
ENGINEERING AND WATER GOVERNANCE 

INTERACTIONS IN SMALL-HOLDER IRRIGATION FOR 

IMPROVED WATER MANAGEMENT ON SELECTED 

IRRIGATION SCHEMES IN KWAZULU-NATAL. 

 

 

 

 

Tinashe Lindel Dirwai 

LITERATURE REVIEW AND PROJECT PROPOSAL 

 

 

Submitted in partial fulfilment of the requirements for the degree of MScEng 

 

 

 

 

Bioresources Engineering 

School of Engineering 

University of KwaZulu-Natal 

Pietermaritzburg 

September 2017 

  



ii 

 

 

 

 PREFACE 

 

I, Tinashe Lindel Dirwai, declare that: 

(i) The research reported in this thesis, except where otherwise indicated, is my original 

work. 

(ii) This thesis has not been submitted for any degree or examination at any other university. 

 

(iii) This thesis does not contain other persons’ data, pictures, graphs or other information, 

unless specifically acknowledged as being sourced from other persons. 

(iv) This thesis does not contain other persons’ writing, unless specifically acknowledged as 

being sourced from other researchers. Where other written sources have been quoted, then: 

 

(a) Their words have been re-written but the general information attributed to them has 

been referenced; 

 

(b) Where their exact words have been used, their writing has been placed inside quotation 

marks, and referenced. 

(v) Where I have reproduced a publication of which I am an author, co-author or editor, I 

have indicated in detail which part of the publication was written by myself alone and have 

fully referenced such publications. 

 

(vi) This thesis does not contain text, graphics or tables copied and pasted from the internet, 

unless specifically acknowledged, and the source being detailed in the thesis and in the 

references sections. 

 

Signed: 

Supervisor: 

Co-supervisor: 



iii 

 

ABSTRACT 

 

According to the World Bank (1994) paper, the greater part of South Africa (60%) receives less 

than 500 mm of rain per annum on average and 10% receiving more than 750 mm. This 

subsequently limits the country’s agricultural potential. Attaining food security for the growing 

population is a chief concern universally. Irrigation lies at the heart of reducing poverty in the 

world through improvement of crop production, enhancement of employment opportunities and 

stabilization of income. 

 

The South African government has been investing substantial funds in small-holder irrigation 

schemes (SISs) because they have been recognized as drivers for boosting rural economies 

which subsequently improves the Human Development Index (HDI). However, these schemes 

have been underperforming for reasons linked to the ineffective interactions between 

governance (the institutions and processes involved in water management) and the technicality 

of the irrigation system. Previous studies have focused on infrastructure design, functionality, 

maintenance and best management practices and governance separately. The results led to an 

understanding that the two are separate entities when in fact they are closely related. 

Infrastructure design assumes that there are set institutional arrangements to successfully 

organize, operate and maintain the scheme. 

 

A typical communal scheme design has vast land that is divided into lots where the farmers are 

normally involved in producing the same crop. The lots are micro-managed by Water Users 

Groups (WUG’s), the WUG’s are institutions involved in formulating regulations, strategies 

and operational procedures involved in water apportioning, distribution and usage. For the 

communal scheme design to effectively work, water managers are expected to be in the know-

how of the technologies (irrigation infrastructure) as the design lay-out inherently leads to the 

formulation of operational strategies and procedures that are subsequently governed by 

institutions that will influence water distribution and its use. 

 

Whilst a continuous supply to all fields is not possible, water managers need to craft water 

distribution patterns. However, this has not been the case with continuous refurbishment and 

improvements in the irrigation scheme designs. The set institutions tend to lag hence the 

improved technologies end up in discordancy with set rules, regulations and institutions.  
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1. INTRODUCTION 

 

Irrigation is the chief driver of maximised production for both large and small-holder farmers. 

The government has been doubling efforts in resuscitating and upgrading the existing SISs. 

However, these have given a surge in water division conflicts. What causes water conflicts? A 

theoretical argument of governance has always been the fore runner of the issue with little 

attention whether the existing infrastructure is built with in the governance framework 

(Tortajada, 2016). This led to an asynchronous relationship between governance and the 

subsequent water control and delivery infrastructure, which in turn affects the operations and 

procedures involved in equitable water distribution and management (Scudder, 2012). 

 

The sporadic change in irrigation technology and the slow but gradual evolution of water 

management techniques has not been on the same level.(Altinbilek and Tortajada, 

2012;Scudder, 2012;Tortajada, 2014). Governance frameworks were developed under 

Irrigation Management Transfer which is the hand over take over from government to farmers. 

This saw Small-holder Irrigation Schemes (SISs) being farmer managed (Vermillion, 1997).  

Operation and Maintenance (O&M) became the sole responsibility of the farmers. However, 

the supporting legal framework, supporting water rights and an empowered local management 

personnel which by and large constitute a governance framework have been ineffective (Shah 

et al., 2002). 

 

The exclusion of farmers in scheme design by the stakeholders creates a gap. The adopted 

technology/design dictates the operation of the scheme and consequently the water distribution 

patterns in terms of dependability and equity (Horst, 1998). Participatory Irrigation 

Management (PIM) allows direct farmer involvement in scheme design and that is from 

inception to hand over take over (Gupta and Srivastava, 1999) as cited by (Bedore, 2011). PIM 

has seen success stories in countries like Mexico, the Philippines as issues of hydraulic stability 

have been cited. 
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This document seeks to explore the potential synergies that can be crafted between water 

governance and the technical aspect of irrigation for improved small-holder sustainability in 

South Africa. The research intends to produce results that will punctuate an equilibrium 

between functionality and operability of water control structures and water management 

techniques for SISs in KwaZulu-Natal, South Africa. 

 

Section two explores the brief background of the small-holder irrigation schemes in South 

Africa and how they came to be and the gradual evolution process they have been going 

through. The second chapter explores the provincial-government’s interventions to aid small-

holder irrigation schemes and the plans and strategies it intends to roll out targeting the SISs 

with focus on those in the province of KwaZulu-Natal 

(Department_of_Agriculture_and_Forestry_Affairs, 2003;Perret and Geyser, 2007;Mbatha 

and Antrobus, 2008;Gomo, 2012;Muchara, 2014).  

 

The third part of this document looks at how water management is handled at the identified 

schemes in KwaZulu-Natal and the subsequent formation of the Water User Associations 

(WUA’s) (Frederick, 1993;Hamdy and Lacirignola, 1997;Horst, 1998;Yang et al., 2003;Sun 

and Fu, 2016). The final part explores the incongruence between the technical part of irrigation 

and the existing policies, strategies and operations involved with water governance. Based on 

the challenges discussed, the aim of this project was to develop possible interactions between 

technology and water governance in small-holder irrigation schemes in South Africa. The 

objectives of this project were to: 

1. Investigate and evaluate the existing or current water control infrastructure in selected 

small-holder irrigation schemes in KwaZulu-Natal. 

2. Assess the functional and operational relationships between the water control 

infrastructure and water governance in the study irrigation schemes. 

3. Evaluate how water governance impacts on adequacy of water for crop production and 

other uses in selected SISs in KwaZulu-Natal. 
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2. LITERATURE REVIEW 

 

2.1 Background 

 

Attaining food security status for the budding global population has always been an issue that 

takes priority on the global stage. Irrigation is pivotal in reducing world poverty by maximising 

production, boosting employment opportunities which subsequently leads to income 

stabilization and finally it facilitates the attainment of a positive nutritional status, health and 

societal equity (Mati, 2011;Valipour, 2015). Research has shown that irrigation has the 

potential to maximize yields of most crops by between 100 and 400 % and by the year 2046 it 

is expected that 70% of grain will be produced from the world’s irrigable land (Rockström et 

al., 2009). Nearly half of the world’s arable lands (46%), are not suitable for rain-fed 

agriculture due to unpredictable and accelerated climatic changes and the respective prevailing 

environmental conditions. 

 

Previous studies have produced empirical evidence that indicated a developmental relationship 

between irrigation and the Human Development Index (HDI). HDI constitutes development 

indicators such as environment, energy, food and population and reckoning their relations is 

imperative because collectively they combat food insecurity and poverty (Inocencio, 

2007;Franks et al., 2008;Khan et al., 2009;Mati, 2011;Burney et al., 2013;Ngenoh et al., 2015). 

 

Agriculture, through irrigation, is the biggest water consumer in South Africa and prudently a 

water management policy must be implemented to conscientize the agricultural water demand. 

The vast majority of South Africa’s Agro-ecological regions (60%), receive less than 500 mm 

of rain per annum and only 10% receives 750 mm. This inherently limits the country’s 

agricultural potential (Cousins, 2013). The South African government needs to meet the trailing 

MDGs (Millennium Development Goals) turned SDGs (Sustainable Development Goals) of 

employment creation and poverty reduction, predominantly among rural African population. 

Because of the skyrocketing unemployment levels and trying to fulfil its mandate of creating 

five million jobs by 2020, the government of South Africa unrolled a strategy called the New 
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Growth Path (NGP). A huge fraction of these jobs, 300,000 are to be created from the 

establishment and revitalization of SISs (NGP, 2011). 

 

2.2 Small-holder Agriculture: A Historical Perspective 

 

Segregationist policies that reigned over South Africa caused a disturbance in traditional 

agricultural practices. These restrictive polices resulted in limiting the amount of land the 

native Africans could own to about 13% of the total arable land in 1994 (Nieuwoudt and 

Groenewald, 2003). From their advent in 1913, the homelands typified high populations per 

square kilometre, small hectarage allotments of arable land and shared grazing land. The 

rangeland availed to communities were insufficient for supporting livestock (Van Averbeke, 

2012). Livestock has always played an important role in facilitating multi uses through 

providing the most basic requirements of African homesteads in terms of draught power, milk, 

wool, meat and social needs like traditional ceremonies (Mills and Wilson, 1952;Van 

Averbeke, 2012). 

 

The Tomlinson Commission (Tomlinson, 1955) revealed that small-holder farmers that 

registered a significant development in key dimensions of household income, sending children 

to school and considerable health were those that were living on existing irrigation schemes of 

1.28 ha in size and had enough access to grazing lands. The Tomlinson Commission 

(Tomlinson, 1955) aimed to promote economic viability of rural farm units. However, it was 

never implemented. The development of the irrigation scheme in Vhembe District is attributed 

to the Tomlinson Commission. 

 

2.3 African Small-holder Irrigation Schemes and Irrigation Management Transfer 

 

The size of allotments defined the course of agricultural practices of the African small-holder 

farmers. The established small-holder lots varied from five to twelve ha of lands. Van Averbeke 

et al. (2011) reported that the subsistence function was set in motion by providing a large 

population of African homesteads with access to farm land (plots) which ranged from 0.1ha – 
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0.3ha in size. Post-apartheid South Africa saw a lot of provincial governments dismantling the 

agricultural homeland parastatals and allow direct farmer involvement in the irrigation scheme 

management. This saw the decentralisation of the management of the schemes. Simultaneously 

a process called Irrigation Management Transfer (IMT) was happening in other parts of the 

world. 

 

IMT was to be a vehicle that would facilitate the reduction of civic disbursement on irrigation, 

enhancing productivity of irrigation and stabilizing depreciating irrigation systems 

(Vermillion, 1997). The advent of IMT had a negative effect on parastatal controlled projects 

and the disturbance was predominant on the modern large and small scale irrigation schemes 

because of the complexity in their management. Centralised management caused a high-level 

dependency on external management amongst the small-holder farmers (Van Averbeke et al., 

1998). 

 

Bembridge and Sebotja (1992) and Laker (2004) reported that with the implementation of IMT, 

a regressive effect was experienced on these schemes. Canal schemes at small-holder level 

withstood the effects and continued to operate at moderated levels (Kamara et al., 

2002;Machethe et al., 2004). With IMT, already on the roll out in the 1990’s, there also 

emerged several new SISs, which were inclined to the Reconstruction and Development 

Programme (RDP). The agenda targeted poverty alleviation and improving the human 

development index among poor rural population and those that occupied the informal urban 

settlements. A total number of 62 SISs were instituted in 2006 and they covered a total land 

area of 2,383ha. This, however, showed that size was limited to approximately 38.4 ha per 

scheme on average. According to Denison and Manona (2007) the means of water abstraction 

and application are pumps and sprinkler technology. 

 

Policy revision saw Growth, Employment and Redistribution (GEAR) superseding the RDP as 

the overall development policy of South Africa. The plan redefined poverty eradication by 

funding community-based projects to privatising development. Already established irrigation 

schemes were the earmarked drivers of the gradual economic absorptive capacity of the rural 

areas. However, for the schemes to realise allocative efficiency revitalization was required first. 
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Thus the Revitalization of Small-holder Irrigation Schemes (RESIS) was initiated (Denison 

and Manona, 2007).   

 

The Water Care programme was the vehicle for RESIS and it targeted the revitalization of 

identified small-holder irrigation schemes, not only infrastructural but also in capacity building 

fronts of leadership, management and productivity. A multi-pronged and holistic approach was 

used which saw Water Care integrating the knowledge and judgements of rural people in the 

planning and management of development projects and programmes (Denison and Manona, 

2007). 

 

To show dedicated furtherance of IMT, Water Care invested one-third of its budget into 

revitalization and capacity building among farmers. Shah et al. (2002) states that procedures 

for sustainable revitalization and capacity development were put in place for the small-holder 

farmers and their subsequent schemes. Rehabilitation of existing scheme infrastructure, 

sustainable IMT and substantial commercialization were the chief accents of the Water Care 

programme and RESIS in its initial stages (1998-2005). Schemes that used canals for water 

conveyance before and after the revitalization phase remained canal schemes 

 

2.4 Infrastructure in SISs 

 

A typical conducting network in open irrigation systems is composed of the main canal, inter-

farm, farm, and on-farm distribution canals (distributors) of different orders. The conveyance 

system has different components that comprise of the canals, weirs and sluice gates all which 

are termed water control infrastructure (see Table 2.1). Each component has a unique 

characteristic which is its hydraulic behaviour. Hydraulic behaviour looks at how the system 

reacts upon changes and the operational consequences that follow (Horst, 1998). Horst (1998) 

and Pereira et al. (2002) cited the water delivery schedule adopted determines the type of 

infrastructure in place. Water scheduling in SISs in KwaZulu-Natal is central I.e., the DWAS 

apportions water. 
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Irrigation structures can be operated under various management scenarios. Management 

scenarios are categorised as demand and supply management (Pereira et al., 2002). According 

to Hatcho (1998) demand oriented methods frequent infrastructure handling e.g., check gates 

in the main canal. Supply management has systems that enhance improved conveyance and 

water distribution systems that minimize water loss. It also augments operation and 

maintenance in which farmer participation is very high. SISs have conventional water control 

infrastructure such as weirs. These structures require little operation such as periodic inspection 

for siltation , removal of weeds and mending possible tampering. 

 

Table 2.1 Types and functions of hydraulic structures (Boiten, 1993) 

Function Hydraulic structure 

Flow measurement weirs and flumes 

Flow measurement and regulation headworks, offtakes, turnouts 

Flow division and measurement division structures 

Removal of excess flow escapes, spillways 

Upstream water level control and discharge 

of excess flow 

check structures, cross regulators, drop 

structures 

 

2.5 Small-holder Irrigation Schemes Performance in South Africa 

 

Efforts to enhance resource utilisation in small-holder irrigation have been futile and this has 

been attributed to poor canal management, disinvested operating personal and low level 

managerial skills (Molden et al., 1998). Other authors (Plusquellec, 2002) cited negative 

behavioural concerns that consequently hinder effective scheme operation. Taking irrigation 

management out of the government’s spheres was initially thought to bear fruit however there 

has been a reported decline in performance. The WUAs failure to raise funds compounded by 

limited government’s financial injection has seen poor O&M practises (Vermillion, 

1997;Plusquellec, 2002).  
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Internal indicators (Table 2.2) explicitly provide a systematic rating on hardware, management 

and the whole irrigation function/service throughout the entire system. Internal indicators 

examine the mechanisms of water control and allocation enables water control managers to 

visualize where changes are needed, and what impact the changes would have at various levels 

(Plusquellec, 2002) as cited by.(Kuşçu and Bölüktepe, 2009). External performance indicators 

whilst useful, researchers argue that they do not fully provide an insight on the internal 

mechanism involved in day to day scheme operation and management. Burt and Styles (1998) 

stated that the internal indicators provide a useful diagnostic tool that can be used to modify 

and possibly synergies the irrigation governance in SISs and the hardware/infrastructure. 

 

Water availability is an internal indicator for performance measure in SISs. In SISs the 

recurring problem of failing to access irrigation water has perpetuated the underutilization of 

irrigable land (Sinyolo et al., 2014). Performance varies within a scheme, head sections receive 

and have access to more water than the irrigators downstream. However, the irrigators at the 

head end whilst they receive water lower water productivity challenges have been cited 

(Namara et al., 2010). 

 

Low water productivity reverses the gains of water availability. Such has been attributed to 

poor infrastructure that convey water and to the governance frame work in place. The 

governance framework involves the human dimension, more often the water managers at farm 

level are disempowered and have very little technical know-how of the system (Carter et al., 

2007). The lower productivity is compounded by erratic climatic changes in sub-Sahara Africa, 

which exacerbates water woes for the already disadvantaged tail end irrigators (Janmaat, 2004). 

Low water use efficiency (WUE) in cases were water at the source is not limiting has been 

cited. There tend to be situations of over irrigation in some sections and under-irrigation in 

other parts of the scheme. The water imbalances have an adverse effect on irrigation 

performance (Fanadzo et al., 2010). 
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Table 2.2 Internal Process Indicators and Sub-Indicators (Burt and Styles, 1998) 

Indicator Sub-Indicator 

 

Actual service to individual fields based on 

traditional irrigation methods 

Measurement of volumes to field 

Apparent equity 

Flexibility to field 

Reliability to field (incl. weeks avail. vs. week 

needed) 

Cross-Regulator Hardware (Main Canal) Ease of cross-regulator operation under current 

target operation. (This doesn't mean that current 

targets are being met - just that it would be easy 

or difficult to meet them) 

Probable ease of cross-regulator operation if 

system was to be required to provide better 

service to turnouts (this is related to the 

suitability of the device, also) 

Level of maintenance 

Fluctuation (max daily ±%) of target value in the 

canal itself (NOT the DELIVERY target value) 

(e.g., water level in the canal rather than outlet Q) 

Travel time of flow rate change through length of 

this canal level 
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3. GOVERNMENTS INTERVENTION AND ACTION PLANS IN 

SMALL-HOLDER IRRIGATION SCHEMES 

3.1 Emerging Policy Issues and Strategy Formulation 

 

Policy makers have been gradually acknowledging the part small-holder irrigation farming 

plays in warranting better rural livelihoods. This has subsequently prompted South Africa to 

incentivize the process of construction and revitalizing irrigation infrastructure. Water 

allocation and appropriate management are the most prevalent problems in communally 

managed irrigation schemes. These problems stem from a failure to understand the scheme 

design and operability. Water conflicts are often the end results as mismanagement prevails in 

such circumstances (Muchara, 2014). The NWRS2 is based on the current NWA of 1998. 

However, while reviewing the NWRS1, it became clear that there are several emerging policy 

issues that could not be included as strategies in the NWRS2 as the current legislation does not 

make provision for these. 

 

3.2 Institutional Arrangements 

 

The KwaZulu-Natal Department of Agriculture and Rural Development presented its five-year 

plan for the period 2015-2020 (DARD, 2015). The blue print marked a five-year plan for 

formulating policy and coming up with strategies that interact with the small-holder farmers 

for improved rural economies. This five-year year plan (2015-2020) has set out goals that are 

parallel with the New Growth Path (NGP) of eliminating poverty and attaining food security 

at rural level through the construction and resuscitation of existing irrigation schemes. The 

construction will be aligned with societal set-up that has informally evolved and thus promoting 

a synergy between the control infrastructure and the water governance section for maximized 

agricultural production (DARD, 2015) 

 

The NGP which is an accelerator to rapid economic growth has earmarked agriculture which 

contributes significantly to the GDP as one of the key targets to the attainment of the SDG’s. 

Thus, strategies have been lined up to boost SISs (DARD, 2015). The NGP stipulates that the 
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government agricultural policy focuses on restructuring institutions and procedures that are 

involved in water resource management at identified SISs so that they align with the existing 

infrastructure and avail comprehensive support around infrastructure upgrade and 

revitalisation. 

 

Medium term strategic framework (MTSF) 2015-2020 

 

The government in its pursuit of strategic configuration and policy consistency, has resolved 

to use the 2015-2020 Medium Term Strategic Framework (MTSF) as lustrum phase for 

implementing the National Development Plan (NDP).  

 

Agrarian transformation strategy 

 

Agrarian transformation strategy is a holistic programme that is founded on several 

interventions ranging from the provision of basic services and social amenities for rural 

communities, food security support, interventions in crop production. Increased crop 

production is facilitated by a functional irrigation scheme (KwaZulu-Natal Provincial 

Government, 2012). This strategy aims at again revitalising the irrigation schemes. The 

revitalization will focus on modern upgrades that will be in sync with the well evolved informal 

governance institutions and procedures (KwaZulu-Natal Provincial Government, 2012).  

 

3.3 Water Access and Water Security 

 

Variations in the level of water access are experienced in community-managed schemes. The 

greatest challenges are the deficiency of interaction between institutions and functionality and, 

the operability of the water control structures. This subsequently influences the understanding 

of water security issues and, local management systems (WUAs) (Muchara, 2014). The 

performance of irrigation schemes is influenced by a sundry of factors. The level of 

understanding of the scheme design and operability influences the individual in charge of water 

appropriation and it plays a critical role in equitable distribution. Farms are grouped into lots 
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which are further sub-divided into small units, where each subdivision comes with an 

overlooking authority who manages and operates the infrastructure. The smallest indivisible 

subgroup of water users has little or no say when it comes to implementing water use and 

appropriation strategies as they are normally represented by an authority slightly above them 

in the hierarchy. This setup can be best be illustrated by Figure 3.1 

 

 

 

Figure 3.1 The hierarchal set-up on water distribution and water management at each level 

The main canal has a manager and a user’s committee that comprise of the splinter offtakes. 

The hierarchal arrangement is ensuring the overseeing authority at the main canal adheres to 

the rules and regulations as per the prescribed water budget from DWAS. However, this setting 

has proved to be ineffective as it is constantly disturbed by politics i.e. the offtake managers 

that have access to the and close ties with main canal operator will get favours. Mbatha and 

Antrobus (2008) applied the Physical Externalities (PE) model to evaluate irrigation water 

distribution challenges among farmers along the Kat River Valley in South Africa. The 

geographical location of farmers along a given watercourse, in which water is diverted by 

individuals, leads to structural inefficiencies that unconstructively affect the whole farming 

community, with more stark effects felt at downstream sites than upstream (Mbatha and 

Antrobus, 2008;Muchara et al., 2014).  

 

Poor coordination and non-compliance with institutional and regulatory instruments lead to 

such water allocation inefficiencies. Continuous assessment of irrigation governance 

institutions in Sub-Saharan Africa (SSA), is critical given the transferral from the state-driven 

Tertiary Units

Secondary canal 
Operator

Main canal

(DWAS)
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management regimes towards community-based management regimes (Dorward and Omamo, 

2009). The paradigm shift in irrigation management has been to a greater part been influenced 

by the IMT and PIM approaches within the water sector (Perret and Geyser, 2007;Gomo et al., 

2014). As such, several frameworks borrowed from ecological, sociological, political and 

economics schools have been implemented to assess institutional performance. In several 

occasions, frameworks have been merged to analyse complex governance systems. Due to the 

convolution of the institutions and the need to streamline the focus of the analysis to local water 

management issues, some studies by Alt and Shepsle (1990) and Dorward et al. (2009) applied 

the Institutional Development Analysis (IDA) approach. 
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4. FARMER PARTICIPATION: DEVELOPMENT OF WATER USER 

ASSOCIATIONS 

4.1 Introduction 

 

The past lustrum has seen small-holder irrigation development going through drastic change. 

The dynamics have seen the government agricultural parastatals assuming the role of 

developing and handling irrigation systems and has paved the way for water user participation 

which has subsequently seen the creation of farmer organizations. Frederick (1993) described 

the change and the new methodologies being implemented in this sector as focused on the 

demand-led development of water services and decentralized management. 

 

The centralized methodology to water resource management has proven to be unsustainable 

because it has neglected incentives for users to participate in system funding and management 

and to provide services based on user affordability (Hamdy and Lacirignola, 1997). Poorly 

adapted services created problems including users' refusal to pay for services, public 

institutions complaining about the lack of ownership by farmers and residents, operation and 

maintenance are ignored, and costly infrastructure begins to deteriorate prematurely. Typically, 

water user’s associations (WUAs) can be categorised as shown in Figure 4.1. Sun and Fu 

(2016) argue that despite enormous government spending in infrastructure upgrades there still 

exists a plethora of challenges that are analogous to irrigation water management at farm level 

for which both structural and non-structural (Governance is the critical non-structural measure) 

measures are under implemented Figure 4.1 shows the administrative structure involved in 

SISs. 

 

The DWAS is the overall water resources basin planner/regulator. The irrigation district 

management has a dual role of water planning/regulating and operations. Their roles extend to 

construction of water control infrastructure, planning, operation and management of irrigation. 

The farm-level authority regulates and controls the construction of canal and lateral with in the 

scheme. Sub-fam level prefecture reports to the farm level authorities and they indulge in canal 

maintenance. At the village level and below are field canals and ditches, which are maintained 
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by the farmers who own or occupy leased land. They handle on farm water management under 

the direction of block committees and WUAs. 

 

 

 

            

            

            

            

            

            

            

            

            

            

            

            

            

            

             

Figure 4.1 The hierarchal nature of the WUAs. (Yang et al., 2003) 

 

Although water resource management was introduced to promote harmony between water 

users and the improved technology there are often always conflicts and misallocations. It is 

common that the user at one irrigation scheme can be using water for the same purpose hence 

the water controlling agencies at each level will conflict, which reflects a non-cohesive water 

management and appropriation system (Yang et al., 2003). 
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The non-cohesiveness can be attributed to the technology adoption capacity at each water 

governing body along the hierarchy. The top WUA’s tend to be well versed in the technology 

and the bottom level (village level) is rocked with design assumptions whereby the technology 

implemented tends to cater for the top management level with little or no consideration of the 

bottom level water governing institutions (Horst, 1998). The operational reality and the design 

assumption tend to be in parallels and the management staff at the various level of the system 

"inherit" systems with hydraulic defects which are incompatible with the staff capabilities and 

hardly understood by farmers (Horst, 1998). 

 

4.2 Policies Hindering the Performance from a Technical Perspective: 

 

The systematized observation, documentation and interpretation of irrigation scheme 

management and operations are classified as scheme performance evaluation (Mengü and 

Akkuzu, 2009). Performance evaluation is done so as to guarantee that the input of resources, 

operational schedules, intended outputs and required actions proceed as planned (Bos et al., 

2005). Irrigation scheme assessment is done so as to gauge progress against strategic goals, 

evaluate the condition of the scheme, to measure the impacts of interventions, to improve 

scheme operations, to better understand determinants of performance, to analyse and finally it 

is a fundamental process of analysing performance-oriented management (Molden et al., 

1998;Awulachew and Ayana, 2011). 

 

Benchmarking in the irrigation and drainage sector was identified as a useful tool for 

continuous improvement, it infers on upgrading all aspects of service delivery and resource 

utilization by comparison with other schemes (Malano et al., 2004). However, benchmarking 

is a change process that goes beyond comparison. Diagnosis of irrigation performance 

fundamentally must absorb the multi-pronged characteristics of irrigated agricultural systems 

including institutional setups, resources used, services delivered and agricultural outputs.  

 

Irrigation performance indicators have been compartmentalized into internal and external 

indicators that best describe the afore-mentioned irrigation agriculture characteristics. Internal 
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indicators are a useful tool in assessing internal irrigation services and processes. This can be 

further broken down into the following modules: operational procedures of the systems, 

institutional setups for management, irrigation infrastructure, and water delivery services. 

Internal indicators facilitate a comprehensive understanding of the processes that effect water 

delivery service and the overall performance of a system (Facon et al., 2008). Hence, they are 

informative in showing what would have to be done to improve the internal and hence the 

external performance. 

 

External indicators primarily focus on input and output evaluation to and from irrigation 

schemes, which narrow down to the efficiency of the inputs, i.e., resource base (land, water, 

finance) in irrigated agriculture. External indicators can be best employed as part of a strategic 

performance assessment and benchmarking performance of schemes (Burt and Styles, 2004). 

Molden et al. (2014) mentioned in as much as policies, institutions (both formal and informal), 

procedures and regulations are critical in defining pliability of a scheme; effective 

understanding of infrastructure is critical. 

 

4.2.1 Hydraulic water delivery performance in irrigation schemes 

 

The ideal irrigation design meets all the requirements of conveyance and application 

efficiencies. However, due to engineering and water governance reasons the irrigation system 

more often than not does not meet the design objective. Water governance in this section means 

the institutions and procedures that are involved in water management, hydraulic performance 

refers to the adequacy of conveyance, distribution, and delivery of irrigation water in spatial 

and temporal scales. There is an established criterion used for hydraulic performance 

measurement which incorporates factors like adequacy, operational efficiency, equity, 

reliability, timeliness, delivery performance ratio (DPR) (Molden et al., 1998;Tariq et al., 

2004;Unal et al., 2004;Vos, 2005). 

 

Many SISs are gravity operated and hydraulic performance is a constant in hindering maximum 

productivity of the design system. The poor performance is attributed to the incongruous 

relationship between designs, i.e., the hydraulic perturbations and design sensitivity vis-à-vis 
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the operational procedures as set out by the established water management institutions, i.e., 

WUAs. Knowledge on when, where and how operations should be made, and understanding 

the effects of operational decisions are key to effective canal control (Renault, 2000). 

Chancellor (2000) pointed out that the long-term sustainability of SISs is chiefly reliant on 

design suitability of the scheme. However, the present designs were/are driven by crop water 

requirements and the type of soils in the respective region. 

 

A great number of irrigation schemes in South Africa were planned and developed using design 

assumptions without really consulting with farmers. This led to a persistent problem of design 

assumption and operational reality has been the fore-runner of all the modern-day schemes 

across the KwaZulu-Natal region (Fanadzo, 2012); cited by (Phakathi, 2016). The Makhantini 

Flats Irrigation Scheme design in KwaZulu-Natal has incited a lot of conflict amongst water 

users as the design delivers large volumes of water to about 100 ha or more on a fixed irrigation 

cycle of 7 days. There were 10 ha allotments/plots, which meant to maintain frugality in water 

delivery each lot had to synchronize their water delivery schedules and they should plant crops 

with the same water requirements (A'Bear and Louw, 1994).  

 

Lack of the technical know-how of the water manager at small-holder scheme level has greatly 

affected the potential and benefits that should be derived from the schemes. Water conflicts 

amongst head, middle, and tail ends of the scheme have been the end result of ineffectual water 

appropriation to the various tertiary units (Dejen, 2015). The set out operational procedures 

tend to deliver water in excess in some parts of the scheme. This would subsequently cause a 

deficit to other parts. 

 

The other aftermath of the discordancy between system design and operational procedures is 

the reduced efficiency of the system due to losses in conveyance and application. Due to over-

application there tends to be run off losses at the tail ends. This signifies the low water 

productivities involved in the small schemes that subsequently lead to reduced availability of 

the available water resources for irrigation. Environmental issues have been noted in poorly 

run schemes. A lot of cases of water logging and salinization have been observed especially in 
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schemes that have poorly drained soils. This inherently affects the sustainability of the schemes 

(Dejen, 2015). 

 

4.3 Canal Operation 

 

The principle of canal operation is typically a complex procedure that has inputs, processing, 

and outputs. Figure 4.2 depicts an irrigation scheme nexus composed of hydraulic structures, 

water users and institutions and processes. The whole process leading to water discharge each 

element has to transform an input variable into a common output variable. 

 

 

 

 

 

 

 

 

Figure 4.2 The principle of Input-Output in a hydraulic structure (Renault, 2008) 

 

The operation can best be described as sensitive. Sensitivity is a reaction to external stimuli 

(Dictionary, 1991). The output is a function of the actions of the water users and the institutions 

and processes that are effected on the hydraulic structures (Renault, 2008). For maximum 

effectiveness, there should be a thorough knowledge of the relationship between the inputs and 

the outputs. Due to the complexity of the canal system which arises from their interactive 

operation and hydraulic behaviour, it poses a problem whereby operators fail to comprehend 

the operability and functionality of the system (Horst, 1998;Dejen, 2015). 
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System design determines irrigation performance.  There are chiefly two design principles used 

during irrigation system design and these are bifurcating systems and hierarchical systems. The 

bifurcating systems divides water among two or three large groups of farmers which is 

subdivided again into two to three smaller groups. The hierarchical system is mostly adopted 

in modern irrigation projects whereby the water is dispensed to large (secondary) blocks and 

subdivided into smaller (tertiary) units. Van Averbeke et al. (2011) stated that weak 

institutional and organizational arrangement hinder effective canal operation and performance. 

Poor maintenance of the infrastructure results in poor performance in terms of water delivery 

through leaks. This subsequently lowers the schemes life span. 

 

Many a times the canals are cracked, pumps are broken and the canal lining is filled with grass 

(Chancellor, 2000). Figure 4.3 shows the bifurcating system with lower order canals branching 

from the main one. At the point of bifurcating water division is realized by the hydraulic 

structures (Horst, 1998). 

 

 

Figure 4.3 The birfurcal system (Plusquellec, 2002) 

Figure 4.4 shows the hierarchical setting. The tertiary canals branch from the main canal. 

Tertiary units are established from the secondary canal. The system promotes locational 

unequal positioning which leads to unfair water distribution (Horst, 1998) 
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Figure 4.4 The hierarchical system (Horst, 1998). 

 

Horst (1998) explains in both settings, the primary canal divides into secondary canals. Each 

secondary canal divides into any number of tertiary canals. Rivers and other water sources e.g. 

underground water directly feed the primary canals and invariably the discharge in these canals 

fluctuate over time. The final piece of critical infrastructure is the canal outlet or turnout. A 

tertiary canal will have any number of outlets. Canal outlets are normally designed 

hydraulically as open flumes or orifices. 

 

Each canal outlet has a designated irrigated area and the rated or design discharge of an outlet 

is estimated using this designated irrigated area and the capacity per unit irrigated area of the 

tertiary canal – known colloquially as the water allowance. Water flows from the tertiary canal 

through these outlets into field channels/watercourses (Horst, 1998). Canal outlets are 

particularly critical because outlets control the discharge into watercourses because of their 

size and hydraulic characteristics (orifice or flumes). 

 

Outlet dimensions remain fixed other than any changes made for the purposes of maintenance. 

However, sluice gates between a primary and secondary canal or between a secondary and 

tertiary canal are adjusted to manage flows (active management). The outlet that controls flow 

between a tertiary canal and a field channel does not have any water control infrastructure. 

Canal outlets are also critical because beyond this point the flow is managed sequentially 

whereas above the canal outlet flow is managed simultaneously (Petr, 2003). Downstream of 
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an outlet farmers receive water consecutively i.e. two farmers on a given field channel will not 

receive water simultaneously rather they will receive water in sequence according to a fixed 

weekly schedule. It was the farmer’s onus to convey water to their own plots by constructing 

tertiary canals and waterways. 

 

This typified a scenario where there was no on-farm development and it subsequently was a 

paradigm for irrigation development in many countries in the 1960s. This model promoted an 

accelerated evolution in irrigation it, however, could not suit the countries where the small-

holder farmers had to organise themselves for the bankrolling and carrying out of on-farm 

works and implement up-to-date irrigation water delivery. This inevitably forced farmers to 

endure the orthodox methods of cultivation and irrigation that yielded poor harvests.  

 

4.4 Choice of Technology 

 

Bhattacharya et al. (2012) identified irrigation infrastructure as a fundamental constituent of 

economic growth and poverty mitigation i.e. it has the distinct ability to subdue economic 

growth potential at farm level. Infrastructure as an ongoing and continuous priority boosts 

competitiveness and productivity and underpins improvements in the HDI.  A proposed choice 

of technology for irrigation should mirror the geo-social setting i.e., it must define its function 

and by properly aligning with the cultural, traditional and informal methods of water sharing. 

 

An irrigation scheme caters for a population with various and diverse nutritional behaviours 

with variation in cropping patterns. Hence, the system design should be congruent with such 

factors. The level of technology should be at the same degree of ease of operation of the system 

thus WUAs are central to the choice of technology to be implemented. Tortajada (2016) states 

that water control infrastructure designed in isolation with development policies is at a risk of 

not meeting the societal needs as there will be a lack of effective management. Modern 

technology has emerged that regulates flow and control water appropriation for the farmers. 
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These technologies aim to increase water use efficiency and from a design perspective to 

counter hydraulic instability from the manual gated operating systems. For equitable and more 

effective water use methods drip kits have been introduced amongst Indian and Nepalese small-

holder farmers (Postel et al., 2001). Drip irrigation success is pinned on the type of crop 

cultivated and for many small-holder farmers vegetables are key to their diets, which go along 

with the drip technology (Postel, 1999). 

 

Automation of water control has been implemented through the use of Model Predictive 

Control (MPC) strategy (Negenborn et al., 2009). The automated systems were implemented 

in South Asia and it reported success. The system was based on feed-forward loop mechanisms 

which entails selecting actions in a pre-defined way using measured disturbances only 

(Negenborn et al., 2009). The technology was however, limited to irrigation district with inert-

dependent water schedules. This made it hard to cooperate control systems. 
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5. DISCUSSION AND CONCLUSIONS 

 

The literature review shows the research gap that exists between water governance and 

irrigation systems design and operability. Water governance involves the institutions and 

procedures involved in water management and irrigation design narrows down toward 

technicality with no regard to the set institutions and procedures in place (Horst, 

1998;Tortajada, 2016). The revitalised schemes still mirror the old designs that have been 

promoting discordancy between the Water Users and the functionality of the scheme. Thus 

there is a need to analyse and synergise the two for optimised water use efficiency, equitable 

water distribution subsequently attaining food security. 

 

Government policies have been effected with the bid to resuscitate and improve water handling 

techniques with little focus on technology improvements. This is evidenced by New Growth 

Plan (DAFF, 2011 ), the department of Agriculture (NGP, 

2011;Department_of_Agriculture_and_Forestry_Affairs, 2012;KwaZulu-Natal Provincial 

Government, 2012;DARD, 2015). The government’s sought to empower the marginalised by 

constructing irrigation schemes and allow them to run the schemes. The scheme operation were 

handed to the new scheme dwellers under the auspices of IMT. The IMT has become the 

prominent domestic agricultural policy in many countries (Howsam and Carter, 

2003;MARSHALL, 2003).The move was to target efficient use of resources, limited liability 

on government and encourage farmers to actively participate in scheme matters. 

 

The initiative backfired on the government as the scheme managers inherit a system that was 

built during the colonial era. This renders the scheme users and managers disempowered as 

they have little knowledge on operations and functionality of the water control infrastructure 

(Horst, 1998). The point of departure is there-fore, infrastructure is a constant that is not built 

with a proper governance framework that caters for the dynamic local institutions. It was 

assumed that transfer of scheme management to farmers would foster better O&M systems, 

less conflicts and effective water management (Shah et al., 2002). This has not been the case 

as water security is still an issue. Irrigators face challenges ranging from inadequacy, 

unequitable water distribution and an unreliable delivery schedule. Hydraulic stability can be 
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achieved if water managers are better equipped with sensitivity know-how. Sensitivity allows 

water managers and bailiffs to pin point points where the water delivery system is most likely 

to deviate from the functional norm (Renault and Hemakumara, 1997). 

 

It is imperative to encourage PIM as this will allow water users and water managers to 

formulate within the existing governance framework intelligence information systems that 

allows them to identify points where unscheduled changes might occur along the water 

conveyance system. Hydraulic sensitivity is a major player in water allotment procedures, 

losses and ineffective operation of the infrastructure contribute massively to the equity and 

reliability of irrigation water utility. Another point of departure is technology is priori ‘modern’ 

(Horst, 1998) i.e., upgrades done on the existing infrastructure are not in accordance with the 

set governance institutions and processes and procedures. 

 

Scheme revitalisation has been implemented in a bid to improve water delivery. However such 

efforts have been in vain since the operational requirements of the water control infrastructure 

clashes with indigenous socio-technical knowledge (Richards, 1985). The divorce between 

design and operation is the chief cause of discrepancies between design assumptions and 

operational reality (Horst, 1998). Design assumptions look at policy planning, and mainly the 

type of water allocation procedures. The adopted technology is derivative of the water delivery 

schedule. Operational flexibility is also determined by the choice of technology adopted. 

 

Establishing a synergy between governance and water control infrastructure is essential as this 

can minimise water conflicts and promote effective water usage within the irrigation schemes. 

Understanding the condition of water control infrastructure and how the operability and 

functionality of the infrastructure relates to governance is can address the shortfalls on 

governance aspects that are directly involved in water control and appropriation. 
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6. PROJECT PROPOSAL 

 

The project proposal focuses on investigating the condition of the water control infrastructure. 

The degree to which water control infrastructure relates to the governance arrangements of the 

selected irrigation schemes in KwaZulu-Natal and how water adequacy impacts on crop 

production systems with in the selected irrigation schemes in South Africa. 

 

6.1 Background 

 

Irrigation management has been greatly affected by the technologies imposed by the different 

scheme designers that have been trained in various training institutions. Water governance 

institution and strategies have been formulated at farm level (small-scale) in order to combat 

water conflicts and maximize on water use efficiency. However, the incompatibility between 

technology/scheme-design and the set procedures have disturbed the operation functionality of 

the communal schemes and this has subsequently led to perpetuating water conflicts. 

 

The inequitable water distribution is testament to a discrepancy between scheme designs and 

operational reality. Previously the advances in irrigation technology matched the management 

capabilities and as the technology, advanced management capabilities lagged as 

shown in  

 

 

 

 

 

Figure 6.16.1. Currently, two options are present: adapt the level of technology to the level of 

management (arrow a) or increase management capability to the level of technology (arrow b). 
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Figure 6.1 Technology and management capability development (Horst, 1998) 

 

6.2 Research Problem 

 

Irrigation is situation specific, i.e., it should mirror and be consistent with the physical and 

socio-economic environment it is servicing. Pre-colonial irrigation schemes were set up in the 

hope of scaling up global food production and the post-colonial era saw the emergence of 

small-holder irrigation farming that aimed at poverty alleviation and promotion of rural 

development through increased food security at rural level. Local communities have 

progressively been involved directly in management issues. Roughly 76% of the world's 

irrigable land is under WUA's management (Garces-Restrepo et al., 2007). 

 

The financial institutions and donors are or (were) engaged in the construction and the 

resuscitation of dilapidated schemes, however, the unavailability of expertise at local level 

forced the donors to source it from foreign designers with different technologies and irrigation 

traditions such as Dutch, USA and UK (Horst, 1998). This subsequently impacted on the 

scheme - water users (WU’s) interaction. Irrigation design and technology have been 

improving rapidly. However, the level of management capabilities have been at a standstill 

creating a gap between technology and management capacity. 
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On the social front - an irrigation scheme attracts people from all walks of life hence there is 

diversity in the WU’s. Different irrigators have varying nutritional values hence different 

cropping behaviour, different crops have different crop water requirements (CWR’s) and this 

will require technologies to match up the different water requirement at each tertiary unit. This 

leads to inequality in water distribution, i.e., some farmers would receive more and others 

receive less than required.  

 

There tends to be a perpetuating cycle of incompatibility and inconsistences revolving around 

the imposed technology and the normative governance. Because of different designers hired 

and adhering to a certain system of irrigation tradition, they tend to impose their technology 

and there are no monitoring procedures that are put in place to evaluate how the design blends 

with the social setting- design assumptions vs. operational reality. The absence of decision-

making tools that would allow water managers at various control levels to promote improved 

water delivery and equitable distribution. 

 

6.3 Research Aim and Objective 

 

The aim of this research is to: 

 

Investigate and develop potential synergies between design principles (technicality of irrigation 

design) with irrigation governance for SISs in KwaZulu-Natal. There is a persistent gap 

between irrigation technology (infrastructure) and the level of management capability which is 

causing schemes to perform below par. 

 

6.3.1 Specific objectives 

 

The specific objectives of this study is to: 

1. Investigate and evaluate the existing or current water control infrastructure in 

selected SISs in KwaZulu-Natal. 
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2. Assess the functional and operational relationships between the water control 

infrastructure and water governance in the study irrigation schemes. 

3. Evaluate how water governance impacts on adequacy of water for crop production 

and other uses in selected SISs in KwaZulu-Natal. 

6.3.2 Specific hypothesis for the research objectives 

 

The hypothesis associated with this research are: 

1.  The existing small-holder irrigation infrastructure is sound and resilient, i.e., it serves 

the purpose. 

2. The existing water governance framework in place is suited for the water control 

infrastructure. 

3. The governance arrangements in place have a significant effect on water adequacy and 

its availability to the farmers. 

 

6.4 Tentative Methodologies. 

6.4.1 Study site 

 

The study will be conducted in two irrigation schemes the Mooi River and Tugela Ferry 

irrigation scheme in KwaZulu-Natal. The identified schemes will offer a comparative study 

regarding the interactions between governance and engineering. Mooi River Irrigation Scheme 

(MRIS) and the Tugela Ferry Irrigation Scheme (TFIS) are both located in the Msinga local 

municipality. Both schemes are old and have the following characteristics listed in Table 6.1: 

 

Table 6.1 Summary of the study sites 

Scheme Canal length (Km) Land area (ha) No. of Plots 

Tugela Ferry 34 800 1500 

Mooi River 25 600 842 
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6.4.2 Methodology I for Specific Objective I 

 

A relevant literature review will be carried out after which the researcher will focus on two 

targeted irrigation schemes in Tugela Ferry and Mooi River. Various stakeholders shall be 

engaged such as the KZN department of Agriculture to gather schematics for the study sites 

irrigation designs and analyse the technology, i.e., the conditions present, water application 

methods and the pros and cons of the current technology and how it is influencing irrigation 

performance.The aim is to analyse the history and arguments behind the selection and 

application of the various technology or infrastructure e.g., how does the technology for the 

scheme developed in 1949 compare to the one developed in 1982. 

 

A facility condition assessment shall be carried out with each infrastructure component scored 

using a facility rating scale (Table 6.2) against set out criteria with varying weights. The 

weights of the criteria () will be determined by the Analytical Hierarchy Process (AHP). A 

multi-criteria assessment outcome table will record and calculate the overall condition of the 

facilities (Davis et al., 2013) and then the Pareto analysis employed (Karuppusami and 

Gandhinathan, 2006). A Pareto Analysis will be used to highlight on the most significant failing 

structures after which a root cause analysis will be carried out. A Root Cause Analysis (RCA) 

will critically analyse the causes of infrastructure dilapidation. The preferred method for RCA 

will be the Fault-Tree-Analysis method.  

 

Table 6.2 Condition Assessment Rating Scale (Le Gauffre et al., 2007) 

Excellent No visible defects, new or near new condition, may still be under warranty 

if applicable 

1 

Good Good condition, but no longer new, may have some slightly 

defective or deteriorated component(s), but is overall functional 

0.8 

Adequate Moderately deteriorated or defective components; but has not 

exceeded useful life 

0.6 

Marginal Defective or deteriorated component(s) in need of replacement; 

exceeded useful life 

0.4 

Poor Critically damaged component(s) or in need of immediate repair; 

well past useful life 

0.2 
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6.4.3 Methodology II for Specific Objective II 

 

A four-layer hierarchy frame-work of the Infrastructure-Governance evaluation model is made 

Figure 6.2. The hierarchy has the goal which is the objective and three hardware aspects that 

contribute to achieving the goal. The third layer consists of nine criteria and on the fourth layer 

governance is broken down into four aspects namely: Institutions, Procedures, Process and 

Rules and regulations. The questionnaire targets experts in the respective schemes, since the 

FAHP depends on experts judgement rather than statistical conception for evaluation (Saaty 

and Vargas, 1994) as cited by (Lee et al., 2012). 

 

The Fuzzy Analytical Hierarchy Process (FAHP) shall be employed to compute the fuzzy 

weight of the aspects and criteria as proposed by Lee et al. (2012). The Governance aspects 

shall be ordered and ranked using the Fuzzy Technique for Order Preference by similarity to 

Ideal Solution (FTOPSIS). Saaty (1990) developed and proposed the use of Linguistic 

Variables (LV) (Table 5.2) to evaluate the ratings of each governance component 

corresponding to each criterion. For each expert 𝑘 a fuzzy positive reciprocal matrix shall be 

deduced that is  

�̃�𝑘 = [�̃�𝑖𝑗
𝑘 ]            6.1 

Where: 

�̃�𝑘 is the fuzzy positive reciprocal matrix of expert 𝑘, 

�̃�𝑖𝑗
𝑘  is the relative importance between the 𝑖-th decision element and the 𝑗-th decision 

element; 

�̃�𝑖𝑗=1, ∨ 𝑖 = 𝑗 and (�̃�𝑖𝑗
𝑘 )

−1
,∨ 𝑖, 𝑗 = 1, 2, 3… . , 𝑛 

Linguistic variables expressed as Triangular Fuzzy numbers (TFNs)  

Van Laarhoven and Pedrycz (1983) stated that a positive triangular fuzzy number (TFN) 

 �̃� =(𝑎1, 𝑎2, 𝑎3); where 𝑎1, 𝑎2, 𝑎3 are three real numbers satisfying 

 𝑎1 > 0 and 𝑎1  ≤ 𝑎2  ≤ 𝑎3 can be defined as: 
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𝜇�̃� =

{
 
 

 
 
   0,
(𝑥−𝑎1)

(𝑎2−𝑎3)

(𝑎3−𝑥)

(𝑎3−𝑎2)

0,

          6.2 

Where: 

𝑎1 - Lower bound of the TFN 

𝑎2 - Modal value of the TFN 

𝑎3 - Upper bound of the TFN 

 

 are used to assess the fuzzy weights of the various decision elements. As stated previously a 

triangular fuzzy number for each fuzzy judgement matrix can be defined as show in Table 6.3 

 

 

Table 6.3 Membership function of a fuzzy number (Yeh and Deng, 1997;Chen, 2004) 

Fuzzy Number Membership Function 

1̃ (1, 1̃, 3) 

�̃� (𝑥 − 2, 𝑥, 𝑥 + 2) for 𝑥 = 3, 5, 7 

9̃ (7, 9̃, 9) 

 

 

Van Laarhoven and Pedrycz (1983) stated that a positive triangular fuzzy number (TFN) 

 �̃� =(𝑎1, 𝑎2, 𝑎3); where 𝑎1, 𝑎2, 𝑎3 are three real numbers satisfying 

 𝑎1 > 0 and 𝑎1  ≤ 𝑎2  ≤ 𝑎3 can be defined as: 



 

 33 

𝜇�̃� =

{
 
 

 
 
   0,
(𝑥−𝑎1)

(𝑎2−𝑎3)

(𝑎3−𝑥)

(𝑎3−𝑎2)

0,

          6.2 

Where: 

𝑎1 - Lower bound of the TFN 

𝑎2 - Modal value of the TFN 

𝑎3 - Upper bound of the TFN 
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Figure 6.2 Four-layer hierarchy frame-work of the Hardware-Governance evaluation model. 

(Lee et al., 2012) 
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6.4.4 Methodology III for Specific Objective III 

 

Evaluate hydraulic performance at each scheme by measuring flows at offtakes i.e. head, 

middle, and tail-end. Flow measurement shall be done per irrigation cycle/turn. The flows (q) 

at each off-takes will be monitored and recorded on a spatial and temporal basis. Total 

discharge (Q) of each offtake is calculated using Mean Section method whereby the cross 

section of each canal is divided into several verticals at which water depths and depth averaged 

velocities are then measured. The flow (q) between any two adjacent verticals is given by 

Equation 6.3. Figure 6.3 shows the cross-section of a canal.  

 q = w × {vx  ×  dx}        6.3 

Where:  

w = mean of water depths of two adjacent verticals (m) 

vx = the mean of the average velocities over those two verticals (m.s-1). 

dx = the mean depths of each vertical section (m) 

x = number of verticals. 

 

 

Figure 6.3 Mean Section method of flow determination in open channels. (Dejen, 2015) 

 

Total discharge (Q) is given by Equation 5.3  

 Q =  ∑ bx
n
x=1  {

vx+ vx+1

2
} {

yx+ yx+1

2
}     6.4 
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Where: 

Q = Total discharge,  

b = Width between two adjacent verticals,  

v = Depth-averaged velocity, 

y = flow depth and  

 

The adequacy indicator shall be measured. Adequacy is an indicator for water delivery system 

whether it is attaining the required water delivery over a certain period (Molden and Gates, 

1990). The time frame will be per irrigation turn and it is given by Equation 𝑃𝐴 =

1

𝑇
 ∑ {

1

𝑅
 ∑ 𝑝𝐴𝑅 }𝑇          6.5. 

 𝑃𝐴 =
1

𝑇
 ∑ {

1

𝑅
 ∑ 𝑝𝐴𝑅 }𝑇          6.5 

 

Where  

PA - adequacy indicator aggregated over a region R and time T  

pA is the delivered (QD) to required (QR) flows ratio at a point (offtake). 

 

Table 6.4 Performance standards for the adequacy indicators (Molden and Gates, 1990) 

Indicator Poor Fair Good 

PA < 0.80 0.80 – 0.90 ≥ 0.90 

 

For each questionnaire respondent a value of adequacy shall be measured and attached. A 

TOBIT regression analysis shall be employed in order to reconcile the respondents’ data from 

the questionnaire and measured (quantitative) value of adequacy from the selected sites. 

6.5 Wat-A-Game 

 

Wat-A-Game (W-A-G) a Role Playing Game (RPG) that is used in water management to 

facilitate multi-stakeholder engagement in decision-making (Ferrand et al., 2009). A lot of 
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anecdotal evidence exist that RPGs are very powerful tools for inducing the positive change on 

the problematic context. W-A-G shall be employed to assess the interaction of the water 

governance arrangements from various stakeholders A series of questionnaires will distributed 

to farmers and the stakeholders ex-ante and ex-post in order to track changes (Rydannykh, 

2011). Wat-A-Game is organized by assembling some elements on a table to make a model 

that mirrors the scheme as shown in Figure 6.4. Participants are gathered around the shared 

watershed with is surrounding resources i.e., the land use and the canal system (Abrami et al., 

2012). 

 

The game animator uses a series of play cards and marbles to represent land plots and water 

resources respectively. In the game, the players have to decide how much water they will use, 

and will have the option of managing other resources. W-A-G tokens are rewarded when one 

observes rules and protocols. Time and again they will be confronted by a number of rules and 

regulations, policies and procedures which they have to react to.  

 

 

 

 

 

 

 

 

 

6.6 Resources Required. 

 

The projected will be funded by the Water Research Commission (WRC). The expected period 

for the project is approximately 18 months (from November 2016 to June 2018). Enumerators 

Figure 6.4 The W-A-G setup (Rydannykh, 2011) 
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will be hired to aid with questionnaire distribution and language translation. The budget for the 

project is shown in Table 6.5 below: 

Table 6.5 Proposed budget for the research survey 

Resource Quantity Cost (ZAR) 

Car hire 1 4,500.00 

Fuel  1 5,000.00 

Subsistence (Enumerators) 4 4,000.00 

Subsistence for researcher 1 1,500.00 

Software: STATA/SE 1 16,100.00 

Total  31,100.00 

 

6.7 Gantt  

Figure 6.5 Represents the Gantt chart for the project 

 2016 2017 2018 

Activity O N D J F M A M J J A S O N D J 

Literature review and proposal draft                 

Literature review and proposal submission                 

Proposal presentation                 

Data Collection: Objective 01                 

Identify schemes and obtain schematics from 
Dept of Agriculture  

                

Analyse infrastructure in place                 

Questionnaire administering                 

Data Collection: Objective 02                 

Questionnaire distribution to experts                 

Data Collection: Objective 03                 

Identifying data collection points                 

Spatial and temporal flow measurement                 

Data analysis                 

Compilation of thesis                 

First draft submission                 

Final thesis submission                 
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