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ABSTRACT 

 

Improved irrigation performance can deliver both environmental and economic benefits 

from the production of irrigated crops. The objective of efficient irrigation design is to 

increase water application efficiency, distribution uniformity and requirement 

efficiency, while reducing deep percolation and tail water drainage losses. By 

improving system efficiency water losses are minimised and crop yields may be 

increased. Efficient systems also lead to better environmental and economic outcomes 

for the producer. The Harvey Irrigation Area (HIA) in the southwest of Western 

Australia is unique in the State because water is provided without pumping costs. 

Border-check irrigation is currently the main method of water application used in dairy 

farming to produce grass and has been reported as having a low irrigation efficiency of 

50%.  

Different options to improve irrigation efficiency are available. The objective of these 

options is to uniformly replenish root zone moisture reserves whilst minimizing water 

losses via deep percolation below the root zone and tail water drainage from the end of 

the field. 

Options to achieve these objectives include increasing inflow rate, reducing field length 

and selecting the appropriate cut-off time for the input supply of water. These three 

options can be manipulated simultaneously under conditions of ‘surge’ flow, if soil 

characteristics are known.  

This research investigates the effects of two different flow regimes on the performance 

of border-check irrigation using the Surface IRrigation MODel (SIRMOD) as a design 

tool. Continuous flow and surge flow were compared in order to provide guidelines for 

improving  the efficiency of  border-check irrigation in the Harvey Irrigation Area. 
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In order to use SIRMOD for design purposes,  the necessary infiltration parameters 

were obtained from soil texture data.  Initially, literature values were used to ascertain if 

surge irrigation could deliver improved irrigation performance. Once it was confirmed 

that surge irrigation had potential benefits over the common practice of border check 

irrigation, the model parameters were refined by field measurement.   Soil water content 

was also measured before and after irrigation in order to assess the irrigation efficiency 

and water distribution over the site. Field slope was also measured as an input parameter 

to SIRMOD.  

Finally, the most efficient surge flow design from the model studies was implemented 

in the field and compared directly to the conventional border check irrigation method. 

Results from these field irrigation trials could also be used as a further cross-check on 

model performance. The resulting optimised models for border check and surge flow 

provided the necessary efficiency criteria for judging the relative performance of the 

two systems. At all steps in the model parameter refinement procedure (literature data to 

field data to full field irrigation trial data) it was found that surge flow improved 

irrigation efficiency compared to the border check method.  The implemented field trial 

confirmed the surge design performance predicted by the model and should give 

irrigation managers confidence in using this modelling approach to optimize irrigation 

performance across different areas of the HIA.  The results indicate that there is 

potential for improvement of border-check irrigation in the Harvey Irrigation Area by 

adopting surge techniques. 
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PREFACE 

 

This work has been completed within a year of my enrolment for the degree of Master 

of Engineering Science by research at The University of Western Australia, after 

spending a previous year completing the Graduate Diploma (Agriculture). From 

intensive work spent at the library, fieldwork and laboratory, transpires the present 

thesis - divided into five chapters. The first and the last chapters are reserved for the 

introduction and conclusions, respectively. Four chapters constitute the main body of 

the thesis and include a description of field trial, methods and the results, and 

discussion.  

The first chapter of this work describes the irrigation systems as a whole, where from 

surface systems emerge. This chapter also presents the need for irrigated agriculture, the 

motivation driving this work, the background and the scope and the purpose of the 

research. In the next chapter the study site and methods are described. It starts to setting 

up the background of the field characteristics and trial aspects. Attention is given to the 

principle of the SIRMOD program, soil textural classification and field slope which are 

later used for analysis of water variability across the field in different depths and 

lengths. The application of SIRMOD is then presented in the following chapter. 

Additionally, Chapter 4 presents the results and discussion of the study.  Finally, 

Chapter 5 presents the conclusions, as well as exploring the possibilities for future 

research.  
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CHAPTER 1 - INTRODUCTION 

 

1. Literature review  

 

Wide-spread food shortages in the world today impose new challenges to the 

agricultural sector. Food scarcity is a result of interacting factors, such as the continuing 

world population growth and limited access to techniques to augment water productivity 

in a large part of the world. While the population growth places increasing pressure on 

food production, the lack of technologies for efficient production affects the quality and 

quantity of food supply. The increment in food availability for people in different parts 

of the world, with emphasis in the third world countries, relies on the irrigation of crops. 

Irrigated agriculture provides over 50% of the world’s food supply (Carruthers, 

Rosegrant et al. 1997) and demands improvement in terms of productivity in water use 

to attain high efficiency at a reasonable cost.  

The practice of irrigation, dating from the earliest times of human civilization, is used to 

produce food in water-limited environments. The success of this practice relies on the 

appropriate management of different factors such as climate, soil, crop characteristics, 

the farm’s ability to deal with the practice, and the type of irrigation system to be used.  

Depending on the means used to deliver water into the croplands, irrigation systems can 

be classified into three types, namely: pressurized systems, sub-irrigation, and surface 

systems. Pressurized systems are based upon conducting water under pressure through  

pipes  and include drip irrigation, centre-pivot and sprinkle irrigation (Zimmerman 

1966). Sub-irrigation systems deliver water to the plants from below the surface of the 

soil by controlled groundwater level fluctuation (Zimmerman 1966). Surface irrigation 
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however,  refers to a different irrigation method in which water is distributed over the 

field by a free surface gravity flow (Walker and Skogerboe 1987). Surface systems 

include wild flood irrigation, furrow irrigation, basin irrigation and border irrigation. 

This system is considered to be the oldest and most common method of applying water 

to crops throughout the world (Walker and Skogerboe 1987).  

Each irrigation system can be divided into four subsystems, namely: the water supply 

subsystem (deals with water source, which can be a river, stream, groundwater or a 

well), the water delivery subsystem (deals with delivery structures such as channels), 

the water removal subsystem (deals with drainage structures and tail water 

management) and the water use subsystem which deals with distribution of water to 

meet crop requirements (Walker and Skogerboe 1987).  

This thesis investigates the latter subsystem, or water-use aspects of surface irrigation 

systems. It focuses on the popular border-check irrigation method and its performance 

on a dairy farm, located in the Harvey District, southwest of Western Australia. It must 

be noted that the remaining three subsystems are installed in the study site but are not 

discussed in this work, except some considerations are made concerning the water 

removal subsystem when analysing tail water. 

Irrigation performance is assessed using the Surface Irrigation Model (SIRMOD) 

program (Walker 2003). The program requires provision of specific information to 

characterise the irrigation system. In particular, the identification of infiltration 

parameters related to soil type and the water holding properties of the soil are central to 

understanding the border-check irrigation system and improving efficiency. 
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1.1. Soil 

The  origin and formation of soil is largely controlled by  natural factors such as 

weathering, transportation, deposition and pre-depositional changes, as well as the 

incorporation of decayed plants and animal matter (Lancellotta 2009). Soil 

management, in contrast, is directly affected by human  activities and attitudes toward 

this critical resource (Smith and Mullins 2001). Therefore, knowledge of  soil 

characteristics  provides a powerful tool to achieve sustainable management of soil in 

use (Klute 1986). It is important to know the soil classification of any site intended to be 

explored for any engineering activity. One way of doing so, is through soil 

classification.  

The physical classification of soil is generally based upon particle size distribution 

(PSD), sometimes referred to as particle size analysis (PSA). This technique consists of 

grouping separate particles of various shapes and sizes, and therefore determining the 

relative proportion of each size range (Klute 1986). Using the international convention, 

soil particles sizes can be grouped into coarse sand (2 to 0.2 mm diameter), fine sand 

(0.2 to 0.02 mm diameter), silt (0.02 to 0.002 mm diameter) and clay (less than 0.002 

mm diameter) (Klute 1986; Liu and Evett 2008).  

Soil particle size exerts a major control on water holding and water transport in soil.  As 

the soil particle size  becomes smaller, it’s surface per unit volume increases and so the 

water holding capacity of the soil increases (McArthur 2004). Given that most of the 

water in soils is held by films on the surfaces of the individual soil particles, soils 

having a large proportion of fine particles will be able to hold more water than coarse 

soils (McArthur 2004; Lancellotta 2009).  
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Determination of particle size distribution is possible by using different procedures 

currently available, such as simply dry sieving, composite dry sieving, wet sieving, 

special procedures for ‘boulder clay’ types soil, sedimentation by hydrometer 

measurements, sedimentation by pipette analysis and composite sieving and 

sedimentation (Klute 1986). The choice of any of these procedures depends upon the 

size of the largest particle present, the range of particle sizes, the soil characteristics and 

the stability of soil grains (Klute 1986).  

In general, sieving methods have been standardised for large sized particles and 

sedimentation for fine sized soils (Klute 1986). Thus, this work presents the soil 

classification of the study site using sedimentation by pipette analysis. 

 

1.2. Water content 

A dry soil consists of solid mater and voids and the amount of water filling the voids 

comprises the water content in the soil. Water content in soil varies depending on the 

balance of inputs and outputs, such as water supply (precipitation and irrigation), 

drainage and evaporation. The  water retained in the soil after drainage (whether or not 

it is made available for plants) depends on the sizes, shapes and continuity of pores 

(Rowell 1994). Soil water provides an environment for microbial activity; it is a 

solution containing ions, molecules and nutrients for plants and microbial life; a 

medium for the occurrence of chemical reactions; a means of transport for clay-sized 

particles and thus contributing to soil formation, acidification, salinisation and leaching 

of pollutants into groundwater. 
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Additionally, water displaces air in the pores which may impoverish soil aeration 

(Rowell 1994). Furthermore,  supplying water requirements of plants (Rowell 1994) is  

a major application in environmental and agricultural engineering (Smith and Mullins 

2001).  

In the context of irrigation design the SIRMOD program (Walker 2003) requires 

specific information on soil water holding characteristics and water infiltration 

characteristics.  

Soil water storage capacity of the root zone determines the maximum amount of water 

that can be stored without incurring losses by deep drainage below the root zone. 

Knowledge of the root zone soil moisture storage prior to irrigation allows irrigation to 

be targeted at refilling the moisture store and minimising deep drainage losses.    

Infiltration characteristics can be determined directly from irrigation trial data or field 

measurement. However, for initial design purposes it is often necessary to resort to 

tabulated infiltration parameters obtained from soil texture (Smettem, Pracilio et al. 

2005). 

Therefore, in this work particular attention focuses on determining the spatial pattern of 

soil texture and water content within irrigation bays.  

Water content in soil can be expressed in terms of the volumetric ratio (cm
3
 of water per 

cm
3
 of soil bulk density) or gravimetric ratio (g of water per g of soil) (Rowell 1994). 

Normally, the greater the volumetric water content the greater the cross-sectional area 

of water filled pores  through which water can flow. It is also useful to express the 

moisture storage in the root zone as a depth equivalent (mm), and to define the ‘upper 

limit’ of storage (the so-called ‘field capacity’) and the ‘lower limit’ moisture storage 

(mm) at which irrigation is commenced to replenish the store.  
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1.3. Research in surface irrigation systems 

In recent decades surface irrigation has been, and continues to be, the most widely used 

method of water application in irrigated agriculture throughout the world. In 

comparison with other methods, surface irrigation is characterized as having one of the 

lowest efficiency rates, even though it is used worldwide (Abbasi, Shooshtari et al. 

2003). Poor design, implementation and management are believed to contribute to the 

low performance of the surface irrigation method (Abbasi, Shooshtari et al. 2003). To 

overcome these difficulties there is a need to gain a better understanding of parameters 

and variables involved in surface irrigation. This is possible by carrying out a field trial 

study, use of models to predict irrigation events, implementation and its management or 

combining both approaches.  

A comprehensive comparative study of irrigation systems through field trials is difficult, 

expensive and time consuming. However, the use of simulation models is an alternative 

approach (Meyer and Bowmer 2006). A number of complex models are currently 

available for simulating irrigation events, but the suitability of these models under field 

conditions is not known. 

The work reported in this study was undertaken in the Harvey District, south of Perth in 

Western Australia. In this district, similar studies have been carried out for other irrigation 

systems such as centre-pivot and sprinkle. These systems have reported efficiency 

improvements over the widely used border check method, but are expensive and more 

technically demanding to install and operate.  

One simple, low-cost possibility for improving border check irrigation efficiency is to 

employ the so-called ‘surge’ technique (Walker and Skogerboe 1987). The principle 

behind this approach is to pass an initial pulse of water rapidly along the irrigation bay to 
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pre-wet the surface prior to the next irrigation pulse. Because the surface infiltration rate 

is strongly dependent on the initial water content of the soil (greatest in dry soil), the pre-

wetting reduces the infiltration rate and can potentially reduce deep drainage losses at the 

intake end of the field. 

The work reported in this study focuses on a combination of model design supported by  

field observations of irrigation system performance in order to quantify the performance  

of the existing border-check irrigation system at the site. Additionally, the study 

investigates surge flow performance as possible technique for improving irrigation 

efficiency. The Surface Irrigation Model (SIRMOD) is used for the design because it has 

a strong physical basis and the necessary operational parameters are well understood. 

Researchers at the University of Western Sydney evaluated a number of surface irrigation 

models, including SIRMOD, for the prediction of advance and recession times, run-off 

and volume balance error using field data of over 100 irrigation events monitored under a 

range of field conditions (Meyer and Bowmer 2006). It was found that SIRMOD was the 

most suitable for the field conditions with prediction errors generally less than 15 percent 

(Meyer and Bowmer 2006). The study also led to a better methodology for estimation of 

infiltration characteristics and hydraulic resistance values and a design manual for use by 

irrigation practitioners and rural water authorities. The research had shown potential 

benefit world-wide, providing the opportunity to increase irrigation efficiency, reduce 

costs, and improve environmental conditions (Meyer and Bowmer 2006). 

SIRMOD has also been used to predict irrigation application efficiency in sugarcane in 

the Ord River Irrigation Area even though cracking soils predominate in the region 

(Bakker, Plunkett et al. 2006), and to predict furrow irrigation performance in the 

Burdekin Delta and Burdekin River Irrigation areas in Queensland (McClymont, Raine et 

al. 1996).  
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On the basis of these previous studies, SIRMOD was chosen to investigate the optimal 

design in terms of efficient flow rate in border-check irrigation for a farm in the Harvey 

Irrigation Area, situated in the southwest of Western Australia. The model was also used  

to compare the efficiency of continuous flow with surge flow in order to determine if 

efficiency improvements could be obtained with surge flow. 

 

1.4. Border irrigation  

The border-check irrigation method is characterised by a flow of water across the soil 

from the upper end of the field to the lower end (Walker and Skogerboe 1987). The 

advantage of this method is that it is economical, both in terms of system and energy 

costs (Walker and Skogerboe 1987). In the study site this system is relatively 

inexpensive to adopt because the irrigation system is gravity driven and energy costs are 

low. The disadvantage is that its performance depends strongly on soil properties such 

as the infiltration rate (Hanson and Putnam 2004). It is the most difficult irrigation 

method to manage efficiently because of its dependence on soil properties and its 

performance characteristics, and thus, a trial-and-error approach is normally used to 

design the most efficient system.  

Border-check or flood irrigation designs have several common features; such as slopes 

from 0.5% to 1.0%, including small ‘border checks’ (or levees) of 15 - 50 cm  high, 

which confine water to a supply width from 3 to 30 meters, so that water moves down 

the field (Hanson and Putnam 2004). Field length in the direction of flow varies, but is 

usually determined by field constraints and soil characteristics (Lascano and Sojka 

2007).  

A brief description of the border-check irrigation system can be outlined as follows: 

1. At the start of the irrigation the water begins flowing or advancing down the check 

from the head of the field. 
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2. At the same time, water ponds on the soil surface. During the irrigation, the amount 

of ponded or stored water is substantial. The ponded water can be at least 8 to 10 cm 

deep.  

3. The ponded water infiltrates the soil as water flows across the field. 

4. At cut-off the irrigation water is stopped. However, the ponded water continues to 

flow down the field while continuing to infiltrate the soil after cut-off and may supply 

all of the soil moisture replenishment along the lower part of the field.  

5. The stored water also causes surface runoff at the end of the field. The longer the cut-

off time the greater the runoff. 

 

The rate at which the water flows down the field depends on the inflow rate of water 

into the check, slope and length of the border-check, soil infiltration rate and surface 

roughness. The flow of water across the field is characterized by the advance curve, 

which shows the time at which water arrives at any given distance along the field 

length.  

Another characteristic is the recession curve, which shows the time at which water no 

longer ponds on the soil surface at any given distance along the field length. Water 

recession after cut-off depends on the length of the border-check, slope, surface 

roughness and infiltration rate (Lascano and Sojka 2007). The difference between 

advance and recession times is the time during which water infiltrates the soil, or the 

infiltration time (Walker and Skogerboe 1987). 

Figure 1 presents the common stages of border-check irrigation system where the 

advance, storage and recession phases are shown. 
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Figure 1. Advance, ponding/wetting/storage and recession phases of border irrigation. 

Source: (Zerihun, Sanchez et al. 2005) 

 

These infiltration times vary along the field length, resulting in more water infiltrating 

in some parts of the field compared to other areas. Design variables for border irrigation 

include slope, border-check length, border-check inflow rate, surface roughness, and 

infiltration rate (Walker 1989; Walker 2003; Hanson and Putnam 2004).  
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1.5. Measures to improve irrigation performance  

The objective for improving border-check irrigation performance is essentially to 

increase the irrigation efficiency by a) reducing deep percolation losses below the root 

zone and/or b) reducing surface runoff losses to tail water. However, sometimes 

measures to improve border-check irrigation are competitive, i.e. measures that reduce 

deep percolation can increase surface runoff and vice versa. Some measures commonly 

recommended include the following:  

i. Increasing check flow rate 

This commonly recommended measure reduces the advance time to the end of the field, 

thus decreasing variability in infiltration times along the field length. In some studies, 

field evaluations showed only a minor improvement in the performance of border-check 

irrigation under higher flow rates compared with lower flow rates (Hanson and Putnam 

2004). 

ii. Reducing field length 

This is the most effective measure for improving uniformity and for reducing 

percolation below the root zone. Studies have shown that shortening the field length by 

one-half can reduce deep percolation losses by at least 50 percent (Hanson and Putnam 

2004). Other studies found that the distribution uniformity (Du) of infiltrated water can 

be increased by 10 to 15 percent compared with the ‘normal’  field length (Walker 

1989; Hanson and Putnam 2004). This measure can be effective only if the irrigation set 

time (hours of water application) is reduced because the advance time to the end of the 

shortened field generally can be 30 to 40 percent of the advance time to the end of the 

original field length (Hanson and Putnam 2004). Failure to reduce the set time can 

greatly increase both percolation and surface runoff (Walker 1989; Walker 2003). 
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A major problem with both of the above measures can be the potential for increased 

surface runoff and hence, tail water losses (Walker 1989; Walker 2003; Hanson and 

Putnam 2004). Studies indicate a potential increase of 2 to 4 times more tail water loss 

for the reduced length compared with the original field length (Hanson and Putnam 

2004).  

 

iii. Selecting an appropriate cut-off time 

The amount of surface runoff or tail water can be reduced by decreasing the cut-off time 

of the irrigation water. This is the most effective measure for reducing surface runoff 

(Hanson and Putnam 2004). The cut-off time for a given field may need to be 

determined on a trial. Some guidelines, however, are to cut off the irrigation water when 

the water advance is about 60% of the field length for fine-textured soil, 70% to 80% 

for medium textured soil, and near 100% for coarse textured soil (Hanson and Putnam 

2004).  

  



Chapter 1- Introduction 

13 

 

 

iv. Applying surge flow 

Surge flow is a management practice within surface irrigation systems developed by 

Utah State University in order to increase application efficiency and distribution 

uniformity (Walker and Skogerboe 1987). In this work surge flow consists of the 

application of different pulses of water or flow rates to the field in order to improve 

irrigation system performance. Previous studies performed in the USA have shown that 

surface irrigation systems using continuous flow can face a significant reduction of 

intake rates (Walker and Skogerboe 1987). Moreover, advance phases can be completed 

if the infiltration rates are reduced (Walker and Skogerboe 1987). This theory is based 

upon the fact that advance rates are sensitive to water discharge, so that as surge flow 

reduces infiltration, the hydraulic performance of the system improves (Walker and 

Skogerboe 1987). The Utah State University researchers also showed that the temporal 

and spatial variability of advance rates was reduced with surge irrigation.    

Given the benefits in improving surface irrigation performance by 5 to 10%  reported 

from previous studies in surge flow (Walker and Skogerboe 1987) this technique is 

investigated as an alternative design for the Harvey Irrigation Area. 

 

  



Chapter 1- Introduction 

14 

 

 

2. Motivation 

Border irrigation is one of the most common irrigation systems used in the world and is 

used in around 90% of the irrigated areas (Merot, Werya et al. 2008). The irrigation 

efficiency in this system varies from 60 to 90% (Rogers, Lamm et al. 1997) while other 

systems, such as centre pivot, can reach 70 to 95% (Rogers, Lamm et al. 1997).  

 

In recent years the efficiency of the border system has been significantly improved  with 

the adoption of different techniques such as laser-grading, better farm planning, 

installation of water re-use systems and availability of efficiently high flow rates in the 

supply systems (Wood and Finger 2006).  

 

Advantages of the border-check system include low capital costs, minimal energy 

requirements and availability of information on its design and management across the 

country (Wood and Finger 2006). For this reason the border system is preferred by 

farmers with limited financial resources and capacity to afford the most efficient 

systems, such as drip and sprinkle (Zerihun, Sanchez et al. 2005). This factor is more 

critical in some places around the world than in others. For example, in Mozambique 

the use of surface irrigation systems (including border irrigation) is wide-spread across 

the country and is common among small farmers. In that region the irrigation 

efficiencies were found to be very low, ranging from 25 to 50% among the irrigation 

schemes operated by small farmers (Gomes and Famba 1999).  
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The study has been motivated by the potential to export the knowledge and design 

understanding to a non-developed country (Mozambique), where irrigated agriculture is 

receiving significant attention in the food production strategy, and for contributing to 

national wellbeing and food auto-sufficiency. The national policy in food production 

has set priorities for irrigation practice and two types of surface irrigation systems are 

common in Mozambique. The first is the basin irrigation system which is common in 

rice production (Brito, Chilundo et al. 2004). The second is the furrow system which is 

largely present in maize and vegetable production (Brito, Chilundo et al. 2004). The 

similarities between these two with the border irrigation system has also worked as a 

factor influencing the choice of the topic.  

 

Given that  surface irrigation is widely used in the region for pasture production even 

though drip and centre-pivot are used for viticulture and horticulture has also motivated 

the study. Dairy farming and beef production are the dominant form of agriculture in the 

region, which depend on the grass production. Ryegrass, clover mix and kikuyu are 

predominant grasses in the area. Kikuyu is a C4 plant with roots able to reach a metre 

depth. This grass is suitable to dryland farming due to its ability to tolerate droughts. 

For this reason, in Harvey this grass is used for the summer period while ryegrass, with 

a six centimetre root depth, is strategically a winter plant. Summer irrigation is therefore 

focused on the requirements of the deeper rooted Kikuyu grass, with a target nominal 

maximum irrigation depth of 0.75 m specified in the design. This target depth of 

wetting allows for some subsequent redistribution of water to any deeper roots.    

Sustainable milk production in the Harvey dairy is based upon grazing livestock with 

two types of grasses, namely the tropical grass kikuyu (Pennisetum clandestinum) and 

ryegrass (Lolium multiflorum) (Sinclair and Beale 2010).  Ryegrass is commonly sown 
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to provide forage during the winter–spring period while kikuyu is mainly used for 

summer-autumn seasons (Sinclair and Beale 2010).  

Milk production in the Southwest was valued at $93.5 million in the 2006/07 season 

(South West Development Commission 2010) and major companies operating in the 

region include National Foods, Fonterra, Harvey Fresh and Challenge Dairy (Western 

Dairy 2009). Average production per cow is 6,995 litres (Western Dairy 2009). Milk 

production in the region was estimated to be $109 million with $49 million exported to 

mainly South-East Asia countries (Western Dairy 2009). A significant portion of milk 

produced in Western Australia is processed as fluid milk with the remainder used for 

products such as butter, cheese, flavoured milk, milk powders, Ultra High Temperature 

processed (UHT) milk and yoghurt (South West Development Commission 2010). 

Figures indicate that  the industry directly employs around 2,100 people in Western 

Australia in both farming and processing (Western Dairy 2009).  

Therefore, the importance of surface irrigation systems, either for border in Australia or 

basin and furrow in Mozambique, places demand for better alternatives to improve 

water usage efficiency to save economic and environmental resources in these two 

countries (Meyer and Bowmer 2006). Thus, investigating better alternatives to attain 

efficient irrigation systems used in pasture production has the potential to minimise 

costs of production and augment the net gains in the sector.  

If improvements in the current irrigation system in the Harvey site can be achieved, the 

experience and background accumulated from this study will also play a positive role 

for the Mozambican context.  
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3. Background 

Western Australia has a dry summer and water application efficiency has become a 

central issue. The Harvey Irrigation Area (HIA) situated in the southwest of Western 

Australia (WA) is an irrigation region where water is delivered without the energy costs 

of pumping. The steep grades from the dams to the irrigation zones allow sufficient 

pressure for water delivery by gravity (Moore, Chester et al. 2008).  

The delivery efficiency in HIA improved by 28% following the introduction of the 

Harvey Pipe Project (HPP) in 2005 (Moore, Chester et al. 2008).  The HPP program 

targets the delivery system by replacing the open supply channels with gravity 

pressurized pipes. With the advent of the HPP it is expected that farmers will be 

motivated to adopt efficient irrigation systems, such as drip or centre-pivot (Milani 

2001). Unfortunately this is not happening yet due to small paddocks and production of 

grass for dairy farming and in some cases a mixture of fruits trees in the same field. 

Figures indicate that nearly 70% of farmers are still using the border-check irrigation 

system, receiving water supplied by a network of pressurised pipes and open channels 

(Moore, Chester et al. 2008).  

On the other hand, the on-farm efficiency for surface irrigation, including border-check 

systems was well below 50% (Moore, Chester et al. 2008) which is considered to be 

less than the recommended efficiency for the system (Rogers, Lamm et al. 1997). 

Therefore, an investigation of improved design criteria for surface irrigation systems 

remains important during this transitional period in the adoption of pressurised systems.  

 

 



Chapter 1- Introduction 

18 

 

4. Aims and research questions 

The study takes the next logical step in integrating system parameters and system 

variables as physical quantities affecting the performance of border-check irrigation 

events in the Harvey Irrigation Area (HIA). In this study, system parameters are the 

physical quantities measuring the intrinsic physical characteristics of the system and 

therefore little or no modification is possible. This includes the hydraulic resistance 

coefficient, infiltration parameters, the net irrigation requirement (Zreq) and basin bed 

slope (So) (Sanchez 2008). On the other hand, system variables are referred to physical 

quantities whose magnitude can be varied by the irrigator during the system design, 

management and evaluation (Sanchez 2008). This includes basin dimensions (basin 

length (L) and basin width (W)), unit inlet flow rate (Qo) and cut-off criteria (cut-off 

time (tco) or cut-off length (Lco)) (Sanchez 2008).  

The primary aim of this research project was to assess the performance of the border-

check irrigation system for a dairy farm in the HIA, in terms of irrigation efficiency 

criteria. Once the efficiency of the current system is quantified, the potential to design a 

more efficient system can be investigated using the SIRMOD modelling framework, 

which also outputs efficiency criteria that allows for comparison of different irrigation 

systems.   In order to investigate potential design improvements the following questions 

were posed:  

 Can the border-check irrigation system be operated using surge flow in the HIA? 

 Do results from the model design indicate that substantial efficiency gains can 

be made using surge flow? Does surge flow offer a sufficiently enhanced 

irrigation design and time saving benefits to be a viable alternative to continuous 

flow? 
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5. The model 

The objectives of the modelling exercise were twofold:  firstly to characterize the 

irrigation process (advance, recession and wetting) under the existing border check 

system  and secondly, to perform a model appraisal of surge irrigation and compare 

efficiencies of the two systems.  

To characterize the current practice of continuous flow in border check irrigation the 

SIRMOD program was initially used with  parameters obtained from literature sources. 

These parameters were held constant in the subsequent modelling of surge irrigation. 

This initial modelling allowed surge irrigation design parameters to be adjusted in order 

to obtain the best irrigation performance from the surge system. The results were 

sufficiently encouraging to merit investment of time and resources in field measurement 

of model parameters to more effectively characterize the HIA irrigation systems. 

The measured physical parameters were then used in the models of border check and 

‘optimal’ surge designs for further intercomparison of irrigation system performance 

using model generated  irrigation efficiency criteria.    

The SIRMOD program simulates irrigation advance and recession phases using a 

numerical solution of the Saint-Venant equations for conservation of mass and 

momentum. For conservation of mass (Gharbi, Daghari et al. 1993; Walker 2003):
  

A Q Z
 +  +  = 0

t x 

  

  
--------------------------------------------------------------------------------Eq.1 

and for conservation of momentum (Gharbi, Daghari et al. 1993; Walker 2003): 

2

o f2 3

1 Q 2Q Q Q T y
1 S S 0

Ag t A g x A g x

   
      

     ----------------------------------------------------Eq.2 
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Where:  A = cross-sectional area (m
2
); Q = discharge (m

3
/s); t = elapse time (s); x = 

distance from the field inlet (m);  = intake opportunity time, (s); Z = cumulative intake 

(m
3
/m); g = acceleration of gravity (9.81 m/s

2
); y = flow depth (m); So = field slope 

(m/m); Sf = friction slope (m/m); and T = flow top width (m). 

In the border-check irrigation, model calibration requires the estimation of infiltration 

and roughness parameters. In this study, the version 2.0 of SIRMOD (Walker 2003) was 

used to estimate infiltration and roughness parameters. SIRMOD requires input data on 

inflow controls, field topography/geometry, infiltration characteristics, hydrograph 

inputs (inflow, tail water and advance and recession) as well as design panel.  

 

Despite its complexity, the full hydrodynamic numerical simulation model was used in 

this study due to its accuracy and appropriateness for the border-check system when 

compared to the zero inertial model and kinematic wave model (Walker and Skogerboe 

1987; Abbasi, Shooshtari et al. 2003).  

To run the model  the infiltration parameters described by the Kostiakov-Lewis a, k and 

fovalues, given as functions of USDA-NRCS soil intake numbers for first and later 

irrigations are required.  Initial parameter estimates  can be obtained from soil particle 

size data and then adjusted to fit the observed infiltration behaviour during irrigation 

advance.  Tables with initial values of constants a, k and fo are presented in Appendix V. 
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CHAPTER 2 – FIELD SITE AND METHODS  

 

The characteristics of the  study area are provided in this chapter as background which 

describe the study site in terms of its locality, climate, soil texture, and soil water 

content, field slope and the trial. 

2.1. Locality  

 

The study site is located in Wokalup with geographical coordinates of latitude 

33
o
07’38.19” South and longitude 115

o
52’50.92” East in the experimental field under 

management of the Harvey Water and the Western Australia College of Agriculture-

Harvey. Harvey Irrigation Area (HIA) is situated in the southwest of WA on the Swan 

Coastal Plain lying to the west of the Darling Scarp (Moore, Chester et al. 2008)  and is 

more than 100 km south of Perth and 42 km from the coast and the Indian Ocean 

(http://www.harveybeef.com.au/index.php/harveywa 2008).  

Irrigated agriculture plays an important role in the local economic and community life. 

Harvey is one of the three irrigation districts in the region; the other two being Waroona 

and Collie (Moore, Chester et al. 2008). 

HIA covers an area of approximately 75 km long and 15 km wide (Moore, Chester et al. 

2008). Water is sourced from seven dams spread out on the edge of Darling Scarp in the 

jarrah forests. Given that the irrigation area stretches over 100 km, groundwater 

characteristics across the region are quite variable.  However, at the study site they can 

best be summed up as at close to the  soil surface in some  winter months and reaching a  

maximum depth  2 metres in summer if not being irrigated (Moore, Chester et al. 2008).  

Figure 2 shows the map of the Harvey Water Irrigation Area with the three districts it 

covers. 
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Source: (Moore, Chester et al. 2008). 

 

More details about the Harvey Irrigation Area are provided in Figure 3 where the 

network of channels connecting the distribution station at the Harvey dam to the fields 

is shown in red colour within the green circle.   

Figure 2. General overview of the map of the Harvey Water Irrigation Area which 

covers three irrigation districts: Waroona, Harvey and Collie. 
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Source: http://www.harveywater.com.au/search.asp?searchstring=district   

 

A detailed picture of the site is presented in Figure 4 where border irrigation bays are 

shown from an aerial view sourced from Google Earth images. 

 

 

Figure 3. Map of Harvey Irrigation Area highlighted by green circle and from Harvey 

dam to the fields there is a network of channels, coloured red. 

http://www.harveywater.com.au/search.asp?searchstring=district
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Figure 4.  Aerial view of the study site showing bays used for the trial and soil sampling 

at Wokalup in the Harvey Irrigation Area, southwest of Western Australia. 

Source: Google Earth and Google Maps: http://maps.google.com/maps   

 

The field is approximately one and half hectares in size, divided into three bays, each of 

200m length  and  25m width. The bays are covered by a mixture of ryegrass and 

kikuyu grass. The grasses are irrigated by the border-check method, applying water 

under continuous flow. Each irrigation event takes in average three hours to complete 

and are timed ten days apart. Figure 5 presents the scheme of the field and the defined 

points for sampling during the fieldwork of this project. The sampling points are 

represented by numbers from 1.1 to 1.5 in bay A, and from 2.1 to 2.5 for bay B, and 

from 3.1 to 3.5 in bay C.  The first sampling point in each bay was located 20 m from 

the head of the bay and subsequent sampling points were spaced at 40 m intervals along 

the bays. 

Study site at Harvey Irrigation 

Area. Lat. 33
o
07’38.19” S and 

Long.115
o
52’50.92”E 

Scale: 1:126 

http://maps.google.com/maps
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Figure 5. Schematic representation of the layout of the study site showing bays A, B and 

C and the sampling points within each bay. 
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2.2. Climate 

 

A Mediterranean climate dominates the region with rainfall averaging 800 mm/year 

(Moore, Chester et al. 2008). In an average year, 91% of the rain falls between the 

months of April and October. The average annual potential evapotranspiration rate is 

approximately 1450 mm. The growing season at Harvey lasts for approximately 7 

months, with November through to March being months where moisture deficiencies 

limit growth potential (Moore, Chester et al. 2008). 

Rainfall in Harvey for the last two decades of the 20th century was 5% lower than the 

long term average (Moore, Chester et al. 2008). Mean maximum temperature in Harvey, 

for February (usually the hottest month) is approximately 31 °C. The coolest month is 

July, and the mean minimum temperature is approximately 8°C. Frosts are rare, 

occurring once per year on average (Moore, Chester et al. 2008). 

Figure 6 shows the maximum temperature in degree Celsius and figure 7 shows the total 

rainfall in millimetres, for the region over the six month study period. During the 

referred period temperatures varied between 24 and 27 degree Celsius and rainfall 

occurrence has been registered between 200 and 300 millimetres.   
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Figure 6. Maximum temperatures (
o
C) for Western Australia over the six month study 

period (September 2009-February 2010). Red circle outlines the study site in the Harvey 

District, southwest of Western Australia, where temperatures ranged 24 to 27oC in the 

referred period. 

Source: Australian Bureau of Meteorology at http://www.bom.gov.au/climate/   

 

 

 

 

 

http://www.bom.gov.au/climate/
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Figure 7. Total rainfalls (in mm) for Western Australia over the six months study period 

(September 2009-February 2010). Red circle outlines the study site in the Harvey 

District, southwest of Western Australia where total rainfall varied between 200 mm 

and 300 mm in the referred period. 

Source: Australian Bureau of Meteorology at http://www.bom.gov.au/climate/  

http://www.bom.gov.au/climate/
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2.3. Materials and methods 

The main objective of this work was to evaluate the most efficient design for the border-

check irrigation system in the Harvey Irrigation Area (HIA). The inter-comparison was 

performed using SIRMOD, with model parameters obtained from field observation and 

literature sources. Field samples were obtained to characterise soil texture and the initial 

Kostiakov-Lewis infiltration parameters were then obtained from published relations to 

soil texture. Field slope and initial soil water content were also measured as input 

parameters for SIRMOD. Details about methods used for soil texture, slope and water 

content are presented in Appendices I, II and III, respectively.  

2.3.1. Soil texture 

The soil texture of the study is classified into two parts: the top layer of 0- 20cm depth 

and a deeper layer from 20cm to 75cm depth. The top layer is characterized as  silt-clay 

and the deeper layer  is predominantly clay. Figures 8, 9 and 10 present the distribution 

of  silt,  clay and sand fractions for soil depths of 0-20cm, 20-40cm, 40-60cm and 60-

75cm. The data are averages of the five cores taken from each bay at the sampling 

locations identified in Figure 5.  
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Figure 8. Distribution of silt particles in the soil profile for different soil depths of dairy 

farming field in the Harvey Irrigation Area, south-west of Western Australia. The 

proportional distribution is presented as average percentage of fractions of soil 

occurring in each bay A, B and C. Error bars are shown. 

 

 

Figure 9. Distribution of clay particles in the soil profile for different soil depths of 

dairy farming field in the Harvey Irrigation Area, south-west of Western Australia. The 

proportional distribution is presented as average percentage of fractions of soil 

occurring in each bay A, B and C. Error bars are shown. 
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Figure 10. Distribution of sand particles in the soil profile for different soil depths of 

dairy farming field in the Harvey Irrigation Area, south-west of Western Australia. The 

proportional distribution is presented as average percentage of fractions of soil 

occurring in each bay A, B and C. Error bars are obscured by the symbols. 

 

2.3.2. Soil water content 

Soil bulk densities for each of the three bays are  presented in Figure 11.  For all three 

bays (A, B and C) there is a consistent increase of  bulk density with depth.    

 

Figure 11. Bulk density taken from five sampling points in each bay is given for the 

four different depths (0-20cm, 20-40cm, 40-60cm and 60-75cm). Error bars are shown.  
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The average field capacity (figure 12) for all three bays is relatively constant at about  

0.44cm
3
/cm

3 
for depths of 0-20 and 20-40 cm. There is slightly greater spread for depths 

up to 75 cm but again the data are all within a range of 0.4 to 0.5 cm
3
/cm

3
 .    

The permanent wilting point (figure 13) for the top layer is about  0.21cm
3
/cm

3
 across 

all  three bays and increases to  between 0.27 and 0.30cm
3
/cm

3 
at depths greater than 20 

cm. This reflects the increase in clay content with depth.  

Available water is the difference between field capacity and permanent wilting point 

(figure 14).  Again, the values are quite uniform across the three bays with available 

water decreasing from an average of 22% for the 0-20 cm layer to 18% at greater 

depths.   

 

Figure 12. Water content at field capacity for the three bays (A, B and C) in four soil 

depths of 0-20cm, 20-40cm, 40-60cm and 60-75cm. Error bars are small and partially 

obscured by the symbols. 
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Figure 13. Water content at field capacity for the three bays (A, B and C) in four soil 

depths of 0-20cm, 20-40cm, 40-60cm and 60-75cm. Error bars are small and partially 

obscured by the symbols. 

 

 

 

 

Figure 14. Water content at field capacity for the three bays (A, B and C) in four soil 

depths of 0-20cm, 20-40cm, 40-60cm and 60-75cm. Error bars are shown. 
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2.3.3. Field slope 

Field slopes were found to be 1.25% for bay A and 1.28% for bays B and C. 

Figure 15 shows the scheme of the field setup for slope readings. Points a and b are 

found into the bay A, c and d into the bay B and e and f into the bay C. 

 

Figure 15. Field location points for slope readings. Points a, b, c, d and e are slope 

reading points and are 5m away from the bays right and left boundaries. Points 1,2,3,4 

and 5 are soil sampling points. 

 

The variation of heights given in metres is presented in Table 1. 

Table 1. Height distribution measured along the field close to soil sampling points as 

given in the figure 10 of this work. 

Slope 

reading 

points 

Heights (m) above soil surface taken at different distances (m) along 

the field irrigation bays  

20 60 100 140 180 

a 0.68 1.38 2.15 2.76 3.17 

b 0.72 1.42 2.14 2.81 3.24 

c 0.80 1.48 2.19 2.87 3.31 

d 0.83 1.51 2.24 2.94 3.42 

e 0.88 1.60 2.29 2.97 3.46 

f 0.97 1.66 2.38 3.02 3.51 

Average 0.81 1.51 2.23 2.90 3.35 
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Figure 16 presents field slope variation for each bay.  Bay A is located on higher ground 

than the remaining two bays.  

 

 

Figure 16. Average drop in height along irrigation bays A, B and C. Heights are given 

in metres compared to the ground surface at the intake of each bay.   
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2.3.4. Field Irrigation Runs 

The field irrigation runs were undertaken to compare  the current continuous irrigation 

method against the optimal surge flow design identified using SIRMOD.  Given that the 

soil properties across the three bays are remarkably uniform it is not surprising to find 

that irrigation advance times are also similar. By performing surge irrigation on the 

same bays it is possible to gain a good comparison of system performance and compare 

the field data to the model projections.  

The initial trial under continuous flow consisted of applying water using the current 

practice in use by the owner of the field. No changes were introduced to the irrigation 

system. Inputs in water flow were set to 1.5 Mega litres over 3 hours of application for 

each of the three bays.  The gates which allowed water to enter into the bays were 

opened sequentially.  The first bay (A) was filled and then the gate was shut. The 

second bay receiving water was bay B (recall figures 5 and/or 15 of this work), which 

received water after the gate for bay A was shut, and consecutively bay C received 

water after bay B was inundated and its gate shut.  

Subsequent to the initial data acquisition under continuous flow, the next irrigation runs 

(several days later) were performed on the same bays using surge irrigation. At this time 

the initial water contents in the bays had returned to the values observed prior to the 

original border check irrigation runs and therefore the systems are directly comparable.  

For surge irrigation,  the applied flow rate was equal to 1.183 Mega litres for a period of 

approximately 2 hours. Water was applied into the bays following the same pattern as in 

the irrigation with continuous flow, i.e. bay A followed by bays B and C, but with two 

pulses.  
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Soil samples were taken after 24 hours after the irrigation events using a hammer-drill 

coring technique with support of the Geoprobe system machine for a soil depth up to 

75cm at the locations identified earlier in figure 5. Once collected the soil samples were 

taken to the Soil Science Laboratory at the University of Western Australia where they 

were subjected  to different treatments as described in the next chapter of application of 

SIRMOD and detailed in appendices I, II, III, IV and V. 
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CHAPTER 3 – APPLICATION OF SIRMOD  

 

3.1. Evaluation of irrigation design using SIRMOD  

As reported earlier, the SIRMOD program was initially used to assess  the most 

efficient irrigation design prior to any field work. Initially, SIRMOD  was run using 

parameters obtained from  the literature review.  To improve the model parameterisation 

field data was collected as described earlier in order to give better estimations of 

infiltration parameters,  initial moisture content and field slope.    

Once the optimal scenario for surge irrigation was established using SIRMOD, the  field 

irrigation runs were performed to compare continuous flow and optimal surge flow with 

the aim of assessing the irrigation efficiency of the two systems and checking model 

projections with actual field irrigation data. 

The data obtained were used to calculate application efficiency, water requirement 

efficiency, distribution uniformity, deep percolation and tail water losses, as detailed in 

Appendix IV of this work. In addition, comparisons between both flow regimes were 

performed in terms of their efficiencies, water velocity, and  water consumption.   

Investigation of the efficiency parameters aided identification of  the most efficient 

design for border-check irrigation in the region. Equations used to calculate water 

velocity and  water consumption  are presented in the following section. 
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3.2. Measuring water velocity and water consumption   

3.2.1. Water velocity 

The velocity of water flow across the field was measured by registering the field length 

advanced and the respective time taken to reach a specific point.  If field length is L (m) 

and the time spent to reach L, T (min), then water velocity (v) can be expressed as: 

  
 

 
 --------------------------------------------------------------------------------------------Eq.3 

 

3.2.2. Water consumption and duration of irrigation events  

The amount of water consumed during irrigation events either for continuous or surge 

flow was measured by registering from a flow meter the flow rate at the start and at the 

end of each irrigation event. Therefore, the water consumption was given from the 

difference between these two flows, as represented in the following equation: 

               -----------------------------------------------------------------------Eq.4 

Where, Wc is the water consumption in litres, Flowb is the flow registered at the 

beginning of irrigation event and Flowe is the flow registered at the end of irrigation 

event. 

Similarly, the duration of irrigation events was measured by getting the difference 

between times at the beginning and at the end of each irrigation event, as given in the 

following: 

        -----------------------------------------------------------------------------------Eq.5 

Where, D is the duration in minutes, Tb is the time at the beginning of irrigation event 

and Te is the time at the end of it. 
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CHAPTER 4 - RESULTS AND DISCUSSION 

 

4.1. SIRMOD 

The outcomes from the SIRMOD program are presented in the following table and 

graphs. Note that SIRMOD is designed with an assumption of uniform ‘average’ soil 

properties over the depth of infiltration. To check on the influence of soil properties at 

the HIA site SIRMOD was run with two different soil property sets. Using average soil 

properties, one set was characteristic of the 0-20 cm layer and the second set was 

characteristic of the 20-75 cm layer. The increase in clay content and bulk density 

between these two datasets also results in slower infiltration for the subsoil dataset.   

Table 2 shows the advance time and the volume balance of the SIRMOD program. For 

the ‘topsoil’ (0-20 cm) property set the time required  to irrigate the field is less when 

using continuous flow rather than surge flow. However, for the ‘subsoil’ (20-75 cm) 

property set surge flow is effective.  The volume balance, presented in the same table 

helps to assess the effectiveness of the SIRMOD program and its performance in 

running the model. As can be seen the error is  below the recommended 5%. 

Table 2. Advance time and volume balance for continuous flow and surge flow after 

simulations in the SIRMOD program. 

Order 

Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

Inflow regime 

control 

Continuous 

flow 

Surge 

flow 

Continuous 

flow 

Surge 

flow 

Simulated system performance 

1.0 Advance time (min) 29.5 54 325.8 49.5 

Volume balance (m
3
) 

1.1 Inflow 20 51.8 48.4 124.4 

1.2 Outflow 14.4 7.9 4.9 45.1 

1.3 Infiltration 5.5 43.8 43.3 79 

1.4 Error (%) 0.46 0.35 0.28 0.24 
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Comparisons of both flow regimes are presented in figure 17, where the irrigation 

performance, as function of efficiency criteria is shown. Overall, the distribution 

efficiency was found to be approximately 100% for both flow regimes, with the 

exception of surge flow (SF) on the top layer of the field.  A similar pattern is observed  

for water uniformity distribution.  

In addition, application efficiency and irrigation efficiency trends  also follow the same 

pattern. In both cases, the trends for the topsoil  layer and the subsoil layer are opposite. 

For example, the topsoil parameter set has the highest application and irrigation 

efficiencies for surge flow, but the opposite occurs for the more clayey subsoil dataset.    

For both soil datasets water requirement efficiency was higher for surge flow.   

The tail water fraction was found to be very high for continuous flow with the topsoil 

dataset and also high for surge flow with the subsoil dataset. Deep flow was only 

predicted for surge flow with the topsoil dataset. A small proportion of deep flow can 

actually be advantageous for leaching any salt occurring salt in the plant root zone.   
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Figure 17. Irrigation system performance, given as efficiency criteria in percentage, 

after SIRMOD program for two flow regimes: continuous flow (CF) and surge flow 

(SF) using soil parameters characteristic of the topsoil  (0-20cm) and subsoil (20-75cm). 

Ea = application efficiency, Er = water requirement efficiency, Ei = irrigation 

efficiency, Du = water distribution uniformity, Ed = distribution efficiency, Tw = tail 

water losses and Dp = deep percolation losses.  

 

4.2. Field irrigation tests  

Figure 18 represents the irrigation system performance following the field irrigation 

runs. Overall, surge flow performed better than continuous flow for both, topsoil and 

subsoil datasets.  For example, application efficiency has been found to be over 90% in 

surge flow and nearly 70% for continuous flow for both soil datasets.  Similarly, water 

requirement and uniformity distribution were also higher in surge flow and  deep 

percolation was higher in continuous flow than in surge flow. Values of tail water losses 

and deep percolation losses are assumed as 10% of water applied to the root zone. Field 

data for irrigation efficiency and distribution efficiency were not collected.  
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Figure 18. Irrigation system performance, given as efficiency criteria in percentage, 

after field trial for continuous flow (CF) and surge flow (SF) in the soil depths of 20cm 

and 20-75cm. Ea = application efficiency, Er = water requirement efficiency, Du = 

water distribution uniformity, Tw = tail water losses and Dp = deep percolation losses. 

 

 

 

 

  

-20

0

20

40

60

80

100

120

CF SF CF SF

Soil depth of 0-20cm Soil depth of 20-75cm

%
 

Applied flow regimes withineach soil depth 

Irrigation system peformance after field trial 

Ea

Er

Du

Tw

Dp



Chapter 4 – Results and Discussion 

44 

 

4.3. Water velocity and consumption 

The velocity of the advance phase was calculated and the results are presented in Table 

3 for the three bays. A comparison was made between continuous and surge flows to 

assess the quickest way of applying water in the field. This can minimise irrigation time 

but needs to be considered against tail water losses. The velocity of advancing water 

was read at 150 metres of field length corresponding to 75% of the field length.  

Table 3. Comparison of continuous and surge flows in terms of advance phase velocity 

per bay. 

Type of Flow 

Water velocity for advance phase per bay (m/min) 

A B C Average 

Continuous flow 0.83 0.83 0.83 0.83 

Surge Flow 

Pulse 1 2.22 5.00 3.00 3.41 

Pulse 2 4.44 5.00 3.75 4.40 

 

The water consumed in a particular  flow regime can  also be used to compare the 

irrigation system  performances.  Figure 19 shows that the amount of water applied for 

continuous and surge flows differ significantly. As demonstrated the quantity of water 

used in the continuous flow is higher than the one used in surge flow, i.e. 1.5 Mega 

litres for the first and 1.183 Mega litres for the second flow regime.   
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Figure 19. Comparison between continuous and surge flow in terms of the amount of 

water consumed during irrigation events in the Harvey Irrigation Area. 

 

4.4. Duration of irrigation events 

Applying water under continuous flow i.e. the current practice requires a 3 hour period 

in which water is allowed to flow until it reaches the last quarter of the field at 150 

metres from the intake. Once water has reached that point the intake is terminated as the 

flowing wave of water will continue to move through the remaining quarter of the field.  

The rate of flow was checked in the field and for all three bays and advance of 150 m in 

three hours was recorded for continuous irrigation.  Table 4 shows the time the gates of 

the bays were opened to allow water into the bays, and cutback time and length.   

A different situation is presented in Table 5 where time spent during the application of 

the first pulse for surge flow varied considerably. For example, water advance front 

took 46 minutes to reach 100 metres length into bay A, 16 minutes into bay B and 20 

minutes into bay C.  

Continuous Flow

Surge Flow
Flow regime

1.500 

1.183 

Comparison of water consumption in Megalitres for continuous and 
surge flows 

Water consumption (ML)
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Table 4. Time of irrigation event spent for the first pulse applied in surge flow. 

Bay A Bay B Bay C 

Starting time 9:30am Starting time 10:17am Starting time 10:34am 

Advance 

time 

(min.sec) 

Advance 

length 

(m) 

Advance time 

(min.sec) 

Advance 

length 

(m) 

Advance time 

(min.sec) 

Advance 

length (m) 

9.00 20 - - - - 

25.00 53 - - - - 

46.38 100 16 80 20 60 

- Not measured; 

When the second pulse was applied, as presented in Table 5, the advance front took 

only 11 minutes to reach  50 metres  into bay A; 14 minutes to reach  70 metres into bay 

B, and 24 minutes to advance 90 metres into bay C. (4.5, 5.0 and 3.75 m/min 

respectively) 

Table 5. Time of irrigation event spent for the second pulse applied in surge flow. 

Bay A Bay B Bay C 

Starting time 10:55am Starting time 11:07am Starting time 11:21am 

Advance 

time 

(min.sec) 

Advance 

length 

(m) 

Advance time 

(min.sec) 

Advance 

length 

(m) 

Advance time 

(min.sec) 

Advance 

length (m) 

11.25 150 14 150 24 150 

 

4.5. Irrigation design  

From the assessment of the irrigation system performance the optimal irrigation design 

or the one that gives greatest overall efficiencies was identified. That is border-check 

irrigation under surge flow. Although only two pulses were used in this work for surge 

flow, it seems more pulses can be generated if a new setup is to be considered at the 

site. For example, this would be possible by reducing the current flow rate of 178.6 

litres per second currently applied under continuous flow. If the flow rate was reduced, 

obviously the number of pulses could be increased. In addition, the number of pulses 

could also increase in order to increase infiltration efficiency and eliminate under-
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irrigated zones. However, if the current scenario continues, where the flow rate is fixed, 

then it is still more efficient to apply two surge irrigation pulses rather than one  

continuous pulse.  

Table 6 shows the input parameters used in the SIRMOD program to generate the most 

efficient design for surge and continuous flow regimes. From the referred table it can be 

seen that the  most efficient  new design for intake opportunity time for the clayey soil 

can be characterised as Zreq =   0.0122τ
0.258

 + 0.000061τ      (m
3
/m) for the surge flow 

regime and as Zreq =   0.0139τ
0.304

 + 0.00007τ     (m
3
/m) for the continuous flow regime. 

A similar comparison can be made for the silty-clay soil. For both soil textures the most 

efficient design is provided by surge flow with intake times of 124 and 32 minutes, 

respectively. 

Table 6. SIRMOD parameters used to generate cumulative intake models. 

Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

1 
Inflow regime control 

Continuous 

flow 

Surge 

flow 

Continuous 

flow 

Surge 

flow 

 

Governing equation   

1.1 
 Soil ID = 0.15; Soil name = Silty-clay 

 Soil ID = 0.10; Soil 

name = Clay 

1.2 a (-) 0.349 0.297 0.304 0.258 

1.3 k (m/min^a) 0.00168 0.00147 0.0139 0.0122 

1.4 fo (m/min) 0.00009 0.00008 0.00007 
0.00006

1 

1.5 c (-) 0 NA 0 NA 

1.6 Q infiltration (lps) 1 NA 1 NA 

2 
Root zone soil moisture 

depletion, Zreq (m
3
/m) 

0.2 0.2 0.55 0.55 

3 
Required intake 

opportunity time (s) 
2387 1932 8874 7429 

4 
Required intake 

opportunity time (minutes) 
40 32 148 124 
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Table 7 presents the modelled water application efficiency, water requirement 

efficiency, water uniformity distribution, tail water fraction and the deep percolation 

fraction. Comparing the efficiencies for both regimes for the topsoil dataset it is evident 

that surge flow performs above the critical 70% threshold. Surge flow also improves the 

water uniformity distribution and as a result, saves water from loss by deep percolation. 

 

Table 7. Efficiency percentages after each irrigation event for continuous and surge 

flow for the topsoil (silt-clay) dataset.  

Order Parameters 

Topsoil (silt-clay) dataset 

Continuous flow Surge flow 

1 Application efficiency (%) 67.34 92.59 

2 Water requirement efficiency (%) 60.61 80.81 

3 Irrigation efficiency (%) NA NA 

4 Water uniformity distribution (%) 50.51 69.44 

5 Distribution efficiency (%) NA NA 

6 Tail water fraction (-) 4.00 4.00 

7 Deep percolation fraction (-) 28.66 3.41 

 

Overall, applying water by pulses seemed to be the appropriate method to follow if the 

irrigation performance is to be improved in the future.   

From SIRMOD it became apparent that there was a time difference for irrigation 

between the two flow regimes that was also influenced by soil texture. Irrigating the 

lighter topsoil texture took less time if continuous flow was used, but the more clayey 

subsoil texture could be quickly irrigated if the surge flow was used. The volume 

balance for the SIRMOD program gave error percentages below 5% for each case. 

According to Walker (Walker 2003) the model allows a range of errors at below or 

equal to 5%. This provides confidence in the SIRMOD results and its capabilities to 

describe both flow regime designs. 
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The various measures of efficiency obtained from  SIRMOD allow an inter-comparison 

of system performance to be made. It was found that the application efficiency and 

irrigation efficiency were higher with surge flow for both soil textures used in the 

simulations. Compared to continuous flow, surge flow also gave improved water 

requirement efficiencies for both textures. This means that surge flow gives more 

uniform wetting along the entire field  than can be achieved by continuous flow and 

reduces the risk of  any  under-irrigated areas.  

Results from SIRMOD were supported by observations from the field irrigation runs 

where surge flow also demonstrated better performance. As presented in Figure 18, 

surge flow achieved 20% greater application efficiency than  continuous flow.  Surge 

flow also achieved better water requirement efficiency and uniformity distribution 

efficiency than continuous flow.  

Furthermore, optimal irrigation design is achievable using the surge flow regime - either 

for silty-clay or clayey soil. This is in part due to the influence played by surges as it 

allows the advance front to infiltrate significant amounts of water as the irrigation water 

front moves through the field.  

In this study, infiltration parameters were assumed constant for each irrigation run. This 

is appropriate for grass-covered bays but sealing could occur in newly developed bays 

prior to grass cover (Kemper et al., 1988; Assouline, 2004). This is especially the case 

in clay soils, which can require use of soil amendments such as gypsum (Wallace, 1994;  

Amezketa et al., 2005) or organic polymers (Zhang and Miller, 1996; Yu et al. 2003) to 

prevent sealing. Sodic clays in particular require amendment to stabilise them prior to 

irrigation (Shainberg et al. 1981; Aydemir and Najjar, 2005)  
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 CHAPTER 5 - CONCLUSIONS 

 

5.1. Summary 

This study investigated whether surge flow offered a simple low-cost alternative to the 

prevailing use of continuous flow in border check irrigation in the Harvey Irrigation 

Area, southwest of Western Australia.  

The novelty of the study is that a combination of design modelling and subsequent 

model re-evaluation based on field data was undertaken using SIRMOD. The objective 

was to characterise the performance and efficiency of the existing continuous irrigation 

system and then design and test an appropriate surge irrigation system. Initial designs 

were modelled using literature data and then refined with data from field irrigation 

experiments before final testing on field irrigation bays. 

In order to better characterise the model parameters a detailed fieldwork programme 

was undertaken to describe  the relevant characteristics of the study site. The soil 

texture,  field slope and  water content in the soil profile of the site before and after 

irrigation were all measured across three irrigation bays.  

The soils at the study site were characterized as silt-clay in the top layer up to 20 cm 

depth underlain by clay to a sampled depth of 75cm. The particle size distribution was 

quite uniform across the irrigation bays, offering a good opportunity for inter-

comparison of the two irrigation practices using three adjacent irrigation bays.  The 

main part of this study compared continuous and surge flow as measures to enhance 

irrigation system performance at the site. From a comparison of the various measures of 

efficiency it was evident that surge flow provided improved irrigation performance 

when compared to continuous flow and can be successfully operated at the site.  In 
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particular, water application efficiency was found to be more than 90% and water 

requirement efficiency exceeded 80%. In contrast, continuous flow had only 70% 

application efficiency and an average of 63% for water requirement efficiency.  

Moreover, the distribution uniformity reached 70% for surge flow compared to 50% for 

continuous flow.  

This study has indicated that by combining modelling and field observations of system 

performance it is possible to develop and test an enhanced design for surface flood 

irrigation in the Harvey Irrigation Area. But before embarking in the surge flow 

installation some more aspects, not dealt with in this work, need to be explored. These 

are discussed in the next heading of future work. 

5.2. Future work 

This study has provided a surge flow design that is potentially more efficient than 

current irrigation practice in the Harvey Irrigation Area, southwest of Western 

Australia. This work can be furthered if research is carried out to assess water 

productivity under surge flow and specify with details the adjustments to be made in 

order to accommodate surge flow in the area, as a replacement for continuous  flow.    

This work considered a soil depth of 75 centimetres, and due to time constraints no field 

data was obtained for deep percolation losses and the amount of tail water losses. 

Recourse was made to comparison of model values and further work is needed to verify 

the reliability of these particular model outputs.  

Infiltration was also inferred from literature tables or directly from the field irrigation 

runs. Further work could be undertaken to measure infiltration parameters directly using 

infiltrometer techniques (Smettem and Clothier, 1989; Smettem et al., 1994) and then 

compared to pedotransfer values developed for Australian soils (Smettem et al, 1999;    

Smettem and Bristow, 1999).   
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The study results may also require an appraisal of groundwater levels as these can be 

seasonally quite shallow. In areas of shallow groundwater the classic infiltration 

behaviour assumed in SIRMOD could be violated. Although irrigation managers would 

generally be expected to suspend irrigation during periods when the water table was 

high it would nevertheless be useful to obtain detailed continuous measurements of soil 

water profiles during irrigation.  This data would give greater insight into the 

interactions between irrigation and groundwater.    
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APPENDIX I. PARTICLE SIZE DISTRIBUTION  

1. Methodology 

1.1. Particle size distribution 

In order to perform the particle size distribution some steps were carried out. Firstly, 

soil samples were taken in the soil depth up to 75 cm using a Geoprobe system, which is 

based upon hammer-drilling and coring. It must be noted that given that Geoprobe 

system technique depends upon the level of compaction of the soil, specialised 

personnel were employed to operate it so that cores with acceptable quality would be 

obtained. Cores of 75 cm long were taken from five random sampling points defined in 

each bay.  Each core was then divided into 4 parts: 0–20cm, 20–40cm, 40–60cm and 

60-75cm. This would allow matching soil texture with water content and root depth 

development up to 75cm. The depth of 75cm was chosen to enlarge the possibilities of 

analyses for water availability for the kikuyu grass given its root of a meter depth. 

Secondly, soil samples were taken to the Soil Science Laboratory at The University of 

Western Australia for preparation and further analysis. 

1.2. Methods 

Particle size analysis was performed using the sedimentation method given that the soil 

samples seemed to be fine enough. Additionally, in order to get a much accurate result 

the pipette analysis was chosen as the procedure to follow in this work.    

Sedimentation by pipette analysis is based on the Stokes’ Law which refers that large 

particles in suspension in a liquid settle more quickly than small particles. This 

postulate assumes that particles have similar densities and shapes. The following 
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relation serves to represent Stokes’Law, where V stands for terminal velocity of given 

particle in suspension and D for its diameter. 

      ------------------------------------------------------------------------------------------Eq.1.1 

Stokes’ Law states that the terminal velocity of given particle in a liquid suspension is 

proportional to the square of the particle diameter (Klute 1986; Rowell 1994). 

According to the same law, the terminal velocity v of a spherical particle falling freely 

in a fluid is given by the following equation: 

  
          

   
 ------------------------------------------------------------------------------------Eq.1.2 

Where D = diameter of particle; ρs= mass density of the solid particle; η = mass density 

of the fluid (liquid); ρL = dynamic viscosity of the fluid and g = acceleration due to 

gravity.  

In this work Stokes’Law was used under assumptions that: 

1. The condition of viscous flow in a still liquid is maintained; 

2. No turbulence is verified or that the concentration of particles is such that they 

do not interfere with one another; 

3. The temperature of the liquid is constant; 

4. Particles are small spheres; 

5. Their terminal velocity is small; 

6. All particles have the same density and 

7. A uniform distribution of particles of all sizes is formed within the liquid. 
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1.2.1. List of materials and equipment used in the lab 

1. Milk shaker and metal cup 

2. 500 ml graduated cylinder and stopper 

3. 600 ml beaker and watch glass 

4. 500 ml volumetric flask 

5. 20 ml bulb pipette and red filler 

6. 6% Hydrogen peroxide 

7. 1 litre Calgon / NaOH 

8. Foil pie dishes 

9. 105
o
 C oven 

10. Balance of 0.001g 

11. Thermometer 

12. Plastic ruler 

13. Felt-tip pen 

14. Glass stirring rod 

15. Electric frypans 

16. Stopwatch 

1.2.2. Procedures 

Steps to identify particle size distribution of the soil samples were divided into two 

phases. First, sample preparation and dispersion followed by fractionation of soil 

particles. The first stage aimed to eliminate as much as possible the organic matter 

present in the samples and homogenise the suspension before pipette. The second part 

aimed to identify proportion of fractions in the soil samples. Both phases are described 

in the following headings. 
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A. Sample preparation and dispersion 

1. Approximately 10g of soil, sieved at 2mm, were dried in the oven at 105
o
C for 

24 hours and reweighed afterwards to determine the percentage of water in the 

sample.  

2. 10g of air-dried soil and sieved at 2 mm aperture was placed into a tall 500ml 

beaker. 60ml of deionised water was added into the beaker and boiled down to 

30 to 40 ml using an electric frypan for about 30 minutes. The suspension was 

watched and when needed a glass rod was used to prevent soil caking on the side 

of the beaker during this treatment. 

3. 100ml of hydrogen peroxide (H2O2) (6%) was added to the beaker. Care was 

taken to avoid frothing over while boiling the suspension content. This was 

possible by adding slowly and stirring with the glass rod. The beakers were 

covered with a watch glass and sometimes taken off the heat for a few seconds 

to prevent loss by spitting. This measure was performed especially for the 

samples coming from top layers where organic matter was relatively high.  

4. Soil material and liquid were transferred to a milk shaker beaker and added 

deionised water to make up to approximately 250ml. 10ml of dispersing agent 

which is the sodium hexa-meta-phosphate plus sodium hydroxide (NaOH) 

solution or Calgon/NaOH was added to the suspension. The contents were 

stirred on the milk shake mixer for about 15 minutes.   
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B. Fractionation of particles  

1. The contents of the mixer were poured into a 500ml cylinder and made up to 

500ml with deionised water. Using a thermometer the temperature was 

measured. The cylinder content was shaken by hand repeated inversion and 

allowed to stand for approximately 3.5 hours as the samples had temperatures of 

around 25
o
C. The temperatures and timing to get samples from the cylinder are 

presented in point 3 of Appendix A.   

2. Pipette sampling was carried out at a depth of 5 cm for the silt plus clay and clay 

samples. This part of the procedure is performed on the basis of theories from 

Stokes’ Law referring that particles settle at a constant velocity characteristic of 

their size and settling time for particles in a suspension is also dependent on 

temperature.    

3. The content of the pipette, 20ml, were delivered into a weighing foil dish 

already weighed at 0.001 in the precision balance. Both contents, for silt plus 

clay and clay only, were dried at 105
o
C for 24 hours.  

4. A correction was required for the weight of sodium hexa-meta-phosphate plus 

sodium hydroxide (NaOH) solution or Calgon/NaOH in the 20ml pipette 

samples. This is because each pipette sample contained soil particles, water and 

Calgon/NaOH. 10ml of Calgon was diluted into 500ml in a volumetric flask. 

20ml of this suspension was taken and delivered into weighed foil dish to 

determine the weight of Calgon/NaOH on drying. The resulted weight was 

subtracted from the weight of the dried clay plus silt and clay only fractions.  

5. Using the oven dry weight of the original sample, the oven dry weight of the 

Calgon/NaOH and the oven dry weight of clay plus silt and clay only, the 



Appendix I. Particle size distribution  

vii 

 

percentage of clay plus silt and clay only were calculated. The difference was 

assumed to be percentage of sand.  

6. Triangle textural as shown in Figure 9 was used to identify soil samples class.  

 

 

Figure 1.1. USDA soil textures triangle showing different soil textures according to 

predominant particle sizes.  

Source: (Withers and Vipond 1974; Klute 1986; Rowell 1994). 
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1.3. Recommended temperatures   

 

Table 1.1. Pipette sampling temperatures for different temperatures of the suspension. 

Temperature of the 
suspension (oC) 

Particle diameters (μm) 

Clay Silt+clay 

5cm 10cm 5cm 10cm 

hrs min hrs min min sec min sec 

15 4 32 9 5 2 44 5 27 

16 4 25 8 50 2 40 5 19 

17 4 17 8 35 2 35 5 10 

18 4 12 8 25 2 32 5 3 

19 4 5 8 10 2 28 4 55 

20 4 0 8 0 2 24 4 48 

21 3 55 7 50 2 20 4 40 

22 3 47 7 35 2 17 4 34 

23 3 42 7 25 2 14 4 28 

24 3 37 7 15 2 11 4 22 

25 3 32 7 5 2 13 4 16 

26 3 27 6 55 2 5 4 10 

 

Source: Laboratory guide in use in Soil Science Laboratory at UWA for particle size 

analysis using sedimentation by pipette method. 
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1.4. Particle size distribution data and calculus 

1.4.1. Depth: 0-20cm 

Soil 
depth 

Soil 
fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

0-20 
Silty-
Clay 

A. Weight of foil dish (g) 2.078 2.065 2.083 2.091 2.075 2.080 2.086 2.065 2.079 2.074 2.077 2.079 2.080 2.082 2.029 

B. Weigth of soil + dish (g) 12.126 12.075 12.381 12.087 12.342 12.079 12.144 12.046 12.074 12.247 12.124 12.320 12.332 12.253 12.257 

C. Initial weight of soil (g) (B-A) 10.048 10.010 10.298 9.996 10.267 9.999 10.058 9.981 9.995 10.173 10.047 10.241 10.252 10.171 10.228 

D. Oven dry weight of soil (g) 9.813 9.857 10.118 9.836 10.113 9.921 9.942 9.866 9.924 10.118 9.866 10.060 10.068 10.012 10.045 

E. Difference (g) (C-D) 0.235 0.153 0.180 0.160 0.154 0.078 0.116 0.115 0.071 0.055 0.181 0.181 0.184 0.159 0.183 

F. Moisture content of soil  (-) 
(E/D) 0.0239 0.0155 0.0178 0.0163 0.0152 0.0079 0.0117 0.0117 0.0072 0.0054 0.0183 0.0180 0.0183 0.0159 0.0182 

G. Moisture content of soil  (%) 
(F*100) 2.395 1.552 1.779 1.627 1.523 0.786 1.167 1.166 0.715 0.544 1.835 1.799 1.828 1.588 1.822 

H. Dry weight of sample adjusted 
for moisture content (g) (D/(1+F)) 9.813 9.857 10.118 9.836 10.113 9.921 9.942 9.866 9.924 10.118 9.866 10.060 10.068 10.012 10.045 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.459 2.440 2.495 2.486 2.475 2.485 2.481 2.453 2.443 2.459 2.450 2.470 2.468 2.470 2.362 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3805 0.3750 0.4120 0.3950 0.3998 0.4050 0.3950 0.3880 0.3640 0.3850 0.3730 0.3910 0.3880 0.3880 0.3330 

K. Weight of 
Na+hexametaphosphate+NaOH 
in 20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.371 0.365 0.402 0.385 0.390 0.395 0.385 0.378 0.354 0.375 0.363 0.381 0.378 0.378 0.323 

M. Amount of fraction L in 500ml 
as a % of H [L*(500/20)*100]/H 94 93 99 98 96 100 97 96 89 93 92 95 94 94 80 
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Soil 
depth 

Soil 
fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

0-20 Clay 

A. Weight of foil dish (g) 2.034 2.030 2.033 2.032 2.045 2.032 2.032 2.015 2.022 2.023 2.028 2.016 2.048 2.030 2.023 

B. Weigth of soil + dish (g) 12.082 12.040 12.331 12.028 12.312 12.031 12.090 11.996 12.017 12.196 12.075 12.257 12.300 12.201 12.251 

C. Initial weight of soil (g) (B-A) 10.048 10.010 10.298 9.996 10.267 9.999 10.058 9.981 9.995 10.173 10.047 10.241 10.252 10.171 10.228 

D. Oven dry weight of soil (g) 9.813 9.857 10.118 9.836 10.113 9.921 9.942 9.866 9.924 10.118 9.866 10.060 10.068 10.012 10.045 

E. Difference (g) (C-D) 0.235 0.153 0.180 0.160 0.154 0.078 0.116 0.115 0.071 0.055 0.181 0.181 0.184 0.159 0.183 

F. Moisture content of soil  (-) 
(E/D) 0.0239 0.0155 0.0178 0.0163 0.0152 0.0079 0.0117 0.0117 0.0072 0.0054 0.0183 0.0180 0.0183 0.0159 0.0182 

G. Moisture content of soil  (%) 
(F*100) 2.395 1.552 1.779 1.627 1.523 0.786 1.167 1.166 0.715 0.544 1.835 1.799 1.828 1.588 1.822 

H. Dry weight of sample adjusted 
for moisture content (g) 
(D/(1+F)) 9.813 9.857 10.118 9.836 10.113 9.921 9.942 9.866 9.924 10.118 9.866 10.060 10.068 10.012 10.045 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.246 2.320 2.276 2.250 2.284 2.272 2.244 2.241 2.250 2.244 2.245 2.279 2.271 2.300 2.233 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.2120 0.2900 0.2430 0.2180 0.2390 0.2400 0.2120 0.2260 0.2280 0.2210 0.2170 0.2630 0.2230 0.2700 0.2100 

K. Weight of 
Na+hexametaphosphate+NaOH 
in 20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.202 0.280 0.233 0.208 0.229 0.230 0.202 0.216 0.218 0.211 0.207 0.253 0.213 0.260 0.200 

M. Amount of fraction L in 500ml 
as a % of H [L*(500/20)*100]/H 51 71 58 53 57 58 51 55 55 52 52 63 53 65 50 

Soil 
fractions 

Silt (M silty clay - M clay) 43 22 42 45 40 42 46 41 34 41 40 32 41 29 31 

Clay (M clay) 51 71 58 53 57 58 51 55 55 52 52 63 53 65 50 

Sand (100 - M silty clay) 6 7 1 2 4 0 3 4 11 7 8 5 6 6 20 

From  soil texture triangle silty-
clay Clay 

silty-
clay 

silty-
clay 

silty-
clay 

silty-
clay 

silty-
clay 

silty-
clay Clay 

silty-
clay 

silty-
clay Clay 

silty-
clay Clay Clay 
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1.4.2. Depth: 20-40cm 

Soil 
depth 

Soil 
fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

20-40 cm Silty-Clay 

A. Weight of foil dish (g) 2.080 2.079 2.082 2.087 2.085 2.081 2.066 2.079 2.085 2.072 2.085 2.095 2.068 2.032 2.022 

B. Weigth of soil + dish (g) 12.314 12.122 12.132 12.187 12.285 12.187 12.063 12.105 12.135 12.094 12.128 12.132 12.316 12.151 12.257 

C. Initial weight of soil (g) (B-A) 10.234 10.043 10.050 10.100 10.200 10.106 9.997 10.026 10.050 10.022 10.043 10.037 10.248 10.119 10.235 

D. Oven dry weight of soil (g) 10.154 9.761 9.875 9.977 9.935 10.023 9.851 9.825 9.985 9.910 9.791 9.835 10.010 9.982 10.063 

E. Difference (g) (C-D) 0.080 0.282 0.175 0.123 0.265 0.083 0.146 0.201 0.065 0.112 0.252 0.027 0.266 0.056 0.172 

F. Moisture content of soil  (-) 
(E/D) 0.0079 0.0289 0.0177 0.0123 0.0267 0.0083 0.0148 0.0205 0.0065 0.0113 0.0257 0.0027 0.0266 0.0056 0.0171 

G. Moisture content of soil  (%) 
(F*100) 0.788 2.889 1.772 1.233 2.667 0.828 1.482 2.046 0.651 1.130 2.574 0.270 2.665 0.556 1.709 

H. Dry weight of sample 
adjusted for moisture content 
(g) (D/(1+F)) 10.154 9.761 9.875 9.977 9.935 10.023 9.851 9.825 9.985 9.910 9.791 10.010 9.982 10.063 10.063 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.474 2.472 2.467 2.466 2.468 2.464 2.440 2.464 2.462 2.465 2.478 2.492 2.450 2.432 2.425 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3940 0.3930 0.3850 0.3791 0.3830 0.3830 0.3740 0.3850 0.3770 0.3930 0.3930 0.3970 0.3820 0.4000 0.4030 

K. Weight of 
Na+hexametaphosphate+NaOH 
in 20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.384 0.383 0.375 0.369 0.373 0.373 0.364 0.375 0.367 0.383 0.383 0.387 0.372 0.390 0.393 

M. Amount of fraction L in 
500ml as a % of H 
[L*(500/20)*100]/H 95 98 95 92 94 93 92 95 92 97 98 97 93 97 98 
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Soil depth 
Soil 

fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

20-40 cm Clay 

A. Weight of foil dish (g) 2.042 2.018 2.031 2.035 2.031 2.037 2.028 2.015 2.026 2.025 2.026 2.024 2.044 2.034 2.013 

B. Weigth of soil + dish (g) 12.276 12.061 12.081 12.135 12.231 12.143 12.025 12.041 12.076 12.047 12.069 12.061 12.292 12.153 12.248 

C. Initial weight of soil (g) (B-A) 10.234 10.043 10.050 10.100 10.200 10.106 9.997 10.026 10.050 10.022 10.043 10.037 10.248 10.119 10.235 

D. Oven dry weight of soil (g) 10.154 9.761 9.875 9.977 9.935 10.023 9.851 9.825 9.985 9.910 9.791 9.835 10.010 9.982 10.063 

E. Difference (g) (C-D) 0.080 0.282 0.175 0.123 0.265 0.083 0.146 0.201 0.065 0.112 0.252 0.202 0.238 0.137 0.172 

F. Moisture content of soil  (-) (E/D) 0.0079 0.0289 0.0177 0.0123 0.0267 0.0083 0.0148 0.0205 0.0065 0.0113 0.0257 0.0205 0.0238 0.0137 0.0171 

G. Moisture content of soil  (%) 
(F*100) 0.788 2.889 1.772 1.233 2.667 0.828 1.482 2.046 0.651 1.130 2.574 2.054 2.378 1.372 1.709 

H. Dry weight of sample adjusted 
for moisture content (g) (D/(1+F)) 10.154 9.761 9.875 9.977 9.935 10.023 9.851 9.825 9.985 9.910 9.791 9.835 10.010 9.982 10.063 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.384 2.408 2.408 2.367 2.378 2.345 2.342 2.342 2.394 2.369 2.383 2.350 2.379 2.420 2.385 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3420 0.3900 0.3770 0.3320 0.3470 0.3080 0.3140 0.3270 0.3680 0.3440 0.3570 0.3260 0.3350 0.3860 0.3720 

K. Weight of 
Na+hexametaphosphate+NaOH in 
20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.332 0.380 0.367 0.322 0.337 0.298 0.304 0.317 0.358 0.334 0.347 0.316 0.325 0.376 0.362 

M. Amount of fraction L in 500ml as 
a % of H [L*(500/20)*100]/H 82 97 93 81 85 74 77 81 90 84 89 80 81 94 90 

Soil 
fractions 

Silt (M silty clay - M clay) 13 1 2 12 9 19 15 15 2 12 9 16 12 3 8 

Clay (M clay) 82 97 93 81 85 74 77 81 90 84 89 80 81 94 90 

Sand (100 - M silty-clay) 5 2 5 8 6 7 8 5 8 3 2 3 7 3 2 

From  soil texture triangle 
Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay 
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1.4.3. Depth: 40-60cm 

Soil depth 
Soil 

fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

40-60 cm Silty-Clay 

A. Weight of foil dish (g) 2.075 2.035 2.074 2.088 2.090 2.082 2.076 2.097 2.068 2.073 2.077 2.082 2.089 2.039 2.026 

B. Weigth of soil + dish (g) 12.086 12.151 12.563 12.148 12.238 12.315 12.326 12.331 12.140 12.176 12.299 12.271 12.109 12.107 12.261 

C. Initial weight of soil (g) (B-A) 10.011 10.116 10.489 10.060 10.148 10.233 10.250 10.234 10.072 10.103 10.222 10.189 10.020 10.068 10.235 

D. Oven dry weight of soil (g) 9.851 9.941 10.283 9.947 9.878 10.198 10.165 10.120 9.812 9.950 10.036 10.026 9.787 9.830 9.965 

E. Difference (g) (C-D) 0.160 0.175 0.206 0.113 0.270 0.035 0.085 0.114 0.260 0.153 0.186 0.163 0.233 0.238 0.270 

F. Moisture content of soil  (-) (E/D) 0.0162 0.0176 0.0200 0.0114 0.0273 0.0034 0.0084 0.0113 0.0265 0.0154 0.0185 0.0163 0.0238 0.0242 0.0271 

G. Moisture content of soil  (%) 
(F*100) 1.624 1.760 2.003 1.136 2.733 0.343 0.836 1.126 2.650 1.538 1.853 1.626 2.381 2.421 2.709 

H. Dry weight of sample adjusted for 
moisture content (g) (D/(1+F)) 9.851 9.941 10.283 9.947 9.878 10.198 10.165 10.120 9.812 9.950 10.036 10.026 9.787 9.830 9.965 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.465 2.413 2.465 2.484 2.455 2.467 2.452 2.479 2.450 2.472 2.437 2.421 2.478 2.401 2.391 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3900 0.3780 0.3910 0.3960 0.3650 0.3850 0.3760 0.3820 0.3820 0.3990 0.3600 0.3390 0.3890 0.3620 0.3650 

K. Weight of 
Na+hexametaphosphate+NaOH in 
20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.380 0.368 0.381 0.386 0.355 0.375 0.366 0.372 0.372 0.389 0.350 0.329 0.379 0.352 0.355 

M. Amount of fraction L in 500ml as 
a % of H [L*(500/20)*100]/H 96 93 93 97 90 92 90 92 95 98 87 82 97 90 89 
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Soil depth 
Soil 

fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

40-60 cm Clay 

A. Weight of foil dish (g) 2.036 2.023 2.032 2.039 2.044 2.035 2.031 2.012 2.032 2.021 2.031 2.021 2.047 2.029 2.023 

B. Weigth of soil + dish (g) 12.047 12.139 12.521 12.099 12.192 12.268 12.281 12.246 12.104 
12.12

4 12.253 12.210 
12.06

7 12.097 12.258 

C. Initial weight of soil (g) 
(B-A) 10.011 10.116 10.489 10.060 10.148 10.233 10.250 10.234 10.072 

10.10
3 10.222 10.189 

10.02
0 10.068 10.235 

D. Oven dry weight of soil 
(g) 9.851 9.941 10.283 9.947 9.878 10.198 10.165 10.120 9.812 9.950 10.036 10.026 9.787 9.830 9.965 

E. Difference (g) (C-D) 0.160 0.175 0.206 0.113 0.270 0.035 0.085 0.114 0.260 0.153 0.186 0.163 0.233 0.238 0.270 

F. Moisture content of soil  
(-) (E/D) 0.0162 0.0176 0.0200 0.0114 0.0273 0.0034 0.0084 0.0113 0.0265 

0.015
4 0.0185 0.0163 

0.023
8 0.0242 0.0271 

G. Moisture content of soil  
(%) (F*100) 1.624 1.760 2.003 1.136 2.733 0.343 0.836 1.126 2.650 1.538 1.853 1.626 2.381 2.421 2.709 

H. Dry weight of sample 
adjusted for moisture 
content (g) (D/(1+F)) 9.851 9.941 10.283 9.947 9.878 10.198 10.165 10.120 9.812 9.950 10.036 10.026 9.787 9.830 9.965 

I. Oven dry weight of 
fraction in 20ml + dish (g) 2.406 2.388 2.332 2.376 2.399 2.402 2.377 2.346 2.391 2.390 2.338 2.316 2.403 2.372 2.377 

J. Oven dry weight of 
fraction in 20ml (g) (I-A) 0.3701 0.3650 0.3000 0.3370 0.3550 0.3670 0.3460 0.3340 0.3590 

0.369
0 0.3070 0.2950 

0.356
0 0.3430 0.3540 

K. Weight of 
Na+hexametaphosphate+N
aOH in 20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

0.010
0 0.0100 0.0100 

0.010
0 0.0100 0.0100 

L. (K-J) 0.360 0.355 0.290 0.327 0.345 0.357 0.336 0.324 0.349 0.359 0.297 0.285 0.346 0.333 0.344 

M. Amount of fraction L in 
500ml as a % of H 
[L*(500/20)*100]/H 91 89 71 82 87 88 83 80 89 90 74 71 88 85 86 

Soil 
fractions 

Silt (M siltyclay - M clay) 5 3 22 15 3 4 7 12 6 8 13 11 8 5 3 

Clay (M clay) 91 89 71 82 87 88 83 80 89 90 74 71 88 85 86 

Sand (100 - M silty clay) 4 7 7 3 10 8 10 8 5 2 13 18 3 10 11 

From  soil texture triangle 
Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay 
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1.4.4. Depth: 60-75cm 

Soil depth 
Soil 

fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

60-75 cm Silty-Clay 

A. Weight of foil dish (g) 2.085 2.076 2.090 2.091 2.090 2.060 2.073 2.106 2.070 2.068 2.069 2.082 2.091 2.032 2.026 

B. Weigth of soil + dish (g) 12.225 12.209 12.072 12.154 12.186 12.057 12.079 12.206 12.268 12.197 12.167 12.293 12.100 12.301 12.030 

C. Initial weight of soil (g) (B-A) 10.140 10.133 9.982 10.063 10.096 9.997 10.006 10.100 10.198 10.129 10.098 10.211 10.009 10.269 10.004 

D. Oven dry weight of soil (g) 9.964 9.953 9.784 9.905 9.905 9.956 9.851 10.003 9.880 9.863 9.985 10.004 9.832 9.974 9.720 

E. Difference (g) (C-D) 0.176 0.180 0.198 0.158 0.191 0.041 0.155 0.097 0.318 0.266 0.113 0.207 0.177 0.295 0.284 

F. Moisture content of soil  (-) (E/D) 0.0177 0.0181 0.0202 0.0160 0.0193 0.0041 0.0157 0.0097 0.0322 0.0270 0.0113 0.0207 0.0180 0.0296 0.0292 

G. Moisture content of soil  (%) 
(F*100) 1.766 1.808 2.024 1.595 1.928 0.412 1.573 0.970 3.219 2.697 1.132 2.069 1.800 2.958 2.922 

H. Dry weight of sample adjusted 
for moisture content (g) (D/(1+F)) 9.964 9.953 9.784 9.905 9.905 9.956 9.851 10.003 9.880 9.863 9.985 10.004 9.832 9.974 9.720 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.468 2.442 2.474 2.467 2.462 2.419 2.460 2.486 2.430 2.437 2.460 2.445 2.456 2.409 2.400 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3830 0.3660 0.3840 0.3760 0.3720 0.3590 0.3870 0.3800 0.3600 0.3690 0.3910 0.3630 0.3650 0.3770 0.3740 

K. Weight of 
Na+hexametaphosphate+NaOH in 
20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.373 0.356 0.374 0.366 0.362 0.349 0.377 0.370 0.350 0.359 0.381 0.353 0.355 0.367 0.364 

M. Amount of fraction L in 500ml as 
a % of H [L*(500/20)*100]/H 94 89 96 92 91 88 96 92 89 91 95 88 90 92 94 
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Soil depth 
Soil 

fraction Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

60-75 cm Clay 

A. Weight of foil dish (g) 2.029 2.030 2.030 2.028 2.034 2.025 2.015 2.016 2.028 2.032 2.025 2.044 2.029 2.029 2.026 

B. Weigth of soil + dish (g) 12.169 12.163 12.012 12.091 12.130 12.022 12.021 12.116 12.226 12.161 12.123 12.255 12.038 12.298 12.030 

C. Initial weight of soil (g) (B-A) 10.140 10.133 9.982 10.063 10.096 9.997 10.006 10.100 10.198 10.129 10.098 10.211 10.009 10.269 10.004 

D. Oven dry weight of soil (g) 9.964 9.953 9.784 9.905 9.905 9.956 9.851 10.003 9.880 9.863 9.985 10.004 9.832 9.974 9.720 

E. Difference (g) (C-D) 0.176 0.180 0.198 0.158 0.191 0.041 0.155 0.097 0.318 0.266 0.113 0.207 0.177 0.295 0.284 

F. Moisture content of soil  (-) (E/D) 0.0177 0.0181 0.0202 0.0160 0.0193 0.0041 0.0157 0.0097 0.0322 0.0270 0.0113 0.0207 0.0180 0.0296 0.0292 

G. Moisture content of soil  (%) 
(F*100) 1.766 1.808 2.024 1.595 1.928 0.412 1.573 0.970 3.219 2.697 1.132 2.069 1.800 2.958 2.922 

H. Dry weight of sample adjusted 
for moisture content (g) (D/(1+F)) 9.964 9.953 9.784 9.905 9.905 9.956 9.851 10.003 9.880 9.863 9.985 10.004 9.832 9.974 9.720 

I. Oven dry weight of fraction in 
20ml + dish (g) 2.390 2.341 2.392 2.365 2.345 2.335 2.298 2.376 2.340 2.396 2.407 2.401 2.352 2.371 2.373 

J. Oven dry weight of fraction in 
20ml (g) (I-A) 0.3610 0.3110 0.3620 0.3370 0.3110 0.3100 0.2830 0.3600 0.3120 0.3640 0.3820 0.3570 0.3230 0.3420 0.3470 

K. Weight of 
Na+hexametaphosphate+NaOH in 
20ml (Calgon) (g) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 

L. (K-J) 0.351 0.301 0.352 0.327 0.301 0.300 0.273 0.350 0.302 0.354 0.372 0.347 0.313 0.332 0.337 

M. Amount of fraction L in 500ml 
as a % of H [L*(500/20)*100]/H 88 76 90 83 76 75 69 87 76 90 93 87 80 83 87 

Soil 
fractions 

Silt (M siltyclay - M clay) 6 14 6 10 15 12 26 5 12 1 2 1 11 9 7 

Clay (M clay) 88 76 90 83 76 75 69 87 76 90 93 87 80 83 87 

Sand (100 - M silty clay) 6 11 4 8 9 12 4 8 11 9 5 12 10 8 6 

From  soil texture triangle 
Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay Clay 
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APPENDIX II. FIELD SLOPE 

2. Field slope 

During pre-visits to the study site and even after starting the fieldwork it was observed 

that the field seemed to be irregularly levelled. In some way this was because the last 

levelling work was performed in the year 2000. Possibilities are that the applied water 

does not advance uniformly in the field due to slope irregularity along the field length. 

In order to account for the possible effects of slope on the analysis of results to be 

performed in the next chapters of this work the field slope was measured. Slope 

measurement was carried out using one person operating the laser level and the staff. 

Readings were taken in ten points represented by letters a, b, c, d and e, in each bay as 

shown in the figure 2.1. The difference of heights divided by the distance between the 

points in study gave the slope value. 

  
       

       
    (Zimmerman 1966; James and English 1987) -------------------------Eq.2.1 

Where m is slope; Y1-Y2 is the difference between heights above the soil surface; X1-X2 

is the difference of distance between the points of readings.   
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Figure 2.1. Scheme of the field made ready for slope readings. Points a, b, c, d and e are 

slope readings points and are 5m away from the bays right and left boundaries. Points 

1,2,3,4 and 5 are soil sampling points. 

 

Field slope was obtained using data shown in the table 2.1 and figure 2.2 and applying 

the equation 3. From the previous figure 10 which shows the scheme of the field for 

field readings, can be seen that the distance between points a and b is 15m and between 

distances of soil sampling points, 1,2,3,4 and 5 is 40m. In addition, table 1 and figure 13 

allow seeing that the lowest point in the field is located at distance of 180m of field 

length.  

Table 2.1. Height distribution measured along the field close to soil sampling points as 

given in the figure 2.1 of this chapter. 

Slope 

reading 

points 

Heights (m) above soil surface taken in different distances used for 

slope measurements in the field 

20 60 100 140 180 

A 0.68 1.38 2.15 2.76 3.17 

B 0.72 1.42 2.14 2.81 3.24 

C 0.80 1.48 2.19 2.87 3.31 

D 0.83 1.51 2.24 2.94 3.42 

E 0.88 1.60 2.29 2.97 3.46 

F 0.97 1.66 2.38 3.02 3.51 

Average 0.81 1.51 2.23 2.90 3.35 
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Figure 2.2. Heights in meters measured above soil surface for different distances. 

 

Figure 2.3 shows field slopes for bays A, B and C. Bay A is located on the higher 

ground than bays C and B. Bay A is 1.25% of slope from upper to lower end of it, 

whereas bays B and C are both 1.28%. In order to have efficient control of water 

movement from bay A to B and C and avoid flooding unwanted sites due to difference 

in slopes, the irrigation was started from bay C towards bay A.  
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Figure 2.3. Field slope percentage for each bay where bays C and B are situated on 

lower ground than bay A. 
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In the figure 2.4 is presented the slope variation within a bay A where the highest and 

the lowest points are pointed out. Higher points are those located close to the upper end 

of the bay and it is found at 100m of field length distance. In contrary, the lowest point 

in the bay is observed at 180m of field length. 

 

 

Figure 2.4. Field slope for bay A given in percentage. The higher points of the bay are 

located around the sampling point at 100m of field length. 
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Figure 2.5 shows slope variation within a bay B where the highest and the lowest points 

are also presented. Higher points are those located close to the upper end of the bay and 

it is found at 60m of field length distance. However, the lowest point in the bay is 

similarly to the bay A given at 180m of field length. 

 

 

Figure 2.5. Field slope for bay B given in percentage. The higher points of the bay are 

located around the sampling point at 20 and 60m of field length. 
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Figure 2.6 gives the slope variation within bay C where the highest and the lowest 

points are also shown. Higher points are those located close to the upper end of the bay 

and it is found at 140 and 180m of field length distance. On the other hand, the lowest 

points in the bay are 20 and 100m of field length. 

 

 

 

Figure 2.6. Field slope for bay C given in percentage. The higher points of the bay are 

located around the sampling point at 140 and 180m of field length. 
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Photo 2.1. One person operated laser surveillance setup on the field.  Photograph by 

Lateiro de Sousa. 
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APPENDIX III.SOIL WATER CONTENT 

3. Measuring soil water content  

Water content and water availability characteristics both result from soil samples 

collected on two different occasions. Firstly, soil samples were collected after irrigating 

the field using the current practice of irrigation or the continuous flow rate. Secondly, 

soil samples were obtained after applying the surge flow rates. Treatments were 

performed to determine water content and available water capacity for each soil sample 

in the bays. Samples were collected using a hammer-drill coring technique with support 

of Geoprobe system machine for soil depth up to 75cm. Once collected the soil samples 

were taken to the Soil Science Laboratory at the University of Western Australia where 

they were submitted to different treatments according to the objectives of the study. The 

description of methodology applied in this work is firstly given for water content 

followed by water availability in the soil depths. 
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3.1. Determining soil water content  

The amount of water contained in the soil samples was determined using oven dry 

technique. Samples were weighed in undisturbed condition and submitted to dry in the 

oven at 105
o
C for 24 hours. After 24 hours samples were reweighed and the difference 

between the wet and dry weight gave the water content in each sample. Water content is 

given in volumetric ratio, which is obtained after gravimetric ratio and bulk density. 

Gravimetric ratio expresses the percentage of mass of water contained in a given mass 

of oven-dry soil and is obtained dividing water content weight by the weight of oven-

dry soil, as shown in the following equation.  

  
                

        
      --------------------------------------------------------------Eq.3.1 

The equation 3.1 can also be presented as 

  
     

     
      ------------------------------------------------------------------------Eq.3.2 

Where m1=mass of container; m2= mass of container and wet soil; m3= mass of 

container and dry soil and w= weight of water content. 

      
  

  
  ------------------------------------------------------------------------------Eq. 3.3 

 

Where v is the volumetric water content, m is the gravimetric water content, b is the 

bulk density and w is the water density (equal to 1000kg/m
3
 in the k-m-s system and 

1g/m
3
 in c-g-s system).  

On the other hand, volumetric ratio is given by the product of gravimetric ratio by the 

dry bulk density of the soil sample. Dry bulk density is the ratio between the mass of 

oven-dry soil, Mds by the volume of cylinder and in this work the volume of the 

cylindrical cores, Vcores or: 
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  -------------------------------------------------------------------------------------Eq.3.4 

The cores had 4.0cm of internal diameter and height of 20cm for the first three depths, 

0-20cm, 20-40cm, 40-60cm and 15cm for the last depth of 60-75cm.  

Results of water content in the field are presented in the respective heading and given 

for each point in the bays. 

3.2. Determining the availability of water in the soils  

The amount of water made available to the root zone in the soil was obtained after 

determining the field capacity and permanent wilting point for each sample. Field 

capacity (FC) constitutes the upper limit of the amount of water a certain soil can hold 

and permanent wilting point (PWP) is referred to be the lower limit of the amount of 

water held in the soil profile.  

To determine the amount of water held in the soil at field capacity the soil samples were 

weighed and put into rings with 3.1cm of internal diameter and 1.0cm height. The 

samples were saturated with deionised water for 72 hours in the ceramic plates and 

submitted to pressure chamber of 10kPa or 1bar of pressure during 15days, which is the 

period taken by samples to stabilise water release. After 15days the samples were 

reweighed and delivered into weighed foil dish and put into oven at 105
o
C for 24 hours.    

After determining water content at field capacity the same soil samples were used for 

permanent wilting point determination. This was possible by not destroying the soils 

contained in the rings followed by saturation with deionised water in the ceramic plate 

for 72 hours. Once saturated the samples were put into pressure chamber of 1500kPa or 

15bars for a period of 15days. Fulfilled this time the samples were delivered into 

weighed foil dish and weighted and dried in the oven at 105
o
C.  
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The theory behind the measurement of soil water suction in the pressure chamber and 

thus the soil water retention characteristic is governed by the following equation: 

 

          --------------------------------------------------------------------------------Eq.3.5 

Where P= pressure in kPa or bars; hw= difference in height given in meters or the 

equivalent hydraulic head (1m of hw ≈ suction of 10kPa); g= gravitation force per unit 

mass (normally considered 9.81N/kg) and ρw= density of water (equal to 1000kg/m
3
).  

The difference between FC and PWP is therefore the amount of water available (AW) 

for plant usage or: 

          ---------------------------------------------------------------------------Eq.3.6 

 

Results of water availability in the soil profile are presented in the respective heading 

and given for each point in the bays for the continuous and surge flows, respectively. 

  



Appendix III. Soil water content 

 

xxix 

 

3.3. Calculations for volumetric water content after surge flow 

3.3.1. Depth of 0-20cm 

Soil 
depth 
(cm) Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

0 -20 

A. Weigth of foil dish (g) 15.40 15.32 15.33 15.42 15.28 15.29 15.24 15.38 15.18 15.25 15.08 15.17 15.27 15.19 15.25 

B. Weigth of foil dish + wet soil 
(g) 308.81 362.28 357.47 333.93 248.98 318.97 257.21 332.52 350.01 400.98 318.04 241.33 304.43 325.19 303.32 

C. Weigth of foil dish + dry soil 
(g) 222.25 278.15 282.02 271.10 192.78 242.65 203.62 261.90 274.71 330.54 254.91 191.41 234.34 250.92 240.16 

D. Weigth of water in the soil 
sample (g) ((B-A)-(C-A)) 86.56 84.13 75.45 62.83 56.20 76.32 53.59 70.63 75.30 70.44 63.13 49.93 70.08 74.26 63.16 

E. Gravimetric water content (g 
of water/ g of soil) ((D/(C-A)) 0.42 0.32 0.28 0.25 0.32 0.34 0.28 0.29 0.29 0.22 0.26 0.28 0.32 0.32 0.28 

F. Core radius (cm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

G. Core heigth (cm) 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 

H. Pi -value 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 

I. Soil volume (cm^3) 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 

J. Bulk density (g/cm^3) ((C-A)/I) 0.82 1.05 1.06 1.02 0.71 0.90 0.75 0.98 1.03 1.25 0.95 0.70 0.87 0.94 0.89 

Volumetric water content 
(cm3/cm3) (JxE) 0.34 0.33 0.30 0.25 0.22 0.30 0.21 0.28 0.30 0.28 0.25 0.20 0.28 0.30 0.25 
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3.3.2. Depth of 20-40cm 

Soil 
depth 
(cm) Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

20-40 

A. Weigth of foil dish (g) 15.38 15.33 15.21 15.37 15.37 15.25 15.43 15.22 15.33 15.13 15.15 15.23 15.23 15.84 15.25 

B. Weigth of foil dish + wet soil (g) 347.30 328.90 330.70 305.94 302.56 353.21 379.08 352.93 374.67 312.80 358.88 409.69 376.83 337.75 359.87 

C. Weigth of foil dish + dry soil (g) 292.42 263.25 268.28 258.91 235.40 294.88 304.00 287.36 318.35 261.02 303.62 328.55 316.61 275.98 299.68 

D. Weigth of water in the soil sample 
(g) ((B-A)-(C-A)) 54.88 65.66 62.42 47.03 67.16 58.33 75.08 65.57 56.33 51.78 55.26 81.14 60.22 61.77 60.19 

E. Gravimetric water content (g of 
water/ g of soil) ((D/(C-A)) 0.20 0.26 0.25 0.19 0.31 0.21 0.26 0.24 0.19 0.21 0.19 0.26 0.20 0.24 0.21 

F. Core radius (cm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

G. Core heigth (cm) 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 

H. Pi -value 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 

I. Soil volume (cm^3) 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 

J. Bulk density (g/cm^3) ((C-A)/I) 1.10 0.99 1.01 0.97 0.88 1.11 1.15 1.08 1.21 0.98 1.15 1.25 1.20 1.04 1.13 

Volumetric water content (cm3/cm3) 
(JxE) 0.22 0.26 0.25 0.19 0.27 0.23 0.30 0.26 0.22 0.21 0.22 0.32 0.24 0.25 0.24 
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3.3.3. Depth of 40-60cm 

Soil 
depth 
(cm) Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

40-60 

A. Weigth of foil dish (g) 15.37 15.41 15.14 15.35 15.26 15.36 15.45 15.22 15.31 15.10 15.12 15.17 15.24 15.32 15.27 

B. Weigth of foil dish + wet soil (g) 364.20 328.90 347.56 373.63 397.60 342.09 315.57 348.57 399.35 322.78 354.43 365.04 334.83 329.46 381.76 

C. Weigth of foil dish + dry soil (g) 297.05 277.00 271.36 297.41 317.80 280.16 266.89 278.35 330.92 270.74 288.44 294.70 264.86 270.30 310.00 

D. Weigth of water in the soil sample 
(g) ((B-A)-(C-A)) 67.16 51.90 76.20 76.22 79.80 61.92 48.68 70.22 68.43 52.04 66.00 70.34 69.97 59.16 71.77 

E. Gravimetric water content (g of 
water/ g of soil) ((D/(C-A)) 0.24 0.20 0.30 0.27 0.26 0.23 0.19 0.27 0.22 0.20 0.24 0.25 0.28 0.23 0.24 

F. Core radius (cm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

G. Core heigth (cm) 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 

H. Pi -value 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 

I. Soil volume (cm^3) 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 251.33 

J. Bulk density (g/cm^3) ((C-A)/I) 1.12 1.04 1.02 1.12 1.20 1.05 1.00 1.05 1.26 1.02 1.09 1.11 0.99 1.01 1.17 

Volumetric water content (cm3/cm3) 
(JxE) 0.27 0.21 0.30 0.30 0.32 0.25 0.19 0.28 0.27 0.21 0.26 0.28 0.28 0.24 0.29 
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3.3.4. Depth of 60-75cm 

Soil 
depths 

(cm) Items 

Points in the bays 

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 

60-75 

A. Weigth of foil dish (g) 15.23 15.34 15.14 15.32 15.31 15.36 15.45 15.22 15.30 15.09 15.11 15.16 15.21 15.22 15.23 

B. Weigth of foil dish + wet soil (g) 391.30 395.39 351.24 370.14 253.70 342.72 359.56 395.72 352.89 332.07 397.60 278.71 346.57 322.51 372.25 

C. Weigth of foil dish + dry soil (g) 321.59 317.02 272.48 296.85 207.89 291.63 300.97 325.31 296.71 271.88 346.39 229.02 277.39 258.54 305.57 

D. Weigth of water in the soil sample 
(g) ((B-A)-(C-A)) 69.71 78.37 78.76 73.28 45.81 51.09 58.59 70.41 56.19 60.19 51.21 49.69 69.18 63.96 66.69 

E. Gravimetric water content (g of 
water/ g of soil) ((D/(C-A)) 0.23 0.26 0.31 0.26 0.24 0.18 0.21 0.23 0.20 0.23 0.15 0.23 0.26 0.26 0.23 

F. Core radius (cm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

G. Core heigth (cm) 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 

H. Pi -value 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 

I. Soil volume (cm^3) 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 188.50 

J. Bulk density (g/cm^3) ((C-A)/I) 1.63 1.60 1.37 1.49 1.02 1.47 1.51 1.65 1.49 1.36 1.76 1.13 1.39 1.29 1.54 

Volumetric water content 
(cm3/cm3)(JxE) 0.37 0.42 0.42 0.39 0.24 0.27 0.31 0.37 0.30 0.32 0.27 0.26 0.37 0.34 0.35 
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3.4. Tables regarding soil water content and its availability 

3.4.1. Water content for continuous flow 

Table 1. Water distribution in the different sampling points in the bays A, B and C for soil depths of 0-20cm, 20-40cm, 40-60cm and 60-75cm. 

Item  Soil depth A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 Average 

Volumetric water content 
(cm3/cm3) 

0 to 20 cm 0.43 0.46 0.35 0.41 0.3 0.32 0.4 0.48 0.41 0.37 0.33 0.36 0.41 0.34 0.45 0.39 

                 
 

Item  Soil depth  A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 Average 

Volumetric water content 
(cm3/cm3) 

20 to 40 cm 0.19 0.26 0.21 0.27 0.21 0.28 0.28 0.26 0.23 0.2 0.24 0.25 0.3 0.24 0.21 
0.24 

                 
 

Item  Soil depth  A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 Average 

Volumetric water content 
(cm3/cm3) 

40 to 60 cm 0.23 0.29 0.26 0.17 0.28 0.23 0.23 0.24 0.29 0.25 0.23 0.26 0.23 0.23 0.22 
0.24 

                 
 

Item  Soil depth  A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 Average 

Volumetric water content 
(cm3/cm3) 

60 to 75 cm 0.22 0.24 0.24 0.2 0.24 0.23 0.21 0.24 0.28 0.27 0.2 0.25 0.26 0.24 0.23 
0.24 
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3.4.2. Water content for surge flow 

Table 2. Water distribution in the different sampling points in the bays A, B and C for soil depths of 0-20cm, 20-40cm, 40-60cm and 60-75cm. 

Item Soil depth A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 Average 

Volumetric water content (cm
3
/cm

3
) 0 to 20 cm 0.34 0.33 0.30 0.25 0.22 0.30 0.21 0.28 0.30 0.28 0.25 0.20 0.28 0.30 0.25 

0.27 

                 
 

Item Soil depths A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 
Average 

Volumetric water content (cm
3
/cm

3
) 20 to 40 cm 0.22 0.26 0.25 0.19 0.27 0.23 0.30 0.26 0.22 0.21 0.22 0.32 0.24 0.25 0.24 

0.24 

                 
 

Item Soil depths A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 
Average 

Volumetric water content (cm
3
/cm

3
) 40 to 60 cm 0.27 0.21 0.30 0.30 0.32 0.25 0.19 0.28 0.27 0.21 0.26 0.28 0.28 0.24 0.29 

0.26 

                 
 

Item Soil depths A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 
Average 

Volumetric water content (cm
3
/cm

3
) 60 to 75 cm 0.37 0.42 0.42 0.39 0.24 0.27 0.31 0.37 0.30 0.32 0.27 0.26 0.37 0.34 0.35 

0.33 
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3.4.3. Water available in the root zone 

Table 3. Values for the volumetric water content of soils of different depths at field capacity and permanent wilting point together with their available 

water.   

Bay  

points 

Soil texture 

Silt-clay Clay Clay Clay 

Soil depth (cm) 

0-20 20-40 40-60 60-75 

Water content (cm
3
/cm

3
) Water content (cm

3
/cm

3
) Water content (cm

3
/cm

3
) Water content (cm

3
/cm

3
) 

FC PWP AW (FC-PWP) FC PWP AW (FC-PWP) FC PWP AW (FC-PWP) FC PWP AW (FC-PWP) 

A1 0.44 0.21 0.22 0.46 0.30 0.23 0.42 0.29 0.13 0.41 0.25 0.16 

A2 0.44 0.16 0.29 0.42 0.23 0.19 0.43 0.28 0.15 0.48 0.32 0.16 

A3 0.40 0.17 0.23 0.44 0.27 0.17 0.44 0.28 0.16 0.50 0.29 0.21 

A4 0.40 0.22 0.18 0.48 0.48 0.00 0.48 0.27 0.20 0.48 0.26 0.22 

A5 0.42 0.24 0.18 0.34 0.21 0.13 0.45 0.27 0.18 0.44 0.27 0.18 

B1 0.41 0.21 0.19 0.48 0.30 0.18 0.36 0.25 0.11 0.46 0.28 0.19 

B2 0.42 0.19 0.23 0.50 0.28 0.22 0.37 0.25 0.12 0.42 0.26 0.16 

B3 0.47 0.23 0.24 0.49 0.32 0.17 0.44 0.27 0.17 0.43 0.31 0.12 

B4 0.47 0.21 0.27 0.42 0.39 0.03 0.57 0.26 0.30 0.64 0.28 0.37 

B5 0.45 0.20 0.25 0.36 0.26 0.10 0.50 0.33 0.17 0.48 0.29 0.19 

C1 0.44 0.20 0.24 0.49 0.33 0.16 0.38 0.22 0.16 0.39 0.32 0.07 

C2 0.37 0.23 0.15 0.49 0.29 0.21 0.41 0.24 0.17 0.34 0.21 0.13 

C3 0.46 0.22 0.24 0.49 0.40 0.09 0.34 0.22 0.12 0.39 0.23 0.17 

C4 0.41 0.21 0.21 0.40 0.24 0.16 0.40 0.27 0.12 0.42 0.23 0.19 

C5 0.39 0.23 0.17 0.43 0.24 0.19 0.40 0.31 0.10 0.48 0.29 0.19 

Average 0.43 0.21 0.22 0.45 0.30 0.15 0.43 0.27 0.16 0.45 0.27 0.18 

FC = field capacity; PWP = permanent wilting point; AW = available water. Soil textures are result from chapter 2.
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APPENDIX IV. SIRMOD 

 

The SIRMOD program simulates irrigation advance and recession phases using a 

numerical solution of the Saint-Venant equations for conservation of mass and 

momentum. For conservation of mass (Gharbi, Daghari et al. 1993; Walker 2003):
 

A Q Z
 +  +  = 0

t x 

  

  
-------------------------------------------------------------------------------

Eq.4.1 

          

 

and for conservation of momentum (Gharbi, Daghari et al. 1993; Walker 2003): 

2

o f2 3

1 Q 2Q Q Q T y
1 S S 0

Ag t A g x A g x

   
      

     -------------------------------------------------Eq.4.2 

Where:  A = cross-sectional area (m
2
); Q = discharge (m

3
/s); t = elapse time (s); x = 

distance from the field inlet (m);  = intake opportunity time, (s); Z = cumulative intake 

(m
3
/m); g = acceleration of gravity (9.81 m/s

2
); y = flow depth (m); So = field slope 

(m/m); Sf = friction slope (m/m); and T = flow top width (m). 

In the border-check irrigation, model calibration requires the estimation of infiltration 

and roughness parameters. In this study, the version 2.0 of SIRMOD (Walker 2003) was 

used to estimate infiltration and roughness parameters. SIRMOD requires input data on 

inflow controls, field topography/geometry, infiltration characteristics, hydrograph 

inputs (inflow, tail water and advance and recession) as well as design panel.  
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Despite its complexity, the full hydrodynamic numerical simulation model was used in 

this study due to its accuracy and appropriateness for border system when compared to 

zero inertial model and kinematic wave model (Walker and Skogerboe 1987; Abbasi, 

Shooshtari et al. 2003).  

 

4.2. Governing equations for efficiencies 

There are three fundamental characteristics from which surface irrigation performance 

can be assessed using SIRMOD: application efficiency, water requirement efficiency 

and distribution uniformity. In addition, infiltration opportunity time, tail water and 

deep percolation ratios can also be used to judge irrigation design as described in the 

following.  

4.2.1. Infiltration opportunity time 

Infiltration opportunity time or simply opportunity time (top) refers to the time in which 

a depth of water (Zreq) must be present on the soil surface to satisfy crop water 

requirements (Raine and Smith 2004).  This parameter is determined by the cumulative 

infiltration curve for the particular soil. 

The infiltration equation used in this study is the modified Kostiakov or Kostiakov-

Lewis equation (Walker 2003; Raine and Smith 2004):  

    

           --------------------------------------------------------------------------------Eq.4.3 

Where a and k are fitted parameters, and fo is the steady or final infiltration rate. The 

opportunity time can therefore be determined from (Walker 2003; Raine and Smith 

2004): 

                -------------------------------------------------------------------------Eq.4.4  
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If water be present on the soil surface for less than the opportunity time then the grasses 

in the field would be under-irrigated. If it be present for longer than the opportunity 

time, excess water would be applied and lost to deep percolation below the root zone. 

Figure 4.1 presents the possible stages of a soil profile after irrigated and water 

infiltration components. Under-irrigation is most likely to happen when applied water 

does not satisfy the required water depth at root zone.   

The amount of water available in the root zone storage was given by the product of the 

field length (L) and water depth applied (Zreq.) (Walker 2003). 

 

 

Figure 4.1. Components of water infiltrating the soil profile under border irrigation 

system. Root zone storage and deep percolation gives the total of infiltrated depth. 

Source: (Walker 2003) 

 

  



Appendix IV. SIRMOD 

 

xxxix 

 

 

4.2.2. Application uniformity 

When a field with a uniform slope, soil and crop density receives steady flow at its 

upper end, a water front will advance at a monotonically decreasing rate until it reaches 

the end of the field. If it is not dyked, runoff will occur for a time before recession starts 

following shutoff of inflow. Figure 4.2 shows the distribution of applied water along the 

field length. The differences in intake opportunity time produce applied depths that are 

non-uniformly distributed with a characteristic shape skewed toward the inlet end of the 

field.  

Distribution uniformity concerns the distribution of water over the actual field and is 

represented by the symbol, Du. Distribution uniformity can be defined as the average 

infiltrated depth in the low quarter of the field, divided by the average infiltrated depth 

over the whole field.  

 

Figure 4.2. Distribution of applied water along a surface irrigated field showing the 

depth required to refill the root zone. 

Source: (Walker 1989) 
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Therefore, distribution uniformity (Du) is given by (Walker 2003; Raine and Smith 

2004): 

     
         

      
     -----------------------------------------------------------------------Eq.4.3  

Where, Zreq is the water depth applied (m
3
/m) and L3/4 is the total lenght of the field 

minus the low quarter of field length (m); Qo is the applied water flow (m
3
/min/m) and 

tco is time to cut-off (min). 

 

4.2.3. Application efficiency 

Application efficiency (Ea) has been standardized as(Walker 2003; Raine and Smith 

2004):  

   
      

      
      -----------------------------------------------------------------------------Eq.4.4  

Where, L is the field length (m).           

Losses from the field can occur as deep percolation (depths greater than Zreq) and as 

field tail water or run off. To compute Ea was necessary to identify at least one of these 

losses as well as the amount of water stored in the root zone. This implied that the 

difference between the total amount of root zone storage capacity available at the time 

of irrigation and the actual water stored due to irrigation be separated, i.e. the amount of 

under-irrigation in the soil profile might be determined as well as the losses.  

4.2.4. Water requirement efficiency 

The water requirement efficiency (Er) which is also referred to as the storage efficiency 

is defined as (Walker 2003; Raine and Smith 2004):  



Appendix IV. SIRMOD 

 

xli 

 

   
      

        
          -------------------------------------------------------------------------Eq.4.5  

Where, Qmax is the potential amount of applied water flow (m
3
/min/m). 

 

The maximum flow rate that could be applied in the field, allowable to compute the 

water requirement efficiency is given by the following equation by Hart et al. (1980) 

(Walker and Skogerboe 1987): 

     
       

  
      ------------------------------------------------------------------------------Eq.4.6 

Where, So is the field slope (m/m). 

The requirement efficiency was used as indicator of how well the irrigation met its 

objective of refilling the root zone. The value of Er is important when either the 

irrigations tend to leave major portions of the field under-irrigated or where under-

irrigation is purposely practiced to use precipitation as it occurs (Raine and Smith 

2004). This parameter is the most directly related to the crop yield since it will reflect 

the degree of soil moisture stress.  

4.2.5. Deep percolation ratio 

The loss of water through drainage beyond the root zone is reflected in the deep 

percolation ratio, DPR, defined as (Walker 2003; Raine and Smith 2004):  

    
          

       
     ----------------------------------------------------------------------Eq.4.7  

Where, p is deep percolation fraction (m
3
/m). 
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High deep percolation losses aggravate water logging and salinity problems, and leach 

valuable crop nutrients from the root zone. Depending on the chemical nature of the 

groundwater basin, deep percolation can cause a major water quality problem of a 

regional nature. These losses can return to receiving streams heavily laden with salts 

and other toxic elements and thereby degrade the quality of water to be used by others. 

4.2.6. Tail water ratio 

Losses from the irrigation system via run off from the end of the field are indicated in 

the tail water ratio, TWR (Walker and Skogerboe 1987; Walker 2003):  

                 ----------------------------------------------------------------Eq.4.8  

Runoff losses pose additional threats to irrigation systems and regional water resources. 

Erosion of the top soil on a field is generally the major problem associated with run off. 

The sediments can then obstruct conveyance and control structures downstream, 

including dams and regulation structures.  
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4.2.5. Model design parameters  

Table 4.1. Inflow controls as run in the SIRMOD program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

1,0 Simulation shutoff control By elapsed time or number of surges 

2,0 Inflow regime control 

Continuous 

flow 

Surge 

flow 

Continuous 

flow 

Surge 

flow 

3,0 Type of simulation model Hydrodynamic 

4,0 Run parameters 

4,1 Border inflow (lps) 46,33 1,00 7,00 1,00 

4,2 Time to cutoff (mins) 180,00 45,00 2880,00 45,00 

4,3 Time step (mins) 2,00 2,00 2,00 2,00 

4,4 Leaching fraction 0,10 0,10 0,10 0,10 

5,0 Special numerical coeficients 

5,1 Down stream flow regulation Neither 

5,2 Regulate coeficient 1,00 1,00 1,00 1,00 

5,3 Scald release fraction 0,75 0,75 0,75 0,75 

5,4 Phi 0,60 0,60 0,60 0,60 

5,5 Theta 0,60 0,60 0,60 0,60 

 
Surge controller 

 

Number of Advance surges NA 0,00 NA 0,00 

 

Advance surge on-time (min) NA 30,00 NA 30,00 

 

Advance on-time adj., (min) NA 60,00 NA 60,00 

 

Advance on-time adj., (ratio) NA 1,70 NA 1,70 

 

Number of wetting surges NA 2,00 NA 2,00 

 

Wetting surge on time (min) NA 1200,00 NA 2880,00 
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Table 4.2. Field topography/geometry as run in the SIRMOD program. 

  

Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

  

Inflow regime 

control 

Continuous 

flow Surge flow 

Continuous 

flow Surge flow 

1,0 Field geometry 

1,1 Field length (m) 200,00 200,00 200,00 200,00 

1,2 Field width (m) 75,00 75,00 75,00 75,00 

1,3 Border width (m) 25,00 25,00 25,00 25,00 

2,0 Field system 

Border 

irrigation 

Border 

irrigation 

Border 

irrigation 

Border 

irrigation 

3,0 

Downstream 

boundery Free draining Free draining Free draining Free draining 

4,0 Field slopes  

Simple sloped 

field 

Simple sloped 

field 

Simple sloped 

field 

Simple sloped 

field 

5,0 Manning (n) values 

5,1 First irrigations 0,04 0,04 0,04 0,04 

5,2 Later irrigations 0,03 0,03 0,03 0,03 
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Table 4.3. Infiltration characteristcs as run in the SIRMOD program. 

Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

  Inflow regime control 

Continuous 

flow 

 

Surge flow 
 

Continuous 

flow 

Surge 

flow 

Governing equation   

1,0  Soil ID = 0.15; Soil name = Silty-clay 

 Soil ID = 0.10; Soil 

name = Clay 

1,1 a (-) 0,34900 0,29700 0,30400 0,258000 

1,2 k (m/min^a) 0,00168 0,00147 0,01390 0,012200 

1,3 fo (m/min)  0,00009 0,00008 0,00007 0,000061 

1,4 c (-) 0,00000 NA 0,00000 NA 

1,5 Q infilt (lps) 1,00000 NA 1,00000 NA 

2,0 

Root zone soil moisture 

deplection, Zreq (m
3
/m) 0,200 0,200 0,55 0,55 

3,0 

Required intake oportunity 

time (s) 1932,00 2387,00 7429 8874 
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Table 4.4. Design panel as run in the SIRMOD program. 

      Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

  Inflow regime control Continuous flow 

Surge 

flow Continuous flow 

Surge 

flow 

1,0 Imput data for design 

1,1 Total available flow (lps) 46,30 27,00 21,00 27,00 

1,2 Total time flow is available (hrs) 9,00 2,30 144,00 2,30 

1,3 Maximum velocity (m/min) 1,10 4,80 4,30 4,80 

1,4 Border design flow (lps/border) 46,33 9,00 7,00 9,00 

1,5 Cuttoff time (mins) 180,00 45,00 2880,00 45,00 

1,6 Field slope  0,013 0,013 0,013 0,013 

2,0 Flow regime  Continuous flow 

Surge 

flow Continuous flow 

Surge 

flow 

3,0 Design parameters  

3,1 Total flow required (lps) 46,33 9,00 7 9,00 

3,2 Total irrigation time (hrs) 9,00 2,20 144 2,20 

3,3 Flow velovity (m/min) 1,10 4,70 4,3 4,70 

 

Table 4.5. The results as run in the SIRMOD program. 

      Order Parameters Soil depth of 0-20cm Soil depth of 20-75cm 

  Inflow regime control Continuous flow 

Surge 

flow Continuous flow 

Surge 

flow 

Simulated system performance 

1,1 Advance time (min) 29,50 54,00 325,80 49,50 

1,2 Application efficiency (%) 27,36 76,80 89,53 63,48 

1,3 Water requirement efficiency (%) 13,68 99,52 39,38 71,80 

1,4 Irrigation efficiency (%) 27,36 83,82 89,53 63,48 

1,5 Water uniformity distribution (%) 99,28 94,14 96,73 99,30 

1,6 Distribution efficiency (%) 100,00 90,94 100,00 100,00 

1,7 Tail water fraction (-) 72,64 15,55 10,47 36,52 

1,8 Deep percolation fraction (-) 0,00 7,65 0,00 0,00 

Volume balance (m3) 

1,9 Inflow 20,00 51,80 48,4 124,40 

1,10 Outflow 14,40 7,90 4,9 45,10 

1,11 Infiltration 5,50 43,80 43,3 79,00 

1,12 Error (%) 0,46 0,35 0,28 0,24 
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APENDIX V. EFFICIENCIES 

 

5.1. Application efficiency 

The governing equation for application efficiency (Ea) is given by the following 

relation: 

   
      

      
      -----------------------------------------------------------------------------Eq.5.1 

Where Zreq is the soil depth and is defined in this study according to the soil textures: 

Zreq = 0.2 m
3
/m for the top layer and Zreq = 0.55 m

3
/m for underneath layers; L is the 

field length in metres; Qo is the flow rate in m
3
/min/m applied for each scenario. Flow 

rate (Qo) was obtained by dividing current Q = 1.5 mega litres (Q=1500 m
3
) by field 

width (w) of 75m and by the current duration of irrigation events under continuous flow 

of 180 min. Similar calculation was performed for surge flow using flow rate of 1183 

m
3
 and time of 132 minutes; the tco is the time to cut-off in minutes. 

 

In the following tables are presented the data used to calculate application efficiency for 

continuous and surge flows and the respective results: 

 

 

 

  

Parameters 

Values 

Continuous 

Zreq (m
3
/m) 0.20 0.55 

L (m) 200.00 200.00 

Qo (m
3
/min/m) 0.11 0.11 

tco (min) 540.00 1440.00 

Ea (%) 67.34 69.44 

 

Parameters 

Values 

Surge 

Zreq (m
3
/m) 0.20 0.55 

L (m) 200.00 200.00 

Qo (m
3
/min/m) 0.12 0.12 

tco (min) 360.00 960.00 

Ea (%) 92.59 95.49 
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5.2. Water requirement efficiency 

Water requirement efficiency (Er) is governing equation by the following equation: 

   
      

        
      --------------------------------------------------------------------------Eq.5.2 

Where Qmax represents the maximum flow rate would be used in the system in m
3
/min/m. This 

flow rate is obtained from the relation: 

     
       

  
     ------------------------------------------------------------------------------Eq.5.3 

Where So = 0.013 m/m. 

 

Data used to calculate water requirement efficiency for continuous and surge flows are 

presented in the following tables: 

 

 

 

 

 

  

Parameters 

Values 

Continuous 

Zreq (m
3
/m) 0.20 0.55 

L (m) 200.00 200.00 

Qmax (m
3
/min/m) 0.275 0.275 

tco 240.00 600.00 

Er (%) 60.61 66.67 

 

Parameters 

Values 

Surge 

Zreq (m
3
/m) 0.20 0.55 

L (m) 200.00 200.00 

Qmax (m
3
/min/m) 0.275 0.275 

tco  180.00 420.00 

Er (%) 80.81 95.24 
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5.3. Distribution uniformity 

The equation used to calculate water distribution uniformity (Du) can be presented as 

the following: 

   
         

      
     --------------------------------------------------------------------------Eq.5.4 

Where L3/4 is the last quarter of the field length given in metres. 

 

The tables shown below presents the data used to calculate distribution uniformity for 

continuous and surge flows: 

 

 

 

 

 

  

Parameters 

Values 

Continuous 

Zreq (m
3
/m) 0.20 0.55 

L3/4 (m) 50.00 50.00 

Qo (m
3
/min/m) 0.11 0.11 

tco 540.00 1440.00 

Du (%) 50.51 52.08 

 

Parameters 

Values 

Surge 

Zreq (m
3
/m) 0.20 0.55 

L3/4 (m) 50.00 50.00 

Qo (m
3
/min/m) 0.12 0.12 

tco  360.00 960.00 

Du (%) 69.44 71.61 
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5.4. Deep percolation ratio and tail water ratio  

The amount of water that may have been lost through deep percolation and tail water 

were not measured in this study. However, in order to provide an idea of the occurrence 

it was assumed 10% as being the amount lost as deep percolation in accordance with 

recommendations for leach requirements. Therefore, the product of required water depth 

(Zreq) by the field width (w) was multiplied by 10% and gave the water lost by deep 

percolation. 

The equation that would be used to determine deep percolation ratio is given by  

    
          

       
     ---------------------------------------------------------------------------Eq.5.5                             

In both cases, continuous and surge flow, the amount of water lost by DPR was equal to 

1.5m
3
/m m in the top layer and 4.13m

3
/m underneath. 

On the other hand, tail water ratio was obtained from the following relation: 

                ----------------------------------------------------------------Eq.5.6 

The amount of water lost by tail water for the continuous flow has been found to be 

31.16m
3
/m for the top 20cm depth and 26.43m

3
/m on the underneath soil profile layers. 

On the other hand, after surge flow the amount of tail water was found to be 5.91m
3
/m 

for the top layer and 0.39m
3
/m on the rest of layer.  
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5.2. Infiltration curves used in calculations of infiltration depths and 

required intake opportunity time  

 

In the following tables are presented the source of a, k and fo values used for different 

calculus regarding infiltration depths and required intake opportunity time. The selected 

soil curves were 0.10 and 0.15 in accordance with soil textures.  

Table 5.1. Kostiakov-Lewis a-values as functions of USDA-NRCS soil intake number 

for continuous and surged flow, first and later irrigations. 

USDA-NRCS 

Curve No.  

Soil Type  Continuous 

Flow, First 

Irrigations  

Continuous 

Flow, Later 

Irrigations  

Surged Flow, 

First 

Irrigations  

Surged Flow, 

Later 

Irrigations  

.01  Heavy Clay  .200  .200  .200  .200  

.05  Clay  .258  .258  .258  .257  

.10  Clay  .317  .316  .316  .316  

.15  Light Clay  .257  .255  .256  .255  

.20  Clay Loam  .388  .385  .386  .385  

.25  Clay Loam  .415  .411  .412  .410  

.30  Clay Loam  .437  .432  .434  .431  

.35  Silty  .457  .451  .453  .450  

.40  Silty  .474  .467  .469  .465  

.45  Silty Loam  .490  .482  .484  .480  

.50  Silty Loam  .504  .495  .498  .493  

.60  Silty Loam  .529  .517  .521  .515  

.70  Silty Loam  .550  .536  .540  .533  

.80  Sandy Loam  .568  .551  .557  .548  

.90  Sandy Loam  .584  .564  .571  .560  

1.00  Sandy Loam  .598  .576  .583  .571  

1.50  Sandy  .642  .606  .618  .599  

2.00  Sandy  .672  .622  .638  .612  

4.00  Sandy  .750  .638  .675  .615  
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Table 5.2. Kostiakov-Lewis k-values as functions of USDA-NRCS soil intake number 

for continuous and surged flow, first and later irrigations. 

USDA-NRCS 

Curve No.  

Soil Type  Continuous 

Flow, First 

Irrigations  

Continuous 

Flow, Later 

Irrigations  

Surged Flow, 

First 

Irrigations  

Surged Flow, 

Later 

Irrigations  

.01  Heavy Clay  .0044  .0044  .0044  .0044  

.05  Clay  .0043  .0043  .0043  .0043  

.10  Clay  .0038  .0038  .0038  .0038  

.15  Light Clay  .0036  .0036  .0036  .0036  

.20  Clay Loam  .0035  .0034  .0034  .0034  

.25  Clay Loam  .0034  .0033  .0033  .0033  

.30  Clay Loam  .0033  .0033  .0033  .0033  

.35  Silty  .0033  .0033  .0032  .0032  

.40  Silty  .0033  .0033  .0032  .0032  

.45  Silty Loam  .0033  .0033  .0032  .0031  

.50  Silty Loam  .0033  .0033  .0032  .0031  

.60  Silty Loam  .0033  .0031  .0032  .0031  

.70  Silty Loam  .0033  .0031  .0032  .0031  

.80  Sandy Loam  .0033  .0031  .0032  .0031  

.90  Sandy Loam  .0033  .0031  .0032  .0031  

1.00  Sandy Loam  .0033  .0031  .0032  .0031  

1.50  Sandy  .0034  .0032  .0033  .0032  

2.00  Sandy  .0036  .0033  .0034  .0033  

4.00  Sandy  .0042  .0038  .0036  .0034  

 

Table 5.3. Kostiakov-Lewis fo-values as functions of USDA-NRCS soil intake number 

for continuous and surged flow, first and later irrigations. 

USDA-NRCS 

Curve No.  

Soil Type  Continuous 

Flow, First 

Irrigations  

Continuous 

Flow, Later 

Irrigations  

Surged Flow, 

First 

Irrigations  

Surged Flow, 

Later 

Irrigations  

.01  Heavy Clay  .000011  .000011  .000011  .000011  

.05  Clay  . 000022  . 000022  . 000022  . 000022  

.10  Clay  . 000035  . 000035  . 000035  . 000035  

.15  Light Clay  . 000046  . 000046  . 000046  . 000046  

.20  Clay Loam  . 000057  . 000057  . 000057  . 000056  

.25  Clay Loam  . 000068  . 000067  . 000068  . 000067  

.30  Clay Loam  . 000078  . 000077  . 000077  . 000077  

.35  Silty  . 000088  . 000087  . 000087  . 000087  

.40  Silty  . 000098  . 000097  . 000097  . 000096  

.45  Silty Loam  . 000107  . 000105  . 000106  . 000105  

.50  Silty Loam  . 000117  . 000115  . 000116  . 000114  

.60  Silty Loam  . 000136  . 000133  . 000134  . 000132  

.70  Silty Loam  . 000155  . 000151  . 000152  . 000150  

.80  Sandy Loam  . 000174  . 000119  . 000171  . 000168  

.90  Sandy Loam  . 000193  . 000186  . 000189  . 000185  

1.00  Sandy Loam  . 000212  . 000204  . 000207  . 000202  

1.50  Sandy  . 000280  . 000264  . 000270  . 000261  

2.00  Sandy  . 000325  . 000301  . 000309  . 000296  

4.00  Sandy  . 000390  . 000332  . 000351  . 000320  

 


