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ABSTRACT

This project studied the effect of urban forest types, vegetation configuration and soil
properties on soil infiltration. In the study, 6 locations were considered; Undeveloped
land, Farm land, Grazing land, Gardened land, Paved compound and Paved road side
with 5 samples from each location in Minna City, Niger State to investigate the soil
infiltration characteristics of urban soil and its influencing factors. The results showed
that the steady infiltration rates of urban soil were highly variable. High variations in the
final infiltration rates were observed for different vegetation patterns and compaction
degrees (22.02, 17.06, 13.45). Land with shrubs and grasses had the highest infiltration
rate and places with bare land had the lowest infiltration rate (7.14). In addition, the
results showed that the soil infiltration rate decreased with an increase in the bulk
density and with a reduction in the soil organic matter content and non-capillary
porosity. The soil infiltration rate also had significantly positive relationships with the
total porosity and saturated soil water content. Urban soil compaction contributed to low
soil infiltration rates. Considering the effect of the land use practices on soil properties,
the soils differ considerably between the six locations; that is, the undeveloped land,
Farm land, Garden, Grazing land, paved compound and paved road side. The soil at the
undeveloped site is a deep, well-drained soil which consist of 56% sand, 25% clay and
31% silt which makes it predominantly sandy-loam. The soil at the farm land is
dominated with loamy soil with relatively high degree of homogeneity both vertically
across depths and horizontally from one sample locus to the next. The soil texture at
grazing land from five different samples collected showed sandy clay, silty loam, clay
loam, silty loam and sandy loam, while, Paved compound and paved road side had
sandy clay composition which had a high surface runoff and low infiltration (7.78, 7.45,
7.29).These results also demonstrated that the effect of soil texture on infiltration rate
was probably masked by the land use practices and soil management, which agrees with
the fact that water infiltration into the soil is highly sensitive to land use and soil
management. Three infiltration models were applied (Horton, Kostiakov and Philip) and
their performances were evaluated based on Root Mean Square Error (RMSE) and
coefficient of determination (R?). The Philip model with the least RMSE values of 0.79
cmh' and R? of 0.97 most closely predicted the measured infiltration. Kostiakov and
Horton models provided less accurate estimates of the measured infiltration with least
RMSE values of 4.63 and 5.13 and R? of 0.92 and 0.91, respectively. To increase the
infiltration rate and water storage volume of urban soil, proper techniques to minimize
and mitigate soil compaction should be used. These findings can provide useful
information for urban planners about how to maximize the water volume of urban soil
and decrease urban instantaneous flooding.
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CHAPTER ONE
1.0 INTRODUCTION
1.1  Background to the Study
In the past decades, South Guinea savannah zone of Nigeria had experienced a rapid and
unprecedented process of urbanization, with urban areas expanding almost
exponentially outwards in many cities in parallel with infrastructural constructions, the

natural movement of water into the soil is obstructed (Venter et al., 2019).

In developing cities, different structural constructions often represent the urbanization
gradients (Zhai et al., 2017.) During the process of urbanization, forests and soils were
significantly influenced by human activities and large areas of forests have been
occupied. Meanwhile, many afforestation movements such as ‘forest city’ or ‘eco-city’
have been initiated in developed cities due to citizens’ desire for a better quality of life
(Lv et al., 2016.) Urban forest soil is affected not only by plant-soil interaction and

afforestation but also by human activities such as trampling (Lasanta et al., 2019).

With rapid urbanization, natural vegetated soils are replaced with impervious surfaces.
This land conversion could exert profound influences on hydrological processes such as
inhibiting rainwater infiltration and increasing surface runoff and peak discharge rates
(Jia et al., 2015; Zhang et al., 2015). Excessive runoff accompanied by low urban forest
coverage could frequently cause flooding in the urban areas and pose threats to life and
property (Pataki et al., 2011; Yao et al., 2015). The increase in flood risk due to short-
term heavy rains has been a major concern in many cities (United Nations, 2012).
Nearly all cities have set up mitigation strategies to improve the design standards of

urban drainage pipe networks. However, such strategies are costly and increase the
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pressure on sewage treatment plants. Therefore, effective and low-cost measures to

solve waterlogging in cities need to be explored.

Although many studies on urban effect of infiltration on soils have been conducted,
most of them have focused only on soil fertility (Li et al., 2015), heavy metal pollutants
(Pan et al., 2008; Fang et al., 2012) and soil microorganisms (Zhao and Guo, 2010;
Chen et al., 2012). Most previous studies in urban areas primarily used the results from
rural areas to generate the runoff reduction values (Yao et al., 2015; Zhang et al., 2015).
This method did not take into account the impact that the urban conditions may have on
urban infiltration. In addition, urbanization has dramatically alerted the urban soil
through sealing, intensive disturbance, deposition of building and daily rubbish,
sedimentation of air dust, and infiltration of sewage (Zhao et al., 2007; Shaw et al.,
2010). These processes damage and change the urban soil compared with the natural
soil. It is important to understand scientifically the effects of urbanization on soil
infiltration. Urbanization effects are typically evaluated along urban-rural gradients,
which have been used in studies considering soil properties, forest soil heavy metals,
polycyclic aromatic hydrocarbons and soil organic carbon Pouyat et al., 2008. Many
results showed that soil organic matter, water-stable aggregates, cation exchange
capacity, total nitrogen, total phosphorus and heavy metal concentrations (such as lead,
copper, and nickel) increased from rural to urban zones (Zhang et al., 2003; Lu et al.,

2009).

In the process of urbanization, soils are typically degraded by a wide range of
modifications including vegetation clearing, topsoil removal, grading, and compaction.
These practices significantly influence soil physical characteristics (Alaoui et al., 2011)

and ultimately lead to the loss of critical soil-mediated ecosystem services such as storm
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water mitigation (Pitt et al., 2008), carbon storage (Chen et al., 2013), and net primary
productivity (Milesi et al., 2003). Many studies showed that soil organic amendments
could help the formation of soil aggregates and improve the soil structure and therefore
has a significant effect on the increasing infiltration rates (Celik et al., 2010; Brown and
Cotton, 2011). Thus, in the process of urban green spaces management and
maintenance, returning the litter to the green land, increasing the surface organic
coverage or organic manure fertilizer to increase the infiltration rate should be

advocated.

Compaction can be the intentional compacting of a site to increase the structural
strength of the soil or it can be inadvertently caused by the use of heavy equipment and
grading of lots. Soil compaction affects the physical properties of soil by increasing its
strength and bulk density, decreasing its porosity, and forcing a smaller distribution of
pore sizes within the soil. These changes affect the way in which air and water move
through the soil and the ability of roots to grow in the soil (Scharwies, & Dinneny, 2019;
Robinson, et al., 2019). Changes to the way that air and water move within the soil can
affect infiltration rate. A decrease in infiltration rate will result in increased runoff
volume, greater flooding potential and reduced groundwater recharge within
watersheds. Compaction has a significant influence on soil hydraulic properties such as
soil water retention, soil water diffusivity, unsaturated hydraulic conductivity and
saturated hydraulic conductivity (Galli et al., 2021; Sohn et al., 2020). These hydraulic
properties in turn govern infiltration rates. The infiltration of storm water within urban
areas is an important process being promoted as part of a new storm water management
strategy. This management strategy is often referred to as low impact development,
which aims to reduce the volumes and peaks of runoff to predevelopment levels.

Promoting infiltration is one of the primary methods for achieving this goal. The
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quantification of the effect of compaction on infiltration rates is therefore, an important

task.

Soil moisture controls the partitioning of rainfall into infiltration and runoff, and it
controls land surface temperature through its effect on the partitioning of available
energy into sensible and latent heat fluxes. It is the hydrologic state variable, together
with land temperature, in models of surface water and energy balance. The state of
dynamics is affected by hydrometeorological forcing of precipitation, radiation, and
atmospheric evaporative demand. Furthermore, topography, land use, and soil properties
across the landscape, affect soil moisture temporal evolution (Liu et al., 2012; Beven

and Germann, 2013).

1.2 Statement of the Research Problem

Generally, with rapid urbanization, natural vegetated soils are replaced with impervious
surfaces. This land conversion could exert profound influences on hydrological
processes such as inhibiting rainwater infiltration and increasing surface runoff and peak
discharge rates (Zipper et al., 2017). However, the motivation for this study is informed
by the following general problems.

(iy Frequent flood event during the rainy season: urban soil characteristics
especially soil physical properties, are subject to dramatic changes due to
compaction by intensive human activities, which may cause frequent flood
during the rainy season as a result of poor infiltration.

(ii) Poor surface runoff water quality: The prevalence of flooding is high in
compacted soils and the quality of surface runoff water is reduced during flood

event. The concentration of total Nitrogen, molybdate-reactive phosphorus, total
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phosphors, and suspended material in urban surface runoff are significantly
higher than those observed in forested or agricultural watersheds.

(iii) In urban areas, the various human activities affect the infiltration rate on the soil
properties that have negative effects on the eco-environment of the city

(iv) Inconsistency in analytical approaches for estimating surface runoff and
infiltration rate. The level of analytical sophistication that is required to estimate
runoff and infiltration rate is somewhat inconsistent and, in most cases, the
uncertainties in infiltration rates will be significant. It would not be uncommon
for actual, long term infiltration rate to differ from the estimated infiltration rate
by factor of 2 to 10. These differences are primarily due to uncertainties in

hydraulic conductivity and hydraulic gradients.

1.3 Aim and Objectives of the Study
The aim of the study is to determine the effect of different land use on infiltration rates

within Minna metropolitan area of southern guinea savannah zone, Nigeria

The objectives of this study are to:
(i) determine the water infiltration characteristics of soil under different land use
(if) determine the sensitivity of the parameters considered
(iii) compare the performance of the three models (Horton, kostiakov and Philip

models) for infiltration rate prediction.

1.4 Justification of the Study
Infiltration is one of the major components of the hydrologic cycle. It constitutes the
sole source of water to sustain the growth of vegetation which is filtered by the soil

which removes many contaminants through physical, chemical and biological processes,
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and replenishes the ground water supply to wells, springs and streams (Shrestha et al.,

2018.; Gavri¢ et al., 2019).

Infiltration is critical because it supports life on land. The ability to quantify infiltration
is of great importance in watershed management. Prediction of flooding, erosion and
pollutant transport all depend on the rate of runoff which is directly affected by the rate
of infiltration (Ellen, 2006). Quantification of infiltration is also necessary to determine
the availability of water for crop growth and to estimate the amount of additional water
needed for irrigation (Ellen, 2006). Also, by understanding how infiltration rates are
affected by surface conditions, measures can be taken to increase infiltration rates and
reduce the erosion and flooding caused by overland flow. In order to develop improved
hydrologic models, accurate methods for characterizing infiltration are required (Clark
et al., 2017; Sahraei et al., 2020). In spite of its great importance, many water quality

models still lack proper quantification of infiltration.

Information on infiltration rate is necessary in hydrologic design, irrigation, and
agriculture (Sihag & Singh, 2018). It is important to have a detailed understanding of
infiltration characteristics for a given land use complex. It is one of the main
abstractions accounted for in the rainfall-runoff modeling. In the hydrological process,
infiltration divides the water into two parts surface flow and groundwater flow. Soils of
different types have different infiltration characteristics, and Infiltration rates are
affected by a number of factors such as antecedent soil moisture content of soil, density
and behaviour of the soil. Infiltration, therefore, has a vital role in subsurface and

surface soil erosion, runoff generation, irrigation rate and hydrology.

1.5  Scope of Study
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The extent of coverage of the study is limited to the Effect of Different Land Use on
Infiltration Rates within Minna Metropolitan Area of Southern Guinea Savannah Zone,

Nigeria.

CHAPTER TWO

2.0 LITERATURE REVIEW

21 Infiltration

Infiltration is the process of penetration of water into the ground surface and the
intensity of this process is known as infiltration rate. The infiltration rate is expressed in
term of volume of water poured per ground surface per unit of time. Soil erosion,
surface runoff & ground water recharge are affected by this process. At a certain
moment the maximum infiltration rate can be indicated by the infiltration capacity of
soil. Infiltration of water into the soil can be determined by a simple instrument called
Double ring infiltrometer. These cylinders are partially inserted into the ground and
water is filled up to a margin inside the cylinder and after that the speed of penetration
of water is measured with respect to the time and depth of penetration of water inside

the cylinder.

Infiltration is the entrance of water originating from rainfall, snowmelt or irrigation, the
soil surface into the top layer of the soil. Redistribution is the movement of water from
point to point within the soil. These two processes cannot be separated because the rate
of infiltration is strongly influenced by the rate of water movement within the soil below
(Ellen, 2006). After each infiltration event, soil water movement continues to
redistribute the water below the surface of the soil (Cheng et al., 2020; Luo et al.,

2021). Many of the same factors that control infiltration rate also have an important role
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in the redistribution of water below the soil surface during and after infiltration (Ellen,
2006). Thus, an understanding of infiltration and the factors that affect it is important
not only in the determination of surface runoff, but also in understanding subsurface

movement and storage of water within a watershed (Qi et al., 2020; Beven, 2021).

The movement of water is always from higher energy state to lower energy state and the
driving force for the movement is the potential difference between energy states (Ellen,
2006). Three important forces affect the movement of water through soil. First the

gravitational force, or potential difference, causes water to flow vertically downward.

This is because the gravitational potential energy level of water at a given elevation in
the soil profile is higher than that of water at a lower elevation (Ellen, 2006). Also, if
there is standing water on the surface, the weight of the ponded water exerts hydrostatic
pressure which increases the rate of infiltration, also due to the gravitational force.
Second adhesion, or the attraction of the soil matrix for water is responsible for the

phenomena of adsorption and capillarity.

The matric or capillary potential refers to the energy state of the water molecules
adsorbed onto the soil solids which is much reduced compared to that of bulk water
(Radcliffe & Simunek, 2018; Maleksaeedi & Nuth, 2020). To a lesser extent cohesion,
which describes the attraction of water molecules to each other, lowers the energy state.
Together adhesive and cohesive forces produce a suction force within soil that reduces
the rate of movement of water below the soil surface. The higher the soil water content
the weaker the suction force and the lower the matric potential difference. Third, the
attraction of ions and other solutes towards water, result in osmotic forces, that tend to

reduce the energy level in the soil solution. Osmotic movement of pure water across a
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semipermeable membrane into a soil solution is evidence of the lower energy state of

the soil solution (Hilhorst et al., 2000).

2.2 Physical Processes of Infiltration

Infiltration of rainfall into pervious surfaces is controlled by three mechanisms, the
maximum possible rate of entry of the water through the soil/plant surface, the rate of
movement of the water through the vadose (unsaturated) zone, and the rate of drainage
from the vadose zone into the saturated zone (Sprenger et al., 2019.; Dezsé et al. 2019).
During periods of rainfall excess, long-term infiltration is the least of these three rates,
and the runoff rate after depression storage is filled to the excess of the rainfall intensity
above the infiltration rate. The infiltration rate typically decreases during periods of
rainfall excess (Pitt et al., 2003). Storage capacity within the soil profile is recovered

during periods when the drainage from the vadose zone exceeds the infiltration rate.

The surface entry rate of water may be affected by the presence of a thin layer of silts
and clay particles at the surface of the soil and vegetation. These particles may cause a
surface seal that would reduce a normally high infiltration rate. The movement of water
through the soil depends on the characteristics of the underlying soil. Once the surface
soil layer is saturated, water cannot enter soil faster than it is being drained into the
vadose zone, so this transmission rate affects the infiltration rate during longer events
(Pitt et al., 2003). The depletion of available storage capacity in the soil due to
urbanization-associated compaction affects the transmission and drainage rates. The
storage capacity of soils depends on the soil thickness, porosity, and the soil-water
content. Many factors including soil texture, root development, soil insect and animal
bore holes, structure, and presence of organic matter, affect the effective porosity of the

soil.
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According to (Pitt et al., 2003); the infiltration of water into the surface soil is
responsible for the largest abstraction (loss) of rainwater in natural areas, and the
infiltration capacity of most soils allows low intensity rainfall to totally infiltrate, unless
the soil voids became saturated or the underlain soil is more compact than the top layer.
High intensity rainfalls generate substantial runoff because the infiltration capacity at
the upper soil surface is surpassed, even though the underlain soil might still be very
dry. The classical assumption is that the infiltration capacity of a soil is highest at the
very beginning of a storm and decreases with time (Fernandez-Pato 2018; Yang et al.,
2020; Beven, 2021). The soil-water content of the soil, whether it was initially dry or
wet from a recent storm, will have a great effect on the infiltration capacity of certain

soils (Pitt et al., 2003).

Natural infiltration is significantly reduced in urban areas due to numerous factors: the
decreased area of exposed soils, removal of surface soils and exposing subsurface soils,
grading of soils through landscaping, and compaction of the soils during earth moving
and construction operations. The decreased areas of soils are typically associated with
increased runoff volumes and peak flow rates, while the effects of soil disturbance are
rarely considered. Infiltration practices have long been applied in many areas to
compensate for the decreased natural infiltration areas, but with limited success. Silting
of the infiltration areas is usually responsible for early failures of these intended
infiltration controls, although compaction from heavy traffic is also a recognized
problem. More recently, "biofiltration" practices, that rely more on surface infiltration in
extensively vegetated areas, are gaining in popularity and appear to be a more robust
solution than conventional infiltration trenches. These biofiltration devices also allow

modifications of the soil with amendments (Sileshi et al., 2017).
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Water moving into a soil profile displaces air, which is forced out ahead of the wetting
front. If there is a barrier to the free movement of air, such as a shallow water table, or
when a permeable soil is underlain by a relatively impermeable soil, the air becomes
confined and the pressure becomes greater than atmospheric. Compressed air ahead of
the wetting front and the counter flow of escaping air may drastically reduce infiltration
rates (Glass, 2019.; Ogbuagu, 2019) found that for dry soils and for interrupted flow the
main retardant to infiltration was entrapped air, while for wet soils, reduced aggregate
stability and surface sealing were the main causes for reduced infiltration rates. (Le Van
and Morel-Seytoux, 1972) showed that for a two-phase flow treatment of infiltration,
infiltration rate after a certain time was well below the saturated hydraulic conductivity,
which was considered to be a lower limit by all the previous authors. Infiltration tends
to be increased for deeper water tables, since the impedance of the compressed air on
infiltration is reduced and the soil profile tends to be drier compared to shallow water

table conditions (Vereecken et al., 2019; de Moraes et al., 2020).

2.3 Impact of soil properties on soil infiltration

Soil water infiltration is a key process in the water cycle since it controls, inter alia, the
surface water-groundwater relationship (Zhang et al., 2017). The soil properties play a
crucial role in this process. Many studies have demonstrated that the infiltration rate
depends mainly on soil properties, such as initial moisture content, hydraulic
conductivity, soil texture, porosity, swelling degree of soil colloids, organic matter
content, and chemical properties (Bagarello and Sgroi, 2004; Chai et al., 2007;
Bormann and Klaassen, 2008; Fischer et al., 2014). Soil bulk density is one of the most
important factors that influence infiltration capacity (Yang & Zhang, 2008). The results

obtained during the studies conducted by (Zhang et al., 2017) at Changchun, Northeast
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China showed that the soil infiltration rate decreased with increasing bulk density. For
example, at a soil bulk density of 1.44 g/cm?, the infiltration rate was lower than 5.00
cm/h. In contrast, the bulk densities of soils that had higher infiltration rates were 1.19—
1.35 g/cm?. Soil pores provide channels for water movement in the soil. If there is more
connectivity between pores, the soil infiltration rate will be increased. Past studies have
found that soil infiltration rates had significant positive linear correlations with the total
porosity and non- capillary porosity (Yang and Zhang, 2011; Li et al., 2013).
According to (Zhang et al., 2017), there were positive relationships between infiltration
rates and soil total porosity and non-capillary porosity. Urban soils are frequently mixed
with many gravel, coal cinders, construction waste and other artificial substances in city

greening.

The existence of gravel creates a number of macropores in soil, which easily form
preferential flow that is mainly influenced by gravity and not capillary pores (Zhang et
al., 2017). Compaction is the most serious form of the physical degradation in urban
areas. Compaction usually leads to increases in bulk density and decreases in porosity
and formation of a crust layer that prevents water infiltration into the surface soil
(Richard et al., 2001). According Wang et al. (2017) the final infiltration rate decreased
with increased soil compaction. Furthermore, the final infiltration rate of non-
compacted soil was significantly different from that of severely compacted soils.
Specifically, the infiltration rate of non-compacted soil was 8.84 cm/h, and the

infiltration rate of the severely compacted soil was 1.88 cm/h.

Generally, urban green space soils are compacted mainly by mechanical compaction in
urban greening and human trampling. Compaction affects root growth of the plant and

inhibits water penetration into the soil, causing waterlogging in urban areas (Yang and
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Zhang, 2011). Therefore, in the process of urban greening the measures should be taken
to loosen the soil and avoid compaction. In the process of urbanization, soils are
typically degraded by a wide range of modifications including vegetation clearing,
topsoil removal, grading, and compaction. These practices significantly influence soil
physical characteristics (Alaoui et al., 2011) and ultimately lead to the loss of critical
soil- mediated ecosystem services such as storm water mitigation (Pitt et al., 2008),
carbon storage (Chen et al., 2013), and net primary productivity (Milesi et al., 2003).
Many studies showed that soil organic amendments could help the formation of soil
aggregates and improve the soil structure and therefore has a significant effect on the
increasing infiltration rates (Frankenberger, 1992; Celik et al., 2010; Brown and Cotton,

2011).

In a study by Wang et al. (2017); there were positive relationships between soil organic
matter and infiltration rate. Thus, in the process of urban green spaces management and
maintenance, returning the litter to the green land, increasing the surface organic
coverage or organic manure fertilizer to increase the infiltration rate should be

advocated.

2.4 Impact of vegetation cover on soil infiltration

Vegetation and other ground covers such as mulches and plant residues reduce soil
temperature and evaporation from the soil surface, but vegetation also loses moisture
through transpiration. Vegetation increases infiltration rates by loosening soil through
root growth and along with natural mulches and plant residues, intercept rain drops,
which compact and damage the structure of bare soil and cause surface sealing and
crusting. Living and dead plant material also add organic matter to the soil which

improves soil structure and water holding capacity and provide habitat for earthworms
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which further enhance the soil constitution and increase infiltration rates. Soil water
content is also affected by seasonal changes in water use by plants, stage of plant
growth, spacing of plants, type of vegetation, depth of roots, and extent of canopy

coverage.

A steady infiltration rate, equivalent to saturated hydraulic conductivity, is one of the
important indicators to evaluate soil physical characteristics and a critical component of
most urban runoff models. Soil infiltration is affected by various factors such as
vegetation cover, soil texture and structure, soil organic matter, antecedent water
content, management system, disturbance age and landscape position (Kumar et al.,
2012). Many previous studies have showed that there was a great difference in the soil
infiltration rate of different land use and different functional urban green areas (Yang &
Zhang, 2008; Wei et al., 2012; Chen et al., 2014). There was wide variability in soil

infiltration rates among different urban forest types in our study.

Vegetation characteristics have important effects on soil infiltration capacity. In our
study, the tree with shrubs and grasses had the highest values followed by tree with
grasses, and tree with bare land had the lowest values. The infiltration rates in areas with
shrubs and grasses were relatively higher because shrubs and grasses can loosen
compacted soil and can aid in the formation of soil macropores and good soil structure
(Meek et al., 1989; Wu et al., 2016). In addition, shrubs protected the soil from
compaction. Alternatively, the infiltration rate was very low in urban forests with bare

land because the soil was apt to be trampled by pedestrians.

The infiltration rate of trees with sparse grasses (FFG) was higher than trees with

grasses (FG) in attached forest (AF), landscape and relaxation forest (LF), possibly
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because the infiltration capacity is decreased by grasses (Archer et al., 2002; Fischer et
al. 2014). Thus, shrubs are better than grasses in the improvement of soil structure in
urban greening (Zhang et al. 2017). Therefore, in order to make full use of urban green
space soil for rainwater reduction, a proper vegetation configuration is needed. For
example, in urban greening, more shrubs and less lawns should be promoted.

Vegetation protects the soil from raindrop splash by intercepting and absorbing the
energy of the raindrops. Crusting is the drying out and hardening of the surface sealed
layer. Crusting may cause immediate ponding with very low infiltration rate. A long
soaking rain will tend to soften the crust so that after a time infiltration rate may

increase (Ellen, 2006).

25 Impact of Urbanization on Soil Infiltration

Population growth and the increase of socio-economic activities experienced over the
last decades has led to a pervasive urbanization global trend (Duh et al., 2008). Nearly
half of the world’s population lives in urban areas, and that percentage is expected to
increase to 60% by the year 2030 (Burns et al. 2005). This population pressure on the
environment implies changes to land use and to landscape patterns within catchments,
altering the connectivity of water flows between different sub-catchments, with
potential consequences for rainfall-runoff relationships, affecting local and regional

water resources as well as flood hazards (Alig et al., 2004; Huang et al., 2008).

Several researchers refer that the creation of impervious surfaces, associated with the
urbanization process, induces major modifications in the natural water balance and in
the various phases of the hydrological cycle, such as: reduction in evapotranspiration,

decrease water infiltration capacity, associated with soil compaction (Arthur-Hartranft
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et al., 2003; Easton et al., 2007), changes in soil moisture content (Easton et al., 2007;
Easton and Petrovic, 2008), increase of surface runoff in annual streamflow (Corbet et
al., 1997; Semadeni-Davies et al., 2008; Wheater and Evans, 2009), and decrease of
baseflow and groundwater recharge (Xiao & McPhearson, 2003; Llorens & Domingo,
2007; Semadeni-Davies et al., 2008; Wheater and Evans, 2009). These changes are
reflected in higher peak runoff, larger runoff volumes, decreased lag times to peak flow
and a decrease in mean residence time of streamflow (Niemczynowicz 1999; Brun &
Band, 2000; Blake et al., 2003; Goonetilleke et al., 2004; Burns et al., 2005; White and
Greerb, 2006; Semadeni-Davies et al., 2008; Haase, 2009), leading potentially to
increasing flood peaks. These can be particularly dramatic in small urban catchments
due to flash floods risk and the associated damages to human lives and to Properties.
However, despite the profusion of works, the impacts of potential land use change on
storm-runoff generation and infiltration rate remain largely unknown (Ying et al.,
2009), particularly in areas with a Mediterranean climate, and predicting urban floods

continues to present difficulties.

2.6 Field Estimation of Soil Infiltration

Infiltration is the process of penetration of water into the ground surface and the
intensity of this process is known as infiltration rate. The infiltration rate is expressed in
term of volume of water poured per ground surface per unit of time. Soil erosion,
surface runoff & ground water recharge are affected by this process (Amreeta et al.,
2015). At a certain moment the maximum infiltration rate can be indicated by the
infiltration capacity of soil. Infiltration of water into the soil can be determined by a
simple instrument called Double ring infiltrometer (ASTM, 2009). As shown in Plate I,
the double ring infiltrometer has two parts, one was outer ring whose diameter was 600

mm and second was inner ring whose diameter is 300 mm. The rings of infiltrometer
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were driven 100 mm depth into the soil. The hammer should strike uniformly on steel
plate which is placed on the top of the ring without disturbing the top soil surface. The
water was filling at the same level of both rings. The profundity of water in the
infiltrometer was recorded at regular interims until the steady infiltration rate was
achieved. The soil sample (about100-150 gm) for calculating moisture content was

collected from a site nearest to the location chosen for experimentation (Parveen, 2018).

Plate I: The Double Ring Infiltrometer haingO mm inner diameter and 600 mm
outer diameter (ASTM), 2009).

According to (Liu et al., 2007); the initial and final infiltration rate (cm/h) of soil was
determined by the dual-ring method. The mean infiltration rate for the first 3 min was
chosen as the initial infiltration rate (IIR) according to the process of soil infiltration,
and then chose the average infiltration rate for 0-15 min as the average infiltration rate
of the stage | (AIRSI). Likewise, the average infiltration rate of stage Il (AIRSII) was
for the period of 15-30 min and the average infiltration rate of stage 11l (AIRSIII) was
for the period from 30 to 60 min. The average infiltration rate of the 0-60 min period

was chosen as the overall average infiltration rate (AIR) (Wu et al., 2016). According to
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the criteria proposed by Kohnke (1968) in (Zhang et al., 2017); the steady infiltration
rates were categorized into seven levels: very slow (ks < 0.1 cm/h), slow (0.1 <ks <0.5
cm/h), slow to medium (0.5 < ks < 2.0 cm/h), medium (2.0 < ks < 6.3 cm/h), medium to

fast (6.3 < ks <12.7 cm/h), fast (12.7 < ks < 25.4 cm/h) and very fast (ks > 25.4 cm/h).

2.7 Soil Compaction

Soil compaction is emerging as a serious problem affecting the yield of field crops
leading to soil degradation worldwide. Compaction-induced soil degradation affects
about 68 million hectares of land globally (Alaoui, & Diserens, 2018.; Wang, 2019).
Soil compaction is the compression of soil by external forces that decrease the volume
of pore space while increasing the soil density (Faloye et al., 2021). It is a densification
and reduction in porosity, associated with changes to the soil structure and an increase
in strength and a reduction in hydraulic conductivity (Rizzon et al., 2021). The extent of
the soil compaction problem is a function of soil type and water content, vehicle weight,
speed, ground contact pressure and number of passes, and their interactions with
cropping frequency and farming practices (Larson et al., 1994; Chamen et al., 2003).
Soil compaction occurs when soil particles are pressed together, reducing pore space

between them (DeJong-Hughes, 2001).

The existence of high plough sole density layer of 5-15 cm thickness at 10-40 cm soil
depth in agricultural soils was reported by (Glinski, & Lipiec, 2018) and particularly in
extensively puddled soils with rice cultivation. Puddling is the process of tilling the soil
at high moisture content, causing shear and compression of soil particle (Faloye, et al

2021). It destroys soil aggregates and peds, create plastic mud, and thus eliminates most
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macropores, which transmit water, remaining macropores are filled by dispersed fine
particles. Puddling also result in non-linear reduction in water flux through soil (Horn,

2021).

2.7.1 Formation of subsoil compact layer

The vast majority of soil compaction in modern agriculture is caused by vehicular traffic
(Sivarajan et al., 2021). The most common causes are agricultural machines such as
tractors, harvesters and various other cultivation implements, as wheels travelling over
moist and loose soils (Alakuku et al., 2003). The degree of compaction depends on the
soil strength, which is influenced by intrinsic soil properties such as texture and soil
organic matter contents (Gurmu, 2019), structure of the tilled layer at wheeling (da Rosa
et al., 2021) and its water content (Varley et al., 2020) and loading, which depends on
axle load, tyre dimensions and velocity, as well as soil-tyre interaction (Lebert et al.,
1998). High axle load traffic (10 Mg axle load, 300 KPa inflation pressure) most often
cause detectable differences in soil physical properties to around 50 cm depth on soils
with clay content varying from 2 to 65 per cent (Arvidsson, 2001). Abebe et al. (1989)
concluded that the surface and the subsurface soil deformation characteristics, which
were taken as indicative values of soil compactibility, strongly indicate that the

maximum compaction occurred during the first three passes of a loaded wheel.

Under field conditions, soil compaction is greatly influenced by the axle load and the
number of tyre passes during farm operations (Canillas and Salokhe, 2001). In an
experiment carried out by Raper et al. (1998), it was discovered that soil that was
initially completely disrupted to a depth of 50 cm was re-consolidated by traffic into a
soil condition similar to one that had never received a subsoiling treatment. It was also

found that traffic decreased the total soil volume estimated for root growth using a 2
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MPa limiting cone index value, but not the maximum rooting depth beneath the row,
when an annual in-row sub-soiling practice was used. Abu-Hamdeh (2003a) found that
the intensity of subsoil compaction occurring as vehicle tyre goes deeper with
increasing axle load and tyre inflation pressure. The study showed that increasing tyre
inflation pressure and axle load increased dry bulk density and cone penetration
resistance. It has been estimated that over 30 per cent of ground area is trafficked by the
tyres of heavy machinery even in genuine zero tillage systems (one pass at sowing).
While under minimum tillage (2-3 passes) it is likely to exceed 60 per cent and in
conventional tillage (multiple passes) it would exceed to 100 per cent ground area is

trafficked by the tyres of heavy machinery during one cropping cycle (Tullberg, 1990).

Tillage and traffic using heavy machines can also induce subsoil compaction in
different soil types and climatic conditions in cropped systems (Raper et al., 1998;
Mosaddeghi et al., 2000). Ghildyal and Satyanarayana (1965) reported that the medium
textured soils were more prone to compaction than that in light and heavier one. In
coarse textured soils, the dominant penetration of stress was in the vertical direction,
while in soil with a finer texture stress propagation was multi-directional (Ellies et al.,
2000). However, it was observed that in soil with a good structure, compaction due to

axle load was not so deep and strong.

2.7.2 Effect of soil compaction on soil physical properties
i.  One soil physical property that is always altered in response to compaction is
bulk density of surface and subsurface soil. It has been reported by several
researchers that compaction increases bulk density by disrupting soil aggregates
or by compression of soil aggregates forming restrictive layer and thus decreases

soil volume by compressing the soil particles (Shah, et al., 2017; Kumar, et al.,
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2018). da Silva et al., 1997 investigated the effects of tillage, wheel traffic, soil
texture and organic matter content on dry bulk density and relative bulk density
as an index of compactness. The dry bulk density was strongly affected by
tillage, wheel traffic, soil texture and organic matter content. The results reveal
that intensity of tillage and wheel traffic increases bulk density while addition of
organic matter decreases bulk density of soil. Verbist et al., 2007 reported
significantly higher penetration resistances between 20 and 40 cm depth, a
significantly higher soil bulk density and a per cent decrease in drainage pore
space over the surface or top layer.

Soil strength or penetration resistance (PR) is another property affected by
compaction. Bulk density is the function of total porosity of soil but penetration
resistance is the interplay of many factors or soil properties such as bulk density,
water content, soil texture, soil structure and clay mineralogy, etc. Soil strength
is used as a measure of soil compaction because it reflects the resistance offered
by soil to root penetration (Hamza and Anderson, 2003). Zhang et al., (2006)
investigated the relationships between soil water content and penetration
resistance (PR), the comparison of soil compaction induced by small power
tractor and the medium power tractor, the effect of tractor weight on
compaction, the effect of number of tractors passes and tillage on penetration
resistance, and the effect of compaction on crop yields, etc. The small powered
tillage system created a more compacted plow layer over the medium powered
tillage due to increased passes required with this system. Small four-wheeled
tractors showed a significantly higher PR over medium power tractor in the
surface soil and subsoil. The penetration resistance was significantly and

negatively correlated with soil water content at time of penetration resistance
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measurement (Zhang et al. 2006). After trafficking in a wheat field, the highest
penetration resistance was found in the depth interval of 5 to 14 cm. The results
of the study further reported that crop yield decreased with increasing numbers
of tractor passes. Similar results were also reported by Balbuena et al., (2000),
who found that 10 passes significantly affect soil properties of the surface layer
to 50 cm depth than that in the 1-pass and no-traffic control treatments. At high
soil moisture content, the difference in soil resistance between compacted soil
(with traffic) and un-compacted soil (no traffic) was low and usually less than
that the value that limits root growth (>2 MPa). However, as soils get drier, soil
compaction in the surface layer becomes discernible (Silva et al., 2000).
Reichert et al., (2004) reported that penetration resistance for 6-10 cm layer was
greater than that in 2 MPa for no tillage, from 30 days after beans seeding until
the end of the beans cycle.

Soil compaction considerably affects the soil permeability. Soil infiltration is
directly proportional to the stability of soil structure (Rabot, et al., 2018; Tang,
et al., 2019), pore size, volume and structure (Patel and Singh, 1981; Ankeny et
al., 1990; Badalikova and Hruby, 2006). Radford et al. (2000) determined the
changes in various soil properties immediately after the application of a known
compaction load (10 and 2 Mg load on the front and rear axles, respectively) to a
wet vertosol and found that compaction was mostly restricted to the top 20 cm of
the soil where it decreases the number of pores per unit area in each of the three
pore size ranges at soil surface and up to 10 cm depth. Ankeny et al., 1995 found
that wheel traffic reduced ponded water infiltration rates, but the impacts varied
with soil type. On a silty clay loam, Ankeny et al., 1990 found that wheel traffic

reduced unsaturated water infiltration rates, but the reduction was greater in
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chisel-ploughed soil than that in no-tilled soil. Abo-Abda and Hussain 1990
reported 13-42 per cent reduction in infiltration of sandy soil due to compaction
while, Agrawal 1991 attributed reduction in infiltration and percolation losses of
water and nutrients due to reduction in water transmitting pores. Tarawally et al.,
2004 measured pore size distribution in a Rhodic Ferralsol in western Cuba to
study the effects of three levels of soil compaction on soil moisture retention
parameters. The study concluded that highest levels of soil compaction were
caused at the soil water states corresponding to the field saturation and field
capacity treatments. The negative effects of soil compaction on soil hydro-
physical properties, denoted by an increased volume of <0.5um pores at the
detriment of the 50-0.5 and >50 pm pore size fractions, followed the similar
trend. Marsili et al., 1998 evaluated the change in physical properties of an
arable clay soil following passage of rubber and metal-tracked tractors for
ploughing on clay soil in centre-south and insular Italy in lucerne. The decrease
in macroporosity was greater in treatments involving the rubber-tracked tractor
(from 10.6% to 4.0%) than for the metal tracked tractor (from 10.6% to 7.3%).

Hydraulic conductivity decreased and the lowest values were found after one
and four passes of the rubber-tracked tractor (1.5 and 0.08 mm h-1,
respectively). Kayombo et al., 1991 showed that an increase in axle load from 4
to 8 Mg reduced water infiltration rates upto 35 per cent. Similarly, on a sandy
loam soil, water infiltration decreased linearly with the increase in the number of
passes (0, 5, 10, 15, and 20) of a tractor of 5 Mg by weight (Ohu et al., 1993).
Due to reduction in infiltration rates, Singh et al., 1980 reported improved water
use efficiency in rice under highly permeable soils due to reduction in

percolation losses as a result of subsoil compaction. On a silt loam, Blanco-
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Canqui et al., 2004 reported that wheel traffic reduced saturated hydraulic
conductivity by about three times and increased bulk density by 6 per cent,
averaged across various tillage systems. Canarache et al., 1984 reported 1-3 per
cent (w/w) decrease in water content in 0-20 ¢cm soil layer with 30 tractor wheel
passes over zero wheel passes in several soils of Romania. A traffic pan of 1.81
Mg m-3 density at a depth of 15-25 cm depth reduced water recharge by 2-3 cm
in 180 cm soil profile (Sur et al., 1980). This resulted in surface soil layer
remain wet longer at each irrigation in plots with compacted subsoil layer than
that in uncompacted subsoil layer. Ghildyal and Satyanarayana (1965) reported
decrease in hydraulic conductivity, non-capillary pores and void ratios of sand,
sandy loam, sandy clay loam and clay soils with increase in bulk density due to
compaction treatments. It had been reported that hydraulic conductivity was
directly related to the macropore space while micropores increased at the
expense of macropores on compaction. Hydraulic conductivity underneath
permanent tracks in a controlled traffic system spreaded laterally into the subsoil
(Kirchhof et al., 2000). Soil compaction increased bulk density and strength of
the soil and thus affected the conductivity, permeability and diffusivity of water

and air (Greenland 1977).

Higher bulk density of subsoil has several folds reduced the saturated hydraulic
conductivity and greater penetration resistance at given water content than that
in layers above or below this subsoil layer (Sur et al., 1980). It also resulted in
decreased profile water storage by 2-3 cm when bulk density of subsoil layer
exceeds 1.8 Mg m-3 from 1.55 Mg m-3 in sandy loam soil. The properties of
subsoil layer vary with soil texture, water content, type and amount of clay and

organic matter content (Singh 1986).
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Schwen et al., (2011) in a study to measured water infiltration under different
compaction levels to characterize the effects of compaction on the soil’s porosity
and its associated water-conducting properties. The study further concluded that
compaction reduced saturated hydraulic conductivity due to distortion of
structural flow paths, connectivity and hydraulic effectiveness of many
macropores. Compaction rearranged the pore space, resulting in more water-
conducting mesopores. Ishaq et al., (2001) conducted a field experiment at
Pakistan during 1997-1998 and 1998-1999 on a sandy clay loam soil to study
subsoil compaction effects on soil physical properties and crop yield of
sorghum. They observed that penetration resistance increased and total porosity

and air-filled porosity decreased significantly due to subsoil compaction.

Assouline (2006) modelled the relationship between soil bulk density and the
water retention curve and reported that increase in the soil bulk density during
compaction may influence many aspects of the soil- plant-water relations.
Simulation results showed a decrease in the fraction of larger pores and a
resulting decrease in water retention at high capillary heads, as well as an
increase in smaller pores and the related increase in water retention at relatively
low capillary heads was observed. Quiroga et al., (1999) found resistance to
penetration and susceptibility to compaction to be inversely related to organic
matter content and therefore higher under continuous cultivation. Hydraulic
conductivity was lower in cultivated soils, especially in fine textured soils. The
results showed that in sandy to loam soils, an increase of about 5 g kg-1 organic
matter was required to achieve a 0.06 Mg m-3 decrease in bulk density at the

optimum proctor moisture content. The results also indicate that the loss of
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organic matter in the cultivated soils makes them more susceptible to
compaction, which not only has adverse mechanical effects on plants growth,
development and vyield but also gives rise to a considerable reduction in
hydraulic conductivity. Sur et al., (1980) reported that the saturated hydraulic
conductivity of compact layer at 15-20 cm depth in rice soil was only half to that
of saturated hydraulic conductivity in uncompacted soil. This hard layer formed
with in as little as in a period of three years on sandy loam soil (Sharma and De
Datta 1986).

v.  Assouline et al., (1997) concluded that soil compaction behavior was not only a
function of soil texture, but it was also observed to be affected by pH, CEC, clay
particle thickness, and by the presence of organic matter, iron oxides, and free
aluminum hydroxides, which determine the nature of the resulting cohesive
forces between the soil constituents. The results indicated that damages resulting
from compaction, following 30 yr of intensive cultivation, were greater in the
Palotina soil over the Cascavel soil. Lipiec and Stepniewski (1995) analyzed that
soil compaction resulting from vehicular traffic or tillage systems, affects
transformations and uptake of nutrients due to changes in soil hydraulic,
aeration, and diffusive properties, as well as by its effect on root growth and
configuration. Nutrient uptake was reduced by soil compaction. One of the
dominant factors affecting soil compaction levels is soil moisture content; with
change in compaction level the soil moisture content changes. Under moderate
compaction an increase in nutrient inflow rate per unit length or surface of the

roots alleviates a reduction in total nutrient uptake.

2.7.3 Effect of soil compaction on infiltration and percolation
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Soil compaction causes a decrease in large pores (called macropores), resulting in a
much lower water infiltration rate into soil, as well as a decrease in saturated hydraulic
conductivity. Saturated hydraulic conductivity is the movement of water through soil
when the soil is totally saturated with water (Lipiec and Stepniewski, 2005) unsaturated
hydraulic conductivity is the movement of water in soil that is not saturated.
Unsaturated hydraulic conductivity sometimes increases due to compaction and it is
important when water has to move to roots. Thus, compacted soils are sometimes not as
drought sensitive as uncompacted soil assuming the root system is of equal size in both

cases, which is usually not the case (Douglas and Crawford, 1993).

2.8  Slope and Rainfall Intensity

Slope also affects infiltration rate. A decrease in water infiltration rate was observed
with increase in the slope steepness for grass covered slopes (Haggard et al., 2005; Huat
et al., 2006). According to Haggard et al. (2005), the slope may have the greatest effect
on surface runoff production and infiltration rate when the soil is close to saturation. On
the other hand, there is evidence that on bare sloping land infiltration rates are higher
than on bare flat land (Poesen, 1984). This effect is most likely due to reduced seal
development on sloping land, as greater runoff velocities maintain a larger proportion of
sediment particles in a suspended state resulting in more open pore structure (R6mkens

et al., 1985) as reported in Ellen, 2006.

Rainfall intensity is the instantaneous rainfall rate, and for a uniform storm or rainfall
simulation may be obtained by dividing the depth of rainfall by the duration of rainfall.
For non-ponded conditions, the maximal rate of infiltration called the infiltration

capacity by Horton (1940) or infiltrability by Hillel (1971), equals or exceeds the
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rainfall intensity and the rainfall intensity provides the upper limit for the infiltration
rate. The infiltration rate, therefore equals the rainfall rate until the time of ponding. If
the rate of where 0 rainfall is less than the saturated hydraulic conductivity for the soil,
infiltration may continue indefinitely at the rainfall rate without the occurrence of
ponding. In this case the water content of the soil does not reach saturation, but
approaches a limiting value, which depends on the rainfall intensity. For a given rainfall

intensity, R, the soil profile approaches a uniform water content 6 is the water content
for which the hydraulic conductivity, K, is equal to the rainfall rate, R; K (OL) =R

Since unsaturated hydraulic conductivity increases with increasing water content, the

higher the rainfall intensity, the higher the value of 6 (Skaggs and Khaleel, 1982).

When the rainfall intensity exceeds the ability of the soil to absorb water, infiltration
proceeds at the infiltration capacity. At the time of ponding, the infiltration capacity can
no longer keep pace with the rainfall intensity and depression storage fills up and then
overflows as runoff. If the rainfall has a higher intensity, depression storage will fill
faster and time of runoff will occur sooner, after the time of ponding. The rate of
infiltration (f) after time of ponding, however, will not depend on rainfall intensity (R)
for f less than R except to the degree that more intense rainfall may cause greater
raindrop splash and greater surface sealing. Raindrop splash is the splashing of soil
particles (and water) into the air when bombarded by raindrops. This damages the
surface soil structure and causes soil detachment and surface sealing which occurs when
enough soil particles that splash into the air, land in pore openings, and block them from
infiltrating water. Much of the decrease in infiltration rate seen in unprotected soils is

attributed to surface sealing (Shirmohammadi, 1984).
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2.9  Physical Basis of Equations /Richards Equation
A French hydraulic engineer, H. Darcy established in 1856, that the specific flow rate
through porous media is proportional to the hydraulic gradient (Kirkham and Powers,

1972).

0= -K(h)y e 2.1)

where, H = h + z = total hydraulic head; (L), h = pressure head; (L), z = vertical
distance from the datum plane where H = 0; (L), Z—]; = hydraulic gradient in the z
(vertical) direction, K(h) = hydraulic conductivity which depends on properties of both

the fluid and the porous medium; (Lt_l), and q,= specific flow rate (q:%) in the z

-1 3-1
(vertical) direction; (Lt ). Q = volumetric flow rate; (Lt ). A = area of surface

subjected to rainfall or ponding; (Lz).

Darcy's equation is the basis for describing the movement of water through soil.
Hydraulic conductivity is a function of the soil water content, and soil water content is a
function of pressure head (Kirkham and Powers, 1972). A variation of the Darcy

equation that applies only to horizontal flow is given by Kirkham and Powers (1972).

_ K PPy
q=— £ =0y

22
The relationship between soil water content (6) and capillary pressure head (h) is a soil
property called the soil water retention curve (h(6)). The function h(8) is not a unique

function and depends not only on the water content, but also on whether the soil is

wetting or drying. In other words, the soil water retention curve exhibits hysteresis.

Richards (1931) derived two equations that are considered to be governing equations of

infiltration, because they describe the relationships between the soil properties on which
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infiltration depends, and are based on Darcy’s law and conservation of mass. The soil
1
properties that characterize infiltration are hydraulic conductivity K (h) (Lt ), diffusivity

D (0) (th_l), and water holding capacity C (h) (L_l). For layered soils these properties
must be known for each layer, and for anisotropic soils the properties must be known as
a function of flow direction (Skaggs and Khaleel, 1982). Anisotropic soils have
different physical properties along different axes. The derivation of the Richards’
equation from Darcy’s law and the law of conservation of mass is instructive in
understanding the infiltration process, as well as in understanding many of the other

equations used to approximate infiltration.

Conservation of mass requires that the change in water content with respect to time is

equal to the change in specific flow rate:

a6 _

Assuming change in flow rate is occurring only in the z direction:

e R1Ch) (2.4)

Substituting Equation 2.1 into Equation 2.4:

a6 a a
%= (K3 (25)

Substituting for H in terms of h and z:

20 _ oK (h) 0z

3 on

- a2 (KR 5o 5 (26)
Using the chain rule, one may state:

30 _  do ah

- amor 27

And the water holding capacity, C(h), is equal to 06/ch, which is the slope of the soil-
water retention curve.

By substitution:
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K (h)

a 2 a
C(h) 37 == (K(h) 30) + =0

(2.8)

This is the h-based Richards equation, which may be used for unsaturated or saturated

conditions. The 6-based equation,

%0 _ @ 20,  0K(0)
- 3, (DO) )+ =~ (2.9)

cannot be used to model flow in soils at or near saturation, because df tends to zero and
D(0) becomes infinite. The 0 based equation also fails in cases of layered profiles, since
in cases where abrupt transitions occur between layers, 8 is not continuous (Hillel,

1998). Equation 2.9 is the same as Equation 2.8, where
D(9) = K(h) 3 (2.10)
and % approaches infinity, when moisture content approaches saturation such that do

approaches zero. For completely unsaturated flow the 6-based equation is advantageous
because changes in both 6 and D(0) are typically an order of magnitude less than
corresponding changes in h and C for the h-based equation. As a result, round-off errors
in numerical solutions of the 8-based equation are less significant than for the h-based
equation (Skaggs and Khaleel, 1982). The numerical solution of the Richards equation
for a given set the hydrologist to use the physical properties governing movement of
water and air through soils to precisely quantify vertical percolation of water subject to
a variety of conditions. These predictions are of initial and boundary conditions, allows
critical for assessment of groundwater recharge and in the analysis of contaminant

movement through soil (Skaggs and Khaleel, 1982).

However, the numerical solution of the Richards equation requires numerous
measurements to be made to adequately describe variations in soil properties that occur

both vertically in the soil profile and from point to point in the field (Skaggs and
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Khaleel, 1982), and therefore infiltration models with simplified data requirements are

desirable for practical use.

2.10 Approximate Models

Several equations that simplify the concepts involved in the infiltration process have
been developed for field applications. Approximate models such as those of Philip and
Green and Ampt apply the physical principles governing infiltration for simplified
boundary and initial conditions. They imply ponded surface conditions from time zero
on (Hillel, 1998), and are based on assumptions of uniform movement of water from the
surface down through deep homogenous soil with a well define wetting front;
assumptions that are more valid for sandy soils than for clay soils (Haverkamp et al.,
1987). These assumptions reduce the amount of physical soil data needed from that of
numerical solutions, but also limits their applicability under changing initial and
boundary conditions (Haverkamp et al., 1987). Equations that are physically based
approximations use parameters that can be obtained from soil water properties and do
not require measured infiltration data. Thus, they should be able to produce estimates at
lower cost than empirical equations. Other equations are partially or entirely empirical
and parameters must be obtained from measured infiltration data or roughly estimated
by other means. Empirical equations such as those of Kostiakov and Horton are less
restrictive as to mode of water application because they do not require the assumptions
regarding soil surface and soil profile conditions that the physically based equations
require (Hillel, 1998). Where soils are heterogeneous, and factors such as macropore
flow and entrapped air complicate the infiltration process, empirical equations may
potentially provide more accurate predictions, as long as they are used under similar
conditions to those under which they were developed. This is because their initial

parameters are determined based on actual field-measured infiltration data (Skaggs and
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Khaleel, 1982; Rawils et al. 1993). One characteristic of infiltration that all the equations
predict is an initially rapid decrease in rate with time for ponded surfaces (Skaggs and

Khaleel, 1982).

2.10.1 Kostiakov equation

Kostiakov (1932) and independently Lewis (1938) proposed a simple empirical
infiltration equation based on curve fitting from field data. It relates infiltration to time
as a power function:

fo= K t® (2.11)
-1
where, fp = infiltration capacity [Lt ], t = time after infiltration starts [t], and K, [L] and

a [unitless] are constants that depend on the soil and initial conditions. The parameters,

K, and o must be evaluated from measured infiltration data, since they have no physical

interpretation. The equation describes the measured infiltration curve and given the
same soil and same initial water condition, allows prediction of an infiltration curve
using the same constants developed for those conditions. Criddle et al. (1956) used the
logarithmic form of the equation

log f, = log K;, — alogt (2.12)

to determine the parameter values for K, and a by plotting log fp against log t, which

results in a straight line if the Kostiakov equation is applicable to the data. The intercept

of the equation (infiltration rate at time t = 1) is log Kk and the slope is -a. The higher

the value of -o, the steeper the slope and the greater the rate of decline of infiltration.

The greater the value of K the greater the initial infiltration value (Naeth, 1991). The

Kostiakov equation is widely used because of its simplicity, ease of determining the two

constants from measured infiltration data and reasonable fit to infiltration data for many
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soils over short time periods (Clemmens, 1983). The major flaws of this equation are
that it predicts that the infiltration capacity is infinite at t equals zero and approaches
zero for long times, while actual infiltration rates approach a steady value (Philip,1957a;
Haverkamp et al., 1987; Naeth, 1991). Also, it cannot be adjusted for different field
conditions known to have profound effects on infiltration, such as soil water content
(Philip, 1957a). Mezencev (1948) proposed a modification to Kostiakov’s equation by
adding a constant to the equation that represents the final infiltration rate reached when
the soil becomes saturated after prolonged infiltration.

fp = Kk t*+ fc (213)

Israelson and Hanson (1967) also developed the modified Kostiakov equation and
applied it for estimation of irrigation infiltration. Mbagwu (1993) recommended the
modified Kostiakov equation for routine modeling of the infiltration process on soils
with rapid water intake rates. The Kostiakov and modified Kostiakov equations tend to
be the preferred models used for irrigation infiltration, probably because it is less
restrictive as to the mode of water application than some other models. The SIRMOD
model (Walker, 1998) simulates the hydraulics of surface irrigation (border, basin and
furrow) at the field level and employs the modified Kostiakov infiltration equation to

represent infiltration characteristics.

Ghosh (1980, 1983) obtained better results with the Kostiakov equation than the Philip
model for fields with wide spatial variability in the infiltration data. Clemmens (1983)
found that the Kostiakov equation provided significantly better predictions than the
theoretical equations of Philip and GA for border irrigation infiltration data. Naeth
(1991) found that the Kostiakov equation fit double ring infiltrometer data very well for

all three ecosystems that he studied. Naeth (1988) also found that the Kostiakov

43



equation was sensitive to changes in infiltration capacity brought about through
different grazing treatments. However, Gifford (1976) found that the Kostiakov
equation did not fit infiltrometer data collected from semi-arid rangelands in Australia
and the United States. Gifford (1978) determined that the coefficients in the Kostiakov
equation were more closely related to vegetation factors than to soil factors from

infiltrometer data run with soils pre-wet to field capacity prior to the infiltration test.

Ghosh (1985) challenged the commonly accepted view that the value of the a term in
the Kostiakov equation lies between zero and one, and proved mathematically that the
value of o can be greater than unity. Mbagwu (1990) however, found empirically that
the value of o was consistently less than one. Fok (1986) showed that the Kk and o terms
of the Kostiakov equation do have physical meaning even though several authors have
described it as purely empirical. Mbagwu (1994) found that the two soil properties with
greatest influence over the Kg term are the effective porosity and bulk density. Bulk
density which correlated inversely with the Kk explained 43% of the variability,
effective porosity which is exponentially related to Ki explained 78% of the variability
in this parameter. Mbagwu (1994) found a critical effective porosity threshold of 15 —
20 %, below which the value for was drastically reduced. He also found the saturated
hydraulic conductivity to be linearly correlated with the Kostiakov’s Kk (r = 0.9823, p <
0.001). These three relationships to these physical soil properties he found to be the
same for the Kostiakov K as they are for the Philip’s transmissivity term, Ca. Moreover,
Mbagwu (1994) related Kostiakov Kk to Philip’s Ca by the equation:

Kk=24.22 C,—0.83 (2.14)
which has correlation coefficient (r) of 0.9735, p < 0.001. Thus, the very positive
relationship between the two parameters and the similarity of the physical properties

that exert influence over them, suggest that the time coefficient Kk in Kostiakov’s model
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has the same physical significance as the Philip’s Ca. Both parameters depict the ability
of soils to transmit water under ponded infiltration (Mbagwu, 1994). Ghosh (1985)
proved mathematically that the Philip’s transmissivity term and the Kostiakov‘s Kk
represent similar soil physical properties. Mbagwu (1994) did not find the o term in
Kostiakov’s model to be significantly correlated with any measured soil properties and
concluded that o appears to be less influenced by physical properties than other

parameters.

2.10.2 Horton equation
The Horton model of infiltration (Horton, 1939, 1940) is one of the best-known models

in hydrology. Horton recognized that infiltration capacity (fp) decreased with time until
it approached a minimum constant rate (fc). He attributed this decrease in infiltration

primarily to factors operating at the soil surface rather than to flow processes within the
soil (Xu, 2003). Beven (2004) discovered, upon making a study of Horton’s archived
scientific papers, that Horton’s perceptual model of infiltration processes was far more
sophisticated and complete than normally presented in hydrological texts. Furthermore,
his understanding of the surface controls on infiltration continue to have relevance today

(Beven, 2004).

Horton defines an exhaustion process as one in which the rate of work performed is
proportional to the work remaining to be performed. He related the infiltration rate to
the rate of work performed and the change in infiltration capacity from f, to f; as the

work remaining to be performed, with  as the proportionality factor (Horton, 1940).
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Horton (1939, 1940) derived his equation for infiltration, which describes a pattern of

exponential decay of infiltration rate from this basic relationship.

Yo = p(f, - ) (2.15)

at
He divided both sides of equation 2.15 by fp - fc and multiplied both sides by dt to yield

dfp
fp_fc

= Bdt (2.16)

next he integrated equation 2.16 to obtain
In (f, — fc) = -pt + const (2.17)

when t =0, fp = fo, therefore const must equal In (f0 - fc). Therefore,

fp_fc —
In—fa_fc Bt (2.18)
Alternatively
fp_fc = —ﬁt
fo_fc € (219)
The final form of the Horton equation is obtained when both sides of equation 2.18 are

multiplied by the denominator on the left-hand side followed by addition of fC to both
sides.
fp: fc + (fo *fc) e_ﬁt (220)

-1
where, fp = the infiltration capacity or potential infiltration rate; (Lt ), fC = the final
-1 -1
constant infiltration rate; (Lt ), fo = the infiltration capacity at t = 0; (Lt ), B = a soil

parameter (t_l) that controls the rate of decrease of infiltration and must depend on initial
water content, ei (LSL_S) and application rate, R; (Lt_l). t = time after start of infiltration.

The parameters, fc, B, and f0 must be evaluated from measured infiltration data.
Subtracting fC from both sides of equation (2.20) and then taking the natural log of each

side gives the following equation for a straight line.

46



In (fo —fc) = In (fo — fc) — Bt (2.21)
When experimental value fc is subtracted from experimental values for f and the natural
log of the resulting values are plotted as a function of time, B can be determined from
the slope of the line and f, can be determined from the intercept. Other methods for

finding parameters include a least squares method (Blake et.al., 1968).

Horton’s equation has advantages over the Kostiakov equation. First, at t equals 0, the
infiltration capacity is not infinite but takes on the finite value f,. Also, as t approaches
infinity, the infiltration capacity approaches a nonzero constant minimum value of f¢
(Horton, 1940; Hillel, 1998). Horton’s equation has been widely used because it
generally provides a good fit to data. Although the Horton equation is empirical in that

B, fc and f0 must be calculated from experimental data, rather than measured in the

laboratory, it does reflect the laws and basic equations of soil physics (Chow et al.,
1988). However, the Horton equation is cumbersome in practice since it contains three
constants that must be evaluated experimentally (Hillel, 1998). A further limitation is
that it is applicable only when rainfall intensity exceeds fc (Rawls et al., 1993). Horton’s
approach has also been criticized because he neglects the role of capillary potential
gradients in the decline of infiltration capacity over time and attributes control almost
entirely to surface conditions (Bevin, 2004). Another criticism of the Horton model is
that it assumes that hydraulic conductivity is independent of the soil water content

(Novotny and Olem, 1994).

2.10.3 Holtan equation
Holtan (1961) described an empirical equation based on a storage concept. The equation
was developed at the USDA hydrograph laboratory of the Agicultural Research Service

in order to provide a means by which infiltration could be estimated using information
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that was generally available or could be readily obtained for major soils of the nation
(Holtan, 1967). The premise of the equation is that the factors with greatest influence
over infiltration rate are soil water storage, surface connected porosity, and the effect of
plant root paths (Rawls et al., 1993). After several modifications, the final form of the
equation is written as (Holtan and Lopez, 1971):

f, = GlaSAM™ + f; (2.22)

-1
where, fp= infiltration capacity at given time; [Lt ], SA = available storage in the surface
layer, “A” horizon at given time; [L], GI = growth index of crop in percent of maturity a

= an index of surface connected porosity ((in. hr._l per (in.)l'4 of storage). This is a

function of surface conditions and density of plant roots. fC = the constant or steady state

infiltration rate and in Holtan equation is estimated from the soil hydrologic group; [Lt_

1

1.
SA is computed from:
SA=(6,—6;)d (2.23)
3 -3
where, 8, = saturated water content of the soil; [L L ], 8;= actual volumetric water

3 -3
content of the soil; [L L ]and d = depth of the surface layer; [L].

The Holtan equation is relatively easy to use. The hydrologic soil group can be obtained

from the SCS National Engineering Handbook (1964). Estimates for parameters fC and a

are provided in table 2.1 and Table 2.2. A serious obstacle with the Holtan Equation is
the determination of the control depth on which to base SA. Holtan and Creitz (1967)
recommended using the depth to the plow layer or to the first impeding layer or depth of
A horizon provided in SCS soil survey. However, Huggins and Monke (1966) found

that the effective control depth varied depending on both the surface condition and the
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farming practices used for seedbed preparation. Smith (1976) argued that infiltration
curves are physically much more closely related to moisture gradients and hydraulic
conductivity than to soil porosity and that therefore the Holtan equation could not be
expected to adequately describe the infiltration process. However, recent studies have
been conducted that show a strong relationship between infiltration rate and soil

porosity (Messing et al., 2005; Kozak and Ahuja, 2005).

Novotny and Olem, (1994) wrote that although Holtan’s model is more complex than
Horton’s, it appears to be less physically based, since it relates infiltration rate to the
total water content in an arbitrarily chosen control layer and to the advancement of the
wetting front in the unsaturated soil zone. Also, since the Holtan equation does not
directly reference time, f(t) is difficult to develop. Since infiltration rate is a function of
the available water storage, the infiltration equation must be accompanied by a
simultaneous solution of the storage equation:

SA = (SAu1 — Fra + foAt) (2.24)

where, SA: = available storage at time t; [L], SAw1 = available storage at time t; SAt.1
available storage at previous time step; (L), (L), Ft1 = cumulative infiltration at previous
time step; (L), and fc= final constant infiltration rate (or drainage rate); (L™1). At =

elapsed time.

Table 2.1: Estimates by Hydrology Group for the final infiltration rate, f_in the Holtan
Equation (Musgrave, 1955)

Hydrological soil group fe (in./hr.)
A 0.45-0.30
B 0.30-0.15
C 0.15-0.05
D 0.05-0.05
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Table 2.2: Estimates of vegetative parameter "a" in the Holtan infiltration equation
(Frere, et al., 1975)

Land use or cover Basal area rating
Poor condition Good condition
Fallows 0.1 0.3
Row crops 0.1 0.2
Small grains 0.2 0.3
Hay (legumes) 0.2 0.4
Hay (sod) 0.4 0.6
Pasture (Bunch grass) 0.2 0.4
Temporary pasture (sod) 0.2 0.6
Permanent pasture (sod) 0.8 1.0
Woods & forests 0.8 1.0

* Adjustments needed for “weeds” and “grazing” & for fallow land only, poor
condition means “after row crop”, and good condition means “after sod”.

2.10.4 Philip equation

Philip (1957a) developed an infinite-series solution to solve the non-linear partial
differential Richards’ equation (Richards, 1931), which describes transient fluid flow in
a porous medium for both vertical and horizontal infiltration. Philip’s rapidly
converging series solves the flow equation for a homogeneous deep soil with uniform
initial water content under ponded conditions. For cumulative infiltration the general
form of the Philip infiltration model is expressed in powers of the square-root of time, t,
as in equation (2.25);

F=St"2 + Cut + Cat™ + ... (2.25)

where, F = cumulative infiltration; [L] S = sorptivity; [Lt_llz], a function of initial and
final soil water content, 6; and 6, Cal Ca = constants that depend on both soil
properties and on 6; and 6,.. Philip (1957b) defined sorptivity (S) as the measurable
physical quantity that expresses the capacity of a porous medium for capillary uptake
and release of a liquid. White and Perroux (1987) referred to sorptivity as an integral
property of the soil hydraulic diffusivity. S is constant provided the water content at the
inflow end is constant (Jury et al., 1991).

-1
The time derivative of F is the infiltration rate, f ; [Lt ] which is
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=St + Caq + 3/2Cat? + . .. (2.26)
For horizontal infiltration (i.e. no gravity driven flow), all terms are zero except for the
first term on the right side of equations (2.25) and (2.26) and the equations apply to all
times greater than zero (Sullivan et al., 1996). For vertical infiltration, 2.25 and 2.26
apply only for a short time when the matric-potential gradient is much greater than the
gravity-potential gradient (Sullivan et al., 1996). All terms beyond the first two terms on
the right-hand side of equations 2.25 and 2.26 are considered to be negligible (Jury et

al., 1991).

Philip (1957b) proposed that by truncating his series solution for infiltration from a
ponded surface after the first two terms, a concise infiltration rate equation could be
obtained which would be useful for small times. The resulting equation is,

f=S12t1" +C, (2.27)
Lo i -1 L. -1/2 A
where, f = infiltration rate; (Lt ); S = sorptivity; (Lt ). t = time after start of

-1
infiltration; (t), Ca = rate constant; (Lt ).

The form of Philips truncated equation is very similar to that of Kostiakov. In fact, the
modified Kostiakov equation with o equal to 0.5 is essentially the same equation. The
parameters S and Ca are dependant on the soil and the initial water content and can be
evaluated numerically using procedures provided by Philip if the properties of
diffusivity and pressure head as a function of soil water content are known. Philips
(1957b) and Talsma (1969) showed that the value of the rate constant, C, that results
from using Philip’s method is approximately Ks/3. However, the equation predicts
values of infiltration rate that are too low for long time periods, because this

approximation is not physically consistent; as t approaches infinity.
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A shortcoming of the Philip infiltration model is that the assumptions for which the
equation is applicable are rarely found in the field on a large scale. Soil types vary both
spatially and with depth, as does vegetation and surface conditions. Although parameter
values can be obtained by making point measurements in the field, variability limits the
worth of test results for application to larger areas such as watersheds (Sullivan, 1996).
Whisler and Bouwer (1970) found that determining the values of the parameters S and
C. for the Philip equation from physical soil properties was very time consuming and
yielded results that were not in agreement with the experimental curve. They were able
to obtain close agreement with experimental values when they determined parameter
values by curve fitting, but lost the physical significance of the parameters by using this

method. Smiles and Knight (1976) suggested that the appropriateness of infiltration data
)
to the 2-parameter Philip equation can be determined by plotting Ft as a function of t
Y2
. When equation (2.24) is truncated after the first two terms and both sides are divided

through by t%, an equation for a straight line is obtained
Ftl2 = S + Cyt? (2.28)
The linearity of this curve for early times indicates that equation 2.26 is appropriate for
describing the infiltration process and the values for S and A can be determined from
the y-intercept and slope of the line respectively. When used in this manner, the
equation is empirical rather than physically based, although it is derived from physical
theory. Philip’s model was adapted for constant intensity rainfall by Luce and Cundy
(1992) to determine rainfall excess and time of ponding for solution of the kinematic
wave overland flow equation. They included depression storage between time of
ponding and time of initiation of runoff. The time at which depression storage of depth,
hnis filled is expressed as:
hn = ;”R — f(t)dt (2.29)
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where, R = rainfall intensity t,= time of ponding, t, = time of runoff initiation and
f(t) = S[t - (tr— ts)) ™2 + Ca (2.30)

where, t, — ts is a time correction factor, with tp equaling time of ponding and t

representing the time when f(t) = R under continuously ponded conditions.
Combining equations (2.29) and (2.30) and integrating gives:
hn = (R — Ca)(tn* tp) *zs(tn — tp + ts)ll2 + ZStsl/Z (231)

The time runoff begins, tn can be determined by numerically evaluating this equation.

2.10.5 Green-Ampt equation

Green and Ampt (GA) proposed in 1911 an approximate model that directly applies
Darcy’s law. The original equation was derived for infiltration from a ponded surface
into a deep homogeneous soil with uniform initial water content. The GA model has
been found to apply best to infiltration into uniform, initially dry, coarse textured soils
which exhibit a sharply defined wetting front as depicted in Figure 2.2 (Hillel and
Gardner, 1970). This pattern is often called a piston displacement profile or plug flow.
The transmission zone is a region of nearly constant water content above the wetting
front, which lengthens as infiltration proceeds. The wetting front is characterized by a
constant matric suction, regardless of time or position and is a plane of separation
between the uniformly wetted infiltrated zone and the as-yet totally un-infiltrated zone
(Hillel, 1998). These assumptions simplify the flow equation so that it can be solved
analytically. Although measured infiltration data are not required to make predictions
using the GA equation, Green and Ampt (1911) recommended that soil physical properties
should be measured the field, so that undisturbed field conditions are reflected in the

resulting values.

O A A !
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Saturated zone
L = depth of wetting front
from soil
wetting Transmission zone (wet soil) surface
front /Soil with initial soil content
Figure 2.2: water entry assumption, transmission zone and sharply defined wetting
front (Green and Ampt, 1911)
The following form of the GA equation was derived from direct application of Darcy’s

Law:

_ Kfs(H0+Sf+Lf)
Ly

f (2.32)

-1
where, f = infiltration rate; (Lt ), Kfs = hydraulic conductivity of the transmission zone;

-1
(Lt ), Ho = the depth of water ponded on the surface; (L), Sf = the effective suction at

the wetting front; (L) and L= the distance from the surface to the wetting front; (L).

Bouwer (1966, 1969) showed that the hydraulic conductivity parameter, as it appears in
Equation 2.21, is not the conductivity at full saturated value, because of air entrapped in
the soil pores, but is instead the conductivity at residual air saturation. This has also
been called ‘resaturated hydraulic conductivity’ (Whisler and Bouwer, 1970). He

described measurement of K in the field by air-entry permeametry. When field

measurements are not feasible, Bouwer (1966) suggested that, where Kst = 0.5Ks, Ks is
the laboratory value for saturated hydraulic conductivity.
Expressing the cumulative infiltration, F (L) as:

F=(6; — 0;)Li = MiL¢ (2.33)
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and assuming very shallow depth of ponding so that Ho~ 0, equation (2.31) may be

rewritten as,

f=Ks +

Kgs+Mi+Sy
F

(2.34)

where, M; is the moisture deficit, or the difference between saturated and initial
volumetric water contents. Although Green and Ampt assumed total saturation behind
the wetting front, Philip (1954) observed that this was not a necessary requirement. He
assumed that 6 was constant, but not necessarily equal to the total porosity. Similarly,
Kss is expected to be slightly less than the saturated hydraulic conductivity. When f =
df/dt is substituted into equation |2.34|, integration with the condition that F=0 att =0,

yields:
Kt = F -MiSs In (1 + %Sf) (2.35)

This form of the equation relates infiltration volume to time from start of infiltration,

which is convenient for some applications.

In spite of the many assumptions under which the GA equation was originally
developed, it has been adapted for use under a much wider variety of conditions. The
GA equation produced reasonably good predictions for non-uniform soil profiles that
become denser with depth (Childs and Bybordi, 1969), for profiles where hydraulic
conductivity decreases with depth (Bouwer, 1969) or increases with depth (Bouwer,
1976), and for soils with partially sealed surfaces (Hillel and Gardner, 1970). Bouwer
(1969) described a tabular procedure for calculating the GA relationship between
cumulative infiltration and time for soils with non-uniform initial water contents and
hydraulic conductivities. He showed that the soil profile could be split into layers, each
with its own water content, moisture deficit, and hydraulic conductivity from which the

GA approach could be used to calculate cumulative infiltration and time intervals
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(Bouwer, 1969, 1976). Bouwer (1969) calculated an effective hydraulic conductivity for
each depth using the harmonic mean of the hydraulic conductivities for the entire profile

above that depth.

CHAPTER THREE
3.0 MATERIALS AND METHOD
3.1  Study Area
Niger state lies in the Southern Guinea Savannah ecological zone of Nigeria, it is the
largest state in the country between latitude 8°10°N and 11°3’N and longitude 3°20’E
and 7°30’E. Niger state has two distinct seasons, which are the rainfall and dry seasons.

The rainy season usually starts in the southern part of the state as from early April and
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ends in late October and some rare cases first half of November. The dry season starts
mostly as from mid-November and ends in March of the following year. (Ehounou et
al., 2019) stated that the average annual rainfall, temperature, and relative humidity of
Niger state are 1,312 mm, 27.3°% and 50.2%, respectively. The most common type of
soil in Niger State is the alluvial soils because of its floodplain characteristic. The soil is
known to have good water holding capacity (Ibrahim, 2021). Figure 3.1 shows extracted

map of the study location from Niger State, Nigeria.
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Figure 3.1: Extracted Map of the Study Location from Niger State, Nigeria (Abubakar,
2019)

3.2 Soil Sampling

Soil samples was collected from six (6) different locations, at each site, five soil
samples were collected from each of three depths: 0-15 ¢cm, 15-30 cm and 30-45 cm
which was use in the determination of initial moisture content, soil bulk density, and a
first run of saturated hydraulic conductivity measurements. The initial moisture content
was determined using the gravimetric method. In order to avoid making holes in the

grass-covered plots, soil was sampled from the area immediately adjacent to the plots.
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Below each sample, a shovel will be used to lower the hole to the next sampling level
and a tape measure will be used to measure the depth until the final depth is obtained.
Samples were retained in rings, wrapped in thin perforated plastic or foil, taped with
duct tape, labeled, and stored in the shade. Sites were divided into 5 roughly equal
segments and samples were obtained from one hole in each segment. An attempt was
made to choose ground that appeared to have been undisturbed for some time. Auger

was employed to obtain larger samples and it was sent to the soil lab for texturing.

The sample locations were undeveloped land, Farm land, Garden, Grazing land, paved

compound and paved road side.

3.3 Method

3.4  Development of Infiltration Rate

The infiltration rate was determined using a double ring infiltrometer. It consists of thin
metal cylinder with inner diameter of 300mm and 600mm outer diameter, and this
cylinder was driven into ground and 10-12cm of the cylinder was above the ground
level. And water was poured from the top and we noted the volume of water added to
the ring to find the Incremental Infiltration velocity. We also took note of the infiltrated
water depth for 5,10,20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, and 180 mins until we get the constant infiltration depth. A graduated jar was used

to add water and scale was used to measure the depth of water infiltrated.

The quantity of water added to the inner ring, to maintain the liquid level constant was
the measure of the depth of water that infiltrates the soil. The depth of water infiltrated
during time intervals was convinced as an incremental infiltration velocity, here it was

expressed in centimeter per hour (cm/hr). The maximum-steady state or mean
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incremental infiltration velocity, depends on the purpose of the test is equivalent to the

infiltration rate.

3.4.1 Soil property analysis
Soil physical and chemical properties were determined according to standard methods

(Jat et al., 2018). The following physical parameters were determined,;

I.  The antecedent soil water content (AWC)
I1. Bulk Density (BD)

I1l.  Hydraulic Conductivity

(i) The Antecedent soil Water Content (AWC)
The gravimetric method as described by Gardner (1986) was employed to establish

initial soil water content for both sites. Wet samples were weighed, dry in force-draft

oven at 1040C to remove all water from controlled sample until the weight does not vary
more than 0.01% without changing its physical or chemical characteristics of the soil
samples for 24-48 hours, and then weigh again. Gravimetric soil water content was then

determined by equation (3.1).

mass wet soil—mass dry soil m,
Om = = 3.1)

mass dry soil mg

(ii) Bulk density (BD)
To convert to volumetric soil water content, the bulk density of the soil was obtained.
The length and diameter of the soil rings was measured and the volume was calculated

by equation 3.2

nd?

v= =L (3-2)
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where, V is the volume of soil water content, d is the diameter of the soil rings and L is
the length of the soil rings.

Therefore, bulk density can be calculated accordingly as in equation |3.3|

_ mg mass of dry soil (3.3)

po =2 =

my volume of soil

Volumetric water content was estimated using equation 3.4

Twooo Dwoy Ty Tw (3.4a)

Vs mg Vs my
3 i 3
where, Vi = volume water (cm ), VS = volume of dry soil (cm ), m = mass of water

(9) and ms = mass of dry soil (g).

6= 6nx .2 (3.4b)
Alternatively,
where,

6; = 2= (Volumetric water content, cm3 cm3)

Vs

6, = = (Gravimetric water content, g g

mg

pp = % ( Bulk density of soil , g cm)

Pw = ;—Vv’v (Density of water, g cm3)

(iii) Hydraulic conductivity
Falling head method was employed to determine saturated hydraulic conductivity. The
soil sample was first saturated under a specific head condition, the water was then allowed
to flow through the soil without adding any water, so the pressure head will decline as the
water passes through the specimen (Liu, 2001). The initial head (h;) and the final head (hr)
was evaluated as the head drops from hito hr in a time At, the hydraulic conductivity was

calculated by the equation:

61



Ks = ) GL) (35)
3.4.2 Determination of infiltration equations parameter
3.4.2.1 Kostiakov equation model for the estimation of infiltration characteristics
For the Kostiakov equation, the base values for the two empirical constants a and b will
be determined by using equation (3.6)

f, =at® (3.6)
where, f, = infiltration capacity (Lt-l), t = time after infiltration starts (t), and a (L) and b
(unitless) are constants that depend on the soil and initial conditions. The parameters, a
and b must be evaluated from measured infiltration data, since they have no physical
interpretation.

Log fp would therefore be plotted against log t and finding the slope and y-intercept of
the resulting straight line. The intercept of the equation (infiltration rate at time t = 1) is
log aand the slope is -b. Infiltration is directly proportional to a, but is inversely related

tob

3.4.2.2 Horton infiltration model for the estimation of infiltration characteristics
The Horton equation (1940) is one of the most popular empirical models simulating

infiltration of water into soils (Philips, 1957). The infiltration equation is a three-

parameter equation and equation (3.7) were employed:
f=fot+ (fo—fc) e ™ (3.7)

Where, f = infiltration rate at time t, mm hr%; f, = initial infiltration rate, mm hr%; f. =
final infiltration rate, mm hr%; k = rate constant in dimension of time, t (t).
The field measured infiltration rates versus elapsed time will be plotted so that the

infiltration rate at any time f, and fc can be estimated from the curve that would be
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represented as the intercept on the y-axis and the value of the steady-state (final)
infiltration rates respectively. In other words, the initial infiltration (fo) is equal to f at
time zero (Verma, 1982). Since infiltration rate for all the measurement will be taken
from a starting time of 1 minute, a logarithmic trend line will be used in the regression
of infiltration rate against time to determine the intercept (fo) at time zero. The
procedure will be repeated for all 10 measurement points.
Equation 3.7a can be linearised as:

f—fo= (fo—fc)e ™™ (3.7a)

Taking the natural logarithm of both sides,

In(f — f) = In(fo — f.) — kt (3.7b)
In(f — f)/ In(fo — fc) = — kt (3.7¢)
InG:—o) =kt (3.7d)

Let the expression in parenthesis in Equation 3.10d be represented by vy, therefore;

Iny =—kt (3.7¢)

This can easily be taken back to its non-linear form given by:
y =e¥ 3.7f)
To solve for the equation, f will be taken as the measured infiltration rate at any given

time t.

Computing the values of the initial (fo) and final steady-state infiltration () in the left
hand-side of (Equation 3.10d) and solving resulted in the natural logarithm of y
(Equation 3.10e) which was plotted against elapsed time to give a straight line on the
semi-logarithm scale. Because (Equation 3.10d) gives a semi-logarithmic expression,
another way is plotting directly into exponential regression of y against time as a non-

linear least sum of squares technique. In this study however, the estimates of k will be
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obtained as the slope from the best fit regression line. The estimates obtained in linear
plot of the natural logarithm of y and time will be the same as that obtained directly in
the exponential plot of y against time (Egs. 3.10e and 3.10f). It shows that the
exponential function represents the data fit for the Horton infiltration equation (Turner,
2006). Knowing k, the new infiltration rate will be calculated in (Equation 3.10a).
Infiltration rate will be calculated for each point and later compare to actual field

measurements using linear regressions from Microsoft office Excel 2010.

3.4.2.3 Philip infiltration model for the estimation of infiltration characteristics
For cumulative infiltration, the general form of the Philip infiltration model is expressed
in powers of the square-root of time, t, as in equation 3.8;

F=St"2+ Cut +Capt®? +... n (3.8a)

-1
The time derivative of F is the infiltration rate, f ; |Lt | shall be calculated using the
equation 3.8b

f=StY2 + Cap + 3/2C2t*2 + ... n (3.8b)

where, F = cumulative infiltration; |L|; S = sorptivity; (Lt_m), a function of initial and
final soil water content, 6; and 6, Cal Cs = constants that depend on both soil
properties and on 6; and 6,.. Philip (1957b) defined sorptivity (S) as the measurable
physical quantity that expresses the capacity of a porous medium for capillary uptake

and release of a liquid.

In the Philip equation, the parameter Ca will be estimated to be ks,2k5/3, ks/z and k5/3

3.4.2.6 Statistical performance for the developed model
The performance of the various model was evaluated by means of error statistics criteria
such as
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(i) Root mean square error:
RMisE= [Ha(0re? (392)

where, Qjis the measured discharge and 0 is the simulated discharge, n is the number of

observations (instants).

(if) Coefficient of determination

Rz = 1— 3£ (3.9b)
SSy

where, SSE = TL;(Q—0)%, SSy = ¥ii(Qi—Q0)°

where, Q is the arithmetic mean of the observed Q.

(iii) Standard deviation and coefficient of variation
Standard deviation is a quantity expressing by how much the members differ from the

mean value for the group

n —NZ
o= \/Zi(fl ) (3.9¢)
The coefficient of variation can be used to compare variability. It is the ratio of the
standard deviation to the mean (average)

cV= (3.9d)

o
u

where, cv is the coefficient of variation, u is the mean, and ¢ is the standard deviation

3.5  Data Analysis

The values of soil property were averaged for the three samples from each plot. Pearson
correlation coefficients was employed to detect relationships between soil properties
and infiltration variables. One-way analysis of variance (ANOVA,; P < 0.05) was used

to compare the differences between means.
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CHAPTER FOUR
4.0 RESULT AND DISCUSSION
4.1  Comparison of Sites
4.1.1 Soil textural classification
Soil analyses for the five land use practices are presented in Table 4.1. The soil
properties presented in the table are particle-size fractions (sand, silt, clay and loam),
bulk density, saturated hydraulic conductivity and available water content. Considering
the effect of the land use practices on soil properties (Table 4.1), the soils differ
considerably between the six locations; that is, the undeveloped land, Farm land,
Garden, Grazing land, paved compound and paved road side. The soil at the
undeveloped site is a deep (i.e., it can provide more water and nutrients to the plants),
well-drained, soil which consist of 56% sand, 25% clay and 31% silt. The soil at the f
arm land is dominated with loamy soil with relatively high degree of homogeneity both
vertically across depths and horizontally from one sample locus to the next. The soil
texture at grazing land from five different samples collected showed sandy clay, silty
loam, clay loam, silty loam and sandy loam, respectively. Paved compound and paved
road side are sandy clay because the soil was replaced during construction work to
increase the bulk density of the soil and reduce infiltration rate. These results also
demonstrate that the effect of soil texture on infiltration rate was probably masked by
the land use practices and soil management, which agrees with the fact that water
infiltration into the soil is highly sensitive to land use and soil management, as also

observed by (Bai, et al., 2020.; dos Santos, et al., 2018).
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Table 4.1: Soil properties analysis

Study Location % % % soil texture bulk moisture hydraulic
Clay San  Silt density content conductivity
d (g/cmd) (cm/hr)
Undeveloped
(Fallow)
18 56 38  Sandy loam 1.47 0.11 3.07E-01

|

I 9 83 74 Loamy 1.62 0.08 3.10E+00
sand

1l 41 44 3 Clay 1.32 0.11 5.81E-03

v 14 53 39  Sandy loam 15 0.12 4.66E-01

\ 42 42 0 Clay 131 0.11 4.08E-03

Farm Land

| 24 39 15 Loam 1.39 0.13 7.56E-02

I 15 68 53  Sandy loam 1.52 0.09 5.75E-01

1l 30 43 13 Clay loam 1.36 0.12 2.24E-02

v 22 43 21 Loam 141 0.13 7.20E-02

\% 29 43 14 Clay loam 1.37 0.12 2.15E-02

Garden

(Vegetative)

| 33 37 4 Clay loam 1.34 0.013 1.86E-02

I 26 38 12 Loamy 1.38 0.13 3.83E-02

1l 11 34 23 Silty loam 1.50 0.16 7.25E-01

v 37 33 4 Clay loam 131 0.13 5.79E-03

\% 30 49 19 sandyclayl 1.38 0.11 2.09E-02
oam

Grazing Land

| 39 52 13 sandy clay 1.34 0.1 1.18E-02

1 8 38 30  Silty loam 1.55 0.16 1.62E+00

1 22 55 33 sandyclayl 1.43 0.11 1.08E-01
oam

v 18 30 12 Silty loam 1.42 0.16 1.10E-01

\% 17 57 40  Sandy loam 1.48 0.11 2.63E-01

Paved Compound

| 23 62 39  sandy clay 1.64 0.09 1.33E-01

It 34 45 11 Sandyclayl 1.55 0.11 1.33E-02
oam

1l 20 63 43 sandy loam 1.46 0.1 1.86E-01

v 38 46 sandy clay 1.53 0.11 6.77E-03

\% 48 48 sandy clay 1.50 0.1 2.82E-03

Paved Road Side

| 49 47 2 sandy clay 1.60 0.1 4.69E-03

I 50 46 sandy clay 1.69 0.1 2.97E-03

1l 38 56 18  sandy clay 1.55 0.09 1.01E-02

v 39 53 14 sandy clay 1.64 0.09 7.01E-03

\% 38 60 22 sandy clay 1.56 0.08 9.09E-03

4.1.2 Bulk density measurement
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Bulk density was measured after saturated hydraulic conductivity and soil water
retention measurements, resulting in slightly lower bulk densities than would have been
obtained by measuring bulk density of separate samples, because a small amount of soil
was unavoidably lost during these procedures. Undeveloped plot bulk density values
varied very little with depth (1.31-1.62 g/cm®), aside from a slightly less dense surface
layer, due to plant roots, and other organic matter, and a denser plow pan layer at
approximately 18-20 cm. The similarity of bulk density values across depth at this site
is not surprising, since the soil is relatively homogeneous with the majority of the layers
being sandy loam. The values for bulk density measured from this site are 1.47g/cm?,
1.62g/cm®, 1.32g/cm®, 1.5g/cm® and 1.31g/cm® as presented in Figure 4.1 which
corresponded to the values for sandy loam (1.7 g/cm?®) and sandy clay loam (1.6 g/cm?®)
in a diagram by Ellen (2006). Recalling that the bulk density measurements were low
due to soil loss during other laboratory procedures performed on the soil samples, sandy

loam is more plausible at this site.

The bulk density values of the Farm land (1.36-1.52 g/cm?®) also varied very little with
depth and it is predominated by loamy soil (mixed sandy and clayey loam) and the soil
shows less homogeneity, with the surface layer having considerably lower average bulk
density of 1.41 g/cm® due to more plant roots and worm holes in that layer. This is
inconformity with (Mutonyi, & Muturi, 2021) findings for Upper Marlboro and Poplar
Hill sites. Density increases with depth until a plow pan is reached (1.52 g/cm®) at
approximately 25-30 cm depth and then decreases due to high clay content in the deeper
layers. The bulk density values of the garden area also varied very slightly with depth
(1.31-1.5 g/cm®) which is predominately loamy soil, while the grazing land bulk density
varied very little with depth (1.34-1.55 g/cm®) and it is predominated by mixed silty

loam and sandy clay due to land degradation and desertification which is similar to the
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work of Dada et al., 2017. Paved compound and paved road site are dominated by sandy
clays with varied bulk density of (1.3-1.46 g/cm®) and (1.3-1.35 g/cm?®), respectively.

This is similar to the findings of (Natarajan et al., 2020).

1.8
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Undeveloped Farm land Grazing land Garden Paved compound Paved road side
land

Depth (cm)
H0-5 ®6.0-10 m11.0-15 16.0-20 m25-30

Figure 4.1: Average bulk densities of the five study locations as a function of depth.

4.1.3 Hydraulic conductivity (Ks)

Hydraulic conductivity values of Undeveloped land, Farm land and Garden in Figure
4.2 shows a clear decreasing trend with increasing depth. The surface layers have
significantly higher Ks of 3.10 cm/hr, 0.575 cm/hr and 0.725 cm/hr for Undeveloped
land, Farm land and Garden study areas, respectively. This may be due to the presence
of plant roots, worm holes and plant debris which cause increased aeration and looser
packing of soil, along with some preferential flow as water finds channels through the
soil instead of moving uniformly through the column. This is similar to the findings of
(Bimbraw, 2021). With increased depth, higher clay content results in much slower
movement of water as very few and thiny pores in clay provide strong resistance to
flow. Figure 4.2 also indicated that the hydraulic conductivity values of grazing land,
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paved compound and Paved road side fluctuate but gradually increases as depth
increases with the lowest hydraulic conductivities at the surface of 0.018 cm/hr, 0.00677
cm/hr and 0.00297 cm/hr, respectively. The lower values at the surface are due to soil

compaction, degradation and clayey content.
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Depth (cm)

Figure 4.2: Hydraulic Conductivity (Ks) for the various study locations

4.1.4 Moisture content

Seasonal and climatic conditions along with soil attributes were seen to have significant
impact on initial water content at all the sites. Infiltration rate test was carried out during
the month of January, 2020 when the soils were extraordinarily dry and very hard. The
undeveloped and Farm land surfaces because of exposure to the sun and wind, had
scanty vegetation for protection. This was the driest layer prior to wetting. This is in
conformity with the study carried out by Ellen (2006) for Poplar Hill site. Each
subsequent depth was moister than the previous layer with the deepest layer having a
water content of only 0.12 and 0.13 (cm®/cm®), respectively. The soils at these sites are
well-drained, sandy loam soil that does not hold as much water as clay, or clay-loam
soil. Though the Farm land holds more water than the undeveloped land due to presence

of clay soil. The moisture content of paved compound and paved road side ranging from
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0.08 t0 0.11 cm®/ cm®. The surface layers of the two sites had lesser water content than
the other depths. The limited surface water content is probably due to hard surface and
compaction processes that had taken place over time. Both of these factors affect water-
holding capacity of the surface soil. Clay content increased with depth and
consequently, the deeper layers the greater water-holding capacity. Aside from the damp
surface layer, there was a definite trend from lower water at lesser depth to higher water
at greater depth. The surface layer of a Garden had higher water content than the other
depths (0.16cm%/cm?). The higher surface water content is probably due to the
vegetation and plant residue cover, as well as the greater amount of organic matter in
the surface layer. These factors are known to increase the water-holding capacity of the
surface soil as observed in the works of Bimbraw (2021). Figure 4.3 below shows the

presence of water moisture content in the upper layer of the soils.

E0-5 =6.0-10 11.0-15 16.0-20 =25-30

Undeveloped Farm land Grazing land Garden Paved compound Paved road side
land Depth (cm)

Figure 4.3: Average Moisture Content for various Study Area

4.2  Compacted Urban Soils Effects on Infiltration Rates
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Infiltration rate was carried on two different compacted soil at different locations within
five sampled points to examine runoff losses from paved compound and paved road side
in urban areas. Table 4.2 shows the infiltration rates at urban compacted soil and the
result indicated that urban soil compaction contributed to low soil infiltration rates. This
is due to the soil infiltration rate decrease with an increase in the bulk density, a
reduction in the soil organic matter content and non-capillary porosity. The soil
infiltration rate also had significantly positive relationships with the total porosity and
saturated soil water content. This is an evidenced that infiltration rate decreased with
increased soil compaction (Table 4.2). It also proved that infiltration rate of non-

compacted soil was significantly different from that of severely compacted soils.

4.3  Infiltration Curves

The infiltration rate curve obtained from the infiltrometer at undeveloped land was of a
fairly steep slope. The initial infiltration rates of the five different sample points were
equal to the infiltration rates of about (44.88 cm h, 46.89 cm h, 42.88 cm h1, 40.88
cm h't and 43.89 cm h'1), and then decreased in a logarithmic fashion to approach an
asymptote representing a final constant infiltration rates of approximately (12.6 cm ht,
14.16 cm h, 10.26 cm h, 8.35 cm h' and 13.16 cm h), respectively. Figure 4.4
shows the infiltration rate curve produced for the Undeveloped site. In an undeveloped
land, the rate was initially very high due the nature of the soil; that is sandy loamy. The
infiltration behaviour may be attributed to an initial hydraulic conductivity which
gradually gave way to decreased conductivity as the soil water content and pore

connectivity decreased.
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Table 4.2: Compacted urban soils infiltration rate
Infiltration Rate
LOCATIONS  (Min) 05 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
I 2202 17.06 1590 13.60 1345 1295 1277 11.97 11.89 11.78 1106 1096 10.86 10.67 1004 976 954 915 9.14
Paved Road Il 2002 1506 13.09 13.6 1245 1195 1077 997 989 978 906 896 886 867 794 776 754 715 7.14
Side
Il 2306 1844 1654 14.32 1355 1267 1196 1177 11.23 1087 1056 1002 9.79 967 9.09 889 867 855 8.19
IV 2279 17.05 1677 1502 1455 13.07 1296 1276 12.05 11.77 1146 11.02 10.79 10.67 1009 9.88 9.78 945 9.29
V1779 1505 1477 13.02 1255 11.07 10.96 1076 1005 9.77 9.46 902 879 867 809 7.8 778 745 7.29
I 2598 2306 2154 19.76 17.68 1546 1506 1479 1452 1403 1379 1354 1286 1276 11.79 11.67 10.88 10.67 10.23
Paved Il 2398 2106 1954 17.76 1568 13.46 1106 10.79 1052 1003 979 954 886 876 855 807 7.88 7.67 7.23
compound
Il 2688 2416 2255 20.66 1878 1656 1626 1599 1562 1503 14.89 1444 1396 13.76 1279 1267 1188 11.67 10.12
IV 2478 2204 2054 18.76 1658 1456 14.06 13.89 1342 13.03 1289 1255 1096 10.77 978 968 889 868 8.22
V 2588 21.06 2054 1876 17.68 16.46 16.06 1579 1552 1503 1479 1454 13.86 1376 1279 1167 10.88 10.67 9.23
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Figure 4.4: Infiltration rate curve for Undeveloped land

The initial infiltration rates of Farm land for five different sample points obtained from the
rainfall simulation are 75.75 cm ht, 73.76 cm h'%, 76.76 cm h', 74.76 cm h™t, and 75.75 cm
h*! and then decreased in a logarithmic fashion to approach an asymptote representing a
final constant infiltration rates of approximately 26.05 cm h, 27.25 cm h'%, 27.26 cm h,
25.36 cm h't and 24.05 cm hl, respectively. The infiltration curve in figure 4.5 indicated
that there is a slight difference between the initial infiltration values as well as the
difference between the final values. This infiltration behavior may be attributed to an
initially increase conductivity due to presence of vegetation cover and sandy conditions,
which then gradually gave way to decreased conductivity as the soil water content
decreases and pore connectivity decreased. The infiltration curve for the various points on

the farmland are presented in figure.4.5 below;
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Figure 4.5: Infiltration rate cure for various locations on the Farm land

Figure 4.6 below described the infiltration curve of Gardened area with a slightly steep
slope. The following initial average infiltration rates were obtained for each of the plots
20.77 cm ht, 21.97 cm ht, 19.89 cm h?, 22.67 cm ht, and 18.87 cm h and with the final
values of 7.87 cm h%, 7.77 cm h%, 6.97 cm h?, 8.12 cm h%, and 6.47 cm h'%, respectively.
This infiltration rate behavior may be attributed to an initially high hydraulic conductivity
due to sandy clay loam conditions, which then gradually gave way to decreased
conductivity due to clayey content. The infiltration results also showed that gardened area
low bulk density, high hydraulic conductivity and low moisture content and these could
explain the observed high infiltration rate at the garden area. This rate of infiltration could
be observed with areas where there is high organic matter content which are known to

decay after garden seasons are over. As observed in the works of Bimbraw (2021), most
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garden areas where the studies were carried out, it was observed that after the cropping
season, waste materials of the crops such as the leaves, stems were left to decay. The decay
materials further mixed up with soil to form loamy type of soil which enhances the
movement of water through the soil profile. This is an evident in the rate of infiltration in
the study area, this process was observed by the studies carried out by Lai and Doren
(1990) for water infiltration for two soils in Ohio. In this study, it was identified that the
presence of decaying plant materials improved aeration system of the soil which also

improved the water circulation process in the soil.
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Figure 4.6: Infiltration rate curve for gardened area

Infiltration curves of Grazing land had initial infiltration values of 15.78 cm h*, 13.88 cm
h?, 17.68 cm hl, 14.75 cm h, and 16.58 cm h, as shown in figure 4.7. Grazing land
experienced degradation of soil physical attributes in the soil surface zone especially soil
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structure and structure-moderated soil properties e.g., bulk density, hydraulic conductivity,
and moisture content. The rate of soil infiltration was very low in grazing land due to soil
compaction as a result of trampling, resulting in higher “bulk density which reduces soil
pore space and restricts water and oxygen movement and decreases in plant cover which
allow for soil erosion and rapid evaporation of soil moisture. Pore spaces are smaller in
tightly packed soil, reducing the amount of water and oxygen that would normally collect
in these pores and making it more susceptible to erosion. This is similar to the work carried
by Dada et al. (2018). When they determined the soil density and hydraulic conductivity

over a track path of cattle herds in Abeokaita, Ogun State.

The differences in bulk density between the grazing land may be influencing the soil
moisture trends that were found in this study. The greater bulk density in grazing land was
a likely contributor to this because compacted soil encourages water run-off, not infiltration
(Houlbrooke et al. 2011). Studies by Zhao et al. (2011). Studies by Zhao et al. (2011) and
Herbin et al. (2011) have also found greater bulk density measurement to be correlated with
lower soil moisture. Other contributing factors to grazing land relatively low soil moisture
includes its coarse soil and its high levels of bare ground, along with a lack of an insulating
litter layer. The coarser soil found in grazing land indicates erosion. The lighter particles of
silts and clay are easily washed or blown away through erosion, leaving the heavier
particles of sand behind (Pei et al., 2008). The high levels of bare, exposed ground in

grazing land supports the possibility that erosion was occurring in grazing land.
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Figure 4.7: Infiltration rate curve for grazing land area

Infiltration rate curves of paved road side had initial infiltration values of 22.02 cm h,
20.02 cm ht, 23.06 cm h, 22.79 cm h?, and 17.79 cm h, as shown in figure 4.8. It was
deduced from the infiltration test that paved road side has poor water movement process
because of the impermeable pavement, which means practically a high enough compaction
degree and a low air space. The soil compaction which has reduced the void spaces led to
poorer water movement in the soil zone. The rate of movement of water in the sandy area

was observed to be slower compared to the findings of Dada et al. (2018). This is because

of the machine compaction carried during the road construction.
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Figure 4.8: Paved road side infiltration curve

The initial infiltration values of paved compound are (25.98 cm h, 23.98 cm h'?, 26.88 cm
h, 24.78 cm h, and 25.88 cm h! as presented in figure 4.9 below: Paved compound
experienced low infiltration rate due to low hydraulic conductivity, high bulk density, soil
compaction and degradation. (Burch et al. 1987) reported that bare soils, exhibit lower
infiltration capacities and less macroporosity. These results also demonstrate that the effect
of soil texture on infiltration rate was probably masked by the land use practices and soil
management, which agrees with the fact that water infiltration into the soil is highly
sensitive to land use and soil management. This is inconformity with the findings of Lal

and van Doren (1990).
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Figure 4.9: Paved compound infiltration curve

4.4  Sensitivity Analysis Results

The base values for parameters for each equation are shown in Table 4.3. Many infiltration
models have been developed to predict infiltration rate as a function of time and physical or
empirical parameters, for a different type of soils. Each of these models is suitable to
certain conditions. The parameters feed these models have uncertainties. These
uncertainties become important depending on the sensitivity (accuracy) of them to the rate
of infiltration. The sensitivity of the parameters involved in the Horton, Philip and
Kostiakov equations were compared, using typical physical or empirical parameters for soil
under consideration. This was done in conformity with the finding of Khasraei, et al.
(2021). Sensitivity analysis in table 4.3 was used to determinate how "sensitive" the
predictions of a model is to change in the values of the parameters involved. The sensitivity

analysis permits studying the uncertainties or incomplete knowledge that are associated and
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the relative importance of them (Pathmanathan, et al. 2019). Some of these parameters are
very difficult to be measured or calculated. In these cases, the sensitivity analysis allows
determining the level of parameters’ accuracy necessaries to make the model valid and

useful.

Table 4.3 also shows the constant representing the rate of decrease in the infiltration rate is
the most sensitive parameter for short times, followed by the initial infiltration capacity.
The final capacity is more sensitive for long times. Therefore, f, and B sensitivities decrease
increasing time and fc sensitivity increases increasing time. This result is in conformity
with the study by Khasraei, et al. (2021). It shows that Philip’s equation is not very
sensitive to changes in Ca (Philip constant that depends soil property), being even less at

short times. Nevertheless, it is very sensitive to changes in S, especially in short times.
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Table 4.3: A description of the sensitivities of parameters for each equation and their trends over time

Base value
MODELS STUDY LOCATIONS Equation (fb) Constant | 1 1 v \
Undeveloped land fb=fc +(fo -fc)er-bt b, fo,fc  3,44.88,12.06  3,46.89,14.16 3,42.88,10.26 3,40.88, 8.35 3,43.89, 13.16
Farm Land fh=fc +(fo -fc)e-bt b, fo, fc 3, 75.75, 26.05 3,73.76,27.25 3, 76.76, 27.26 3,74.76, 25.36 3, 75.75, 24.05
Horton Garden fh=fc +(fo -fc)e”-bt b, fo, fc 3,20.77,7.87 3,21.97,7.77 3,19.87,6.97 3,22.67,8.123, 3,18.87,6.47
Grazing Land fb=fc +(fo -fc)e"-bt b, fo, fc 3,25.98,10.23 3,23.98,7.23 3, 26.88, 10.12 3,24.78,8.22 3,25.88,9.23
Paved Compound fb=fc +(fo -fc)er-bt b, fo,fc  3,25.98,10.23 3,23.987.23 3, 26.88, 10.12 3,24.78,8.22 3, 25.88,9.23
paved Road Side fh=fc +(fo -fc)e-bt b, fo, fc 3,22.02,9.14 3,20.02,7.14 3,23.06, 8.19 3,22.79,9.29 3,17.79,7.29
Undeveloped fb = S/2t"-1/2 + Ca Ca 6.54 9.19 4.49 2.75 8.61
Farm Land fo = S/2t"-1/2 + Ca Ca 16.56 18.34 19.71 17.85 15.23
Philip Garden fb =S/2t"-1/2 + Ca Ca 7.87 8.61 6.93 7.95 6.08
Grazing Land fb = S/2t"-1/2 + Ca Ca 3.83 2.02 5.43 2.84 4.83
Paved Compound fb = S/2t"-1/2 + Ca Ca 9.04 5.06 9.98 7.38 9.99
paved Road Side fb = S/2t"-1/2 + Ca Ca 7.71 5.86 6.36 7.82 6.45
Undeveloped fb = at*-b ab 15.87,0.65 18.34,0.68 13.87,0.62 11.83,0.57 11.83,0.57
Farm Land fb = at*-b ab 32.32,0.71 33.03,0.74 33.77,0.73 31.93,0.71 30.54, 0.69
Kostiakoy  Garden fb = at*-b ab 10.00, 0.75 10.21,0.73 9.04,0.73 10.56,0.72 8.38,0.72
Grazing Land fb = at*-b ab 5.92, 0.65 3.77,0.50 7.14,0.67 4.87,0.59 6.88, 0.69
Paved Compound fb = at"-b ab 12.64,0.75 9.58,0.67 12.85,0.74 10.79,0.70 11.91,0.74
Paved Road Side fb = at*-b ab 10.76,0.79 8.78,0.75 10.07, 0.74 11.01,0.79 8.87,0.77
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45  Performance Analysis of the Infiltration Models
A series of graphics illustrating the time history of the prediction of infiltration rate is
showed in order to describe how accurate the predictions are related to changes in

specifics parameters involved in the models.

45.1 Horton sensitivity analysis

The Horton Equation shows greatest sensitivity to the parameters f, f, and S as can be
seen in Figures 4.0 to 4.14 by the highest condition numbers for that parameter. It shows
that the infiltration rate’s sensitivity to change in fc increases over time. It shows the
time history of the prediction of infiltration rate using the Horton's equation. The
parameters used to calculate the infiltration rate sensitivity on Horton's equation was the
initial infiltration capacity, the final capacity and the constant representing the rate of
decrease in the infiltration rate. The Horton infiltration rate’s sensitivity to change in fo
decreases over time, opposite to the trend followed for the f. parameter. This is in

conformity with the work of Estefania (2015) for infiltration sensitivity analysis.
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Figure 4.10: Farm Land infiltration rate sensitivity to fo, fc, and B
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Figure 4.14: Paved road side infiltration rate sensitivity to fo, fc, and B

The Figures 4.10 to 4.14 above illustrates the prediction of infiltration rate at increasing
time varying the initial infiltration capacity which means that infiltration rate increases

increasing the initial infiltration capacity. It also demonstrates the prediction of
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infiltration rate at increasing time varying the final capacity. The various figures
demonstrate the prediction of infiltration rate at increasing time varying the constant
representing the rate of decrease in the infiltration rate, and it illustrates that infiltration
rate decreases increasing the constant representing the rate of decrease in the infiltration

rate.

4.6  Philip Sensitivity Analysis

It shows the time history of the prediction of infiltration rate using Philip’s equation.
The parameters used to calculate the infiltration rate sensitivity on Philip’s equation was
the constant rate of infiltration and the soil sorptivity as showed in Figures 4.15 to 4.20.
The Philip equation shows much greater sensitivity to changes in sorptivity by the
considerably larger condition numbers for that parameter. It also shows an initially high

sensitivity of infiltration rate to change in sorptivity decreases over time.
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Figure 4.15: Farm Land infiltration rate shows Philip Infiltration Sensitivity to
Changes in the Value of Parameter Ca
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Figure 4.16: Undeveloped Land infiltration rate shows Philip Infiltration Sensitivity
to Changes in the value of Parameter C,
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Figure 4.17: Garden infiltration rate shows Philip Infiltration Sensitivity to Changes
in the value of Parameter Ca
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Figure 4.18: Grazing land infiltration rate shows Philip Infiltration Sensitivity to
Changes in the value of Parameter Ca
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Figure 4.19: Paved road side infiltration rate shows Philip Infiltration Sensitivity to
Changes in the value of Parameter Ca
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Figure 4.20: Paved Compound infiltration rate shows Philip Infiltration Sensitivity to
Changes in the value of Parameter C,
Figures 4.15 to 4.20 illustrates the prediction of infiltration rate at increasing time
varying the constant rate of infiltration. This shows that infiltration rate increases
increasing the constant rate of infiltration. It also demonstrates the prediction of
infiltration rate at increasing time varying the soil sorptivity, and it illustrated that

infiltration rate increases increasing the soil sorptivity.

4.7 Kostiakov Sensitivity Analysis

The Kostiakov infiltration rate is directly proportional to the parameter (a). Therefore,
has condition number equal to 1 for all changes in constant a. The parameters used to
calculate the infiltration rate sensitivity on Kostiakov's equation were the empirical
constants “a and b”. The infiltration rate has a more complex relationship with the
parameter o which is shown in Figure 4.21 to 4.25. It illustrates the prediction of
infiltration rate at increasing time varying the empirical constant a. This implies that

infiltration rate increases increasing the empirical constant a. It demonstrates the
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prediction of infiltration rate at increasing time varying the empirical constant b, and the

implication is that infiltration rate decreases with increasing empirical constant b.
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Figure 4.21: Undeveloped land infiltration rate shows Kostiakov Infiltration Sensitivity
to the Change in value of the Parameter b
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Figure 4.22: Farm land infiltration rate shows Kostiakov Infiltration Sensitivity to the
Change in Value of the Parameter b
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Figure 4.23: Garden infiltration rate shows Kostiakov Infiltration Sensitivity to the
Change in value of the Parameter b
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Figure 4.24: Undeveloped land infiltration rate shows Kostiakov Infiltration Sensitivity
to the Change in value of the Parameter b
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Figure 4.25: Paved Compound infiltration rate shows Kostiakov Infiltration Sensitivity
to the change in value of the Parameter o

4.8  Evaluation of Equations

The Philip model with the least Root Mean Square Error (RMSE) value of 2.73 most
closely predicted the measured infiltration. Kostiakov and Horton models provided less
accurate estimates of the measured infiltration with least RMSE values of 7.13 and 7.00,
respectively. This result is in conformity with the work of Faloye et al. (2021). The
higher final constant infiltration rate for the earlier rainfall simulation that was used to
obtain the parameter values for the simulation of interest, resulted in the greater
divergence of these models from the values calculated for the observed runoff data.
These results demonstrate the lack of flexibility in the Horton and Kostiakov models
and hence, the need to be cautious when using one plot to calibrate another, since the
plots must be very similar in order for the predictions made from the infiltration data
from the first plot to accurately predict infiltration on the second. This is not any
different from the findings of Turner (2006) for Popular Hill site study area where he

discovered that Green- Ampt (GA) and Philip equations are the more versatile equations,
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since they were applicable both in situations where rainfall rate was insufficient and
sufficient and they do not rely on earlier infiltration data which may have been obtained
under different field conditions. Figure 4.26 (a-k) showed the model predicted
infiltration rates plotted versus the observed infiltration rates to obtain R? values.
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Figure 4.26a: Horton scattered plot for undeveloped land
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Figure 4.26b: Horton scattered plot for Farm land
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The scattered plots above showed the predictive or correlational relationship
between the variables. The observed infiltration is the independent variables while
predicted infiltration is the dependent variables. The added trend line indicates the
mathematically best fit to the data. This also provides additional signal as to how
strong the relationship between the two variables is, and to determine the presence

of outlier points.

According to table 4.4, the R? values indicate the degree to which data variations
(i.e., the difference between the observed data and predicted data) are explained by
each model. RMSE shows the amount of divergence of the model values from the
observed values. If the model curve closely parallels the observation curve
coefficient of determination (R?) will be close to 1, but the RMSE may not be very
low. A model that has a low RMSE will also have a high R?, but it may not be as
high an R? as a model with a higher RMSE, but that is more parallel, diverging by
about the same amount from all observed values. Horton has a high R?, but is off,
probably because of the value for fc, the final constant infiltration rate that was

obtained from an adjacent site. Kostiakov, although having the highest RMSE still
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has a high R? as well. This result was in conformity with findings by Turner (2006)
for Poplar Hill and Upper Marlboro site for comparison of infiltration equations

Maryland.
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Table 4.4: Shows model goodness of fit for all three (3) models including RMSE and R? values.

Models Study locations RMSE P-value
R? X2

| 1 11 v \% | 1 1 v \% | 1 1 v \%
Undeveloped land 096 094 09 09 094 1703 1931 1735 21.28 18.22 1483 1645 1405 1433 1553 0.00
Farm Land 095 096 096 095 095 1922 1442 2224 2498 24.00 2137 1931 25.08 2557 24.18 0.58
Horton Garden 087 084 087 084 0.8 1466 2331 1621 19.08 13.79 10.80 13.86 10.75 1231 9.52 0.17
Grazing Land 089 089 085 089 088 1693 2634 2315 2047 14.93 8.91 8.86 11.37 8.88 9.01 0.00
Paved Compound 092 093 091 09 087 1139 1257 1796 18.18 23.14 10.80 9.75 1400 1246  15.06 0.03
paved Road Side 094 092 094 093 091 5.13 7.31 7.35 5.72 6.96 6.60 7.00 7.69 6.99 6.91 0.09
Undeveloped land 097 093 097 097 093 1.72 4.03 1.69 1.89 3.64 5.19 8.44 4.69 4.81 7.30 0.00
Farm Land 094 095 094 091 095 452 3.22 3.82 6.70 4.43 10.96 8.24 9.08 11.27  10.68 0.60
. Garden 084 081 084 078 0.86 2.81 3.75 3.17 5.38 2.78 5.07 5.72 5.20 7.65 4.70 0.05
Philip Grazing Land 088 088 081 0.88 0.86 2.82 4.03 4.20 3.32 2.73 4.15 4.10 5.33 4.20 4.34 0.00
Paved Compound 089 088 0.8 08 084 2.29 3.68 2.63 3.99 3.16 4.68 5.30 5.10 6.46 5.89 0.01
paved Road Side 096 092 09 094 088 062 1.39 0.79 0.94 1.63 2.33 2,97 2.73 2.98 3.61 0.14
Undeveloped land 099 097 098 098 095 1548 1742 16.09 1910 11974 1537 16.80 1464 1491 37.23 0.00
Farm Land 097 097 097 095 097 1854 1545 2197 26.24 22.97 2207 2004 2575 2624 2491 0.57
. Garden 091 088 090 086 092 1356 2231 1512 18.33 12.70 10.84 1389 1079 1233 9.57 0.17
Kostiakov Grazing Land 092 088 086 090 092 1583 2589 2234 1956 13.85 8.97 8.86 11.39 8.92 9.06 0.00
Paved Compound 095 093 094 092 090 1047 1252 1693 17.08 22.04 10.91 9.90 1409 1254 1512 0.03
paved Road Side 098 096 099 097 09 463 6.61 6.34 5.15 6.24 6.73 7.13 7.83 7.12 6.97 0.09
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CHAPTER FIVE
5.0 CONCLUSION AND RECOMMENDATIONS
51  Conclusion
Based on the results obtained, the following conclusions were drawn
That Philip equation was a better predictor of the rate of infiltration of water into the
soils for the various locations. The R? values of Philip equation when compared with
others was relatively high which indicated its’ high relevance in the area of soil-water
relationship for the various study locations. The RMSE values further enhanced the
applicability of Philip equation for the study area as it shows the amount of divergence

of the modelled values from the observed values.

Urban compacted soils have low infiltration rate and high runoff. This is due to the fact
that the soil infiltration rate decreased with an increase in the bulk density and with a

reduction in the soil organic matter content and non-capillary porosity.

Philip equation analysis shows much greater sensitivity to changes in sorptivity by the
considerably larger condition numbers compare to Horton and kostiakov equations
analysis. While Horton equation shows greatest sensitivity to the infiltration parameters

fc, fo, and B

5.2  Recommendations

Thus, resulting from the conclusions drawn, the following recommendations are

provided namely: -

1. Philip models perform best and it is more versatile equation, since it can perform
better both in situations where rainfall rate was insufficient and sufficient and it does
not rely earlier infiltration data which may have been obtained under different field

conditions.
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2. Philip equation is also recommended to be applicable in an area with dry soil
conditions and sandy soils with high saturated hydraulic conductivity values for
effective and accurate prediction of infiltration.

3. For the purposes of determining potential infiltration rates, soils could be classified
as either compacted or non-compacted. This classification of the compaction of a

soil could have a significant effect on hydrological modeling.

5.3  Contribution to Knowledge

The thesis evaluated the Effect of Different Land-use on infiltration rate within Minna,
Niger State. Six different locations (Undeveloped Land, Farm Land, Grazing Land,
Gardened Land, Paved Compound and Paved Road Side) were considered.

The result revealed that there was high variations in the final infiltration rate for the six
locations due to different vegetation patterns and degree of compaction.

The soil properties of the six different land-use scenarios considered were also analyzed
and it was discovered that they were sandy-loam, loamy soil, clay-loam, silt-loam and
sandy-clay for undeveloped land, farm land, gardened land, grazing land, paved
compound and paved road side respectively.

In addition, three infiltration models (Horton, Kostiakov and Philip) were employed to
predict the measured infiltration rate for future references, it was discovered from the
result that for Minna metropolitan, Philip model is most suitable for infiltration
prediction with the least error values (RMSE) of 0.79 and with highest coefficient of
determination (R"2) of 97.

Therefore, these findings can provide useful information to Minna Urban planners on
how to maximize urban water volume so as to minimize runoff and reduce

instantaneous flooding.
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