MT+NT profile shows 

discrepancies between lateral and vertical PF that reflects the ranges of pore size in the 

mixture of crop and loamy sand soil and the placement of longitudinal crop observed 

in CT-scans (if the longitudinal crops are parallel to the flow, VPF are favored; if they 

are perpendicular, fronts are likely to move into LPF). Consequently, it is fair to judge 

that the movement in tilled layers is not directed by preferential flow except when 

water hits the interface between the tilled and non-tilled layer. As this stands, tillage 

practices change the soil-pore structure so that preferential flow become not favorable 

(Fan et al., 2013). Similar to that occurred in NT with negligible PF, other studies 

have found that NT and RT excluded macropores that could attenuate to the occurrence 

of PF (Sasal et al., 2006; Capowiez et al., 2009). Hence, the observation of PFs in 

tilled profiles is due to the low velocity of water that was applied while no PFs could 

have been neglected for higher velocities (Andreini & Steenhuis, 1990). However, 

the movement along the pores in cover layers especially CC is surely induced by PF 

along the longitudinal walls of crop residues. As it was shown in earlier sections, CC 

has the largest modal diameter, the smallest air water entry, and the largest total 

porosity. Hence this layer has more macropores than all the others. Consequently, 

these macropores serve as conductors for PF paths (Fan et al., 2013; Zhang et al., 

2021a) similar to those found in natural compacted soils. 
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(Figure 21 to be continued on next page) 
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Figure 21: Vertical and lateral preferential flow variation along a 40cm soil profile of different 

soil management systems and under an irrigation rate of 0.518mm/min 
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4.1.3 Site 2 – Clay Loam 

4.1.3.1 Densities 

Referring to Figure 22, the bulk density of NT (1.91 g/cm3 ± 0.0298) in clay loam soil 

indicates that this layer has degraded and became inadequate for crop productivity due 

to the inaccessibility of soil aeration needed for root and plant growth which is opposed 

to that found by Castellini et al., (2019) in clay loam soil under similar climatic 

conditions (Mediterranean) after 24 years of continuous no-tillage practices but similar 

to that found by Reynolds et al. (2007) on the same type of soil in Canada. The 

inconsistency with Castellini et al., (2019) is corroborated by large pores enclosed in 

the NT samples that are created by animal buries and roots, while samples in this study 

were abundant with such pores since no cultivation were taken place during the last 30 

years. However, the application of rotary tillage decreases the bulk density of 

compacted soil to an optimal density to have maximum crop production (0.95 g/cm3 ± 

0.0647) since tillage applications allow soil to lose their structure and increase pore 

volume contents thereby affecting their resistance to compact (Nawaz et al., 2013) 

mirrored in the lower penetration resistance values (Ferreras et al., 2000). Similar 

manner of bulk density drop between no-tillage and conventional tillage systems was 

obtained in clay loam soils (Grant and Lafond, 1993; Singh et al., 2014; Gao et al., 

2016; Bogunovic et al., 2018) for the top soil layer on the short-term. However, a 

settling state was reported for tilled layers on the long-term along which the soil is 

given time to consolidate back resulting in increase in bulk densities (Bogunovic et 

al., 2018). Similar to Zhang et al. (2014), the addition of crop residues and chicken 

manure to tilled clay loam decreases further the bulk density by ~25% (MTA: 0.7061 

g/cm3 ± 0.0259, MT: 0.7066 g/cm3 ± 0.0305) to a critical value that affects the 

anchorage of plants. Other researchers reported smaller drop rates when manure is 

added but with smaller application rates in silty clay loam soils (Shirani et al., 2002). 

Hence, the type of organic matter is not substantial since the bulk densities of CC and 

MC were close when compared using Tukey’s test. An analogous variation for dry and 

saturated density is observed in Figure 21: tillage application decreases the density of 

NT which is further decreased by the addition of organic matter regardless of the type) 

(P-value<0.0001).  
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Figure 22: Bulk, dry, and saturated densities of individual homogeneous layers of different soil 

management systems in Site 2 – Clay Loam 

 

4.1.3.2 Porosity and Residual Volumetric Content 

The most compacted layer, NT has the lowest total volumetric content of pores (0.325 

m3/m3 ± 0.023).  The latter is enhanced by 2.385, 2.268 and 2.333 times due to tillage 

application RT, MTA and MT respectively as illustrated in Figure 23. Such 

incongruities in porosities between NT and CT treatments are also reported by 

Castellini et al. (2019). Thus, the addition of organic content was not significant 

(almost similar 95%CI in Tukey’s test for RT, MTA, MT) as the application of tillage. 

This is justified by the unimportance in porosity between MC and the tilled layers. 

Even though the porosity of CC is higher than that of the tilled layers, yet the crops 

are crushed in the rotation so that it doesn’t affect the total porosity of RT. On the other 

hand, the addition of manure and mulch increased the residual moisture content of the 

disturbed layer by 57.66% and 21.02% respectively. Such increase was also observed 

by Zhang et al. (2014) in silty loam soils. Even though the crop residues had a really 

low residual content, its addition to tilled soil enhance its capacity to hold water since 

smaller mean pore were generated than RT while keeping in mind that the clay in these 

soils overrules all other grains to maintain water. On the other hand, the compacted 

soil when crushed during tillage application will endure some aggregates in which the 

finest pores and grains exist (as will be shown in later sections) that protects bonded 

clay together so that when any type of organic matter is added to tilled soil, the organics 
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will fill in the pores between the aggregates and won’t affect the functionality of clay 

particles. This also reflects in the triviality in residual moisture content between the 

NT layer and the other tilled layers in which the finest soil grains of main function to 

store and maintain water are intact.  

 

 

Figure 23: Porosity and residual moisture content of individual homogeneous layers of different 

soil management systems in Site 2 – Clay Loam 

 

4.1.3.3 Organic Matter Content 

The organic matter content doesn’t change significantly between the different 

treatments of the soil management systems (P-value=0.225) (as shown also in Figure 

24), which means that neither the application of tillage nor the addition of organic 

matter content (crop residues and chicken manure) affect OMC since CC and MC have 

very low dry bulk density with respect to clay loam soil. So when CC or MC are 

incorporated in the tillage application, their bulk densities don’t vary and ultimately 

OMC will remain unchanged. The negligible short-term effect of manure application 

on OMC in clay loam terrains was opposed to the long-term effect of OMC on silty 

clay loam as reported by Shirani et al. (2002). Albeit the manure application rate used 

in Shirani et al. (2002) (<0.0001kg/m2) was much lower than that used in this work 

(17.22kg/m2) while the organic matter content existed in the manure was smaller by 

85% than that used in the work, the manure addition increased the OMC by 4 times on 
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the long-run, while for the short term it was only raised by 50% (from NT to MTA) 

and by 35% (from RT to MTA). Thus, OMC was measured after harvesting of corn in 

the second year which indicates that the effect of OMC was not attributed to the 

manure application completely when compared to the short-term effects. Also Shirani 

et al. (2002) reported an increase in OMC due to manure addition after two years in 

fine-loamy soils. This is because manure provides the necessary nutrients which 

improves the crop yield, thereby leaving behind after harvest periods good quality of 

crop residues and ultimately increasing the OMC (Shirani et al., 2002). Crop residues 

having high OMC (912.45 g.kg-1 ± 5.20) that are formed during this long period are 

decayed on the soil surface while contributing to the organic contents. 

It is worthy to mention that if NT and RT were only compared, tillage application 

hence decreases the organic matter content significantly (***P-value <0.001). The 

organic matter loss due to tillage application was similarly conveyed by other studies 

(Elliott, 1986; Six et al., 2000; Reynolds et al., 2007; Troldborg et al., 2013; 

Castellini et al., 2019).  

 

 
Figure 24: OMC Statistical Analysis for NT, RT, MTA, MT in Site 2 (a) Interval plot  with 95% 

CI for the mean, (b) Tukey 95%CI 

 

4.1.3.4 Aggregate Size Distribution 

The mean weight diameter determined from the frequency density functions in 

Appendix A are shown in Figure 25 in which NT has the largest MWD (4.55cm) 

following MT (1.14cm), then RT (0.96cm), MTA (0.935cm), CC (0.50cm), and lastly 

MC (0.49cm). The MWD are the mean size of aggregates that are formed of the finest 

grains while consisting of the finest pores. Approximately, each compacted aggregate 
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is divided between 5 identical aggregates after tillage. Thus, it is logical to interpret 

that the volumetric content of fine pore didn’t change with tillage but only additional 

volumetric contents are added for larger pores that exist between the aggregates. In 

addition, when adding the organics to the tilled soils, insignificant change to the MWD 

with respect to RT exist since larger aggregates of clay loam are already formed. 

 

 

Figure 25: Mean weight diameter (MWD) from the frequency density function of the aggregate 

distribution (f)  in Site 2 for NT, RT, MTA, MT 

 

4.1.3.5 Saturated Hydraulic Conductivity 

The saturated hydraulic conductivity of an undisturbed clay loam soil from Figure 26 

is much smaller than the threshold (0.0294 cm/day ± 0.0059) which indicates that the 

soil is suitable for usage in ponds for restriction of subsurface water infiltration. 

Opposing to other studies, higher Ks values were detected for NT than CT since large 

macropore created by animal buries which are larger than the pores creates between 

the aggregates of tilled soils must have contributed to the conductivity of water 

(Vogeler at al., 2009; Castellini et al., 2019). In this study, the tillage application 

increases this value by 3 and a half order of magnitude (RT: 48.165 cm/day ± 6.209) 

due to the large void spaces between the 1cm aggregates’ sizes. In accordance, tillage 

application reduced the densities of NT soils and thereby increased the water 

conductivity on the short-term (Hu et al., 2009; Blanco-Canqui et al., 2017) 

especially during the beginning of agricultural season before seeding (Villarreal et 

al., 2017). It is noteworthy that such enhancement provoked immediately after tillage 
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decreases with time due to the consolidation of loosened tilled soil caused from 

overburden pressure and raindrop impacts (Strudley et al., 2008). Thus, the 

aggregates have an angular shape which creates large pores in between. The addition 

of crop residues to tilled soils is not statistically significant however the decrease by 

37.5% is due to the drop in the large pore sizes created in RT between the aggregates 

since the organics fill these pores and thereby dividing the large pores into individual 

smaller pores. Further, crop residues have higher sorption capacities than soil by 10 to 

60 times (Boyd et al., 1990; Reddy et al., 1995); hence the adsorption effect might be 

still active during the measurement of the hydraulic conductivity. On the other hand, 

the addition of manure to tilled soil increases the hydraulic conductivity of RT which 

is not consistent with the pore structure change that the manure imposes on RT. Thus, 

chicken manure in this case is hydrophobic and can pass water easily and faster in 

opposition to the crop residues which tend to be highly adsorptive to water. Similar 

results were reported by Shirani et al. (2002) when manure was added to silty clay 

loam and by Zhang et al. (2014) using farmyard manure in silty loam soils where 

much lower manure rates were applied resulting in 2 times increase while here it was 

increased by 7 folds.  

  

 

Figure 26: Mean weight diameter (MWD) from the frequency density function of the aggregate 

distribution (f)  in Site 2 for NT, RT, MTA, MT  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 27: CT scanning images for (a) NT, (b) RT, (c)  MTA, and (d) MT in Site 2 
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4.1.3.6 Soil Pore Structure, SWRC & PVD 

The CT-scans of soil samples from clay loam fields for NT, RT, MTA, and MT 

illustrated in Figure 27 corroborate the results of the parameters discussed earlier. For 

instance, scans for NT shows the scarcity of volumetric pore contents which reflects 

the low porosity, small hydraulic conductivity, the high residual content and the large 

aggregates (the pores are so small to allow for the soil grains to desiccate which 

tightens the soil grains more to result in larger aggregates). Smaller aggregates are 

formed after soil crushing during tillage application as shown in Figure 27 – b where 

the pores are produced in between these aggregates. Furthermore, the pore spaces are 

filled by chicken manure in Figure 27 – c and with crop residues in Figure 27 – d so 

that more sorted body is formed. Porosities for (NT, RT, MTA, and MT) corresponding 

to pore sizes smaller than 0.1mm, between 0.1 and 1mm, between 1 and 5mm and 

larger than 5mm are (0.324, 0.599, 0.678, 0.600 m3.m-3), (0.0002, 0.0481, 0.0538, 

0.0852 m3.m-3), (0, 0.1262, 0.0050, 0.0355 m3.m-3), and (0, 0.0011, 0, 0.0365 m3.m-3), 

respectively. Hence, it is paradoxical that RT have a higher porosity than NT of pores 

smaller than 0.1mm. This is refuted since the percentage of porosity carrying these 

fine pores with respect to the total porosity is smaller for RT (77.34%) than NT 

(99.93%). This means that almost all the porosity residing in the undisturbed soils 

include these fine pores, whereas 77.34% of the pores are activated by fine pores. 

These fine pores exist in the large aggregates formed in RT. In addition, the 

incorporation of chicken manure to the tilled soil increases the volumetric content of 

fine pores with a reduction in the coarser pores, while the addition of organic matter 

improved the volumetric content of pores larger than 5mm. However, pores 

improvements are not as significant since the organic matter content was not 

significant between all treatments due to the high density of the particle grains of soil.   

The fitted van Genuchten parameter are resulted from good models with R-squared 

greater than 0.8 (Figure 29). α shows a humongous increase from NT to MTA, then 

RT and lastly MT while n is lowest for NT and increases in MT, then MTA and finally 

RT. The fitted van Genuchten parameters are used to draw the soil water retention 

curves for NT, RT, MTA, and MT as shown in Figure 30. NT drains over a large range 

of matric potential while the tilled layers become better sorted meaning lower values 

of pressure are depicted for the inflection point similarly reported by Castellini et al. 

(2019). Kay and Vanden Bygaart (2002) reported that the gap between fine and 
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extremely poorly sorted, very fine skewed while the shape is leptokurtic as indicated 

by the shape and location parameter determined in Table 13. This means that all layers 

have excess in fine pores due to the large aggregation. However, the results of the 

saturated hydraulic conductivity contradict with the fitting parameters of tilled layers 

(RT, MT, and NT) in which very fine pores are overestimated. This is why the 

functions were negatively skewed.  

 

 

Figure 30: Fitted soil water retention curves for NT, RT, MTA, MT, CC, and MC in Site 2 

 

 

Figure 31: Pore volume distribution PVD functions for NT, RT, MTA, and MT in Site 2 
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4.1.3.7 Soil Physical Quality Indicators 

Referring to Table 14, the air capacity of undisturbed soil in clay loam soil is smaller 

than the volumetric content needed for soil aeration. Thus, tillage practices tolerate 

higher AC values through the application of soil crushing and allowing air to fill in 

between the aggregates.  

Table 14: Soil physical quality indicators for NT, RT, MTA, MT, CC, and MC in Site 2 

 SITE 2 

 NT RT MTA MT 

Air Capacity AC 4.37E-05 0.334007 0.156375 0.207555 

PAWC 0.000888 0.14079 0.148369 0.107237 

RFC 0.999865 0.568678 0.78771 0.725974 

S theory 0.006811 0.064199 0.044883 0.033024 

 

In particular, RT has a large value of AC, even larger than that of MC. However, RFC 

values show that RT only tolerates good soil aeration while the rest doesn’t due to the 

scarcity of pores in NT and due to large pores fillings of tilled soils with organic matter 

for MTA and MT (limited capacities) while taking into consideration that MTA is a 

better pore-filling component than MT. The decrease in RFC between RT and NT is 

opposing to that reported by Reynolds et al. (2007) since treatments were evaluated 

over a longer period which results in having macropores in NT larger than those found 

in RT due to animal buries and root penetrations. The presence of macropores would 

increase the porosity and the PAWC at the same time. Thus, their results show that the 

tillage application destroys those macropores and thereby increasing the RFC so that 

the soil would have smaller pores to reach soil aeration limitations. Hence, this is not 

the case in our study which demonstrates that the tillage application increases the 

volume of larger pores. Anyhow, the tilled layers can hold water for storages for 

subsequent root functioning and crop growth while having lower RFC values than NT. 

This is advantageous since the less the soil is limited in aeration, the better the 

microbial activity is, which enhances root growth and crop yield (Reynolds et al., 

2007). Even though NT has larger aggregates meaning large storage for water and 

higher ability to maintain water (Ferreras et al., 2000), but this is not the case in this 

study (PAWC<0.1) where soil is highly compacted (larger bulk density than optimal) 

thereby reducing the volumetric content of pores needed for water storages. Overall, 

RT is hypothesized to have a better soil physical and structural quality than the other 
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tilled layers (referring to S theory values) while NT is assumed to be very poor or in 

other words has a very degraded physical quality opposing to the assessment of NT 

and RT on clay soils by Castellini et al, (2013) who found that NT entailed a better 

physical quality suggesting that RT acquires low heterogeneity of pore diameters. 

Hence, the more homogeneous the pore size are, the better the sorting is which boosts 

the movement of water especially when the sorted pores have adequate size for smooth 

water flow as it is the case in the tilled soils. In our study, the tilled soils proved to 

have better soil physical quality than NT. 

4.1.4 Spatial Variation Analysis 

Two-way ANOVA analysis is run for each property illustrated in Figure 32. 

Statistically, the location of tested soil samples each having different soil classification 

is significant in terms of affecting the physical (except for OMC), structural and 

hydraulic properties of the different layers of soil management systems (NT, RT, MTA 

and MT) but doesn’t disturb the effect that tillage practices and the addition of organic 

matter impose. Initially, treatments regardless of the soil type reveal an increase in 

their organic matter content after the addition of either manure and mulch straw as 

seen for other research (Bolan et al., 2004; Zhao et al., 2009; Thangarajan et al., 

2013). In addition, all NT and RT densities and saturated densities for MT and MTA 

(P-value<0.001) are larger for clay loam than loamy sand soil, while bulk and dry 

MTA and MT densities are smaller for clay loam than loamy sand. Therefore, the clay 

loam has higher particle density. When tilled, higher volumetric contents are recorded 

in tilled layers for clay loam soils than loamy soils since they fit into higher mass of 

water so that their saturation density gets bigger in clay loam soils. On the other hand, 

the tillage application decreases the densities for both sites similarly to that found in 

Singh & Malhi (2006) on loamy textured soils due to decrease in soil penetration 

resistance (Fabrizzi et al., 2005) while the addition of organic matter lowers the 

densities of RT for both sites similarly to that found by Adeyemo et al. (2019). It is 

noteworthy to mention that when organic matter is retained on the surface rather than 

amalgamated with the soil, no significant change in the bulk density is identified 

(Singh & Malhi, 2006). Hence, the addition of organic matter imporved the 

degradation of aggregates that the tillage application induced on NT (smaller MWD 

for RT) and reflected the enhancement in structure by increasing its pore structure 

sorting.  
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Figure 32: Physical, structural and hydraulic properties for NT, RT, MTA, and MT in Sites 1 

and 2 
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The total and residual moisture contents of clay loam soils is lower for NT layers than 

loamy sands. However, the tillage application for clay loam soils tolerate higher 

volumetric contents than loamy sands while maintaining higher residual content. This 

is because the mean weight diameter for tilled clay loam soils is higher than that of 

tilled loamy sand which means that the clay loam have larger aggregates of which 

larger volumetric pore contents are formed in between while protecting the clay inside 

the aggregates for water storage. On the contrary, loamy sand soils has lower clay 

content and smaller aggregates in which smaller volumetric contents exist between 

their boundaries (Buschiazzo et al., 1998). Notwithstanding, both soil types shows 

drop in the mean weight diameter when compacted soil is tilled which focuses on the 

impact of tillage practice to induce soil structure deterioration (Elliott, 1986; Six et 

al., 2000; Troldborg et al., 2013). However, such deterioration can be advantageous 

to root growth and penetration when comparing the soil physical quality indicators of 

RT layers with NT compacted soils. Notwithstanding, the addition of organic matter 

lowers the porosity and increase the residual moisture content in both sites thereby it 

consistently pertains to a pore-filling function. The alteration in structural components 

improves and better stabilizes the soil structure of tilled soils against physical 

deterioration regardless of the soil type (Adeyemo et al., 2019). 

It is also noteworthy to mention that the range of moisture content that each layer has 

between 𝜃𝑠 and 𝜃𝑟 is not significant between soil type and tilled layers except for clay 

loam NT layer (0.02m3/m3). It only differs between compacted and tilled soils of which 

the range increases since the porosity of tilled layers proliferates while having an 

almost unchanged residual moisture content. 

Additionally, clay loam soils possess lower saturated hydraulic conductivites than 

loamy sand since the latter pore structure is better sorted which makes it easire for 

water to infiltrate. Further, the hydraulic conductivity of MTA in both soils is 

remakedly higher than the other layers while having in parallel smaller mean pore 

diameter than the tilled layers which justify the hydrophobicity of chicken manure in 

which it is largely shown in clay loam soils. This is because the water penetrating clays 

is harder then passing through sand due to the decrease of flow velocity at wall 

boundaries of soil. Thus, water percolating in clay loam MTA layer passes along the 

manure particles while in loamy sand soil, water may favor its passage between sand 

particles and thereby will have slower speed. Similar findings were reported by 
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Mubarak et al. (2009b) and Adeyemo et al. (2019) where an appropriate justification 

for long-term effect was pointed towards the favoring of activation of microbial 

activity in clayey soils (in comparison to sandy clay loam in a tropical environment of 

Sub-Sahara Africe) which resuts in an increase in the volumetric contents following 

the application of manure. Regardless of the soil type, chicken manure has proved its 

effectiveness on increasing the hydraulic conductivity. Other studies reported 

analogous outcomes for poultry manure application (Adeyemo et al., 2019) and for 

other types of animal manure (Martens & Frankenberger, 1992).  

 

 

Figure 33: Soil water retention curves for contrasting individual layers in Sites 1 and 2 
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Comparing the soil water retention curves by observation in Figure (33) indicates that 

loamy sand soils is better sorted than clay loam regardless of the management system 

applied. It is also worth mentioning that crop residues are more sorted than when they 

are mixed with soil regardless of the type, whereas chicken manure behaves more like 

the loamy sand MT layer which drains over a short range of pressure in opposition to 

clay loam MT layer. This means that when incorporating chicken manure to low 

storage soil capacity, it enhances its storativity while not significantly affecting the 

passage of water. On the other hand, the addition of crop residues to a very fine dense 

soil enhance water infiltration while not disturbing the soil to acquire its storativity 

functions. Furthermore, regardless of the soil type, NT in both sites had the smallest α 

value which indicates a higher air-entry value (1/α). Meaning that water requires more 

time to drain (Martı´nez et al., 2008). 

Nevertheless, Cullotta et al. (2016) suggested that when the intention is to describe 

the soil pore system, location and shape parameters are used. Hence, location 

parameters (mode, median and mean diameters) are larger for loamy sand soil than for 

clay loam in NT, RT, MT, and MTA plots, respectively. Therefore, larger pore size 

exist in loamy sand soils regardless of the soil management system. However, a wider 

range of pore sizes is identified for clay loam soils than loamy sand soils. This reflects 

the softness in pore arrangement in clay loam soils with respect to loamy sand soils. 

On the other hand, when the intention is to assess the ability of soil to store and 

maintain water, the soil physical quality indicators are used. Consequently, loamy sand 

soil has greater potential to allow for soil aeration than clay loam while clay loam is 

preferable to maintain and properly store water regardless of the soil treatment type. 

Notwithstanding, loamy sand soils have a better soil physical and structural quality 

(higher S-theory values) than clayey soil which its quality is enhanced only with the 

application of tillage practices without the need to add any organic matter.  

 

4.2 GARALS Model 

The validation of GARALS model is accepted by the high limits of the Nash-Sutcliffe 

Efficiency which are greater than 0.75 when estimating the wetting front location 

resulting in a very good model (Moriasi et al., 2007) (as shown in Figure 34). 

However, when it comes to estimate the infiltration rate, good NSE ranges were 
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recorded in the case of ponding occurring in the unmodified layer while acceptable 

values were recorded for the case when ponding occurred in the modified layer (higher 

irrigation rate) (as shown in Figure 35). The validation incorporated four different 

cases in which 2 layers and 3 layers’ soil profile were taken into consideration for 

different ponding locations. Therefore, the model can be used to explicitly estimate the 

different times that different wetting front could reach and then use the time for 

comparison at fixed wetting front locations to compare the efficiency of different soil 

management systems. 

 

 

 

Figure 34: GARALS validation of wetting front depth zm with experimental observed data 
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Figure 35: GARALS validation of infiltration rate vm with experimental data computed from 

observed surface runoff data 
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5cm cover, 20cm disturbed soil layer and NT, (C5) CC+MC+NT which involves of 

two 5cm covers above NT. Almost each category moves together in the same manner 

with some discrepancies. For irrigation rate smaller than 0.05cm/min, NT moves faster 

since the rate is so small that it infiltrates completely into NT without ponding while 

for the other profiles, higher porosities are found at shallow depths in which more 

water is needed to saturate the pores so that a wetting front is generated. The second 

category follows since it only has 5cm cover of porous medium to saturate. (C3) comes 

next having a deeper porous layer of 20cm (tilled/modified layer) than (C2), then 

followed by (C5) (having 10cm of coarser porous layers than (C3)) and later (C4) 

(having the largest shallow depth of porous medium – 25cm). As this stands, no-tillage 

systems proved to be efficient in increasing water infiltration in many studies (Alvarez 

& Steinbach, 2009; Kahlon et al., 2013; Roper et al., 2013). Therefore, NT a system 

that is economical, time and resources efficient (Deen & Kataki 2003; Lankoski et 

al. 2004) would be recommended in case of irrigation rates smaller than 0.05cm/min. 

Nevertheless, for irrigation rates between 0.05 and 0.1cm/min, (C3) starts to infiltrate 

faster than (C2) while (C5) becomes the last. Between 0.1 and 2cm/min, wetting fronts 

moves faster in (C3), then (C4), (C1), (C2), and lastly (C5). The same manner of 

infiltration carries on for higher irrigation rate but with a delay of CC+RT+NT only. 

Notwithstanding, the simulation shows that (C3) infiltrates water faster than (C4) for 

higher irrigation rates even though (C4) possess a cover layer of very high saturated 

hydraulic conductivity and large porosity and well-sorted pore structure. In this regard, 

going-in-depth in the crop residues cover advantages, many became eminent: they 

protect the soil surface from direct impacts of raindrops resulting in the reduction of 

soil erosion, soil detachment (Schwab et al., 1993; Lal, 1979; Gholami et al., 2013; 

García-Orenes et al., 2009; Mwango et al., 2016; Prosdocimi et al., 2016) and soil 

surface sealing, compaction and crusting (Cook et al., 2006; Jordan et al., 2010; 

Montenegro et al., 2013; Zonta et al., 2012). However, the capacities of cover crops 

to decrease water infiltration is investigated to prove that cover crops inhibit water 

flow while increasing the ability of soil to maintain water after infiltration (Clark et 

al., 1997; Wagger and Mengel, 1988; Unger and Vigil, 1998; Qi and Helmers, 

2010; Rahma et al., 2019). Further, the addition of crop residues on the soil surface 

increases the latter hydraulic roughness resulting in reducing the surface water velocity 

(Montenegro et al., 2013; Shi et al., 2013; Foster & Meyer, 1975; Cruse et al., 

2011; Jordan et al., 2010; Miyata et al., 2009; Rahma et al., 2013). Thus, the 
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efficiency of using cover crops depends on the timing, the water holding capacity of 

the soil beneath the cover crop and the rate of precipitation (Frye et al., 1988). Hence, 

when using cover crop as soil covers, additional water to replace the water used by 

these residues must be taken into consideration (Kaspar & Singer, 2011), thus it is 

not recommended to be used in places of low precipitation or irrigation rates (Unger 

and Vigil, 1998), since under light irrigation rates, water is unlikely to reach the soil 

surface underneath CC unless the cover layer is fully saturated which will occur after 

adsorption is almost at steady state (Pérez, 2000). 

At high irrigation rates (C4) becomes faster than (C2) due to the presence of the 

modified layer in (C4) that has a suitable pore structure to maintain the high rate of 

water in opposition to the NT layer in (C2). Therefore, the tillage application through 

the crushing action that imposes on the 20cm soil depth forms a homogeneous layer 

that is well-sorted (in pores and aggregates) which are more or less connected to those 

in the underlying layer (Ciollaro & Lamaddalena, 1998). Between (C1), (C2) and 

(C5) the wetting front in the soil profile with cover layers is delayed from that of NT. 

This is because the addition of cover layers increased the depth of the soil profile by 

either 5 or 10cm. Thus, if we want to compare the arrival time to reach 20cm below 

the soil surface, the reference line for measurement should always be the original soil 

surface.  Hence, if the measurement line for profiles with covers was at the surface of 

the cover, then the wetting front would seem to move faster in profiles with covers 

especially in those having cover crop residues. Similarly, if we changed the reference 

line of measurement in profiles having CC, the wetting fronts would be faster for all 

those having either crop covers or tilling layer or both meaning: C4>C3>C5>C2>C1. 

However, the increase in infiltration is not significant due to the absorption effects of 

the cover layer (Unger, 1971; Lightfoot & Eddy, 1994; Pérez, 2000). In accordance, 

the results would be similar to other studies who found that the addition of soil organic 

layer increases water infiltration (Cook et al., 2006; Jordan et al., 2010; Montenegro 

et al., 2013; Zonta et al., 2012; Shi et al., 2013). However, none of these studies took 

into consideration the change in the location of the reference line of the wetting front 

depth. Therefore, the organic matter addition seems to allow water to reach deeper 

fronts but in reality it is not. In accordance, Rahma et al. (2019) reported that 

infiltration rates are maintained with the addition of crop residues but only the surface 

runoff was reduced. In fact, an interesting advantage that CC induce on the soil-water 
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infiltration in this simulation is that it delays the time (dependent on the intensity of 

irrigation rate) to have surface runoff which is consistent with other studies’ findings 

(Cook et al., 2006; García-Orenes et al., 2009; Jordan et al., 2010; Montenegro et 

al., 2013; Zonta et al., 2012; Shi et al., 2013; Rahma et al., 2019). Thus, using crop 

residue cover when the irrigation rate is high (as in the case of conventional irrigation 

along ponded furrows) is recommended.  

Notwithstanding, at higher rates, adding the tilling layer into the soil profile enhance 

the infiltration rate. A finding that is commonly reported by studies (Gantzer and 

Blake 1978; Lindstorm and Onstad, 1984; Karlen et al., 1990; Pikul et al 1990; 

Mwendera and Feyen, 1993; Khurshid et al., 2006; García-Orenes et al., 2009). 

Additionally, when crop residues are amalgamated with the soil during the tillage 

application, a faster infiltration is observed through deeper wetting fronts in shorted 

times (Radcliffe et al., 1988; Wilhelm et al., 1989; Baumhardt et al., 2011), even 

sometimes inhibiting ponding generated from RT plots (García-Orenes et al., 2009). 

Manure also is advantageous in increasing water infiltration (Adeyemo et al., 2019). 

As it was shown in earlier section, the aggregate stability was improved by the addition 

of organic matter. Even though the RT layers showed to have a more-sorted pore-size 

distribution, however the addition of organic content caused higher infiltration rates 

since MT had greater modal pore diameter than RT while MTA had higher saturated 

hydraulic conductivity. Between the crop residues and chicken manure, the latter 

enhanced the infiltration since the crop residues were shown to have higher sorptive 

capacities than soil (Wu et al, 1995). However, treatments with tilled and mixed soil 

with any type of organics prove to drain water better tilling the soil alone.  
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(Figure 36 to be continued on next page) 
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(Figure 36 to be continued on next page) 
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(Figure 36 to be continued on next page) 
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Figure 36: GARALS simulation for different soil profiles exhibiting different combinations of 

soil management systems under different irrigation rates (0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, 

40cm/min) 

 

 

Figure 37: GARALS simulation for different soil profiles exhibiting different combinations of 

soil management systems under Site 1 field irrigation rate (0.04cm/min) 

 

4.4 Soil Management System Optimization in Site 1 

The simulation of GARALS of the different soil management systems under the 

irrigation rate using field real data is presented in Figure 37. Saturated wetting fronts 
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Figure 38: Moisture content variation at depth between 20 and 40cm for MTA+NT soil 

management system  (a) MTA+NT replicated in plots 1a and 1b, (b) MTA+NT with empty AM 

replicated in plots 2a and 2b, (c) MTA+NT with filled AM + crop residues replicated in plots 3a 

and 3b (the dashed red line is the boundary that indicates the end of the irrigation event) 

 

Hence, a one-way ANOVA reveals that the addition of crop residues in the artificial 

macropore is significant in increasing the infiltration while the insertion of empty 

artificial macropores didn’t affect the infiltration process according to Tukey’s test of 

pairwise comparisons (in addition, plots 1 and 2 have overlapped 95%CI: plot 1 

[360.25;400.75] and plot 2 [364.75;405.25]). Consequently, the addition of crop 

residue in the AM decreased the time to reach 20cm by 49.4% and 50% from plots 1 
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and 2, respectively. As this stands, the crop residues were shown to be good sorted 

with large pore contents and well-connected pores. So the water could easily infiltrate 

within irregular preferential flow, thereby moving water into deeper depths in the 

vertical direction. The preferential flow is likely to occur in this case since the 

irrigation rate was smaller than the saturated hydraulic conductivity of the crop 

residues (0.04<1.91cm/min). Thus, preferential flow in the form of “fingered flow” 

can ensue in this artificial macropore of coarse-grained pores (Liu et al., 1994). 

However, water falling into the empty macropore might reaches the side walls of the 

AM and immediately getting absorbed due to difference in moisture contents, in other 

words, the water particles will flow along the walls of the artificial macropores with a 

“slip” boundary condition (Barrat & Bocquet, 1999; Li et al., 2018). Thus, the water 

will move horizontally from the walls of the macropores while not being able to 

percolate vertically. This is why the empty macropores plot was similar in infiltrating 

water to that lacking the AM. 

 

 

Figure 39: Moisture content variation at depth between 20 and 40cm for MTA+NT soil 

management system after the end of irrigation experiment  
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Furthermore, the monitoring of the moisture content in the upcoming days post the 

irrigation event is illustrated in Figure 39. Accordingly, after four days, the moisture 

content in the uncovered plots (1a, 2a, 3a) is the lowest where AM are inserted and 

then filled with crop residues (3a) (removal of 12.71%) following the plot where the 

AM is left empty (2a) (removal of 11.19%) following the plot with no AM (1a) 

(removal of 10.56). Therefore, the uncovered plots do not maintain subsurface 

moisture in the presence of AM since the macropores can absorb heat from the sun 

while transporting it to deeper depth and thereby increasing the evaporation rate. In 

addition, it is noticeable that the injection of crop residues in the AM was able to 

capture the moisture from deeper depths since the crop residues are highly adsorptive 

to water. This is reflected in the highest moisture content removal of 12.71%. That’s 

why lower moisture contents were observed in plot 3a.  

On the other hand, when plots are covered with crop residues post-irrigation test, 

moisture was better maintained than the uncovered plots in the presence of AM. In 

opposition to uncovered plots, those with AM (2b and 3b) maintained moisture better 

than 1b justified by the low removal of moisture (4.57% in plot 2b and 7.93% in plot 

3b). Consequently, the cover layer functioned properly in securing the moisture in the 

subsurface while inhibiting heat exchange at the air-soil interface. The crop residues 

are illustrious of their high solar reflectivity and low thermal conductivity which 

prevent an increase of temperature in the subsurface (Fabrizzi et al., 2005; Schinners 

et al., 1994) by limiting the penetration of solar radiation (Salem et al., 2014). 

Nonetheless, since plot 3b had the highest initial moisture content after the irrigation 

stopped, it should maintain moisture better than plot 2b. Thus, the crop residues filled 

in the AM could have absorbed some moisture since the crops are initially dry when 

inserted. Another solution is to place wetted crop residues instead of thirsty dry crops. 

This issue was also seen when comparing plots 1a and 1b. 1b had a higher removal 

rate albeit it was covered and protected from evaporation. So any additional removal 

was due to the adsorption effect of crops.  
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Chapter Five 

 

Conclusion 

Inferences about the soil management systems can be summed up between advantages 

and malfunctions: the undisturbed soil endures a poorly sorted system with very fine 

pores while tilled layers carry coarser and better-sorted pores. The addition of organic 

matter results in a soil body that is intermediate between NT and RT having a wider 

range of fine and coarse pores. However, their effects change with the soil type. In 

addition, the different soil management systems present alterations to the soil physical, 

structural, and pore system which results in different trends for water infiltration and 

storage capacities. Therefore, the more the properties are identified, the better the 

judgement is to choose an appropriate system.  For instance, the soil physical quality 

indicated that the undisturbed soil in loamy soil is better than the tilled layers, even 

those having organic matter. However, the infiltration of water stands to be effective 

in these layers. So the judgement is inferred based on the purpose of using the 

corresponding soil management system. It is also recommended for future 

investigators to assess different combination of soil management systems with the 

implication of having different application rates of organic matter since the latter was 

shown to enhance the quality of the soil. It is also remarkable that the inferences that 

we had on tillage practices were not all similar in both sites. Meaning, it would be a 

gaffe to generalize the effects of soil management systems on soil. Therefore, for 

farmers to achieve better results of crop residues, site-specific assessment is 

encouraged. On the other hand, using mathematical-coded simulations can be efficient 

in terms of time and resources consumption. However, it is not applicable in all cases 

where the real-system is complex. For instance, modelling the infiltration in the 

heterogeneous system of MTA+NT chosen for optimization while coupled with 

artificial macropore is not simple to elaborate mathematically, hence numerical 

simulations for dual-domain permeability systems can be used instead. 
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Appendix A 

 

Soil Properties 

 

Site 1: Loamy Sand 

 

Appendix 1: Soil Size Distribution - Site 1 

Sieve 

No. 

Opening Size 

(mm) 

Empty 

Mass (g) 

Retained Mass + 

Sieve (g) 

Retained 

Mass (g) 

% Mass 

Retained 

Cumulative % 

Retained 

% 

Finer 

4 4.75 754.30 832.44 78.14 5.27 5.27 94.73 

8 2 36 708.14 757.22 49.08 3.31 8.59 91.41 

16 1 18 641.44 697.75 56.31 3.80 12.39 87.61 

30 0.60 606.30 876.97 270.67 18.27 30.66 69.34 

40 0.43 574.15 733.76 159.61 10.77 41.43 58.57 

50 0 36 334.53 420.23 85.70 5.78 47.22 52.78 

60 0 25 541.19 623.12 81.93 5.53 52.75 47.25 

100 0 15 519.86 780.45 260.59 17.59 70.34 29.66 

200 0.08 301.06 521.12 220.06 14.85 85.19 14.81 

Pan 0.00 430.87 650.27 219.40 14.81 100.00 0.00 

 

Appendix 2: Soil Classification - Site 1 

Properties  

D10 0.02 USCS 

D30 0.16 % Gravel 5.8 

D60 0.45 % Sand 80.92 

Cu 22.50 % Fines 13.28 

Cc 2.84 Group Symbol SW 

LL 54.63 Group Name Well-graded Sand 

PL 44.06 USDA textural classification 

PI 10.57  SITE 1 

OMC(%) 8.60 % Sand 86 

%passing No. 200 sieve 14.81 % Silt 14 

%retained on No. 200 sieve 85.19 % Clay 0 

%passing No. 4 sieve 94.73 USDA textural class. Loamy Sand 

%retained on No. 4 sieve 5.27  
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Appendix 3: BD and DD – Site 1 

Treat

ment 

Dept

h 
Trial 

L 

(cm) 

V(m

3) 

M(ca

n1) 
(g) 

M (moist 

soil+can1) 
(g) 

M(can2) (g) 

M (dry 

soil+can) 
(g) 

Bulk 

Density 

Dry 

Density 

NT 

0-

10c

m 

1 8.6 
0.00

0137 
5.83 150.13 11.65 124.32 1055.00 823.75 

2 8.9 
0.00
0142 

5.83 176.33 11.65 144.14 1204.54 936.01 

3 8.9 
0.00

0142 
5.83 174.08 11.65 144.55 1188.64 938.90 

RT 

0-

20c
m 

1 9.5 
0.00
0151 

5.83 146.01 11.65 121.17 927.79 724.86 

2 9.5 
0.00

0151 
5.83 142.92 11.65 114.34 907.33 679.66 

3 9.5 
0.00
0151 

5.83 161.36 11.65 129.96 1029.38 783.04 

MTA 

0-

20c

m 

1 9.5 
0.00

0151 
5.83 112.03 11.65 95.44 702.89 554.57 

2 9.5 
0.00

0151 
5.83 135.69 11.65 115.55 859.48 687.67 

3 9.5 
0.00

0151 
5.83 156.02 11.65 131.96 994.04 796.28 

MT 

0-

20c
m 

1 9.5 
0.00
0151 

5.83 109.26 11.65 91.69 684.55 529.75 

2 9.5 
0.00

0151 
5.83 131.87 11.65 110.15 834.20 651.93 

3 9.5 
0.00
0151 

5.83 143.08 11.65 118.36 908.39 706.26 

 

Appendix 4: SD – Site 1 

Treatment Depth L (cm) V(m3) M (can) (g) M (saturated+can) (g) Saturated Density (kg/m3) 

NT 0-10cm 10 0.000159 55 267 1332.97177 

RT 0-20cm 8 0.000127 50 216 1304.677558 

MTA 0-20cm 8.5 0.000135 49 215 1227.931819 

MT 0-20cm 9 0.000143 48 225 1236.561862 

 

Appendix 5: Porosity – Site 1 

Treatment Dry Density M (saturated+can) (g) Porosity 

NT 

823.7491 1332.972 0.509223 

936.005 1332.972 0.396967 

938.9016 1332.972 0.39407 

RT 

724.8613 1304.678 0.579816 

679.6568 1304.678 0.625021 

783.0382 1304.678 0.521639 

MTA 

554.5666 1227.932 0.673365 

687.6652 1227.932 0.540267 

796.2752 1227.932 0.431657 

MT 

529.7471 1236.562 0.706815 

651.9251 1236.562 0.584637 

706.2632 1236.562 0.530299 
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Appendix 6: Residual Moisture Content – Site 1 

Treatm

ent 

L 

(cm) 

V(m3) M (can) 

(g) 

M 

(residual+can) 
(g) 

M 

residual 
(g) 

ρ 

(kg/m
3) 

M dry 

(g) 

Mw 

(g) 

Vw (m3) θr 

(m3/m3
) 

NT 10 0.000

159 

55 208 153 962.00

32 

131.01

16 

21.98

837 

2.19884E

-05 

0.13825

4 

10 0.000
159 

55 208 153 962.00
32 

148.86
52 

4.134
831 

4.13483E
-06 

0.02599
8 

10 0.000

159 

55 208 153 962.00

32 

149.32

58 

3.674

157 

3.67416E

-06 

0.02310

2 

RT 8 0.000
127 

50 148 98 770.23
13 

92.227
37 

5.772
632 

5.77263E
-06 

0.04537 

8 0.000

127 

50 148 98 770.23

13 

86.475

79 

11.52

421 

1.15242E

-05 

0.09057

5 

8 0.000
127 

50 148 98 770.23
13 

99.629
47 

-
1.629

47 

-
1.62947E

-06 

-
0.01281 

MTA 8.5 0.000

135 

49 155 106 784.10

1 

74.97 31.03 0.000031

03 

0.22953

4 

8.5 0.000

135 

49 155 106 784.10

1 

92.963

16 

13.03

684 

1.30368E

-05 

0.09643

6 

8.5 0.000

135 

49 155 106 784.10

1 

107.64

58 

-

1.645
79 

-

1.64579E
-06 

-

0.01217 

MT 9 0.000

143 

48 152 104 726.56

74 

75.827

37 

28.17

263 

2.81726E

-05 

0.19682 

9 0.000

143 

48 152 104 726.56

74 

93.315

79 

10.68

421 

1.06842E

-05 

0.07464

2 

9 0.000

143 

48 152 104 726.56

74 

101.09

37 

2.906

316 

2.90632E

-06 

0.02030

4 

 

Appendix 7: Organic Matter Content – Site 1 

Treatment Depth Trial M(can) (g) M (dry soil+can) (g) M (burnt soil+can) (g) %OMC 

NT 0-10cm 

1 2.37 35.06 32.21 8.72 

2 1.56 25.99 23.89 8.60 

3 1.53 38.75 35.59 8.49 

RT 0-20cm 

1 2.26 37.64 33.95 10.43 

2 1.54 38.05 34.41 9 97 

3 2.30 37.90 34.25 10.25 

MTA 0-20cm 

1 1.50 29.82 25.82 14.12 

2 2.54 35.25 30.53 14.43 

3 1.53 27.89 24.53 12.75 

MT 0-20cm 

1 2.31 22.71 20.13 12.65 

2 2.28 32.63 29.15 11.47 

3 2.28 37.81 33.76 11.40 
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Appendix 8: Saturated Hydraulic Conductivity – Site 1 

Treatmen

t 

Reading 

(Trial) 

Length, L 

(cm) 

Constant 

Head, h1 

(cm) 

Mass of 

Water 

Collected, 
M (g) 

Volume of 

Water 

Collected, Q 
(m3) 

Duration 

of water 

collected, t 
(sec) 

Hydraulic 

Conductivity, k 

(m/sec) 

NT 1 13.6 547 123 1.30105E-05 600 1.66583E-07 

2 13.6 547 123 1.30105E-05 600 1.66583E-07 

3 13.6 547 122 1.20097E-05 600 1.53769E-07 

4 13.6 504 120.5 1.05085E-05 600 1.46343E-07 

5 13.6 504 120 1.00081E-05 600 1.39375E-07 

6 13.6 504 120 1.00081E-05 600 1.39375E-07 

RT 1 13.5 267 132 2.20178E-05 60 5.88928E-06 

2 13.5 267 133 2.30186E-05 60 6.15698E-06 

3 13.5 267 133 2.30186E-05 60 6.15698E-06 

4 13.5 282 168 5.8047E-05 60 1.46589E-05 

5 13.5 282 140 3.00243E-05 60 7.58219E-06 

6 13.5 282 140 3.00243E-05 60 7.58219E-06 

MT 1 14 157 127 1.70138E-05 60 8.33699E-06 

2 14 157 128 1.80146E-05 60 8.8274E-06 

3 14 157 127 1.70138E-05 60 8.33699E-06 

4 14 114 130.5 2.05166E-05 120 7.17745E-06 

5 14 114 131 2.1017E-05 120 7.35251E-06 

6 14 114 130 2.00162E-05 120 7.00239E-06 

Treatmen

t 

Reading 

(Trial) 

Length, 

L(cm) 

h1 (cm) h2 (cm) t2 (sec) Hydraulic Conductivity, k 

(m/sec) 

MTA 1 14 84 26.5 36.7 2.6041E-05 

2 14 83 25 56.26 1.76689E-05 

3 14 83.8 33 42.39 1.82121E-05 

4 14 82.5 32.2 42.27 1.84383E-05 
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Appendix 9: Frequency density function (f) of the aggregate distribution – Site 1 
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Site 2: Clay Loam 

 

Appendix 10: Soil Size Distribution - Site 2 

Sieve 
No. 

Opening Size 
(mm) 

Empty 
Mass (g) 

Retained Mass + 
Sieve (g) 

Retained 
Mass (g) 

% Mass 
Retained 

Cumulative % 
Retained 

% 
Finer 

4 4.75 754.14 754.14 0.00 0.00 0.00 100.0

0 

8 2 36 707.91 707.91 0.00 0.00 0.00 100.0
0 

16 1 18 639.36 639.36 0.00 0.00 0.00 100.0

0 

40 0.43 573.66 575.35 1.69 0.15 0.15 99.85 

50 0 36 333.82 355.07 21.25 1.95 2.10 97.90 

60 0 25 540.82 559.64 18.82 1.73 3.83 96.17 

100 0 15 519.99 597.45 77.46 7.10 10.93 89.07 

200 0.08 301.32 610.78 309.46 28.37 39.30 60.70 

Pan 0.00 488.67 1150.85 662.18 60.70 100.00 0.00 

 

Appendix 11: Soil Classification - Site 2 

Properties  

D10 0.001 USCS 

D30 0.002 % Gravel 0 

D60 0.73 % Sand 39.3 

Cu 730.00 % Fines 60.7 

Cc 0.003 Group Symbol CH 

LL 61.41 Group Name Sandy Fat Clay 

PL 26.02 USDA textural classification 

PI 35.39  SITE 1 

OMC(%) 9.24 % Sand 45 

%passing No. 200 sieve 60.70 % Silt 25 

%retained on No. 200 sieve 39.30 % Clay 30 

%passing No. 4 sieve 100.00 USDA textural class. Clay Loam 

%retained on No. 4 sieve 0.00  

 

Appendix 12: BD and DD – Site 2 

Treatme

nt 
Depth 

Tri

al 

L 

(cm) 
V(m3) 

M(can) 

(g) 

M (moist soil+can) 

(g) 

M (dry soil+can) 

(g) 

Bulk 

Density 

Dry 

Density 

NT 

0-
10cm 

1 7 
0.0001

11 
5.83 235.16 174.92 2059 91 1518.82 

2 7.5 
0.0001

19 
5.83 224.69 173.12 1834.84 1402.47 

3 8 
0.0001

27 
5.83 246.47 190.70 1891 30 1452.99 

10-

20cm 

1 6 
9 54E-

05 
5.83 173.60 132.12 1758.08 1323.44 

2 6.5 
0.0001

03 
5.83 201.57 155.22 1893.41 1445.08 

3 5 
7 95E-

05 
5.83 165.69 131.83 2010 27 1584.48 
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20-

30cm 

1 9.5 
0.0001

51 
5.83 262.92 206.87 1701 54 1330.59 

2 9.5 
0.0001

51 
5.83 289.32 228.99 1876 29 1476.99 

3 8.5 
0.0001

35 
5.83 260.83 204.74 1886 30 1471.37 

30-
40cm 

1 6.5 
0.0001

03 
5.83 205.47 162.70 1931 16 1517.44 

2 8 
0.0001

27 
5.83 254.09 200.82 1951 20 1532.52 

3 9 
0.0001

43 
5.83 260.08 206.26 1776 27 1400.25 

RT 
0-

20cm 

1 10 
0.0001

59 
5.83 149.64 141.20 904.22 851.15 

2 10 
0.0001

59 
5.83 177.40 152.96 1078.76 925.09 

3 10 
0.0001

59 
5.83 144.14 133.85 869.64 804.94 

MTA 
0-

20cm 

1 10 
0.0001

59 
5.83 110.43 96.84 657.68 572.23 

2 10 
0.0001

59 
5.83 119.45 104.54 714.40 620.65 

3 10 
0.0001

59 
5.83 124.51 109.65 746.21 652.78 

MT 
0-

20cm 

1 10 
0.0001

59 
5.83 108.65 95.55 646.49 564.12 

2 10 
0.0001

59 
5.83 124.46 111.11 745.90 661.96 

3 10 
0.0001

59 
5.83 121.55 105.91 727.60 629.26 

 

Appendix 13: SD – Site 2 

Treatment Depth L (cm) V(m3) M (can) (g) M (saturated+can) (g) Saturated Density (kg/m3) 

NT 0-10cm 10 0.000159 52 335 1779.391561 

RT 0-20cm 6 9.54E-05 49 205 1634.776699 

MTA 0-20cm 8 0.000127 48 220 1351.834578 

MT 0-20cm 8.5 0.000135 49 235 1375.875412 

 

Appendix 14: Porosity – Site 2 

Treatment Dry Density Saturated Density (kg/m3) Porosity 

NT 

1518.815 1779.392 0.260576 

1402.471 1779.392 0.376921 

1452.986 1779.392 0.326405 

1323.436 1779.392 0.455956 

1445.085 1779.392 0.334307 

1584.476 1779.392 0.194916 

1330.589 1779.392 0.448802 

1476.991 1779.392 0.302401 

1471.373 1779.392 0.308019 

1517.44 1779.392 0.261951 

1532.525 1779.392 0.246867 

1400.249 1779.392 0.379142 

RT 

851.1528 1634.777 0.783624 

925.095 1634.777 0.709682 

804.9389 1634.777 0.829838 
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MTA 

572.2347 1351.835 0.7796 

620.6493 1351.835 0.731185 

652.7789 1351.835 0.699056 

MT 

564.1237 1375.875 0.811752 

661.9588 1375.875 0.713917 

629.2633 1375.875 0.746612 

 

Appendix 15: Residual Moisture Content – Site 2 

Treatm

ent 

L (cm) V(m3) M 

(can) 

(g) 

M 

(residual+

can) (g) 

M 

residua

l (g) 

ρ 

(kg/m3

) 

M dry 

(g) 

Mw 

(g) 

Vw (m3) θr 

(m3/m

3) 

NT 10 0.0001
59 

52 332 280 1760.5
29 

241.55
71 

38.442
86 

3.84429E-
05 

0.2417
13 

10 0.0001

59 

52 332 280 1760.5

29 

223.05

33 

56.946

67 

5.69467E-

05 

0.3580

58 

10 0.0001
59 

52 332 280 1760.5
29 

231.08
75 

48.912
5 

4.89125E-
05 

0.3075
42 

10 0.0001

59 

52 332 280 1760.5

29 

210.48

33 

69.516

67 

6.95167E-

05 

0.4370

93 

10 0.0001
59 

52 332 280 1760.5
29 

229.83
08 

50.169
23 

5.01692E-
05 

0.3154
44 

10 0.0001

59 

52 332 280 1760.5

29 

252 28 0.000028 0.1760

53 

10 0.0001
59 

52 332 280 1760.5
29 

211.62
11 

68.378
95 

6.83789E-
05 

0.4299
4 

10 0.0001

59 

52 332 280 1760.5

29 

234.90

53 

45.094

74 

4.50947E-

05 

0.2835

38 

10 0.0001
59 

52 332 280 1760.5
29 

234.01
18 

45.988
24 

4.59882E-
05 

0.2891
56 

10 0.0001

59 

52 332 280 1760.5

29 

241.33

85 

38.661

54 

3.86615E-

05 

0.2430

88 

10 0.0001

59 

52 332 280 1760.5

29 

243.73

75 

36.262

5 

3.62625E-

05 

0.2280

04 

10 0.0001

59 

52 332 280 1760.5

29 

222.7 57.3 0.0000573 0.3602

8 

RT 6 9 54E-

05 

49 150 101 1058.4

13 

81.222 19.778 0.00001977

8 

0.2072

6 

6 9 54E-

05 

49 150 101 1058.4

13 

88.278 12.722 0.00001272

2 

0.1333

18 

6 9 54E-

05 

49 150 101 1058.4

13 

76.812 24.188 0.00002418

8 

0.2534

74 

MTA 8 0.0001

27 

48 166 118 927.42

14 

72.808 45.192 0.00004519

2 

0.3551

87 

8 0.0001

27 

48 166 118 927.42

14 

78.968 39.032 0.00003903

2 

0.3067

72 

8 0.0001

27 

48 166 118 927.42

14 

83.056 34.944 0.00003494

4 

0.2746

42 

MT 8.5 0.0001

35 

49 165 116 858.07

28 

76.262 39.738 0.00003973

8 

0.2939

49 

8.5 0.0001

35 

49 165 116 858.07

28 

89.488 26.512 0.00002651

2 

0.1961

14 

8.5 0.0001

35 

49 165 116 858.07

28 

85.068 30.932 0.00003093

2 

0.2288

1 

 

Appendix 16: Organic Matter Content – Site 2 

Treatment Depth Trial M(can) (g) M (dry soil+can) (g) M (burnt soil+can) (g) %OMC 

NT 0-10cm 1 1.53 54.66 48.22 12.12 

2 1.52 59.94 46.25 23.43 

3 2.30 54.31 48.31 11.54 

10-20cm 1 2.35 59.47 54.20 9.23 
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2 1.51 35.57 32.33 9.51 

3 1.59 58.71 53.92 8.39 

20-30cm 1 1.53 52.45 47.54 9.64 

2 1.51 40.43 36.68 9.64 

3 1.52 46.87 42.46 9.72 

30-40cm 1 1.54 40.30 36.55 9.67 

2 2.30 52.62 48.60 7.99 

3 2.31 58.56 53.27 9.40 

RT 0-20cm 1 1.52 47.02 42.55 9.82 

2 1.53 44.29 39.80 10.50 

3 1.53 49.47 44.58 10.20 

MTA 0-20cm 1 1.52 31.46 27.00 14.90 

2 2.35 28.71 24.08 17.56 

3 2.29 36.26 31.50 14.01 

MT 0-20cm 1 1.52 33.10 28.81 13.58 

2 2.26 46.27 41.60 10.61 

3 2.29 48.11 43.25 10.61 

 

Appendix 17: Saturated Hydraulic Conductivity – Site 2 

Treatmen

t 

Reading 

(Trial) 

Length, L 

(cm) 

Constant 
Head, h 

(cm) 

Mass of 

Water 

Collected, 
M (g) 

Volume of 

Water 

Collected, Q 
(m3) 

Duration 

of water 

collected, t 
(sec) 

Hydraulic 
Conductivity, k 

(m/sec) 

NT 

1 13 413 111 1.00081E-06 3600 2.72621E-09 

2 13 413 111 1.00081E-06 3600 2.72621E-09 

3 13 413 112 2.00162E-06 3600 5.45242E-09 

4 13 413 111 1.00081E-06 3600 2.72621E-09 

RT 

1 12.7 547 169 5.90478E-05 60 7.06001E-06 

2 12.7 547 171 6.10495E-05 60 7.29933E-06 

3 12.7 547 170 6.00486E-05 60 7.17967E-06 

4 12.7 504 141 3.10251E-05 60 4.03469E-06 

5 12.7 504 140.5 3.05247E-05 60 3.96962E-06 

6 12.7 504 140 3.00243E-05 60 3.90454E-06 

MT 

1 13.3 547 142 3.20259E-05 60 4.01006E-06 

2 13.3 547 141 3.10251E-05 60 3.88475E-06 

3 13.3 547 141 3.10251E-05 60 3.88475E-06 

4 13.3 504 133 2.30186E-05 60 3.13491E-06 

5 13.3 504 132 2.20178E-05 60 2.99861E-06 

6 13.3 504 132 2.20178E-05 60 2.99861E-06 

Treatmen

t 

Reading 

(Trial) 

Length, 

L(cm) 
h1 (cm) h2 (cm) delta_t (sec) 

 
Hydraulic Conductivity, k 

(m/sec) 

MTA 

1 13 91 42 12.75 4.6648E-05 

2 13 86 42 11.25 4.90036E-05 

3 13 84 45.5 11.45 4.11894E-05 
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MC 0- -

5cm 

1 9 0.000

143 

5.83 55.24 45.75 345.19 278.89 

2 9 0.000

143 

5.83 55.68 43.96 348.26 266.38 

3 9 0.000

143 

5.83 54.53 44.85 340.23 272.60 

 

Appendix 20: SD – CC & MC 

Treatment Depth L (cm) V(m3) M (can) (g) M (saturated+can) (g) Saturated Density (kg/m3) 

CC 0- -5cm 8.3 0.000132 51 180 977.2298157 

MC 0- -5cm 9.3 0.000148 50 200 1014.129466 

 

Appendix 21: Porosity – CC & MC 

Treatment Dry Density Saturated Density (kg/m3) Porosity 

CC 

83.12211 977.2298 0.894108 

83.05923 977.2298 0.894171 

84.88264 977.2298 0.892347 

MC 

278.8901 1014.129 0.735239 

266.3848 1014.129 0.747745 

272.6025 1014.129 0.741527 

 

Appendix 22: Residual Moisture Content – CC & MC 

Treatm

ent 

L (cm) V(m3) M 

(can) 

(g) 

M 

(residual+

can) (g) 

M 

residua

l (g) 

ρ 

(kg/m3

) 

M dry 

(g) 

Mw 

(g) 

Vw (m3) θr 

(m3/m

3) 

CC 8.3 0.0001

32 

51 68 17 128.78

22 

10.972

6 

6.0274 6.0274E-06 0.0456

6 

8.3 0.0001

32 

51 68 17 128.78

22 

10.964

3 

6.0357 6.0357E-06 0.0457

23 

8.3 0.0001

32 

51 68 17 128.78

22 

11.205 5.795 0.00000579

5 

0.0439 

MC 9.3 0.0001

48 

50 140 90 608.47

77 

41.250

67 

48.749

33 

4.87493E-

05 

0.3295

88 

9.3 0.0001

48 

50 140 90 608.47

77 

39.401 50.599 0.00005059

9 

0.3420

93 

9.3 0.0001

48 

50 140 90 608.47

77 

40.320

67 

49.679

33 

4.96793E-

05 

0.3358

75 

 

Appendix 23: Organic Matter Content – CC & MC 

Treatment Depth Trial M(can) (g) M (dry soil+can) (g) M (burnt soil+can) (g) %OMC 

CC 0- -5cm 

1 1.52 4.76 1.77 92.28 

2 2.55 6.66 2.93 90.75 

3 2.24 5.68 2.56 90.70 

MC 0- -5cm 

1 2.28 17.50 10.83 43.82 

2 2.27 21.50 13.86 39.73 

3 2.33 17.23 11.14 40.87 
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Appendix 24: Saturated Hydraulic Conductivity – CC & MC 

Treatment Reading 

(Trial) 

Length, L 

(cm) 

Constant 

Head, h 
(cm) 

Mass of 

Water 
Collected, 

M (g) 

Volume of 

Water 
Collected, Q 

(m3) 

Duration 

of water 
collected, t 

(sec) 

Hydraulic 

Conductivity, k 
(m/sec) 

CC 1 12.5 132 205 9.5077E-05 10 0.000302239 

2 12.5 132 204 9.40762E-05 10 0.000299058 

3 12.5 132 208 9.80794E-05 10 0.000311783 

4 12.5 89 182 7.20584E-05 10 0.000359526 

5 12.5 89 175 6.50527E-05 10 0.000324573 

6 12.5 89 173 6.30511E-05 10 0.000314586 

Treatment Reading 

(Trial) 

Length, 

L(cm) 

h1 (cm) h2 (cm) delta_t (sec)  

Hydraulic Conductivity, k 

(m/sec) 

MC 1 13 75 50 90 3.46551E-06 

2 13 83 55 89 3.55668E-06 

3 13 85 60 77 3.47959E-06 

 

Appendix 25: Frequency density function (f) of the aggregate distribution – CC & MC 
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Appendix B 

 

Soil-Pore Structure 

 

Appendix 26: Volumetric content of pores as calculated in ImageJ 

A(m

m2) 

r 

(mm) 

h 

(mm) 
Volumetric Content (%) 

Crop 

Resid
ues 

Manur

e 

SITE 1 SITE 2 

MT MTA NT RT MT MTA NT RT 

0.05 0.126

157 

117.7

212 

1.769

055 

0 519

668 

10.08

032 

3.062

991 

5.026

069 

20.09

653 

3.268

871 

1.204

093 

0.013

686 

0.031

822 

0.16 0.225

676 

65.80

817 

0.068

639 

2 562

437 

3.489

175 

7.389

174 

0.173

338 

10.85

603 

1.464

643 

1.192

776 

0.010

285 

0.235

739 

0.38 0.347

79 

42.70

198 

0.113

471 

5.812

656 

7.622

511 

0.702

745 

0.236

693 

1.547

964 

1.319

342 

1.210

938 

0 0.446

122 

0.73 0.482

044 

30.80

905 

0.222

047 

4 229

654 

1.188

722 

1.269

902 

0.327

306 

2.744

198 

1.123

099 

0.700

793 

0 0.978

101 

1.4 0.667

558 

22.24

722 

4.791

134 

11.39

482 

1.710

07 

1.596

224 

0.307

716 

3.624

821 

0.842

091 

0.291

962 

0 1.715

683 

2.4 0.874

039 

16.99

16 

2.559

719 

0.697

146 

1.178

339 

0.845

904 

0.156

556 

2.276

946 

0.500

618 

0.781

499 

0 1.403

834 

3.45 1.047

936 

14.17

197 

1.827

674 

1.468

664 

0.895

433 

0.524

823 

0.092

871 

1.496

259 

0.194

767 

0.134

032 

0 1.092

98 

6 1.381
977 

10.74
643 

14.84
065 

10.01
216 

2.899
887 

1.146
348 

0.312
092 

4.047
717 

0.290
845 

0.110
072 

0 4.280
385 

13.5 2.072

965 

7.164

286 

24.21

004 

0 343

304 

2.402

849 

0.545

105 

0.221

073 

2.025

777 

0.089

161 

0.010

344 

0 3.299

251 

24 2.763
953 

5.373
214 

10.56
114 

0.026
031 

1.300
464 

0.177
316 

0.080
061 

0.947
548 

0.783
369 

0.218
276 

0 2.093
372 

35 3.337

791 

4.449

444 

6.958

93 

0 1.291

296 

0.067

288 

0.010

305 

0.433

203 

0.450

502 

0.026

076 

0 0.962

375 

44 3.742
41 

3.968
382 

5.552
763 

0 0.822
606 

0.012
126 

0.025
912 

0.252
111 

1.212
864 

0 0 0.549
171 

53 4.107

362 

3.615

779 

4.256

389 

0 0.582

001 

0.015

094 

0.028

916 

0.096

68 

0.447

692 

0 0 0.227

56 

64 4.513
517 

3.290
408 

3.248
431 

0 0.664
71 

0.017
808 

0.034
95 

0.099
131 

0.476
86 

0 0 0.075
189 

75 4.886

025 

3.039

549 

1.218

781 

0 0.356

62 

0 0.038

92 

0 -

0.398

9 

0 0 0.044

63 

85 5.201

571 

2.855

159 

0.460

132 

0 0.477

739 

0 0.021

092 

0 0.537

65 

0 0 0.025

019 

105 5.781

223 

2.568

888 

1.010

832 

0 1.361

433 

0 0.140

543 

0 0.549

988 

0 0 0.088

131 

133 6.506

552 

2.282

517 

0 0 0.496

088 

0 0.224

417 

0 0.651

702 

0 0 0 

160 7.136

496 

2.081

037 

1.044

41 

0 0.187

761 

0 0.040

043 

0 0.363

195 

0 0 0 

225 8.462

844 

1.754

884 

0 0 0.176

905 

0 0 0 0.888

537 

0 0 0 

272 9.304
853 

1.596
083 

0 0 0 0 0 0 0.074
308 

0 0 0 

353 10.60

016 

1.401

046 

0 0 0 0 0 0 0.326

269 

0 0 0 

440 11.83
454 

1.254
913 

0 0 0 0 0 0 0.259
746 

0 0 0 

526 12.93
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1.147

749 

0 0 372
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0 0 0 0 0 0 0 0 
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Appendix C 

 

Experimental Data – Preferential Flow for Site 1 

 

Appendix 27: Experimental vs Theoretical Wetting Front with respect to time 
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Appendix D 

 

MATLAB Code for GARALS 

 

2-Layers Soil Profile 

%TWO LAYERS SOIL PROFILE 

clc; 

clear; 

  

P=0.04; %water entry rate [cm/min] 

  

%CC 

Ksmo=1.91176478715198; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.01; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.893541823877931; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-17654.21; %matric potential of the modified layer [cm]  

zmo=5; %depth of the modified layer [cm] 

  

%MC 

Ksmo=0.0210035543615512; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.0357; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.741503670980025; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-84076.2; %matric potential of the modified layer [cm]  

zmo=5; %depth of the modified layer [cm] 

  

%RT 

Ksmo=0.0480265348303373; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.05; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.57549214025019; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-528.212623595688; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 

  

%MTA 

Ksmo=0.120540439180942; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.078; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.54842949366671; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-54879.88; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 

  

%MT 

Ksmo=0.0470337095427571; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.0579; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.6072500492759; %the saturated moisture content of the modified layer [m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-26534.97; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 
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%INPUT PROPERTIES 

  

Ksumo=0.000912029168087834; %the saturated hydraulic conductivity of the unmodified 

layer [cm/min] 

MCi_umo=0.2; %the initial moisture content of the unmodified layer [m3/m3] 

MCs_umo=0.433419880806727; %the saturated moisture content of the unmodified layer 

[m3/m3] 

dMCumo=MCs_umo-MCi_umo; %delta gamma of the unmodified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_umo=-1136.39; %matric potential of the unmodified layer [cm] measured using TEROS21 

H0=0; %depth of ponded water [cm] 

dHmo=abs(H0-H_mo); 

dHumo=abs(H0-H_umo); 

A_=(zmo*(dMCmo-dMCumo))/(Ksmo-Ksumo); 

B_=dMCumo/Ksumo; 

tzmo=(zmo*dMCmo)/P; 

tp1L=(Ksmo*dHmo*dMCmo)/(P*(P-Ksmo)); 

tp1L=abs(tp1L); 

tp2L=tzmo+((Ksumo*dHumo*dMCumo)/(P*(P-Ksumo))); 

tp2L=abs(tp2L); 

  

zm=[0:1:100]; 

n=length(zm); 

v=zeros(1,n); 

t=zeros(1,n); 

Zm=zeros(1,n); 

Kc_=zeros(1,n); 

  

if tp1L<=tzmo %1rst layer ponding 

    tp=tp1L; 

    Zp=P*tp; 

    zp=Zp/dMCmo; 

    a=find(zm<zp); 

    i1=max(a); 

    b=find(zm>=zp); 

    i2=min(b); 

    c=find(zm<zmo); 

    i3=max(c); 

    d=find(zm>=zmo); 

    i4=min(d); 

     

    for i=1:i1 %0<zm<=zp 

        t(i)=(dMCmo*zm(i))/P; 

        Zm(i)=zm(i)*dMCmo; 

    end 

    for i=i2:i3 %zp<zm<=zmo 

        t(i)=tp+((1/Ksmo)*(((zm(i)-

zp)*dMCmo)+(dHmo*dMCmo*(log((dHmo+zp)/(dHmo+zm(i))))))); %Eq.(39b) 

        Zm(i)=zm(i)*dMCmo; 

    end 

    for i=i4:n %zm>zmo 

        t_=tp+((1/Ksmo)*(((zmo-zp)*dMCmo)+(dHmo*dMCmo*(log((dHmo+zp)/(dHmo+zmo)))))); 

%Eq.(39b) replace zm with zmo 

        Kc_(i)=(zm(i)*dMCumo)/(((zmo*dMCmo)/Ksmo)+(((zm(i)-zmo)*dMCumo)/Ksumo)); 

%Eq.(43) 

        t(i)=t_+((A_-(B_*dHumo))*(log((zm(i)+dHumo)/(zmo+dHumo))))+(B_*(zm(i)-zmo)); 

%Eq.(46) 

        Zm(i)=(zmo*dMCmo)+((zm(i)-zmo)*dMCumo); %Eq.(47) 

    end 

     

elseif tzmo<tp1L %2nd layer ponding 

    tp=tp2L; 

    Zp=P*tp; 

    zp=(Zp-(zmo*(dMCmo-dMCumo)))/dMCumo; 

    a=find(zm<zmo); 

    i1=max(a); 

    b=find(zm>=zmo); 

    i2=min(b); 

    c=find(zm<zp); 

    i3=max(c); 

    d=find(zm>=zp); 

    i4=min(d); 

     

    for i=1:i1 %0<zm<=zmo 

        t(i)=(zm(i)*dMCmo)/P; 

        Zm(i)=zm(i)*dMCmo; 
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    end 

    for  i=i2:i3 %zmo<zm<=zp 

         t(i)=(((zmo*dMCmo))+((zm(i)-zmo)*dMCumo))/P; 

         Zm(i)=(zmo*dMCmo)+((zm(i)-zmo)*dMCumo); %Eq.(47) 

    end 

    for i=i4:n %zm>zp 

        Kc_(i)=(zm(i)*dMCumo)/(((zmo*dMCmo)/Ksmo)+(((zm(i)-zmo)*dMCumo)/Ksumo)); 

%Eq.(43) 

        t(i)=tp+((A_-(B_*dHumo))*(log((zm(i)+dHumo)/(zp+dHumo))))+(B_*(zm(i)-zp)); 

%Eq.(53) 

        Zm(i)=(zmo*dMCmo)+((zp-zmo)*dMCumo)+((zm(i)-zp)*dMCumo); 

    end 

end 

zm=zm'; 

Zm=Zm'; 

t=t'; 

plot(t,zm) 

 

3-Layers Soil Profile 

%THREE LAYERS SOIL PROFILE 

clc; 

clear; 

  

P=0.04; %water entry rate [cm/min] 

  

%RT 

Ksmo=0.0480265348303373; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.05; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.57549214025019; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-528.212623595688; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 

  

%MTA 

Ksmo=0.120540439180942; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.078; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.54842949366671; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-54879.88; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 

  

%MT 

Ksmo=0.0470337095427571; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.0579; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.6072500492759; %the saturated moisture content of the modified layer [m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-26534.97; %matric potential of the modified layer [cm]  

zmo=20; %depth of the modified layer [cm] 

  

%MC 

Ksmo=0.0210035543615512; %the saturated hydraulic conductivity of the modified layer 

[cm/min] 

MCi_mo=0.0357; %the initial moisture content of the modified layer [m3/m3] 

MCs_mo=0.741503670980025; %the saturated moisture content of the modified layer 

[m3/m3] 

dMCmo=MCs_mo-MCi_mo; %delta gamma of the modified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_mo=-84076.2; %matric potential of the modified layer [cm]  

zmo=5; %depth of the modified layer [cm] 

  

  

%INPUT PROPERTIES 

Ksc=1.91176478715198; %the saturated hydraulic conductivity of the cover layer 

[cm/min] 
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Ksumo=0.000912029168087834; %the saturated hydraulic conductivity of the unmodified 

layer [cm/min] 

MCi_c=0.01; %the initial moisture content of the cover layer [m3/m3] 

MCs_c=0.893541823877931; %the saturated moisture content of the cover layer [m3/m3] 

dMCc=MCs_c-MCi_c; %delta gamma of the cover layer which is the difference between the 

saturated and the initial moisture contents [m3/m3] 

MCi_umo=0.2; %the initial moisture content of the unmodified layer [m3/m3] 

MCs_umo=0.433419880806727; %the saturated moisture content of the unmodified layer 

[m3/m3] 

dMCumo=MCs_umo-MCi_umo; %delta gamma of the unmodified layer which is the difference 

between the saturated and the initial moisture contents [m3/m3] 

H_c=-17654.21; %matric potential of the cover layer [cm] 

H_umo=-1136.39; %matric potential of the unmodified layer [cm] 

H0=0; %depth of ponded water [cm] 

dHc=abs(H0-H_c); 

dHmo=abs(H0-H_mo); 

dHumo=abs(H0-H_umo); 

zc=5; %depth of the cover layer [cm] 

A_=(zc*(dMCc-dMCmo))/(Ksc-Ksmo); 

B_=dMCmo/Ksmo; 

A__=((zc*(dMCc-dMCumo))/(Ksc-Ksumo))+((zmo*(dMCmo-dMCumo))/(Ksmo-Ksumo)); 

B__=dMCumo/Ksumo; 

tzc=(zc*dMCc)/P; %Eq.(62) 

tp1L=(Ksc*dHc*dMCc)/(P*(P-Ksc)); %Eq.(38) 

tp1L=abs(tp1L); 

tzmo=((zc*dMCc)/P)+((zmo*dMCmo)/P); %Eq.(64) 

tp2L=tzc+((Ksmo*dHmo*dMCmo)/(P*(P-Ksmo))); %Eq.(65) 

tp2L=abs(tp2L); 

tp3L=tzmo+((Ksumo*dHumo*dMCumo)/(P*(P-Ksumo))); %Eq.(66) 

tp3L=abs(tp3L); 

  

zm=[0:1:100]; 

n=length(zm); 

v=zeros(1,n); 

t=zeros(1,n); 

Zm=zeros(1,n); 

Kc_=zeros(1,n); 

  

if tp1L<=tzc %1rst layer ponding 

    tp=tp1L; 

    Zp=P*tp; 

    zp=Zp/dMCc; 

    a=find(zm<zp); 

    i1=max(a); 

    b=find(zm>=zp); 

    i2=min(b); 

    c=find(zm<zc); 

    i3=max(c); 

    d=find(zm>=zc); 

    i4=min(d); 

    e=find(zm<(zc+zmo)); 

    i5=max(e); 

    f=find(zm>=(zc+zmo)); 

    i6=min(f); 

     

    for i=1:i1 %0<zm<=zp 

        t(i)=(dMCc*zm(i))/P;  

        Zm(i)=zm(i)*dMCc; %Eq.(34) 

    end 

    for i=i2:i3 %zp<zm<=zc 

        t(i)=tp+((1/Ksc)*(((zm(i)-zp)*dMCc)+(dHc*dMCc*(log((dHc+zp)/(dHc+zm(i))))))); 

%Eq.(39b) 

        Zm(i)=zm(i)*dMCc; %Eq.(34) 

    end 

    for i=i4:i5 %zc<zm<=zmo 

        t_=tp+((1/Ksc)*(((zc-zp)*dMCc)+(dHc*dMCc*(log((dHc+zp)/(dHc+zc)))))); 

%Eq.(39b) replace zm by zc 

        t(i)=t_+((A_-(B_*dHmo))*(log((zm(i)+dHmo)/(zc+dHmo))))+(B_*(zm(i)-zc)); 

%Eq.(46) 

        Zm(i)=(zc*dMCc)+((zm(i)-zc)*dMCmo); %Eq.(47) 

        Kc_(i)=(zm(i)*dMCmo)/(((zc*dMCc)/Ksc)+(((zm(i)-zc)*dMCmo)/Ksmo)); %Eq.(43) 

    end 

    for i=i6:n %zm>zmo 

        t__=t_+((A_-(B_*dHmo))*(log((zc+zmo+dHmo)/(zc+dHmo))))+(B_*(zmo)); %Eq.(46) 

replace zm by zmo+zc 

        Kc__(i)=(zm(i)*dMCumo)/(((zc*dMCc)/Ksc)+((zmo*dMCmo)/Ksmo)+(((zm(i)-zc-

zmo)*dMCumo)/Ksumo)); %Eq.(55) 
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        t(i)=t__+((A__-(B__*dHumo))*(log((zm(i)+dHumo)/(zc+zmo+dHumo))))+(B__*(zm(i)-

zc-zmo)); %Eq.(58) 

        Zm(i)=(zc*dMCc)+(zmo*dMCmo)+((zm(i)-zc-zmo)*dMCumo); %Eq.(59) 

    end 

     

elseif tzc<tp1L 

    if tp2L<=tzmo %2nd layer ponding 

       tp=tp2L; 

       Zp=P*tp; 

       zp=(Zp-(zc*(dMCc-dMCmo)))/dMCmo; 

       a=find(zm<zc); 

       i1=max(a); 

       b=find(zm>=zc); 

       i2=min(b); 

       c=find(zm<zp); 

       i3=max(c); 

       d=find(zm>=zp); 

       i4=min(d); 

       e=find(zm<(zc+zmo)); 

       i5=max(e); 

       f=find(zm>=(zc+zmo)); 

       i6=min(f); 

  

       for i=1:i1 %0<zm<=zc 

           t(i)=(dMCc*zm(i))/P; 

           Zm(i)=zm(i)*dMCc; %Eq.(34) 

       end 

       for i=i2:i3 %zc<zm<=zp 

           t(i)=(((zc*dMCc))+((zm(i)-zc)*dMCmo))/P; 

           Zm(i)=(zc*dMCc)+((zm(i)-zc)*dMCmo); %Eq.(47) 

       end 

       for i=i4:i5 %zp<zm<=zmo 

           Kc_(i)=(zm(i)*dMCmo)/(((zc*dMCc)/Ksc)+(((zm(i)-zc)*dMCmo)/Ksmo)); %Eq.(43) 

           t(i)=tp+((A_-(B_*dHmo))*(log((zm(i)+dHmo)/(zp+dHmo))))+(B_*(zm(i)-zp)); 

%Eq.(53) 

           Zm(i)=(zc*dMCc)+((zm(i)-zc)*dMCmo); %Eq.(47)  

       end 

       for i=i6:n %zm>zmo 

           t_=tp+((A_-(B_*dHmo))*(log((zc+zmo+dHmo)/(zp+dHmo))))+(B_*(zm(i)-zp)); 

%Eq.(53) replace zm by zc+zmo 

           Kc__(i)=(zm(i)*dMCumo)/(((zc*dMCc)/Ksc)+((zmo*dMCmo)/Ksmo)+(((zm(i)-zc-

zmo)*dMCumo)/Ksumo)); %Eq.(55) 

           t(i)=t_+((A__-

(B__*dHumo))*(log((zm(i)+dHumo)/(zc+zmo+dHumo))))+(B__*(zm(i)-zc-zmo)); %Eq.(58) 

           Zm(i)=(zc*dMCc)+(zmo*dMCmo)+((zm(i)-zc-zmo)*dMCumo); %Eq.(59) 

       end 

  

    elseif tp2L>tzmo %3rd layer ponding 

        tp=tp3L; 

        Zp=P*tp; 

        zp=(Zp-(zc*(dMCc-dMCumo))-(zmo*(dMCmo-dMCumo)))/dMCumo; 

        a=find(zm<zc); 

        i1=max(a); 

        b=find(zm>=zc); 

        i2=min(b); 

        c=find(zm<zmo); 

        i3=max(c); 

        d=find(zm>=zmo); 

        i4=min(d); 

        e=find(zm<zp); 

        i5=max(e); 

        f=find(zm>=zp); 

        i6=min(f); 

  

        for i=1:i1 %0<zm<=zc 

            t(i)=(dMCc*zm(i))/P; 

            Zm(i)=zm(i)*dMCc; 

        end 

        for i=i2:i3 %zc<zm<=zmo 

            t(i)=(((zc*dMCc))+((zm(i)-zc)*dMCmo))/P; 

            Zm(i)=(zc*dMCc)+((zm(i)-zc)*dMCmo); %Eq.(47) 

        end 

        for i=i4:i5 %zmo<zm<=zp 

            t(i)=(((zc*dMCc))+((zmo*dMCmo))+((zm(i)-zc-zmo)*dMCumo))/P; 

            Zm(i)=(zc*dMCc)+(zmo*dMCmo)+((zm(i)-zmo-zc)*dMCumo); 

        end 

        for i=i6:n %zmo<zm<=zp 
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            Kc__(i)=(zm(i)*dMCumo)/(((zc*dMCc)/Ksc)+((zmo*dMCmo)/Ksmo)+(((zm(i)-zc-

zmo)*dMCumo)/Ksumo)); %Eq.(55) 

            t(i)=tp+((A__-(B__*dHumo))*(log((zm(i)+dHumo)/(zp+dHumo))))+(B__*(zm(i)-

zp)); %Eq.(67) 

            Zm(i)=(zc*dMCc)+(zmo*dMCmo)+((zm(i)-zmo-zc)*dMCumo); 

        end 

    end 

end 

zm=zm'; 

t=t'; 

Zm=Zm'; 

plot(t,zm) 
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Appendix E 

 

Wetting Front at Field Irrigation Rate 

 

Appendix 28: Time variation of wetting front arrivals at 1cm depth increment 

time, t (mins) 

zm 

(cm) 

CC+MC

+NT 
zm 

(cm) 

CC+

NT 

MC+

NT 

CC+RT

+NT 

CC+MT

A+NT 

CC+MT

+NT 
zm 

(cm) 
NT 

RT+

NT 

MTA

+NT 

MT+

NT 

-10.0 0.0 -5.0 0.0 0.0 0.0 0.0 0.0 0.0 
66.

2 
0.0 0.0 0.0 

-9.0 20.5 -4.0 20.5 16.4 20.5 20.5 20.5 1.0 
66.

3 
12.2 10.9 12.8 

-8.0 41.1 -3.0 41.1 32.8 41.1 41.1 41.1 2.0 
66.
7 

24.4 21.9 25.5 

-7.0 61.6 -2.0 61.6 49.2 61.6 61.6 61.6 3.0 
67.

2 
36.6 32.8 38.3 

-6.0 82.1 -1.0 82.1 65.6 82.1 82.1 82.1 4.0 
68.
0 

48.8 43.7 51.1 

-5.0 157.5 0.0 
102.

6 
82.0 102.6 102.6 102.6 5.0 

69.

0 
61.0 54.6 63.8 

-4.0 162.9 1.0 
108.

1 
87.4 114.8 113.6 115.4 6.0 

70.

3 
73.3 65.6 76.6 

-3.0 168.4 2.0 
113.

5 
92.8 127.1 124.5 128.2 7.0 

71.

7 
85.5 76.5 89.3 

-2.0 173.8 3.0 
118.

9 
98.3 139.3 135.4 140.9 8.0 

73.

4 
97.7 87.4 102.1 

-1.0 179.2 4.0 
124.

3 
103.7 151.5 146.4 153.7 9.0 

75.

3 

109.

9 
98.4 114.9 

0.0 184.6 5.0 
129.

8 
109.1 163.7 157.3 166.5 10.0 

77.

4 

122.

1 
109.3 127.6 

1.0 190.1 6.0 
135.

2 
114.5 175.9 168.2 179.2 11.0 

79.

8 

134.

3 
120.2 140.4 

2.0 195.5 7.0 
140.

6 
120.0 188.1 179.1 192.0 12.0 

82.

3 

146.

5 
131.2 153.2 

3.0 200.9 8.0 
146.

0 
125.4 200.3 190.1 204.7 13.0 

85.

1 

158.

7 
142.1 165.9 

4.0 206.3 9.0 
151.

4 
130.8 212.5 201.0 217.5 14.0 

88.

1 

170.

9 
153.0 178.7 

5.0 211.7 10.0 
156.

9 
136.2 224.7 211.9 230.3 15.0 

91.

3 

183.

1 
163.9 191.5 

6.0 217.2 11.0 
162.

3 
141.6 236.9 222.9 243.0 16.0 

94.

8 

195.

3 
174.9 204.2 

7.0 222.6 12.0 
167.

7 
147.1 249.2 233.8 255.8 17.0 

98.

5 

207.

6 
185.8 217.0 

8.0 228.0 13.0 
173.

1 
152.5 261.4 244.7 268.6 18.0 

10

2.3 

219.

8 
196.7 229.7 

9.0 233.4 14.0 
178.

6 
157.9 273.6 255.7 281.3 19.0 

10
6.4 

232.
0 

207.7 242.5 

10.0 238.9 15.0 
184.

0 
163.3 319.7 294.1 330.8 20.0 

11

0.8 

244.

2 
218.6 255.3 

11.0 244.3 16.0 
189.

4 
168.8 325.1 299.5 336.2 21.0 

11
5.3 

249.
6 

224.0 260.7 

12.0 249.7 17.0 
194.

8 
174.2 330.6 305.0 341.6 22.0 

12

0.0 

255.

0 
229.4 266.1 

13.0 255.1 18.0 
200.

3 
179.6 336.0 310.4 347.1 23.0 

12
5.0 

260.
5 

234.9 271.5 

14.0 260.6 19.0 
205.

7 
185.0 341.4 315.8 352.5 24.0 

13

0.2 

265.

9 
240.3 277.0 

15.0 266.0 20.0 
211.

1 
190.5 346.8 321.2 357.9 25.0 

13
5.6 

271.
3 

245.7 282.4 

16.0 271.4 21.0 
216.

5 
195.9 352.2 326.7 363.3 26.0 

14

1.2 

276.

7 
251.1 287.8 
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17.0 276.8 22.0 
222.

0 
201.3 357.7 332.1 368.8 27.0 

14

7.0 

282.

1 
256.6 293.2 

18.0 282.3 23.0 
227.

4 
206.7 363.1 337.5 374.2 28.0 

15

3.1 

287.

6 
262.0 298.7 

19.0 287.7 24.0 
232.

8 
212.2 368.5 342.9 379.6 29.0 

15

9.4 

293.

0 
267.4 304.1 

20.0 293.1 25.0 
238.

7 
218.1 373.9 348.4 385.0 30.0 

16

5.8 

298.

4 
272.8 309.5 

21.0 298.5 26.0 
245.

4 
224.8 379.4 353.8 390.4 31.0 

17

2.5 

303.

8 
278.3 314.9 

22.0 303.9 27.0 
252.

3 
231.9 384.8 359.2 395.9 32.0 

17

9.4 

309.

3 
283.7 320.3 

23.0 309.4 28.0 
259.

4 
239.1 390.2 364.6 401.3 33.0 

18

6.5 

314.

7 
289.1 325.8 

24.0 314.8 29.0 
266.

7 
246.5 395.6 370.0 406.7 34.0 

19

3.9 

320.

1 
294.5 331.2 

25.0 321.1 30.0 
274.

3 
254.1 401.1 375.5 412.1 35.0 

20

1.4 

325.

5 
299.9 336.6 

26.0 329.0 31.0 
282.

0 
262.0 406.5 380.9 417.6 36.0 

20

9.2 

331.

0 
305.4 342.0 

27.0 337.0 32.0 
290.

0 
270.1 411.9 386.3 423.0 37.0 

21

7.1 

336.

4 
310.8 347.5 

28.0 345.3 33.0 
298.

2 
278.3 417.3 391.7 428.4 38.0 

22

5.3 

341.

8 
316.2 352.9 

29.0 353.8 34.0 
306.

5 
286.8 422.7 397.2 433.8 39.0 

23

3.7 

347.

2 
321.6 358.3 

30.0 362.5 35.0 
315.

1 
295.5 428.2 402.6 439.3 40.0 

24

2.3 

352.

6 
327.1 363.7 

31.0 371.4 36.0 
323.

9 
304.4 433.6 408.0 444.7 41.0 

25
1.1 

358.
1 

332.5 369.2 

32.0 380.5 37.0 
333.

0 
313.5 439.0 413.4 450.1 42.0 

26

0.1 

363.

5 
337.9 374.6 

33.0 389.9 38.0 
342.

2 
322.9 444.4 418.9 455.5 43.0 

26
9.3 

368.
9 

343.3 380.0 

34.0 399.4 39.0 
351.

6 
332.4 449.9 424.3 461.0 44.0 

27

8.8 

374.

3 
348.8 385.4 

35.0 409.1 40.0 
361.

3 
342.1 455.3 429.7 466.4 45.0 

28
8.4 

381.
5 

355.9 392.6 

36.0 419.1 41.0 
371.

1 
352.1 460.7 435.1 471.8 46.0 

29

8.3 

391.

5 
365.8 402.6 

37.0 429.3 42.0 
381.

2 
362.3 466.1 440.5 477.2 47.0 

30
8.3 

401.
6 

375.9 412.8 

38.0 439.6 43.0 
391.

5 
372.6 471.6 446.0 482.6 48.0 

31

8.6 

412.

0 
386.2 423.1 

39.0 450.2 44.0 
401.

9 
383.2 477.0 451.4 488.1 49.0 

32
9.1 

422.
6 

396.7 433.7 

40.0 461.0 45.0 
412.

6 
394.0 484.6 459.0 495.7 50.0 

33

9.8 

433.

4 
407.4 444.5 
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Appendix F 

 

Field Data for Optimization 

 

Appendix 29: Field moisture content variation with respect to time during and after the 

irrigation test application 

 PLOTS 

Time (mins) 1a 1b 2a 2b 3a 3b 

0 0.195 0.197 0.189 0.25 0.184 0.315 

2 0.195 0.196 0.188 0.25 0.182 0.296 

5 0.195 0.196 0.187 0.249 0.182 0.296 

7.5 0.196 0.196 0.187 0.25 0.182 0.296 

10 0.196 0.196 0.187 0.25 0.182 0.296 

15 0.196 0.196 0.188 0.249 0.183 0.296 

20 0.199 0.196 0.186 0.251 0.183 0.3 

22 0.195 0.204 0.189 0.252 0.188 0.295 

24 0.197 0.205 0.19 0.254 0.191 0.3 

26 0.195 0.198 0.188 0.251 0.184 0.3 

28.5 0.196 0.196 0.189 0.25 0.187 0.296 

31 0.195 0.198 0.188 0.249 0.186 0.295 

35 0.197 0.197 0.187 0.25 0.187 0.332 

40 0.196 0.198 0.186 0.25 0.185 0.295 

45 0.196 0.196 0.19 0.249 0.186 0.301 

50 0.194 0.196 0.185 0.249 0.183 0.297 

55 0.194 0.199 0.185 0.245 0.183 0.296 

60 0.194 0.197 0.184 0.249 0.183 0.297 

65 0.199 0.199 0.189 0.248 0.185 0.296 

70 0.193 0.196 0.184 0.248 0.183 0.298 

75 0.195 0.197 0.189 0.247 0.197 0.296 

80 0.193 0.196 0.184 0.248 0.183 0.297 

85 0.193 0.197 0.187 0.25 0.185 0.305 

90 0.193 0.205 0.187 0.25 0.185 0.298 

95 0.193 0.202 0.184 0.247 0.186 0.301 

100 0.193 0.199 0.187 0.248 0.187 0.301 

110 0.193 0.204 0.188 0.251 0.189 0.303 

120 0.193 0.201 0.184 0.25 0.19 0.299 

130 0.193 0.204 0.184 0.251 0.186 0.307 

140 0.197 0.202 0.187 0.252 0.192 0.305 

150 0.193 0.21 0.188 0.247 0.191 0.306 

160 0.193 0.204 0.184 0.247 0.212 0.315 
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170 0.193 0.202 0.185 0.247 0.305 0.322 

180 0.197 0.211 0.188 0.248 0.351 0.367 

190 0.198 0.216 0.186 0.252 0.396 0.412 

195 0.2 0.219 0.191 0.25 0.406 0.412 

200 0.199 0.218 0.187 0.25 0.429 0.418 

205 0.194 0.223 0.189 0.25 0.421 0.426 

210 0.199 0.221 0.19 0.25 0.425 0.427 

220 0.199 0.223 0.188 0.25 0.437 0.43 

230 0.198 0.224 0.19 0.25 0.44 0.438 

240 0.202 0.225 0.191 0.252 0.453 0.446 

250 0.202 0.226 0.192 0.253 0.458 0.445 

260 0.21 0.224 0.194 0.252 0.463 0.452 

270 0.205 0.226 0.194 0.254 0.444 0.454 

280 0.208 0.221 0.193 0.254 0.448 0.456 

290 0.204 0.224 0.193 0.251 0.443 0.467 

300 0.208 0.225 0.197 0.254 0.444 0.458 

328 0.211 0.229 0.201 0.254 0.442 0.456 

338 0.211 0.239 0.215 0.266 0.44 0.454 

345 0.222 0.271 0.248 0.287 0.443 0.457 

360 0.275 0.381 0.317 0.361 0.445 0.463 

371 0.342 0.402 0.365 0.366 0.448 0.463 

380 0.393 0.422 0.39 0.385 0.448 0.468 

390 0.42 0.443 0.416 0.406 0.441 0.471 

400 0.439 0.446 0.422 0.413 0.444 0.456 

420 0.445 0.449 0.429 0.425 0.433 0.415 

502 0.445 0.449 0.429 0.438 0.425 0.454 

Time (day) 1a 1b 2a 2b 3a 3b 

0.25 0.445 0.449 0.429 0.438 0.425 0.454 

1 0.425 0.435 0.415 0.412 0.403 0.43 

1.5 0.425 0.442 0.422 0.415 0.402 0.435 

2 0.419 0.44 0.411 0.428 0.396 0.43 

2.5 0.419 0.439 0.406 0.428 0.393 0.429 

3 0.419 0.439 0.406 0.428 0.396 0.43 

3.5 0.415 0.438 0.402 0.428 0.387 0.429 

4 0.408 0.424 0.406 0.436 0.386 0.445 

4.5 0.414 0.416 0.393 0.434 0.383 0.429 

5 0.4 0.405 0.387 0.424 0.376 0.428 

5.5 0.4 0.403 0.385 0.423 0.374 0.427 

6 0.398 0.4 0.381 0.418 0.371 0.418 

 




