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Abstract 

In early 2018, the city of Cape Town, with a population of approximately 3.8 million, was at risk 

of running out of water from the six large reservoirs to the east of the city. This was due to the 

worst drought in almost a century, which occurred between 2015 – 2017, causing the city to be 

declared a disaster area. Although alternative water resources had been identified, they had not 

been developed. This has now become imperative as droughts are expected to recur in the future. 

This study investigated the prospect of using existing stormwater ponds in the Zeekoe catchment 

area as infiltration cells transferring detained stormwater into the underlying aquifer storage zone 

to enhance the available groundwater resource. The Zeekoe catchment is a 89 km2 area within 

the 630 km2 Cape Flats Aquifer (CFA). Based on hydrogeological data and aquifer parameter 

interpretation, it is considered to have good storage characteristics that can support groundwater 

development for water supply. Bouwer (2002) highlights how infiltration tests in the field can be 

useful for estimating desired volumetric recharge rates within a certain area. The hydraulic 

conductivity of the unsaturated layer is an essential non-linear function of soil-water content and 

has been generally recognised as the most important transport property to describe the ability of 

soil to permit water movement. 

A series of in-situ infiltration experiments were conducted at three representative stormwater 

ponds using a Double Ring Infiltrometer (DRI) to determine the rate of water recharge. 

Infiltration data was interpreted using both the Green-Ampt and Horton methods to determine 

the hydraulic conductivity and infiltration decay constants. A total of 18 core samples retrieved 

from the in-situ infiltration test locations were analysed in the laboratory to determine the 

material’s physical properties and the saturated hydraulic conductivity through constant-head 

permeability (CHP) tests. The physical and hydraulic soil parameters gathered from field and 

laboratory tests were used as inputs for a finite element numerical modelling software (HYDRUS 

2-D) to estimate the range of recharge rates for the study area. 

Based on field infiltration test results, the hydraulic conductivity was found to be                              

0.3 – 19.9 cm/hr; typical for silty sands to fine sands. Hydraulic conductivities estimated in the 

laboratory were greater than the field hydraulic conductivity by 103%. This could be attributed 

to entrapped air under field conditions which reduces the effective cross-sectional area available 

for water to flow. From the HYDRUS 2-D simulations, the period required for the wetting front 

movement from the pond surfaces to the water table (∼5.5 m below the surface) was 15 – 140 

hours. Hydraulic conductivities estimated using the pedotransfer function (PTF) of the built-in 

software, Rosetta-Lite, were also greater than the field hydraulic conductivity values by 118%. 

For an actual test pond, the infiltration rates would be expected to be slower, and recharge times 

would be greater because the HYDRUS 2-D simulations did not consider layers of low 

permeability within the alluvium or variations in the subsurface geology. Bouwer’s (1969) 

suggestion that the field saturated hydraulic conductivity could be taken as roughly 0.5 times the 

laboratory hydraulic conductivity was thus considered reasonable. This means that ponds in the 

central area of the catchment would be suitable for artificial recharge with an estimated 

infiltration rate of around 20.6 cm/hr which could provide a mean annual groundwater yield of 

29 – 33 Mm3. A more extensive survey would aid in assessing local conditions that may impede 

groundwater flow. 
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1   Introduction 

1.1 Background 

The urban water cycle has been shifted to an unsustainable position characterized by water 

scarcity due to urbanization, rapid growth in population, and higher standards of living across 

most parts of the world (Gleick, 1998; Fletcher et al., 2016). The expansion of urban areas has 

also led to the replacement of natural landscapes by impervious surfaces. Furthermore, it has 

led to stormwater runoff being polluted despite the increase in overland runoff volumes and 

peak flow rates. Conventional drainage systems have intensified this problem by shortening 

the time of concentration and in turn raising flood peaks. This has consequently resulted in 

significant damage to downstream aquatic systems and infrastructure (Fletcher et al., 2007; 

Burns et al., 2012; Armitage et al., 2013). The hidden value of stormwater is increasingly 

becoming recognised as water security has become threatened since the potential resource had 

been traditionally viewed as a ‘nuisance’ by stormwater management stakeholders. This has 

led to various shortcomings of the conventional drainage systems (Fletcher et al., 2007; 

McArdle et al., 2011; Burns et al., 2012). 

In 2007, Coombes and Barry (2007), Fletcher et.al. (2007) and Mitchel et. al. (2007) found that 

conventional water supplies needed to be leveraged to deal with increasing concerns around 

water security. Interest in making use of stormwater as an alternative water resource has grown 

over the years since it is a relatively abundant local source of water; thereby making it vital to 

enhance stormwater management’s integration with other sectors of urban water management. 

Certain sustainable drainage system (SuDS) practices, particularly stormwater ponds, are well 

suited to incorporate the harvesting of stormwater (Mitchell et al., 2007). 

Stormwater ponds are usually designed to reduce peak stormwater flows through the provision 

of temporary storage (Nascimento et al., 1999; Shamsudin et al., 2014). Stormwater ponds have 

the potential to be used as stormwater storage for water harvesting purposes. One of the key 

objectives of SuDS practices is to extend stormwater ponds’ functionality beyond flood control, 

which can, inter alia, be achieved by their use as storage basins functioning as infiltration cells 

to promote groundwater recharge. Figure 1-1 illustrates the concept of groundwater recharge 

in an urban environment followed by the abstraction of groundwater for various end uses. 

According to DWA (2004) and Pitman (2011), South Africa is known as a semi-arid and water-

stressed country that relies mostly on surface water from unevenly distributed rainfall - the 

country’s Mean Annual Precipitation (MAP) of 450 mm is about 50% of the world’s MAP. 

Pitman (2011) further found that the streamflow to rivers is quite low with a Mean Annual 

Runoff (MAR) of 50 000 Mm3. Unless there is a considerate change in water supply and use 

patterns, it is projected that by 2030 there could be a 17% deficit between water supply and 

demand owing to surface water resources being fully developed and utilized (DWA, 2008).  
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Figure 1-1: Conceptual schematic of how groundwater recharge and abstraction could be 

adapted with stormwater ponds in an urban area 

1.2 Problem Statement and Justification of Study 

DWS (2014) predicted that the six large reservoirs supplying the city of Cape Town with water 

will only be able to meet the water demands up to 2020 and 2023 based on the high annual 

demand growth of 3.4% and low annual demand of 2.3% respectively. The city has 

implemented various initiatives to alleviate the effect of limited surface water resources, which 

include pressure reduction and pipe replacement to minimize leakages, increasing block tariffs, 

installing water management meters to restrict excessive demand, and providing treated sewage 

to selected users as an alternative to potable water (Okedi, 2017). 

The limitations of surface water resources were exposed by the prolonged drought of 2015 – 

2017 as the water supply from the major reservoirs was severely tested, with the possibility of 

taps drying up by 2018. Alternative water resources such as seawater, wastewater effluent, 

augmentation of existing surface water systems, and groundwater need to be considered as 

droughts are expected to recur frequently in the future. Furthermore, population growth and 

rising living standards will add further pressure to the local water infrastructure. 

Bouwer (2002) suggests that the adaptation of managed aquifer recharge (MAR) is one of the 

most effective methods that can be adapted to increase groundwater resources. The Cape Town 
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Metropolitan contains both primary and secondary aquifers, with the Cape Flats Aquifer (CFA) 

having the highest groundwater potential yet the most under-utilized (Wright & Conrad, 1995). 

Primary aquifers are made up of loose granular material like sand which enables water to move 

between the pores. Secondary aquifers form due to the development of fractures in hard rock 

material. The area between the interconnected fractures allows for the storage and flow of water 

(Mahed, 2018).  

The Zeekoe catchment area is a region situated within the CFA. It is considered to have good 

storage characteristics to support its development for water supply according to 

hydrogeological data and aquifer parameter interpretation (Adelana et al., 2010). 

Constructed ponds can be used for surface infiltration (Asano, 2006; Ferris et al., 1954). One 

drawback that has been identified with these ponds is possible clogging from fine particle 

material or bacteria, which can be mitigated by filtering water before infiltration, and 

periodically drying the pond basins to remove surface layers (Baveye et al., 1998; Bower, 2002; 

Reddy, 2008). 

Studies on prospective sites have commonly been conducted to measure the infiltration rate 

before determining whether recharge of water through the unsaturated zone for storage in the 

underlying aquifer would be possible (Fatehnia, 2015; Teague, 2010; Gregory, 2004). 

Laboratory analysis of core material and other samples of unsaturated deposits overlying 

aquifers has additionally been used to determine other physical properties of the soil material 

in unsaturated zones (Izbicki et al., 2000; Bouwer, 2002). 

Existing geological, geophysical, and hydrologic maps can provide information about the 

general geology and hydrogeology of the study area at a large scale (Greef, 1980; Theron, 

1992; Wright & Conrad, 1995; Parsons, 2000). While useful, large-scale analyses cannot be 

used to draw substantive conclusions on the infiltration potential of a proposed recharge site. 

No physical test data has been found for soils within the existing stormwater ponds in the 

Zeekoe catchment area. To make an informed decision on the viability of adapting these ponds 

to function as infiltration cells, a more suitable representative of the hydraulic and physical 

properties of soil can be determined through field infiltration experiments and laboratory 

testing of retrieved samples. 

1.3 Research Objectives 

The focus of this study was therefore to evaluate the infiltration potential through the 

unsaturated surface deposits of selected existing stormwater ponds in the Zeekoe catchment 

area. This would indicate the feasibility of adopting these ponds to function as infiltration cells 

transferring detained stormwater into the underlying aquifer storage zone to enhance the 

available groundwater resource. To achieve this aim, a series of experiments were formulated 

through which specific objectives were met. The main objectives of this research were as 

follows: 
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• To study the infiltration potential of selected stormwater ponds through field experiments, 

• Analysing and comparing physical and hydraulic properties of retrieved surface core 

samples through laboratory tests, 

• Numerically modelling water flow through the unsaturated zone of the investigated 

stormwater ponds to obtain a better estimate of recharge through the unsaturated zone to 

the storage zone in the underlying aquifer. 

• Providing recommendations for a suitable region within the Zeekoe catchment where 

existing stormwater ponds could be adapted to function as infiltration basins based on the 

investigated hydraulic properties. 

 

1.4 Scope of Study 

The scope of this research included a series of infiltration experiments conducted at 

strategically selected representative stormwater ponds within the Zeekoe catchment area 

following a detailed testing program described in Chapter 4. The infiltration tests were 

conducted using a standard Double-Ring Infiltrometer (DRI) apparatus. The adapted testing 

procedure was in accordance with the ASTM D3385-09 standard using the constant head 

method. This in-situ field testing procedure was chosen due to its relative simplicity and wide 

use in today’s engineering projects (Hayden, 2010).  

Soil core samples retrieved from the in-situ infiltration test locations were analysed in the 

laboratory to determine, inter alia., the saturated hydraulic conductivity through constant-head 

permeability (CHP) tests. The CHP test was the preferred method over the falling-head 

permeability (FHP) test due to its suitability to measure the saturated hydraulic conductivity of 

permeable granular soil in the laboratory (Braja, 2008). Other physical properties including 

bulk density, volumetric water content, porosity, effective porosity, saturation, effective 

saturation, residual water content, particle density, and particle-size distribution analysis were 

determined.  

Borehole data was made available for this investigation, solely for research purposes, by two 

private geotechnical companies (i.e., Fairbrother and Core Geotechnical Consults) to 

understand the variation in soil conditions at greater depths within the study area.  

A comparative study of all research results was also undertaken. This involved comparing the 

hydraulic conductivity values resulting from the field DRI tests and the laboratory CHP tests 

to assess apparent trends and correlations between various measured soil properties. 

Lastly, surface infiltration data from the field and laboratory investigations of the selected 

representative ponds was input into HYDRUS-2D (a computer software used to simulate water 

movement through the thicker unsaturated zone) to firstly replicate and observe the DRI in-situ 
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test conditions and secondly, on a large-scale level, to estimate the time it would take before 

the wetting front would reach the water table from the ponds’ surfaces. 

1.5 Thesis Structure 

Following this Introduction chapter, the thesis begins by providing a theoretical review on 

infiltration from the earth’s hydrologic cycle to stormwater as an alternative water resource, 

infiltration processes using different models, and methods for the measurement of soil’s 

hydraulic properties. An overview of the Zeekoe catchment area is presented in Chapter 3, 

where the chapter begins by introducing the study area’s location and its various land uses 

before delving into the climate characteristics, geology, and regional hydrogeology of the land. 

A detail of the field infiltration investigation is laid out in Chapter 4. The analysis of the soil 

samples obtained during the field investigation as well as the experimental procedures adapted 

in the laboratory investigations are discussed in Chapter 5. The experimental results are 

analysed and discussed in Chapter 6 before infiltration simulations and applications are 

presented in Chapter 7. The research work concludes in Chapter 8 with a summary of the test 

results and recommendations for applications and future studies. 
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2   Infiltration Theory and Applications 

2.1 Introduction 

This chapter presents a summary of the literature which was reviewed and scrutinized to bring 

insightful knowledge and understanding of previously conducted research related to this study. 

The review was done to provide the reader with a firm theoretical and practical background of 

this investigation on the infiltration potential of stormwater ponds in the Zeekoe catchment 

area. 

To provide context to the study, the chapter begins with an overview of the earth’s hydrologic 

cycle. Following this is a definition and description of two main types of stormwater ponds, 

namely, detention ponds and retention ponds. The chapter then presents the theoretical 

background behind the movement of water through the unsaturated zone before discussing 

infiltration and artificial recharge processes. To describe the determination of infiltration 

potential, the in-situ, laboratory, and computational methods are discussed. The chapter 

concludes with a summary of previous similar studies which include projects surrounding the 

potential use of infiltration basins to promote groundwater recharge. 

2.2 The Earth’s Hydrologic Cycle 

2.2.1 Components of the Hydrologic Cycle 

Water on the earth occurs in three states (i.e., gaseous state, liquid state, and solid state) within 

a space called the hydrosphere. The hydrosphere is a region extending approximately 15 km 

radially from the surface of the earth into the atmosphere, and 1 km down into the lithosphere 

(earth’s crust) (Fetter, 1988). Some examples of the various dynamic aspect of water include 

the evaporation of water from various water bodies such as ponds and oceans, the formation 

and movement of clouds, rain and snowfall, overland flow, infiltration, and groundwater flow. 

These various aspects of water constitute the hydrologic cycle.  

The hydrologic cycle, shown schematically in Figure 2-1, is the fundamental focus of 

hydrology. The major components are depicted in relative units which relate to an annual land 

precipitation of 100 (Chow et. al. 1988). The cycle has no beginning or end as its processes 

occur continuously. A convenient starting point to describe the cycle is when water evaporates 

from the land surface and the oceans to become part of the atmosphere. When in the 

atmosphere, the vapour moves upwards to form clouds which, through condensation, 

precipitate largely onto the oceans (approximately 80%) and partly onto the land (roughly 

20%).  
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A portion of precipitation that lands on the ground infiltrates the earth’s surface, increases the 

soil’s moisture content, and reaches the groundwater table. Some of the infiltrated water is 

absorbed by plant roots and transferred back into the atmosphere through transpiration.  

The schematic in Figure 2-1 is a simplification of a more complicated process that has been in 

existence since the formation of the earth. Broadly speaking, the hydrological cycle can be 

broken down into two main components i.e., transport components and storage components, 

as summarised in Table 2-1.  

 

 

Figure 2-1: The earth’s hydrologic cycle including average annual global water balance. 

Relative units are given as 100 for the annual precipitation 
Adapted from: Chow et. al. (1988) 

The interdependency of the transport components is represented schematically in Figure 2-2. 

A continuity principle referred to as ‘water budget equation’ or ‘hydrologic equation’ can be 

used to describe the quantity of water that flows through the various stages of the hydrological 

cycle. Of the various hydrological cycle components, this study focused primarily on 

infiltration; a component that was investigated through physical experiments and 

computational modelling discussed in the following chapters. 
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Table 2-1: Transport and Storage components of the earth’s hydrological process 
Adapted from Subramanya (2008) 

Transport Components Storage Components 

• Precipitation 

• Evaporation 

• Transpiration 

• Infiltration 

• Runoff 

• Storage on the land surface 

(Ponds, Reservoirs, Lakes, etc) 

• Soil moisture storage 

• Groundwater storage 

  

 

 

 

Figure 2-2: Transport components of the earth’s hydrologic cycle 
Source: Subramanya (2008) 

According to UNESCO (1978), the total volume of water on the earth is approximately 1386 

million cubic kilometres, of which 96.5% is in the oceans as saline water. Table 2-2 lists and 

quantifies the estimated distribution of water in its various forms on the earth. It can be noted 

that despite the substantial volumes of water on earth, only a small percentage of the world’s 

total supply is available to humans as freshwater. Moreover, of the available freshwater, 98% 

is groundwater which significantly exceeds the volume of surface water.  
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Table 2-2: Estimated world water quantities 
Source: UNESCO (1978) 

Item  
Area 

(106km2) 

Volume  

(Mkm3) 

Percentage of 

Total water 

Percentage of 

Freshwater 

1. Oceans 361.3 1 338 000 96.5   

2. Groundwater   -     

    (a) Fresh 134.8 10 530 0.76 30.1 

    (b) Saline 134.8 12 870 0.93   

3. Soil Moisture 82 17 0.0012 0.05 

4. Polar ice 16 24 024 1.7 68.6 

5. Other ice and snow 0.3 35 0.025 1 

6. Lakes   -     

    (a) Fresh 1.2 91 0.007 0.26 

    (b) Saline 0.8 85 0.006   

7. Marshes 2.7 11 0.0008 0.03 

8. Rivers 148.8 2 0.0002 0.006 

9. Biological water 510 1 0.0001 0.003 

10. Atmospheric water 510 13 0.001 0.04 

Total (a) All water 510 1 385 985 100   

           (b) Fresh water 148.8 35 029 2.5 100 

 

2.2.2 Catchment Areas 

A catchment area is a hydrological unit which can be defined as the area of land draining into 

a common watercourse or stream (Subramanya, 2008). A ridge called a ‘divide’ separates 

neighbouring catchment areas (Figure 2-3).  

 

Figure 2-3: Schematic of a catchment area as a Hydrologic System 

Source: Chow et. al. (1988) 
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To obtain an aerial extent of a catchment area, it is necessary to trace the ridge on a topographic 

map to delineate the catchment and measure the area by either making use of a planimeter or 

through computer software. A planimeter is a measuring apparatus used to determine the area 

of any two-dimensional shape. The groundwater divide is normally assumed to coincide with 

the surface divide. To study various aspects of hydrology and water resources of a region, the 

catchment area is the most logical and convenient unit of study that can be utilized. 

Furthermore, the catchment area is the most crucial drainage characteristic used for hydrology 

analysis and design (Subramanya, 2008). 

2.2.3 Events During Precipitation 

Some rainfall is intercepted by vegetation before it reaches the ground during a precipitation 

event, which may later fall to the ground or evaporate. In heavy forests, most of the 

precipitation is intercepted by leaves and twigs. During summer thunderstorms, the raindrops 

do not reach the forest floor, instead, the water will run down tree trunks and drip down once 

the storage capacity of the leaf surfaces is exhausted (Dunne & Leopold, 1978).  

Rainfall can infiltrate pervious soil, which has finite and variable absorption capacity. The 

infiltration capacity varies depending on the soil conditions, material density and granularity. 

Moisture in the soil is drawn through capillary passages from the surface effects between soil 

particles and the tension exerted by water. The infiltration capacity drops as the capillary forces 

diminish with increased soil moisture content (Figure 2-4 (a)). As the moisture content 

increases, the colloidal particles in the soil swell leading to the infiltration capacity reaching 

almost a constant or equilibrium value. The infiltration curve can be described by Equation 5.1 

(Horton 1933, 1940): 

 (𝑓𝑝 − 𝑓𝑐) = (𝑓0 − 𝑓𝑐)𝑒−λt
 2.1 

 

where 

𝑓𝑝 is the infiltration capacity (m/s) at time 𝑡 (s) 

𝑓𝑐 is the equilibrium infiltration capacity (m/s) 

𝑓0 is the initial infiltration capacity (m/s) 

λ is a constant representing the rate of decreased infiltration capacity (l/s) 

𝑡 is the time since the start of the infiltration (s) 

All precipitation reaching the land surface will infiltrate if the precipitation rate is lower than 

the equilibrium infiltration capacity (Figure 2-4 (b)) whereas some water will remain on the 

land surface if the precipitation rate is greater (Figure 2-4 (c)). If the precipitation rate is greater 
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than the equilibrium infiltration capacity but less than the initial infiltration capacity, the 

precipitation will initially infiltrate until the infiltration drops below the precipitation rate when 

some of the precipitation will remain on the ground surface (Figure 2.8 (d)). 

High infiltration is encouraged by coarse soils, well-vegetated land, low soil moisture, porous 

topsoil layer, and land-use practices that avoid soil compaction. Infiltrated water may move 

horizontally in the unsaturated zone if the underlying soil layer has a lower hydraulic 

conductivity as shown in Figure 2-5. The total runoff of some drainage basins may be 

significantly influenced by this interflow (Horton 1933, 1940).  

 

Figure 2-4:Relationships of infiltration capacity and precipitation (a) Decreasing infiltration 

capacity as soil-water content of soil increases (b) Precipitation rate less than equilibrium 

infiltration capacity (c) Precipitation rate greater than initial infiltration (d) Precipitation rate 

greater than equilibrium infiltration capacity but less than the initial infiltration capacity  
Adapted from: Fetter (1988) 

(a) (b) 

(c) 
(d) 
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Figure 2-5: Development of interflow where a thin and highly permeable layer of weathered 

rock overlies a bedrock of lower permeability 
Source: Fetter (1988) 

2.3 The Threat of Water Scarcity 

Water is a crucial need for human health and the successful functioning of ecology, economies, 

and communities (Gleck.1998, Rockstrom et al., 2014). According to Oki and Kanae (2006), 

freshwater may be in abundance, however, readily available freshwater only accounts for 1% 

of the total volume of water present on Earth’s surface. The water scarcity issue is further 

escalated by the continued increase in population and higher standards of living, thereby 

decreasing the already limited water supply (Gleick, 1998; Walsh et al., 2012). 

Water scarcity is a concern for the world at large, however, the issue is quite prevalent in the 

South African climate. (DWAF, 2004; Noemdoe et al., 2006). South Africa is situated in a 

semi-arid climate and is ranked as the 30th driest country in the world with an estimated annual 

rainfall of 450 mm, which is below the world’s average annual rainfall of 860mm (Hedden & 

Ciliers, 2014).  

According to Muller et al (2009), South Africa’s potable water demand will surpass the 

available water sources by 2025 as per the analysis on the current water demand.  This has been 

evidenced by the 2015 drought which left five provinces declared as ‘drought disaster areas’, 

whilst the other areas had to implement severe water restrictions (Hawker, 2015; Ngoepe, 2015; 

Singh, 2015). To ensure water security, Muller et al. (2009) and Armitage et al. (2014) suggest 

that existing water systems require more effective management than at present. 
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2.4 Stormwater as an Alternative Water Resource 

Urban stormwater has historically been managed by promptly collecting and conveying runoff 

from a storm event away from locations of rainfall incidences to mitigate flooding. Cities have 

been identified by Wong (2007), Brown et al. (2008), and Dotto et al. (2014) as potential 

catchment areas, which when well-managed, may yield valuable water resources which can 

substantially meet water demands in urban areas.  

In South Africa, stormwater management infrastructure has been mainly utilized for flood 

control with limited application for other purposes. The recent Cape Town drought that 

commenced in 2015 encouraged the city needs to seek alternative sources such as stormwater 

rather than solely relying on conventional surface water schemes (Fisher-Jeffes et al., 2017). 

The stormwater systems which can be used as storage include closed underground tanks 

(typically used for rainwater harvesting) or open stormwater ponds (used to collect & store 

rainwater from roof and paving) (Hatt et al., 2006; Begum et al., 2008; Armitage et al., 2013). 

2.5 A Description of Stormwater Ponds 

Stormwater ponds are man-made basins constructed with the primary purpose of attenuating 

peak storm discharges and high volumes of surface water runoff generated from urban areas 

by providing temporary storage (Nascimento et al., 1999; Shamsudin et al., 2014). This 

periodic function, however, often leaves them underutilized. For this reason, the introduction 

of stormwater ponds as multifunctional devices could provide a solution to the storage concerns 

faced by stormwater harvesting developers (Rezende et al., 2011). In areas with pervious soils, 

deliberate recharge of aquifers from stored stormwater can potentially enhance groundwater 

augmentation through infiltration to increase groundwater as a resource (Okedi, 2019).  

Because this research focused on the infiltration potential of existing stormwater ponds, 

knowledge of the study area’s subsoil conditions would need to be attained before considering 

their functioning as suitable multifunctional devices serving the key functions of attenuating 

stormwater and promoting groundwater recharge. This principle aligns with that of Managed 

Aquifer Recharge (MAR); a strategy that provides a storage option for areas that experience 

high evaporation rates, have limited space, and possess a suitable aquifer (Philip et al., 2008). 

By extending retention times in ponds, not only can infiltration be promoted, but stored water 

may additionally be treated through natural filtration and removal of pathogens (Dillon et al., 

2009; Fisher-Jeffes, 2015).  

There are two main types of stormwater ponds, namely: detention ponds and retention ponds. 

Despite their different characteristics, each type serves the key objective of managing 

stormwater runoff in different environments.  
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2.5.1 Detention Ponds 

A detention pond is a dry basin that temporarily stores stormwater (Figure 2-6). Depending on 

the design, detention ponds reduce peak stormwater flows by capturing and detaining runoff 

for a maximum time of 72 hours (Clare et al., 2004). The captured runoff is simultaneously 

released at a controlled flow rate, leaving them usually empty unless immediately after a storm 

event. Table 2-3 lists several significant advantages and disadvantages of these ponds. 

Table 2-3: Advantages and disadvantages of detention ponds 
Adapted from: (Armitage et al., 2015): 

Advantages Disadvantages 

• Able to handle a wide range of storm events by 

providing temporary storage and attenuating 

downstream flow rates. 

• Simple and relatively cheap to design. 

• Easy to maintain. 

• Potential for multiple functions. 

• Water treatment benefits are minimal. 

• Minimal ability to reduce flood volumes. 

• During storm events, settled sediments become 

resuspended. 

• Require large surface areas, thus not suitable for 

high-density residential areas.  
 

 

Figure 2-6: General schematic of a detention pond 
Adapted from: (Armitage et al., 2013) 
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2.5.2 Retention Ponds 

Retention ponds are stormwater attenuation devices that include a permanent volume of water 

within their total storage capacity. The permanent volume of water serves to provide water 

treatment benefits, whilst the remaining storage volume is designed to manage stormwater 

flows during a variety of storm events (Woods-Ballard et al., 2007; Hancock et al., 2010). 

Table 2-4 summarises some key advantages and disadvantages of retention ponds whilst Figure 

2-7 illustrates a general design of these types of ponds.  

Table 2-4: Advantages and disadvantages of retention ponds 
Adapted from: (Woods-Ballard et al., 2007): 

Advantages Disadvantages 

• Ability to accommodate a variety of storm 

events and reduce peak flows. 

• Provision of water treatment benefits and 

removal of pollutants. 

• Enhancement of aesthetic and ecological value 

to local areas and communities. 

• Unable to remove pathogens and fine particles 

from stormwater. 

• Pose as a potential health hazard such as 

drowning.  

• If the permanent water body is not aerated, it 

poses a risk for anaerobic conditions, water 

stagnation, and mosquito breeding.  
 

 

Figure 2-7: General schematic of a retention pond 
Adapted from: (Armitage et al., 2013) 
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2.6 Different Models of Water Infiltration into Soil 

The infiltration process is governed by two primary forces, namely gravity, and capillary 

action, and is the component of the general mass balance hydrologic budget. Extremely small 

pores pull water through capillary action in addition to and against the force of gravity, even 

though small pores also offer great resistance to gravity. 

The infiltration rate is described as the velocity or speed at which water enters the soil and is 

measured by the depth of the water layer that can enter the soil in a unit of time. 

Several models are used to estimate the volume and/ or rate of infiltration of water into the soil. 

These models are categorized as summarised in Table 2-5 and briefly discussed in this section.  

 

Table 2-5: Summary of soil-water infiltration models  
 

Model Description Equation Year 

Steady Flow in Saturated Soils 
Poiseuille Equation 1842 

Darcy Equation 1856 

Steady Flow in Unsaturated Soils Buckingham-Darcy Equation 1907 

Transient Flow in Unsaturated Soils 

Green-Amp Equations 1911 

Richards Equation 1931 

Phillips Model 1957 

Kostiakov Model 1932 

Horton Model 1940 

Holtan Model 1961 

 

2.6.1 Steady Flow in Saturated Soils 

Two prevalent models which describe steady flow in saturated conditions were developed by 

Poiseuille (1842) and Darcy (1856). 

2.6.1.1 Poiseuille Equation 

The formula was developed by Poiseuille in 1842 to describe the blood flow in arteries, which 

applies to steady flow at the pore scale. The volumetric flow rate (𝑄) [L3T-1] approximated as 

a water-filled cylinder at a microscopic scale of an individual pore, can be measured using 

Equation 4.1 as follows: 
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𝑄 =

𝜋𝑅4𝜌𝑊𝑔𝛥𝐻

8𝜂𝐿
 2.2 

 

where 𝜌𝑊 is the water density [ML-3], 𝜂 is the coefficient of liquid viscosity [ML-1T-1], 𝐿 is the 

distance between two points along the cylinder [L], 𝑔 is the gravitational acceleration [LT-2] 

and 𝛥𝐻 is the head difference [L]. 

2.6.1.2 Darcy Equation 

The Darcy (1856) equation can be used to measure steady flow in saturated soils at a 

macroscopic scale. Darcy found that the volumetric flow rate (𝑄) [L3T-1] per unit cross-

sectional area (𝐴) through a sand filter of a given thickness (𝐿) [L] was proportional to the soil 

water potential head gradient across the sand (𝛥𝐻/𝐿). The proportionality constant was called 

the saturated hydraulic conductivity 𝐾𝑠 [LT-1]. Darcy’s Law is described by Equation 2.3:  

 

 
𝑖(𝑡) =

𝑄

𝐴
= −𝐾𝑠

𝛥𝐻

𝐿
 2.3 

 

where 𝑖(𝑡) [LT-1] represents the water flux which is defined as the volumetric flow rate of water 

per unit cross-sectional area. 

2.6.2 Steady Flow in Unsaturated Soils 

The Buckingham-Darcy model is the only model that describes the steady flow in unsaturated 

soils. Other unsaturated soil models relate rather to transient flow and are discussed in section 

2.6.3. 

2.6.2.1 Buckingham-Darcy Equation 

Larger pores drain more readily than smaller ones in unsaturated zones. In unsaturated 

conditions, the hydraulic conductivity is much less as the water moves through smaller pores 

or as films along the walls of large pores. The unsaturated hydraulic conductivity is measured 

as a function of negative pressure head [𝐾(ℎ))] or as a function of water content [𝐾(𝜃))]. 

Buckingham modified Darcy’s equation expressed in Equation 2.4:  

 

 
𝑖(𝑡) =

𝑄

𝐴
= −𝐾(ℎ)

𝜕𝐻

𝜕𝑧
= −𝐾(ℎ) (

𝜕𝐻

𝜕𝑧
+ 1) 2.4 

 

where the sums of the pressure and gravitational heads equate to the total head, 𝐻 = ℎ + 𝑧. 
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2.6.3 Transient Flow in Unsaturated Soil 

2.6.3.1 Green-Amp Equations 

The simplified mechanistic equation was developed by Green and Amp in 1911 for infiltration 

by assuming that the wetting front in soil was a square wave or sharp front.  If the amount of 

water behind the predicted square front is equal to the amount of new water behind the true 

wetting front, the infiltration rate can be predicted although this is only true in coarse-textured 

soils. With the inclusion of gravity effects, the Green-Ampt formula for cumulative infiltration 

in a uniform soil (Equation 2.5) is as follows:  

 

 
𝐼(𝑡) = −𝐾(ℎ0)𝑡 + 𝛥ℎ𝛥𝜃 𝑙𝑛 (1 +

𝐼(𝑡)

𝛥ℎ𝛥𝜃
) 2.5 

 

where 𝛥𝜃 = 𝜃0 − 𝜃𝑖 and 𝛥ℎ = ℎ0 − ℎ𝑓. The initial water content is expressed as 𝜃𝑖 and the 

water content at the surface extending to the wetting front is denoted by 𝜃0. The pressure head 

at the water content 𝜃0 is expressed as ℎ0 whilst ℎ𝑓 is symbolizes the pressure head at the 

wetting front. 

2.6.3.2 Richards Equation 

The Richards equation was developed by Richards in 1931. The conservation equation 

considers the representative elementary volume to develop the non-steady vertical water flow. 

The water fluxes into this volume during a small-time interval, 𝛥𝑡, must be equal to the water 

flux out of the volume, plus the change in water stored within the volume and any sources or 

sinks. The resultant conservation equation is referred to as the mass conservation equation or 

the continuity equation shown in Equation 2.6 as follows: 

 

 𝜕𝜃

𝜕𝑡
=

−𝜕𝐽𝑤

𝜕𝑧
− 𝑆(ℎ) 2.6 

 

where 𝐽𝑤 denotes the volumetric flux density, 𝜃, is the volumetric water content [L3L-3], 𝑆(ℎ) 

is a sink function [L3L-3T-1] (a negative 𝑆(ℎ) represents a source), and 𝑡 is time [T].  

To produce the governing equation for variably saturated water flow, the conversational 

equation must be combined with one or several equations describing volumetric flux density, 

𝐽𝑤. By substituting the Buckingham-Darcy equation for 𝐽𝑤 in the continuity equation (Equation 

2.6), the Richards equation can be obtained (Equation 2.7). 
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 𝜕𝜃(ℎ)

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐾(ℎ)

𝜕ℎ

𝜕𝑧
) +

𝜕𝐾(ℎ)

𝜕𝑧
− 𝑆(ℎ) 2.7 

 

In the Richards equation, capillary and water movement are accounted for by the first term on 

the right-hand side of the equation while effects of gravity and water movement are represented 

by the second term.  

2.6.3.3 Phillips Model 

The Phillip equation makes use of mathematical approximation for infiltration processes in a 

soil matrix. The Philip model has two forms, namely, horizontal and vertical infiltration. 

Philip modified the Richards equation and expressed the infiltration rate as per Equation 2.8 

for the horizontal infiltration rate: 

 

 
𝑖(𝑡) =

1

2
𝑆𝑡−0.5 2.8 

 

where S is a function of 𝜃0 and 𝜃𝑖 which are boundary and initial moisture content, respectively. 

𝑆 is soil-water sorptivity [LT-0.5]  

For the vertical infiltration, the equation consists of two parts i.e., one for a short duration and 

the other for a long time after infiltration has commenced. The solution describes the time 

dependence of cumulative infiltration using an infinite power series which can be estimated by 

two-parameter models as per Equation 2.9: 

 

 𝐼(𝑡) = 𝑆𝑡0.5 + 𝐴𝑡 2.9 

 

whereby differentiating this equation with respect to time results in a solution for the infiltration 

rate (Equation 2.10). 𝐴 is a constant representing the soil-water transmissivity [LT-1] which 

approaches the saturated hydraulic conductivity 𝐾𝑠 of the soil material’s profile as the time 

approaches infinity i.e., 𝑡 → ∞. 

 

 
𝑖(𝑡) =

1

2
𝑆𝑡−0.5 + 𝐴 2.10 
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2.6.3.4 Kostiakov Model 

The equations were developed by Kostiakov in 1932 to explain horizontal cumulative 

infiltration (𝐼) an infiltration rate (𝑖) as expressed in Equations 2.11: 

 

 𝐼 = 𝐵𝑡−𝑛 

𝑖 = 𝐵′𝑡−𝑛−1 
2.11 

 

where the parameters 𝑛, 𝐵 and 𝐵′ are constants without any physical meaning. By fitting 

Equations 2.11 to data obtained from experiments, the values of these constants can be 

determined. From the cumulative infiltration equation, it can be deduced that as 𝑡 approaches 

0, 𝐼 approaches ∞. Contrastingly, as 𝑡 approaches ∞, 𝐼 approaches 0. 

To account for vertical infiltration, Kostiakov (1932) limited the applicable time range by 

proposing a maximum time 𝑡𝑚𝑎𝑥 =  (𝐵/𝐾𝑠)1/𝑛 . Additionally, another coefficient, 𝑖𝑐, was 

included by Mezencev (1948) which effectively moves the axis of the infiltration rate 

equations. The modified formulas are expressed in Equations 2.12 where it can be inferred that 

a finite steady-state rate of infiltration is approached as 𝑡 → ∞. 

 

 𝐼 = 𝑖𝑐𝑡 + 𝐵𝑡−𝑛 

𝑖 = 𝑖𝑐 + 𝐵′𝑡−𝑛−1 
2.12 

 

2.6.3.5 Horton Model 

Horton (1940) equations for cumulative infiltration (𝐼) and infiltration rate (𝑖) are as per 

Equations 2.13: 

 

 
𝐼 = 𝑖𝑐𝑡 +

𝑖0 − 𝑖𝑐

𝑘
[1 − 𝑒−𝑘𝑡] 

𝑖 = 𝑖𝑐𝑡 + (𝑖0 − 𝑖𝑐)𝑒−𝑘𝑡 

2.13 

 

where 𝑖0 represents the initial infiltration rate (i.e., when 𝑡 = 0), and 𝑖𝑐 steady-state infiltration 

rate. The rate at which 𝑖𝑐 is approached by 𝑖0 is determined by the constant 𝑘. The three 

constants in the equation need to be evaluated through experiments, which makes the results 

more reliable however cumbersome to evaluate. The decrease in infiltration rate with time can 

be described by several factors, such as the closure of solid pores by a swelling soil or erosional 

deposit, compaction due to raindrop impact, etc. (Horton, 1940). 
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2.6.3.6 Holtan Model 

The Holtan equation for infiltration rate in soil matrix is again a two-form mathematical 

formula expressed firstly by Equation 2.14: 

 

 𝑖 = 𝑖𝑐 + 𝑎𝑓′𝑎 2.14 

 

where 𝑖𝑐 is the steady-state infiltration rate and 𝑓′𝑎 represents the available porosity, which is 

reduced by infiltration volumes and expressed by Equation 2.15: 

 

 𝑓′𝑎 = 𝑀 − 𝐼 2.15 

 

where the moisture storage capacity of the soil overlaying the first intercepting stratum (also 

known as the control layer) is represented by the 𝑀.The cumulative infiltration at a specific 

time is denoted by 𝐼. For the infiltration equation to remain consistent, the following criteria 

need to be upheld: 0 ≤ 𝐼 ≤ 𝑀. In the equation, it is assumed that 𝑖 = 𝑖𝑐 for 𝑀 ≤ 𝐼. 

2.7 Models for Determining Soil Hydraulic Properties 

The water retention curve depicts the relationship between the water content, 𝜃, and the soil 

potential, 𝜓 . The curve is also known as the soil moisture characteristic. In unsaturated soil 

studies, it is crucial to predict the soil hydraulic properties in different water ratios.  Several 

solid hydraulic models (summarised in Table 2-6) try to approximate the soil moisture 

characteristic curve, which will be introduced in this section. 

 

Table 2-6: Summary of models for determining soil hydraulic properties 
 

Model Description Year 

Brooks and Corey Model 1964 

van Genuchten-Mualem Model 1980 

Modified van Genuchten Model 1988 

Kosugi Lognormal Distribution Model 1996 

Durner Dual-Porosity Model 1999 
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2.7.1 Brooks and Corey Model 

The soil water retention function, also known as the capillary pressure function, was proposed 

by Brooks and Corey (1964) as described in Equation 2.16 

 

 
𝑆𝑒 = {

|𝛼ℎ|  __𝑛

1        
 

 

2.16 

 

where 𝑆𝑒 is the effective water content [-], 𝑛 and 𝛼 represent empirical constants with units 

[-] and [1/L] respectively, and ℎ is the pressure head [L]. 

The corresponding hydraulic conductivity function represented by the Brooks-Corey retention 

function is represented by Equation 2.17 

 

 
𝐾(𝑆𝑒) = 𝐾𝑠𝑆𝑒

2
𝑛

+𝑙+2
 2.17 

 

where 𝑙 is an empirical parameter, 𝐾(𝑆𝑒) denotes the unsaturated hydraulic conductivity and 

𝐾𝑠 is the saturated hydraulic conductivity [L/T]. 

2.7.2 van Genuchten-Mualem Model 

The water retention function given in the model by van Ganuchten (1980) is defined in 

Equation 2.18 

 

 

𝑆𝑒(ℎ) =
𝜃(ℎ) − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
= {

1

(1 + |𝛼ℎ|𝑛)𝑚

1                         

     

𝐾(𝑆𝑒) = 𝐾𝑠𝑆𝑒
1/2 [1 − (1 − 𝑆𝑒

1/𝑚
)

𝑚
]

2

 

2.18 

 

where 𝜃𝑠 and 𝜃𝑟 are the saturated and residual water contents, respectively, with units [-]. The 

empirical parameters in this equation are symbolized by 𝛼 , 𝑚 and 𝑛 [1/L], [-], [-]. Like the 

Brooks and Corey (1964) model, 𝐾𝑠 represents the saturated hydraulic conductivity and 𝐾(𝑆𝑒) 

is the unsaturated hydraulic conductivity [L/T] at a pressure head ℎ [L]. 

ℎ < 0 

ℎ < 0 

ℎ < −1/ 𝛼 

ℎ ≥ −1/ 𝛼 



CHAPTER 2: Infiltration Theory and Applications 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 23 

 

2.7.3 Modified van Genuchten Model 

Vogel and Cislerova (1988) modified the van Genuchten model to differentiate between 

various descriptions to give the user allowance to specify conditions linked with either the main 

wetting curve or main drying retention curve (Equation 2.19). Three descriptions can be 

specified, namely, a hysteric description inclusive of both the retention and hydraulic 

conductivity curves, a non-hysteric description, or a hysteric description which is only in the 

retention curve as defined below: 

 

 

𝜃(ℎ) = {
𝜃𝑟 +

𝜃𝑚 − 𝜃𝑟

(1 + |𝛼ℎ|𝑛)𝑚

𝜃𝑠                                
 

 

2.19 

  

where ℎ𝑠 is a value representing the air entry [L], 𝜃𝑚 is defined by Equation 2.20 

 

 𝜃𝑚  = 𝜃𝑟 + (𝜃𝑠 − 𝜃𝑟)(1 + |𝛼ℎ|𝑛)𝑚, 2.20 

 

and the unsaturated hydraulic conductivity 𝐾(𝑆𝑒) is expressed in Equation 2.21 

 

 

𝐾(𝑆𝑒) = {𝐾0𝑆𝑒
𝐿 + [

1 − 𝐹(𝑆𝑒)

1 − 𝐹(1)
]

2

𝐾0                               

 

 

2.21 

  

whereby 𝐾0 denotes a matching point when the soil is saturated [L/T], 𝐿 is an empirical 

parameter representing pore-connectivity and 𝐹(𝑆𝑒) the effective saturation defined in 

Equation 2.22 

 

 
𝐹(𝑆𝑒)  = [1 − (𝑆𝑒)

1

𝑚]
𝑚

. 2.22 

 

in which 𝑆𝑒(ℎ) =
𝜃𝑠−𝜃𝑟

𝜃𝑚−𝜃𝑟
=

𝜃(ℎ)−𝜃𝑟

𝜃𝑚−𝜃𝑟
 . 

ℎ < ℎ𝑠 

ℎ ≥ ℎ𝑠 

 

ℎ < ℎ𝑠 

ℎ ≥ ℎ𝑠 
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2.7.4 Kosugi Lognormal Distribution Model 

A lognormal distribution model was suggested by Kosugi (1996) for the effective water content 

𝑆𝑒 as expressed in Equation 2.23 

 

 

𝑆𝑒 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
= {

1

2
𝑒𝑟𝑓𝑐 {

𝑙𝑛(ℎ/𝛼)

√2𝑛
}

1                              

 

 

2.23 

 

where 𝑛 and 𝛼 are empirical parameters, 𝜃𝑠 is the saturated water content [-], and 𝜃𝑟 is the 

residual water content [-]. By applying the van Genuchten (1980) model, the function for 

hydraulic conductivity 𝐾 [L/T] can be expressed by Equation 2.24 

 

 

𝐾 = {
1

2
𝑒𝑟𝑓𝑐 {

𝑙𝑛(ℎ/𝛼)

√2𝑛
+

𝑛

√2𝑛
}

2

1                                              

 

 

2.24 

 

2.7.5 Durner Dual-Porosity Model 

The porous medium was divided into a minimum of two overlapping regions by Durner (1994) 

who suggested describing each region as a van Genuchten (1980) type function for soil 

hydraulic properties. Durner et al, (1999) proposed for the functions to be superimposed 

linearly for each region to give the function for the multimodal pore system defined by 

Equation 2.25.  

 

𝑆𝑒  = 𝑤1[1 + (𝛼1ℎ)𝑛1]−𝑚1 + 𝑤2[1 + (𝛼2ℎ)𝑛2]−𝑚2  

𝐾(𝑆𝑒) = 𝐾𝑠

(𝑤1𝑆𝑒1 + 𝑤2𝑆𝑒2)𝑙 (𝑤1𝛼1 [1 − (1 − 𝑆𝑒1

1
𝑚1)

𝑚1

] + 𝑤2𝛼2 [1 − (1 − 𝑆𝑒2

1
𝑚2)

𝑚2

])

2

(𝑤1𝛼1 + 𝑤2𝛼2)2
 

2.25 

 

where 𝑙, 𝛼𝑖, 𝑛𝑖, and 𝑚𝑖(= 0 − 1 𝑛𝑖)⁄  represent empirical parameters of individual hydraulic 

functions (𝑖 = 1,2), and 𝑤𝑖 denotes factors for weighting of the two (or more) coinciding 

regions. 

ℎ < 0 

ℎ < 0 

ℎ < 0 

ℎ < 0 
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2.8 Measurement of Infiltration and Soil Hydraulic Properties 

The infiltration rate of soil can be determined by measuring the volume of water, at regular 

time intervals, as it infiltrates the soil. The hydraulic conductivity of soil is a key factor to 

consider when it comes to infiltration. It is a measure of the soil’s ability to transmit water 

when it is subjected to a hydraulic gradient (Fatehnia, 2015). This parameter is commonly 

symbolized as KS under saturated conditions. Knowledge of the saturated hydraulic 

conductivity for a specific soil is crucial in various geotechnical, environmental, and 

agricultural applications. The soil surface governs the quantity of runoff for catchment areas 

during storm events, and the ability for infiltration and groundwater recharge to take place. 

These factors, inter alia, are important to environmental health and the determination of flood 

hazards. Infiltration measurements are also useful for understanding the efficiency of irrigation 

systems, plant rooting preferences, infiltration rates, and knowledge of where runoff to 

channels can be expected. 

In a given space and time, KS is assumed to be constant and can be used to compute the velocity 

in which water moves toward and into drain lines below the water table (Amoozegar and 

Wilson, 1999). Values determined from laboratory methods seldomly agree with those 

obtained through field experiments. Because field measurements are conducted closer to 

natural conditions, they are often found to be more reliable than laboratory methods (Scott, 

2000). Computational software can be used, often with input data from field and laboratory test 

results to model and estimate long-term effects which in reality would be limited by time; for 

example, the amount of time it would take before the wetting front reaches the water table 

(Radcliffe and Šimůnek, 2010). 

2.8.1 Field Methods  

Infiltration tests in the field can aid in estimating the surface area required to archive desired 

volumetric recharge rates within a specific area of interest (Bouwer, 2002). Knowledge of 

recharge volumes is helpful in designing, inter alia, stormwater ponds, and infiltration basins. 

Some common infiltration test methods and apparatus have been investigated (Fatehnia, 2015; 

Dixon 1975; Reynolds and Elrick (1985); ASTM, 2009) and are broadly discussed below: 

2.8.1.1 Pressure Infiltrometer 

The Pressure Infiltrometer is a Mariotte-type infiltrometer commonly used to evaluate the 

integrity of soil barriers such as clay liners. The apparatus, Figure 2-9 (a), is normally 

constructed from non-corrosive materials (i.e., PVC, Plexiglas, and Teflon). It does not require 

an external energy supply as it uses the principle of mechanical-hydraulic energy (Fatehnia, 

2015). The cumulative infiltration of ponded water can be measured from the device’s metal 

infiltration ring which has an inner diameter of 15 cm. The ring comes ready with a built-in 

water gauge for measuring the constant water level within the infiltration ring at regular time 
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intervals during the infiltration experiment. The penetration depth of the metal ring into the soil 

can be up to 10 cm. According to Matula and Kozáková (1997), the infiltrometer can supply 

an amount of water corresponding to a KS value of 77 metres per day. 

2.8.1.2 Mini-Disk Infiltrometer 

Unlike other common infiltration test methods, the Mini-Disk Infiltrometer does not measure 

water flow under saturated conditions. The underlying issue with those methods is their 

inability to represent infiltration under sprinkle or rainfall conditions. Consequently, several 

authors made an effort to create negative potential (tension) on the water flow to eliminate the 

effect of macropores in the flow process, thus only measuring the matrix flow of the soil. One 

of the earliest investigations was conducted by Dixon (1975) who established a closed-top 

infiltrometer to measure and quantify macropores. Various researchers suggested several 

methods which can be applied to measure the saturated hydraulic conductivity using test results 

from the Mini-Disk Infiltrometer. Some of which were Fatehnia et al., (2014), who explained 

and compared eight similar methods before comparing their degree of accuracy in the 

predicting of KS. 

The mini-Disk Infiltrometer, Figure 2-9 (b), measures tensions ranging between -0.5 and   -6.0 

cm. The upper and lower chambers of the apparatus are both filled with water to obtain 

readings. The upper chamber, commonly referred to as the bubble chamber, serves to control 

the suction whereas the lower chamber contains the volume of water that infiltrates into the 

soil at a preselected rate governed by the chosen suction in the bubble chamber. Like a 

graduated cylinder, the lower chamber contains labels indicating volumes in millilitres. To 

limit water leakage into the open air, the infiltrometer contains a porous sintered stainless-steel 

disk. Due to the small inner diameter of the device, undisturbed measurements can be obtained 

on relatively level soil surfaces, however, the small-scale nature of this infiltrometer only 

allows for a small portion of the soil to be measured, thus limiting the requirements of a 

representative volume.  

2.8.1.3 Guelph Permeameter 

The Guelph Permeameter, shown in Figure 2-9 (c), is a field apparatus used to measure in-situ 

saturated hydraulic conductivity by applying a constant pressure head within a shallow hole or 

borehole. The apparatus is quick and easy to assemble and provides relatively accurate 

measurements. The instrument applies a constant head using a Mariotte cylinder allowing water 

to infiltrate into unsaturated soil. Once steady-state flow conditions are achieved, the 

measurements can be used to calculate saturated hydraulic conductivity values. Apart from soil 

hydraulic conductivity, other parameters such as soil sorptivity and matrix flux potential can 

be accurately evaluated in all soil types using this instrument Fatehnia (2015). Depending on 

the soil type, measurements can be made within a depth range of 15 to 75 cm below the surface 

within a period of 0.5 to 2.0 hours using approximately 2.5 litres of water.  
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The test set-up is light and easy to assemble. It consists of a permeameter, a well auger, a tripod, 

a portable water container, and a vacuum test hand pump. Optional depth attachments are 

available which can increase the operation depth by 80 cm. According to Reynolds and Elrick 

(1985), the apparatus has a maximum applicable operation depth of 315 cm. 

2.8.1.4 Ring Infiltrometer 

The Ring Infiltrometer apparatus is used to measure the saturated hydraulic conductivity, KS, 

of soil surface layers under ponded (saturated) conditions. There are two distinct types: the 

Single-Ring Infiltrometer (SRI), and the Double-Ring Infiltrometer (DRI). Each of the devices 

requires rings to be driven 10 to 15 cm into the ground. According to Hayden (2010) when 

comparing the two, the DRI is a relatively better test for measuring soil permeability because 

the outer rings assist in reducing errors associated with lateral flows. The presence of the outer 

ring turns a three-dimensional system into a one-dimensional model which simplifies 

calculations by alleviating the need to account for lateral flows (ASTM, 2009). The typical 

flow patterns below each of these infiltrometers are depicted in Figure 2-8. 

 

Figure 2-8: General flow direction beneath (a) Single-Ring Infiltrometer and (b) Double-Ring 

Infiltrometer 
Adapted from: Hayden (2010) 

Two operational techniques can be used with the double-ring infiltrometer to measure the flow 

of water into the soil (i.e., constant-head, and falling-head test). In the constant-head test 

(suitable for relatively coarse-grained soils), the water level in the inner ring is maintained at a 

fixed level by manually controlling the flow of liquid, using constant-level float valves, or by 

using a Mariotte tube. In this method, the volume of water used to maintain this water level is 

measured. In the falling head test (suitable for fine-grained soils), the time that the water level 

takes to decrease in the inner ring is measured. In both constant and falling head tests, the water 

level in the outer ring should be kept at a constant level to prevent leakage between rings and 

to force vertical infiltration from the inner ring. DRI is the main test method applied for 

infiltration measurement of detention/retention ponds for stormwater management purposes. 

For the DRI test procedure, both the inner and outer rings are supplied with a constant head of 

water and the hydraulic conductivity of the soil is estimated once the flow rate of water in the 

(a) 
(b) 
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inner ring reaches a steady state. The infiltration rate is determined by the volume of water that 

infiltrates the surface area of the inner disk in a specific amount of time. The recorded data is 

plotted on a graph illustrating the relationship of infiltration vs time. The stead-steady 

infiltration rate will, theoretically, be reached once the soil becomes saturated. That becomes 

evident on the plotted graph once the relationship between cumulative infiltration and time 

becomes linear. The slope of the best fit line on the linear section of the plot (excluding any 

outlying data points) represents the steady-state infiltration rate. Figure 2-9(d) illustrates the 

experimental setup of the DRI. 

 

Figure 2-9: Various field methods for measuring hydraulic conductivity of topsoil. (a) Pressure 

Infiltrometer; (b) Mini-Disk Infiltrometer; (c) Guelph Permeameter; (d) Double-Ring 

Infiltrometer 
Adapted from: Fatehnia (2015) 

2.8.2 Laboratory Methods 

Investigating soil hydraulic properties in the field may not always be possible due to limitations 

such as long required testing periods; availability of testing equipment and skilled labour, 

safety concerns, and accessibility to sites of interest. Consequently, soil samples retrieved from 

an area of interest are often tested in the laboratory to determine certain soil properties such as, 

inter alia, the hydraulic conductivity.  

The saturated hydraulic conductivity of soil, KS, can be measured in the laboratory through 

permeability tests which measure the soil’s capacity to permit the flow of water through pore 

spaces between solid particles. Permeability of soil depends on void ratio, density, particle size, 

and degree of saturation. The degree of permeability can be determined by measuring the rate 

of water flow under a specific hydraulic pressure gradient. In engineering problems, knowledge 

of the soil permeability can aid in determining, for example, the rate of leakage through an 

earth dam or the quantity of seepage under hydraulic structures (Braja, 2002). 

Pressure 

Infiltrometer 
Double-Ring 

Infiltrometer 
Guelph 

Permeameter 

Mini Disk 

Infiltrometer 

(a) (b) (c) (d) 
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Two standard laboratory tests for determining hydraulic conductivity of soil are the constant-

head test and the falling-head test. The two testing methods are briefly discussed as follows: 

2.8.2.1 Constant-Head Test 

The constant-head permeameter is an apparatus best used to measure the saturated hydraulic 

conductivity of permeable granular soil in the laboratory (Braja, 2008). For the test procedure, 

the soil specimen is placed inside a cylindrical specimen tube and a constant-head loss of water 

h flowing through the sample is maintained by adjusting the water supply. Water flowing out 

from the sample is collected in a measuring cylinder and the collection period is recorded.  

By rearranging Darcy’s law in Equation 2.3, the total volume of flow 𝑄 at time 𝑡 can be 

determined using Equation 2.26  

 

 𝑄 = 𝐴𝑣𝑡 = 𝐴(𝑘𝑖)𝑡 2.26 

 

and because the water flux 𝑖 = ℎ/𝐿, where 𝐿 is the specimen length, ℎ/𝐿 can be substituted 

into Equation 2.26 to yield Equation 2.27 for determining the saturated hydraulic conductivity 

 

 
𝑘 =

𝑄𝐿

𝐴ℎ𝑡
 2.27 

 

The general arrangement for the test is illustrated in Figure 2-10(a). 

2.8.2.2 Falling-Head Test 

The falling-head permeameter is a suitable laboratory apparatus for measuring the saturated 

hydraulic conductivity of fine-grained soils such as silty and clay-like soils. A typical 

arrangement of the testing apparatus is shown in Figure 2-10(b).  

The investigated soil specimen of length 𝐿 is placed inside a cylinder with a water supply tube 

attached to the top of the specimen. Water is allowed to flow through a standpipe into the soil 

sample at time 𝑡 = 0 and the initial head difference ℎ1 is logged. The final head difference ℎ2 

at time 𝑡 = 𝑡2 is subsequently recorded.  

The flowrate of water 𝑞 at any given time 𝑡 can be computed using Equation 2.28 

 

 
𝑞 = 𝑘

ℎ

𝐿
𝐴 = −𝑎 (

𝑑ℎ

𝑑𝑡
) 2.28 
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where 𝑎 is the cross-sectional area of the standpipe and 𝐴 is that of the soil sample.  

Equation 2.29 can be obtained by rearranging and making the rate of change of time, 𝑑𝑡, 

as the subject, which when integrated on the left side, with time limits from 0 − 𝑡, and the 

right side with head difference limits from ℎ1 to ℎ2 

 

 
𝑡 =

𝑎𝐿

𝐴𝑘
𝑙𝑜𝑔𝑒

ℎ1

ℎ2
 2.29 

which when 𝑘 is made the subject of the formula Equation 2.30, allows for the computation 

of the soil material’s hydraulic conductivity  

 

 
𝑘 = 2.303

𝑎𝐿

𝐴𝑡
𝑙𝑜𝑔10

ℎ1

ℎ2
 2.30 

 

 

 

Figure 2-10: Schematic diagrams of (a) Constant-head and (b) Falling-head Permeameter 

apparatus 
Adapted from: Braja (2002) 

 

(a) (b) 
Constant-Head 

Permeameter 

Falling-Head Permeameter 
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2.8.3 Laboratory Versus Field Methods 

Test results may vary with the method of testing used due to their nature and limitations present 

in the environment in which the test is performed. The advantages and disadvantages are 

summarised in Table 2-7 and Table 2-8 the laboratory and the field methods respectively. 

 

Table 2-7:Advantages and disadvantages of laboratory infiltration tests 
 

Advantages Disadvantages 

• Especially relevant for compacted soil 

• Can efficiently perform tests under different 

boundary conditions. 

• Cost-effective to perform. 

• Different tests can be performed concurrently 

• Limited specimen size 

• Sample selection tends to be subjective as 

‘good’ samples are selected. 

• The sample may be disturbed. 

• Flow may not be in the most crucial direction 

(Figure 2-11) 

 

Table 2-8: Advantages and disadvantages of field infiltration tests 
 

Advantages Disadvantages 

• Large volumes of soil can be tested. 

• Minor disturbances in samples 

• Produces more relevant results as the proper flow 

direction is followed (Figure 2-11). 

• Costly to perform. 

• Time-consuming 

• Data reduction may be an issue if the test 

procedures are ill-defined. 

 

 

Figure 2-11: Difference in grain shape and orientation (a) Isotropic and (b) Anisotropic 
Adapted from: Shan (n.d.) 

(a) (b) 

Isotropic Anisotropic 

K K 
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2.9 Equivalent Hydraulic Conductivity in Stratified Soil 

To simplify computations for stratified soil deposits where the hydraulic conductivity for flow 

in a given direction changes from layer to layer, an equivalent hydraulic conductivity can be 

calculated from Equation 2.31 adapted from Darcy’s (1856) law used to determine steady flow 

in saturated soils. Figure 2-12 illustrates 𝑛 layers of soil with flow in the horizontal direction. 

Assuming that 𝑘𝐻1
, 𝑘𝐻2

, 𝑘𝐻3
… 𝑘𝐻𝑛

 are hydraulic conductivities of the individual layers in the 

horizontal direction and 𝑘𝐻(𝑒𝑞)
 is the equivalent hydraulic conductivity in the horizontal 

direction. 

 
𝑘𝐻(𝑒𝑞)

=  
1

𝐻
(𝑘𝐻1

𝐻1 + 𝑘𝐻2
𝐻2 + 𝑘𝐻3

𝐻3 + ⋯ +  𝑘𝐻𝑛
𝐻𝑛) 2.31 

 

 

Figure 2-12: Equivalent hydraulic conductivity determination in stratified soil – horizontal flow 
Source: Braja (2013) 

 

In the case of flow in the vertical direction, the n layers of soil are depicted in Figure 2-13. The 

velocity of flow through all layers is the same whereas the total head loss ℎ is equal to the sum 

of head losses in all layers.  
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Figure 2-13: Equivalent hydraulic conductivity determination in stratified soil – vertical flow 
Source: Braja (2013) 

Again, from Darcy’s (1856) law, the equivalent vertical hydraulic conductivity 𝑘𝑉(𝑒𝑞)
 could be 

expressed by Equation 2.32 where 𝑘𝑉1
, 𝑘𝑉2

, 𝑘𝑉3
…𝑘𝑉𝑛

 represent the hydraulic conductivities of 

individual layers in the vertical direction 

 

 
𝑘𝑉(𝑒𝑞)

=  
𝐻

(
𝐻1

𝑘𝑉1

) + (
𝐻2

𝑘𝑉2

) + (
𝐻3

𝑘𝑉3

) + ⋯ +  (
𝐻𝑛

𝑘𝑉𝑛

)
 

2.32 

 

2.10 Infiltration Modelling Using Computer Software 

Due to the limitations of conducting many in-situ infiltration tests, computer simulations can 

be an alternative to physical tests for data collection (Fatehnia, 2012). Numerical modelling 

programs can be used to estimate soil hydraulic properties as well as evaluate the wetting front 

arrival time from the surface to the water table. Furthermore, adjustments of required 

parameters can be made to observe their respective effects on measured infiltration rates. 

Various software is available to simulate infiltration; some reliable ones used by other authors 

(Lappala, 1981) Fatehnia, 2012; Teague, 2021) are briefly discussed in the following sections. 
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2.10.1 VS-2D Software 

VS2D can be used to simulate isothermal, two-dimensional movement of water in variably 

saturated porous media. Lapalla (1981) performed an extensive review of the literature on 

numerical modelling of variably saturated flow during the development of VS2D. The 

program was developed to include the following capabilities: 

 

• Handling problems where part of the mathematical solution domain is saturated and partly 

unsaturated. 

• Solving difficult non-linear problems 

• Analysing problems in one and two dimensions with planar or cylindrical geometries. 

• Forming a modular structure to enable simple program modification. 

2.10.2 Rosetta Software 

Rosetta V1.0 is a program used to estimate unsaturated hydraulic properties from surrogate soil 

data. This model is also called pedotranfers (PTF) and can be used to estimate the following 

properties: water retention parameters, saturated & unsaturated hydraulic conductivity 

according to Mualem (1976) and van Genuchten (1980). 

The software offers five PTFs that are used to predict hydraulic properties with limited data or 

extended sets of input data. The model uses a hierarchical sequence to input data as listed below 

(Schaap et al., (2001): 

1. Soil textural class 

2. Sand, silt, and clay percentage 

3. Sand, silt and clay percentage and bulky density 

4. Sand, silt and clay percentage and bulky density and water retention point at 330 cm  

5. Sand, silt and clay percentage and bulky density and water retention point at 330 and      

1500 cm  

2.10.3 HYDRUS Software 

The HYDRUS suite of modelling software uses a finite element code to simulate the and three-

dimensional water flow, heat, and solute transport in soils of various degrees of saturation. To 

simulate variably saturated flow, the program applies Richard’s (1931) equation (Šimůnek et 

al., 2007).  

The software is supported by a graphic user interphase (GUI) able to display results 

interactively. With the capability of accommodating irregular boundary shapes and conditions, 

the software also supports flow regions comprising of nonuniform soils with some degree of 

local anisotropy. The user can refine the degree of accuracy in a model domain by varying the 

size of the discretized triangular finite elements. 
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2.11 Previous Similar Studies 

Gregory (2004) investigated lot-level stormwater infiltration in North Central Florida. To 

quantify soil infiltration rates, he compared a small DRI (15 cm inner diameter and 30 cm outer 

diameter) to several other double-ring methodologies and found that this was a suitable 

methodology for measuring soil infiltration rates in the sandy soils found in North Central 

Florida. Gregory further highlighted how the use of the small DRI allowed for infiltration tests 

to be conducted in areas where a methodology such as that specified by the ASTM would not 

be suitable due to insufficient spacing between trees or because the volumes of water required 

to maintain a constant head in the larger diameter double-ring infiltrometers were unable to be 

transported to remote sites. 

Hayden (2010) investigated how permeability most accurately predicted a stormwater pond’s 

actual infiltration rate by conducting field DRI tests, taking subsurface samples for laboratory 

analysis, and utilizing the Modret computer program. She concluded that the DRI test was a 

better field test to measure the permeability of an in-situ soil compared to a single ring 

infiltration test, and also the saturated permeability value obtained from a laboratory falling 

head permeability test was approximately equal to the unsaturated rate measured in the field 

using a single ring infiltration test.  

Hayden (2010) conducted two DRI tests following the ASTM D3385-03 standard. The results 

of this DRI test are shown graphically in Figure 2-14. The infiltration rate began at 12.0 feet 

per day (3.7 metres per day) and slowly dropped and levelled off at approximately 1.6 feet per 

day (0.5 metres per day). The infiltration rate varied significantly from the beginning to the end 

of both tests. Hayden concluded that if the beginning infiltration values of either 5.7 feet per 

day (1.7 metres per day), or 12.0 feet per day were used for the design of a stormwater 

management facility, it would grossly overestimate the infiltration rate of the subsoils.  

As part of the study, Hayden (2010) further conducted two field infiltration tests using only the 

inner ring of the DRI setup. This test was performed because some geotechnical engineers 

believed that a single ring infiltration test produced results that were similar to that of a double 

ring infiltration test and the method was less confusing to their field technicians. Results of this 

single-ring test are shown in Figure 2-15. The infiltration rates encountered in both single-ring 

tests were noticeably higher than those measured in the double-ring infiltration tests. This was 

expected because water flow in a single ring infiltrometer is three-dimensional compared with 

the two-dimensional flow in the inner ring of a DRI. It appeared that the infiltration rate from 

the single-ring infiltration test was approximately 48 % higher than that obtained from the 

double-ring infiltration test.  

Teague (2010) conducted several DRI tests at eight sites in alluvial deposits near Joshua Tree, 

California to measure surface infiltration rates and aid in evaluating the study area for potential 

construction of infiltration ponds to recharge groundwater. A summary of the hydraulic 

properties obtained by Teague is presented in Table 2-9. He estimated the hydraulic 
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conductivity of alluvium from infiltration data using the computer program VS2D and 

concluded that the study site was suitable for artificial recharge. 

 

  

Figure 2-14: Infiltration rate versus time from Double-Ring Infiltrometer test 
Adapted from: Hayden, 2010 

 

  

Figure 2-15: Infiltration rate versus time results from Single-Ring Infiltrometer test 
Adapted from: Hayden, 2010 



CHAPTER 2: Infiltration Theory and Applications 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 37 

 

From laboratory testing of surface cores from the eight tested sites, Teague (2010) further found 

that the hydraulic conductivity data ranged from 4.33x10-5 ft/s (13.2x10-6 m/s) to 7.59x10-5 ft/s      

(23.1x10-6 m/s) (see Figure 2-9). These values of hydraulic conductivities are within the range 

for fine sands to silty sand (Table 2-10). Hydraulic conductivity values were expected to be 

within the range for medium to fine sands based on visual inspection of the surficial materials 

at the study area. Lower calculated values were anticipated due to compaction of the core 

material during collection or the presence of a fine-grained dominated surficial crust. Unlike 

the infiltrometer data, the hydraulic conductivities did not show a good correlation with 

location to Yucca Wash (the study area).  

Table 2-9: Laboratory hydraulic properties data of the eight tested sites 
Adapted from: Teague (2010) 

Site 

ID 

Bulk 

Density 
Porosity 

Volumetric Water 

Content 
Saturation 

Residual Water 

Content 

Hydraulic 

Conductivity 

(g/cm3) (m3/m3) (m3/m3) (m3/m3) (m3/m3) (m3/m3) 

Site 1 1.80 0.341 0.015 0.044 0.011 6.65x10-5 

Site 2 1.79 0.372 0.018 0.047  5.27x10-5 

Site 3 1.73 0.346 0.033 0.097 0.022 5.62x10-5 

Site 4 1.65 0.341 0.02 0.058  7.54x10-5 

Site 5 1.77 0.334 0.03 0.09 0.007 6.47x10-5 

Site 6 1.80 0.325 0.039 0.119  6.76x10-5 

Site 7 1.73 0.351 0.027 0.077  4.33x10-5 

Site 8 1.65 0.39 0.039 0.1  7.59x10-5 

 

Studies conducted by Fatehnia (2015) on small-scale DRI tests revealed that the ring diameter 

was the most influential parameter affecting the infiltration rate. To further corroborate these 

findings, Fatehnia (2015) conducted large-scale field tests using various inner ring diameters 

and the results agreed with those that were found in the laboratory. The DRI field test results 

are shown in Figure 2-16. 

Fatehnia (2015) further used the HYDRUS-2D software to develop a total of 864                        

2D-axisymmetric model domains which represented Double-Ring Infiltrometer (DRI) test 

conditions. Because of limitations in conducting a large number of in-situ DRI tests, Fatehnia 

selected computer simulations as an alternative to physical test data allowing him to generate 

864 numeral simulations with varying parameters. 

Another study by Chowdary et al. (2006) and Reynolds et al. (2002) considered the ring 

insertion depth as one of the aspects affecting infiltration rates from DRI field test results.  
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Table 2-10: Soil classification table based on values of saturated hydraulic conductivity 
Adapted: Formerly valid Czech standard (CSN 721020) 

Soil (according to the 

Relative Permeability) 

Approximate Range of 

Saturated Hydraulic 

Conductivity (m s-1) 

Examples of Soil Types 

Highly impermeable < 10-10 
Clays with low and medium plasticity, clays with 

high and extremely high plasticity 

Impermeable from 10-8 to 10-10 
Gravel loams, gravel clays, and sandy clays, loams 

with low and medium plasticity 

Lowly (poorly) permeable from 10-6 to 10-8 
Sandy loams, loamy sands and clayey sands, loamy 

gravels and clayey gravels 

Permeable from 10-4 to 10-6 
Sands and gravels, containing fine-grained fraction 

(5 – 15 %) 

Highly permeable > 10-4 
Sands and gravels without or with a very low fine-

grained fraction (<5%) 

 

 

Figure 2-16: Field test results indicating a reduction in infiltration rate due to an increase in 

inner-ring diameter  
Source: Fatehnia (2015) 

 

ASTM (2009) recommends ring insertion depths of approximately 150 mm, however, 

Chowdary et al. (2006) recommend that, for adequate accuracy in infiltration measurements to 

be achieved, rings should be embedded between depths of 190 mm to 220 mm. Difficulties 

may arise in driving the rings into the ground when dealing with stiff soil materials which is 

why further studies on the effects of this parameter have been recommended. 
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One of the ways that municipalities can conserve water is by making use of treated wastewater 

and stormwater that is diverted from large basins where it infiltrates into the sandy aquifer from 

where it is abstracted and reused. Atlantis is a perfect example of this, where the groundwater 

supplies have been augmented by approximately 25% to 30% by transferring water into 

aquifers; a process known as artificial recharge (DWA, 2010). 

Atlantis is a town located 50km north of Cape Town's city centre and has a population of 

approximately 57 000 people. Two infiltration basins are currently in use and are recharged 

from treated domestic effluent, domestic and industrial stormwater. The water scheme is 

referred to as the Atlantis Water Resource Management Scheme (AWRMS). AWRMS has 

successfully supplied water to both residential and industrial areas for over 30 years, proving 

itself as a cost-effective artificial recharge solution. Water sources and aquifers need to be 

meticulously managed to ensure future sustainability. Figure 5.1 reflects the layout of the 

AWRMS including the location of the recharge basins and wellfields. 

 

 

Figure 2-17: Layout of Atlantis Water Resource Management Scheme  
Source: Bugan et al. (2016) 

The map reflects the following aspects of the scheme: residential and industrial areas, the 

stormwater system as well as stormwater retention basins, the artificial recharge basins that 
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recharge the aquifer centrally (no 7 & 12), the coastal basins by the sea, industrial and domestic 

wastewater treatment works, water softening plant, Silwerstroom, and Witsand wellfields; and 

alternative discharge route to the Donkergat River. Table 2-11 presents the area, unsaturated 

zone depth, and infiltration rates of the facility's three main recharge ponds.  

Table 2-11: Average values for characteristics of main recharge facilities 
Adapted from: (DWA, 2010 

Facility 
Area  

(ha)* 

Unsaturated Zone  

(m) 

Infiltration Rate 

(m/day)** 

Basin 7 28.3 1.5 0.01 

Basin 12 16.8 4.5 0.16 

Coastal Basins 12.5 10.5 0.11 

*Total basin area when full; Basin 12 mostly dry. **Rate based on basin area 
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3   The Zeekoe Catchment Area 

3.1 Introduction and Background 

The Zeekoe Catchment’s footprint (Figure 3-1) is situated within the Cape Flats aquifer (CFA) 

which, according to Burman (1962), was stripped of its vegetation by slaves in search of 

firewood during the eighteenth century. This soon resulted in the Cape Flats becoming a 

massive desert encompassing growing dunes driven by south-easterly winds. It was not until 

1936 that the Cape Town City Council initiated activities to reclaim and stabilize the sand 

dunes by introducing and promoting vegetation growth (Heydorn & Grinley, 1982).  

 

 

Figure 3-1: Aerial view of Zeekoe canal and components of the drainage system  
Source: Heydorn & Grinley (1982), after NRIO 82-12-20 

Primary aquifers of the south-western Cape, comprising of unconsolidated sediments of 

Cenozoic age (i.e. not older than 65 million years of age (Brumer, 1981)), were initially 

explored in the late 1960s (Vandoolaeghe, 1984). The first of these explorations was a 

hydrogeological study of sand deposits near the Cape Flats, and between Melkbosstrand and 

Atlantis along the West Coast. The purpose of these investigations varied with time as different 

projects’ objectives changed. However, they were ultimately related to either the development 

of an alternative urban or municipal water supply, or to assess the storage potential of the 

aquifer for treated wastewater and surface water, or stormwater runoff (Vandoolaeghe, 1984). 

Rigorous hydraulic explorations in the Cape Flats aquifer have been driven by the National 

Institute of Water Research (NIWR) of the Council for Scientific and Industrial Research 

(CSIR), with the objectives of reviewing the feasibility of reclamation, storage, and abstraction 

of purified wastewater in the CFA (Henzen, 1973; Gerber, 1976). In one such study, research 

facilities for the pre-treatment, artificial recharge, and post-treatment of sewage effluent were 
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designed and constructed according to the sequences illustrated in Figure 3-2. In their paper, 

Tredoux et al. (1980) describe how an experimental site in the Cape Flats, comprising of the 

components demonstrated in Figure 3-2, was established to obtain geophysical data, 

particularly regarding the transmissivity, storage capacity and extent of saturation of the 

deposits. Results from initial abstraction studies indicated that the aquifer was potentially 

suitable for artificial recharge and groundwater abstraction (Tredoux et al. 1980). 

More recently, a study by Okedi (2017), to determine the viability of stormwater ponds in the 

Zeekoe catchment as a water resource, has produced findings (through hydrogeologic models 

developed using PCSWM software) that suggested stormwater harvesting as a feasible 

approach. Moreover, the existing stormwater ponds in the catchment have been proposed to 

function as infiltration basins promoting groundwater recharge.  

 

 

Figure 3-2: Components of research test facilities 
Adapted from: Tredoux et al. (1980) 

Existing information of groundwater conditions within and around the Cape Flats aquifer is 

relatively vast as it has been accumulated over approximately 60 years (Henzen, 1973; Gerber, 

1976; Wessels and Greeff, 1980; Tredoux, 1981; Adelana et al., 2010; Okedi, 2017). However, 

the heterogeneous and anisotropic nature of the layered Cenozoic deposits results in variability 

of hydraulic properties from one area to another – even within the same aquifer unit. It is thus 

difficult to simply generalize reliable hydraulic parameters of an area. Vandoolaeghe (1984) 

refers to the knowledge of the Cenozoic deposits as being, “rather patchy” and the averages, 

“quite superficial”. 

Local aquifer characteristics are crucial, particularly in the design phase of any artificial 

recharge project. Because this study focuses on groundwater recharge through infiltration 

basins, it was thus considered imperative to conduct in-situ tests within the stormwater ponds 

of interest to attain reliable estimations of local hydraulic properties. 

This chapter presents an overview of Zeekoe catchment as the study area for this investigation. 

It follows with a description of the catchment’s geographical location, land use, and the climate 
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conditions around the region. Before concluding with a description of the stormwater ponds 

within the study area, the geology and geohydrological features of the catchment are described.  

3.2 Geographical Location  

The Zeekoe catchment is situated approximately 20 km south of Cape Town’s central business 

district; its mouth lies between 34°06’ South and 18°30’ East (Figure 3-3(a)). The study area 

is sited within a section of the Cape Flats Aquifer (CFA) (Figure 3-3(b)), a region possessing 

good groundwater storage characteristics which support its potential development for water 

supply (Adelana et al., 2010). This being an urban area, the catchment delineation was based 

on the urban drainage system (i.e., pipe network) that channels water downward by gravity. 

The CFA surface sands cover an area of between 630 km2 (Hartnady &Rogers, 1990) and       

765 km2 (Maclear, 1995), with a topography that is mostly dominated by sandy soils and dunes 

(Tredoux et al. 1980). The region extends from the False Bay coastline in the south, expanding 

to Milnerton and Tygerberg in the northwest and north-east directions, respectfully (Hay et. 

al., 2015). Within the CFA, the Zeekoe catchment occupies approximately 177 km2 and is 

amongst one of 22 major catchments in the city of Cape Town (Rohrer, 2014). A delineation 

of the city’s major catchments and Zeekoe’s position is mapped in Figure 3-4. 

 

Figure 3-3: (a) Map of Zeekoe catchment, and its position in relation to the rest of South Africa 

and, (b) in relation to the Cape Flats Aquifer (CFA) 
Adapted from: (a) Adelana et al. (2010), & (b) Okedi (2017) 
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Figure 3-4: Map depicting the location of Zeekoe catchment in relative to all major catchments 

in the city of Cape Town 
Adapted from: Rohrer (2014) 
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3.3 Land Ownership / Uses 

Like many urbanized areas, the Zeekoe catchment is highly impacted by various land uses, 

socioeconomic variations, and different affluence areas. Moreover, the catchment’s abiotic 

characteristics have been altered extensively by stormwater drainage as well as input from the 

Cape Flats Wastewater Treatment Works (WWTW) (Bickerton, 1982). Additionally, 

urbanization has resulted in a subsequent hardening of previously pervious surfaces as well as 

canalization of main watercourses, particularly the Lotus River. For instance, Cape Town 

International airport is located on the high north-eastern area of the catchment whereas the 

central-eastern part is predominantly the Philippi Horticultural Area (PHA), owned by small 

plot holders and used mainly for urban agriculture. Industrial areas are distributed in regions 

near the airport, to the west, as well as south-west portions of the catchment. The remainder of 

the catchment is occupied by residential areas varying in affluence levels generally from very 

low (i.e. high-density informal settlements with mass unemployment, poverty-related 

problems, and basic communal services), to medium-high (i.e. medium to low density, formal 

settlements which are well serviced; some with medium-sized gardens). Figure 3-5 shows a 

map of the different land uses in Zeekoe the catchment. 

 

Figure 3-5: Land use within Zeekoe catchment 
Source: Okedi (2017) after CoCT (2012)  
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3.4 Climate  

Cape Town’s climate is characterised by wet cool winter months between May and August 

(with average rainfalls below 80 mm/month) and dry warm summer months between 

September and April (with average rainfall from 80 – 295 mm/month). Significant variations 

in the region’s climate exist due to the mountainous nature of the Cape Fold Mountain range 

which stretches along the southern and western coastlines of South Africa Adelana (2010). To 

provide a reasonable description of the Zeekoe catchment’s climate, only data recorded at the 

Cape Town International Airport’s (CTIA) weather station was considered in this research 

because of its proximity to the study area  

Historical temperature records (Figure 3-6-a and b) over 73 years (1933 to 2006) reveal a 

general increase in temperature over the years, with a mean of approximately 17.5 °C. Rainfall 

data from the years 1841 to 2016 demonstrates large variations in the annual rainfall throughout 

the 175 years (Figure 3-7). No distinct trend is notable; however, the rainfall generally lies 

within a range of 400 to 800 mm/a, with a minimum of 230 mm recorded in the year 1935.  

Wind statistics based on data collected over seven years (i.e., 2000 to 2017) at the airport 

indicate that the wind direction in the study area changes seasonally (Windfinder, 2017). 

During the summer months, the wind blows in the northeast direction at speeds ranging 

between 41 to 71 km/h., while in winter months, it blows towards the southeast at lower 

velocities between 33 to 41 km/h (Windfinder, 2017). 

 

Figure 3-6: Historical climate data (a) Maximum temperature, (b) Minimum temperature 
Adapted from: Adelana et al. (2010) 
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Figure 3-7: Historical climate data - rainfall 
Modified from: Adelana et al. (2010) 

Average monthly evaporation and rainfall data around the catchment area is presented in  

Figure 3-8. The evaporation data was recorded at three stations in the Zeekoe catchment 

managed by the Department of Water and Sanitation (DWS) using a Class A Evaporation Pan 

(Okedi, 2017). Cumulatively, the evaporation, based on the data presented, is 586 mm with an 

annual average of approximately 49 mm/a (i.e., 586/12).  

 

Figure 3-8: Average monthly rainfall and evaporation in the study area 
Modified from: Okedi (2017) after DWS (2015) 

From the rainfall and evaporation data presented, it is evident that this study’s field infiltration 

investigation carried out during April 2017 (described in Chapter 4) was completed during a 

relatively high rainfall period with low evaporation. Consequently, groundwater recharge 

during this season was expected to be significant as the rainfall occurs during a period of low 

evaporation. The observed reduction in average rainfall, over time, emphasizes the need for 

alternative water resources in the city.  

Figure 3-9 shows the negative impact of reduced rainfall on the city’s main dams during the 

prolonged drought of 2015 – 2018. Furthermore, because evaporation is a function of 

temperature, and the observed historical trend is a general increase in temperature (Figure 3-6), 
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storing water underground as opposed to on the surface will, not only act as an alternative water 

resource but mitigate water losses associated with high-temperature conditions.  

 

Figure 3-9: Western Cape water supply system storage record (2018 – 2021) 
Source: City of Cape Town; Weekly Water Dashboard (2021) 

3.5 Regional Geology 

3.5.1 General Description  

The Cape Flats Aquifer’s (CFA) topography is characterized by mostly low-lying flat plains 

between the Cape Peninsular Mountain Range (west) and the Hottentots-Holland Mountain 

Range (east). Historically, the mountains were off-shore islands, divided from the mainland by 

a shallow channel. This division was integrated by the formation of enlarged reinforced 

sandbars (or tombolas) formed by the recent stabilization of sea levels and an accumulation of 

sands (Brumer, 1981). 

The geology of the area is characterized by Quaternary-age (i.e. earlier than 2.58 million years) 

sediments of the Sandveld Group underlain essentially by the residual bedrock of the 

Malmesbury Group (Wright & Conrad, 1995; Giljam, 2002). The Cenozoic deposits consist of 

formations from different periods. From the Middle and Late Miocene: the Elandsfontein and 

Saldanha formations respectively; from the Pliocene: the Varswater formation; from the 

Pleistocene: the Milnerton, Velddrift, Langebaan and Witzand formations. The geology 

underlying this area gives rise to soil with minor variations across the plain. A brief description 

of the Cenozoic formations of Cape Town is presented in Table 3-1.  

A prominent characteristic of the sediments in the study area is the dominant presence of shelly 

material. Consequently, the groundwater has a high calcium carbonate content resulting in the 

formation of calcrete deposits near the water table. Calcareous deposits, however, are more 

concentrated nearer to the sea, along the Falsebay coastline (Tredoux et al. 1980). 
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Table 3-1: Cenozoic formations of Cape Town 
Adapted from: Adelana et al. (2010) after Theron et al. (1992) 

Of the various formations which make up Cape Town’s geology, the Zeekoe catchment area is 

predominantly underlain by deposits of the Witzand and the Springfontyn Formations 

(Condrad, 2014). An expanded description of these two formations is presented below: 

1. Witzand Formation 

The Witzand Formation is the earliest formation consisting of calcareous coastal dunes 

occurring towards the east of Swartklip between the suburbs of Wolfgat and Muizenberg. The 

dunes are unconsolidated and partially vegetated comprising of very coarse calcareous sands 

with an abundance of shells and shell fragments (Write & Conrad, 1995; Conrad, 2014).  

2. Springfontyn Formation 

According to Hartnady & Rogers (1990), the Springfontyn Formation is generally an aeolian 

formation (i.e. the sediments are wind-deposited materials) comprising of fine to medium-fine 

quartzose sands, increasing in grain size with depth. The formation is relatively uniform with 

occasional localized calcareous and peat lenses discovered within most of the central regions 

of the aquifer (Wright & Conrad, 1995; Vandoolaeghe, 1989). Because of the relatively pure 

nature of sands (i.e. 99.5% silica) in the Philippi area, they have been mined and used to 

produce high-quality glass (Wright & Conrad, 1995). Another area that possesses sands of 

similar characteristics is Atlantis on the west coast; an area used for managed aquifer recharge 

(MAR) and groundwater and abstraction (Hartnady & Rogers, 1990).  

Vandoolaeghe (1989) proposes the Springfontyn Formation to be some decalcified facies of 

the Witzand formation because whenever one formation is dominant in an area, the presence 

of the other is insignificant. He adds by suggesting that this decalcification can be owed to the 

Group Formation Description Epoch 
Age in 

Myr 

Sandveld 

Witzand Aeolian, calcareous, quartzose sand Holocene 

1.7 

Langebaan 

(Wolfgat) 
Aeolian, calcrete-capped, calcareous sandstone 

Pleistocene 
Velddrif Littoral, calcrete-capped coquina 

Milnerton Fluvial gravel, marine clay, and littoral sand 

Springfontyn 

(Philippi) 

Aeolian, quartzose sand with intermittent 

peaty clays 

Varswater 
Quartzose and muddy sand, and shelly gravel, 

phosphate-rich 
Pliocene 5.2 

Saldanha Conglomeratic sandy phosphorite Late 

Miocene 22 
Elandsfontyn 

Angular quartzose gravely sand and peaty 

clays 
Middle 
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high surface and subsurface permeability of the deposits which are conducive to groundwater 

recharge and subsurface flow. 

The underlying basement rock of the study area is made up of Precambrian metasediments 

belonging to the Malmesbury Group which form part of the Tygerberg Formation 

(Vandoolaeghe, 1984). Sediments of the Malmesbury Group comprise mainly of schists, grey 

to green phyllites, greywackes (impure sandstone), and shales (Conrad, 2014). The sediments 

are mostly heavily weathered except for those present less than ten metres below sea level 

(Vandoolaeghe, 1984). Because the gradient of the bedrock slopes towards the south-west 

direction, its depth varies substantially at different locations, rising to 80 metres above sea level 

(masl) in Belville, dropping down to 20 metres below mean sea level at the airport, and below 

40 masl at Zeekoevlei) (Wright & Conrad, 1995; Conrad, 2014).  

3.5.2 Geological Cross Sections 

The variability of subsoil material increases with depth (Shreurs, 2001). An example of this 

can be seen from a typical subsurface geological cross-section (Figure 3-10(a)). Seven types of 

sedimentary deposits have been observed to a depth of 10 km. For design and modelling 

purposes, simplified cross-sections (Figure 3-10 (b)) are often produced to ease the analysis of 

models and to compute speedy preliminary estimations. 

 

Figure 3-10: (a) Typical subsurface geological cross-section up to 10 m and, (b) simplified cross-

section   
Adapted from: Schreurs (2001) 

The main geological features of the Cape Flats have been mapped by Tredoux et al. (1980) as 

illustrated in Figure 3-11-a. A cross-section, line A-B-C, spanning towards the west (line A-B) 

and north-eastern directions (line B-C) of the Zeekoe catchment clearly shows the low-lying 

topography of the study area (Figure 3-11-b). The relative heights of the Cape Peninsular and 

the Hottentots-Holland Mountain Ranges on the west and east, respectfully, of the study area, 

can be seen from the cross-section. Similar horizontal sandstone formations have been 

discovered within these mountain ranges’ peaks. In between the mountains, post-Palaeozoic 

erosion of sandstone has, over time, resulted in the consequent formation of Cape Flats (Reid 

et al., 1993; Hartnady & Rogers, 1990). 
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More locally, a geological map of the area around the Zeekoe catchment is illustrated in Figure 

3-12, with seven section lines drawn around the region, labelled: L-L’, H-H’, G-G’, F-F’,          

E-E’, D-D’, and A-B-C.  

Geological cross-sections (Figure 3-13) associated with each of the abovementioned section 

lines were suggested based on a conglomerate of previous and current regional studies 

(Henzen, 1973; Gerber, 1981; Vandoolaeghe, 1989; Adelana and Xu, 2008). 

 

Figure 3-11: (a) Geological map and (b) Section ABC along the CFA 
Modified from: Tredoux et al. (1980) 
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Figure 3-12: Geological map of the area around the Zeekoe catchment  
Modified from: Adelana et al. (2010) 
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Section A-B-C
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                                          Legend 

       

Figure 3-13: Geological cross-sections (lines indicated in Figure 3-12) illustrating the inter-

relationships of sediments around the study area 
Modified from: Adelana et al. (2010) 
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Non-intrusive field investigations have also been carried out within and adjacent to the study 

area by Mayer and De Beer (1981) and Smith (1982). They conducted various forms of 

geophysical explorations at wellfields located near the study area; the closest ones being at 

Punt Road in Philippi, and Mitchell’s Plain (Figure 3-14-a). A comparison was done between 

the performance of the various geophysical methods, namely: gravimetric, refraction seismic, 

and the electrical resistivity method. The resistivity technique was found to not only be the 

most cost-effective of the three, but it also depicted a reasonably accurate and useful picture of 

the thickness and lithologies of the stratum formed during the Cenozoic era (Vandoolaeghe, 

1984).  

From the geological profile established using the resistivity method (Figure 3-14-b), a clear 

similarity in lithology, and layer thicknesses can be observed when compared to the geological 

sections in Figure 3-13. Both profiles generally indicate the presence of a thick calcrete and 

(or) sand layer on the surface, underlined by Malmesbury shale discoverable approximately   

20 m above mean sea level. 

 

Figure 3-14: (a) Map indicating the location of Mitchells Plain and Punt Road wellfields and, (b) 

Resistivity profiles  
Modified from: Vandoolaeghe (1984) 
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3.5.3 Borehole data 

This study also looked into past project-related borehole logging data of sites situated within 

and around the Zeekoe catchment. The approximate drilling locations of the attained borehole 

logs are shown on the map in Figure 3-15. 

The borehole data used for this study was provided by two private geotechnical companies 

(i.e., Fairbrother and Core Geotechnical Consults) solely for research purposes. Furthermore, 

six borehole logs (i.e., UWC1 -UWC-6) from the University of Western Cape (UWC) test site, 

obtained from Adelana et al. (2010), were also considered because of t their proximity to the 

Zeekoe catchment. 

The soil interpretations in the borehole drill-log reports from private contractors (Figure 3-16) 

were relatively crude compared to those in the reviewed literature. Extracted soil specimens 

were visually classified by competent drill loggers without laboratory tests being conducted on 

them. Soil colours and general material types were described in the borehole logs. Because of 

the sensitive nature of some projects as well as intellectual property rights, some project details 

were omitted, however, the overall data about the general location and soil descriptions were 

included in this investigation. A description of the borehole locations and their associated 

sources is summarised in Table 3-2. 

 

 

Figure 3-15: Map indicating borehole drill locations within and around Zeekoe catchment 
Modified from: Google Earth (2017) 
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Table 3-2: Description of General Location and Source of Borehole Data 
 

Borehole ID Location / Area Description Source  

UWC1 – UWC6 Bellville University of Western Cape 

BH-1 Khayelitsha Core Geotechnical Consultants 

BH-2 Khayelitsha Fairbrother Drill Company 

BH-3 Athlone Fairbrother Drill Company 

BH-4 Philippi Fairbrother Drill Company 

BH-5 Muizenberg Fairbrother Drill Company 

BH-6 Muizenberg Fairbrother Drill Company 

BH-7 Muizenberg Fairbrother Drill Company 

 

Borehole drillings carried out at the UWC test sites reached depths ranging between 10 m and 

105 m below ground level (Figure 3-17), whilst those conducted by private contractors were 

much shallower with minimum and maximum drill depths of 2 m and 25 m respectively  

(Figure 3-18). The borehole logs presented in Figure 3-18 were produced with the aid of six 

drill-log datasheets from Fairbrother, and a Geotechnical Investigation Report from Core 

Geotechnical Consultants totalling seven simplified graphical representations of the local soil 

strata. Because the terrain within and around the Zeekoe catchment area is relatively flat (Reid 

et al., 1993; Hartnady & Rogers, 1990), the ground level of each borehole does not vary 

significantly.  

 

Figure 3-16: Sample page of borehole drill-log datasheet 
Source: Fairbrother Drill Company (Pty) Ltd Drilling Report (2010)  

Soil formation description: 

“Fine Light Brown Sand” 
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Despite the shallow drill depths and limited soil classification from the drill reports, the defined 

materials were consistent with those from the UWC Test Site, as well as literary descriptions 

of the region’s geology. A noteworthy consistency between the cross-sections shown in section 

3.5.2 earlier, and the borehole log data, is the thick (30 – 40 m) overlying sandy layer (better 

described as ‘Calcareous sand’) consisting of occasional impervious clay or peat lenses which 

reach up to 15 m in thickness. Underlying the sandy layer, basement Malmesbury shale was 

discoverable from depths varying between 35 m and 105 m below natural ground level.  

 

 

Figure 3-17: Litho-logs of monitoring wells drilled at UWC test site  
Adapted from: Adelana et al. (2010) 
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Figure 3-18: Borehole logs summarised from drill-log datasheets  
Data from: Fairbrother Drill Company Drilling Reports 

From the borehole logs in Figure 3-18, a three-dimensional perspective of the borehole 

locations and depths, in relation to the study area, was developed using Civil 3D AutoCAD 

software (see Figure 3-19). The key information required to generate the 3-D model was: the 

boreholes’ coordinates (Table 3-3), and the depths and descriptions of each deposit. A vertical 

to horizontal scale ratio (i.e., V: H) of 1H:1000V was adapted to add emphasis on the vertical 

variation in sedimentary deposits in each borehole. 

Table 3-3: Coordinates of borehole drill locations 
 

Borehole ID 
Location / Area 

Description 
Latitude Longitude 

UWC1 – UWC6 Bellville  33°56'0.67"S  18°37'40.65"E 

BH-1 Khayelitsha  34° 2'52.01"S  18°40'27.36"E 

BH-2 Khayelitsha  34° 2'20.62"S  18°39'51.21"E 

BH-3 Athlone  33°57'21.18"S  18°30'38.13"E 

BH-4 Philippi  34° 1'38.57"S  18°32'11.35"E 

BH-5 Muizenberg  34° 4'56.61"S  18°31'19.05"E 

BH-6 Muizenberg  34° 5'36.13"S  18°29'21.48"E 

BH-7 Muizenberg  34° 5'59.50"S  18°29'0.77"E 
 

The inclusion of more borehole data for a given area can significantly increase the accuracy of 

a 3-D subsurface profile because less area would need to be interpolated. Based on available 

borehole log data, this investigation was limited to developing a foundation on which larger 

and more detailed subsurface geological maps can be generated further. Vandoolaeghe (1984) 
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stressed that to obtain an accurate reliable regional management model, “many more boreholes 

would be required to reach these objectives”.  

 

Figure 3-19: Plan-and 3D-view of borehole logs around the Zeekoe catchment 
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3.6 Regional Hydrogeology 

3.6.1 Surface Water 

Four main water bodies form part of the stormwater, and wastewater drainage systems in the 

Zeekoe catchment area, these are Princessvlei, Rondevlei, Zeekoevlei, and the Cape Flats 

WWTW (Figure 3-20). Using Google Earth’s (2017) Path function, the total drainage length 

(along the channel) from the Cape Town Internal Airport (CTIA) to the mouth of the Zeekoe 

canal, was traced and measured to approximately 20 km which is comparable to the 18 km 

approximated by Heydorn & Grinley (1982) from the Cape Town City Council Map TPX 8770. 

 

 

Figure 3-20: Major components of the Zeekoe drainage system 
Modified from: Heydorn & Grinley (1982) 
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The current stream systems flowing on the Cape Flats Aquifer’s surface are Lotus River, and 

Kuils-Eerste River System (Giljam, 2002). A summarised description of each river system is 

presented in Table 3-4. 

Table 3-4: Stream systems on the Cape Flats 
Source: Giljam (2002) after Hartnady & Rogers (1990) 

Stream System Description 

Lotus River 
This River begins from the far north of the Zeekoe catchment area, at Cape 

Town International Airport, and enters the Zeekoevlei complex. 

Kuils-Eerste River System 

Ascending from the northeast of the Cape Flats, the river has been limited 

from entering the sea due to the Late Pleistocene aeolianites of the Langebaan 

formation. Consequently, it flows east joining the Eerste River 
 

3.6.2 Ground Water Table and Aquifer Depth  

The Cape Flats Aquifer is generally unconfined with a maximum thickness of 45 – 50 m along 

the False Bay coastline, spreading in the northward direction to a thickness of 5 – 10 m      

(Figure 3-21 (a)). Relative to the average sea level, the water table’s head elevation increases 

towards the northeast from nearly zero at the coast, to a maximum of 40 m as shown in Figure 

3-21-b. 

 

Figure 3-21: (a) Aquifer depth and (b) Water table head elevation of Zeekoe catchment 
Adapted from: Adelana et al. (2010) & Okedi (2017) 

Data on long-term fluctuations of groundwater levels within the Cape Flats Aquifer is very 

limited. The University of Western Cape (UWC) however, has conducted continuous 

monitoring of groundwater levels by drilling several research boreholes equipped with water-

level sensors and data loggers (Conrad, 2014). No reports were attainable, yet it was possible 

to obtain continuous groundwater level data from two of the research boreholes situated 

(a) (b) 
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approximately 2.8 km southeast of the Cape Town International Airport. Plotted in Figure 3-22 

are the long-term groundwater level graphs throughout four to five years.  

Between the years 2002 – 2006, a seasonal groundwater table fluctuation of around 0.7 m, with 

minimum and maximum levels of 4.9 meters below ground level (mbgl) and 5.6 mbgl, 

respectively, were observed from the UWC Logger 02 borehole data in Figure 3-22 (a). From 

Figure 3-22 (b), the natural groundwater fluctuation recorded in the UWC Logger 06 borehole 

was approximately 0.9 m, whilst the water table depth ranged between 5.2 and 6.1 mbgl, with 

an average of about 5.7 m. It has been assumed that barometric pressure corrections were taken 

into account. 

Another hydrological study was conducted by Geohydrological and Spatial Solutions (GEOSS) 

International during the year 2013, from summer to winter, at a proposed development site in 

Belhar. The Belhar study area is situated about 3 km northeast of the airport. Groundwater 

levels measured from six installed piezometers revealed greater fluctuations in the groundwater 

level than at the UWC Test Sites. The greatest variation in the groundwater level was recorded 

to be 1.7 m with the lowest being approximately 1.6 m (Conrad, 2014 after GEOS, 2013).  
 

 

Figure 3-22: Long term groundwater level graphs from UWC research boreholes 
Source: Conrad (2014) 

(a) 

(b) 
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3.6.3 Groundwater Movement 

The hydrology of Cape Flats Aquifer was dominated by preferential flow paths originating 

from paleochannels (i.e. ancient river channels) of the Kuils, Lotus, and Elisieskraal Rivers 

(Hay et. al., 2015). Often infilled with granular or coarse fluvial deposits, paleochannels 

possess considerable water storage and transmission characteristics. Moreover, when below 

the water table, these ancient river channels are often targeted as water resources by farmers 

and households with abstraction pumps (DWA, 2017).  

The flow path of the regional groundwater is comparable to that of the river courses. 

Groundwater movement around the study area is towards the south, descending from Belville 

to False Bay (Figure 3-23). Additionally, the groundwater paths appear to be directed towards 

regions of great aquifer thickness like the Zeekoe catchment area.  

Because the CFA is regionally unconfined and free of lateral or geological boundaries, its 

proximity to the sea could have a substantial influence on groundwater discharge into the sea. 

This discharge may occur through permeable bottom sands where the aquifer is hydrologically 

connected to the sea (Swarzenski et al., 2001).  

 

 

Figure 3-23: Groundwater flow path and aquifer thickness around the Zeekoe catchment 
Modified from: Hay et. al (2015) 

Flow Paths 10 20 30 40 50 60 Schools 
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3.6.4 Hydraulic Parameters of Aquifer 

Numerous hydrological investigations have been conducted in the CFA to determine the 

district’s hydraulic properties. Okedi (2017) undertook a study that carried out a water-demand 

and stormwater resource assessment for Cape Town, with a focus on the Zeekoe catchment. 

Based on modelled results, he proposed that groundwater yields were greatest (above 5 l/s) on 

the south-eastern edges of the catchment area (Figure 3-24). This can be attributable to the 

increasing aquifer depth and soil characteristics towards the sea. Most of the region’s 

groundwater yield was estimated to range between 2.0 – 5.0 l/s, with the lowest yields (0 – 0.5 

l/s) towards the north-western region of the catchment. Another study discussed by Meyer 

(2001) observed, from a total of approximately 500 boreholes drilled around the Zeekoe 

catchment area, groundwater abstraction yields ranging between 0.5 and 2 l/s.  

 

Figure 3-24: Map depicting groundwater yield in the Zeekoe catchment 
Source: Okedi (2017) 

A transmissivity distribution map (Figure 3-25) was produced by Gerber (1976) and 

Vandoolaeghe (1989) through their evaluation of the hydraulic conductivity of the Cape Flats 

aquifer. Gerber’s (1976) findings suggested transmissivity values ranging between 50 – 650 

m2/d; these results corroborate a study by Adelana et al. (2010) which estimated average 

transmissivity values from 32.6 to 618.8 m2/d. Because of the anisotropic nature of the deposits 
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in the study area, Gerber (1976) found, from a series of 26 abstraction and recovery tests (each 

lasting 20 days), the vertical permeability to be smaller by up to 100 times when compared to 

the horizontal permeability.  

 

 

Figure 3-25: Transmissivity distribution map 
Modified from: Adelana et al. (2010) after Wright and Conrad (1995): original data from Gerber (1981) 

 

Tredoux et al (1980) assessed the suitability of the Cape Flats aquifer for artificial recharge and 

abstraction by extensive investigations into the geohydrological properties of the district. Their 

investigation included the drilling of several hundred exploratory wells and the acquisition of 

core samples according to the encountered strata. Particle-size distribution curves were 

determined through standard screening procedures on soil particles in the retrieved core 

samples. 

Despite the presence of occasional localized impervious peat layers underlying the sand 

deposits of the study area, good filtration properties were supported by the soil material’s 

average effective grain size (0.1 to 0.2 mm) and uniformity coefficient (2.5 to 4.0) (Tredoux et 

al 1980). Detailed in Figure 3-26 is a typical cross-section through the soil deposits of the CFA, 

Zeekoe 

catchment 
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including associated details of grain size and distribution (i.e. Effective Size and Uniformity 

Coefficient). 

 

Figure 3-26: Typical cross-section of the deposits encountered around the Zeekoe catchment  
Adapted from: Tredoux et al (1980) 

Correlations between hydraulic conductivity and soil physical properties have been recognised 

by various authors succeeding the pioneering Green and Ampt (1911) who noticed a direct 

proportionality between the in-situ material’s porosity, and the hydraulic conductivity. 

Vandoolaeghe (1984) adds to this by suggesting the probable link between hydraulic 

conductivity and sediment facies. Facies describe the characteristics of a rock or sedimentary 

deposit. They reflect the environment of deposition and serve to distinguish sediments 

deposited in adjacent environments (Geology.com, 2017).  

With the knowledge of relative positions and geological variations in different aquifer units, it 

is evident that areas with high groundwater yields are limited in extent as demonstrated by 

numerous drillings in the Cape Flats and Atlantis districts Vandoolaeghe (1984). High-yielding 

boreholes have generally been owed to two primary factors: aquifer thickness and available 

hydraulic head (Vandoolaeghe (1984).  
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Recharge in the aquifer is mainly governed by the precipitation falling within the catchment. 

The recharge rates in the CFA have been proposed as a percentage of the mean annual 

precipitation (MAP) by Gerber (1981) and Vandoolaeghe (1989) to be approximately 40% and 

15 – 37% respectively. The approach of estimating groundwater recharge rates as a percentage 

of the MAP is considered by Parsons (2000) to be rather simplistic and crude because it 

overlooks other relevant factors including rainfall intensity, the ground slope, the hydraulic 

conductivity, and the moisture conditions of the soil. Parsons (2000) further states that for an 

unconfined system such as the CFA, recharge is unlikely to transpire should the rainfall 

intensity be below 10 mm over 5 consecutive days.  

Despite the CFA’s geology being relatively uniform, variations in the aquifer’s hydraulic 

parameters are significant. Region-specific in-situ tests are vital for assessing the suitability of 

a proposed area’s infiltration potential. A summary of Cape Flats’ general hydraulic properties 

sourced, from various authors, is presented in Table 3-5. 

 

Table 3-5: Summary of Cape Flats Aquifer hydraulic parameters from various authors 
 

Parameter / Property Units Magnitude Source / Author Year 

Aquifer transmissivity  m2/d 
50 - 650 Gerber 1976 

32 - 620 Meyer 2001 

Soil effective porosity - 

0.10 – 0.15  Wessels & Greeff 1980 

0.02 – 0.25 Gerber 1980 

0.10 – 0.25 Tredoux et al. 1980 

20 – 25 Henzen 1973 

Borehole groundwater yield l/s 

0 - 5 Okedi 2017 

17 Tredoux et al. 1980 

80 Vandoolaeghe 1984 

0.5 - 2.0 Meyer 2001 

Horizontal hydraulic conductivity m/d 

1.5 – 17.5 Gerber 1980 

15 – 30 Wessels & Greeff 1980 

20 – 25 Henzen 1973 

3.4 - 36 Tredoux 1981 

Vertical Hydraulic conductivity m/d 
0.01 -1 Gerber 1980 

3.5 - 17 Wessels & Greeff 1980 

Aquifer storage capacity  m3 x 106 

1500 Vandoolaeghe 1984 

1500 Tredoux et al. 1980 

1500 Meyer 2001 

Soil effective grain size, D10 mm 0.1 – 0.2  Tredoux et al. 1980 

Soil Uniformity Coefficient, CU - 2.5 -4.0 Tredoux et al. 1980 

Mean Annual Precipitation, MAP mm/yr 
619 Adelana 2010 

500 - 700 Henzen 1973 

Recharge %* 

16 - 47 Adelana 2010 

40 Gerber 1981 

15 - 37 Vandoolaeghe 1989 

%* Percentage of MAP 
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3.6.5 Groundwater Quality 

The Cape Flats area is not only characterized by its productivity of groundwater resources but 

also dense human settlements as well as industrial and agricultural activities that are all sources 

of pollutants (Adelana & Xu, 2006). Sources of pollution include, among others: highway run-

off, urban residential wastewater entering canals through stormwater networks, nutrients from 

agricultural areas, and direct dumping of waste and grey / black water from informal 

settlements with poor sanitation services. The Lotus River (both Great and Little) comprises of 

portions that are lined with concrete to manage increased runoff due to urbanization. The highly 

polluted water from upstream in the Great Lotus River is diverted to the Cape Flats WWTW 

thus resulting in clearer downstream water in the Little Lotus (Figure 3-27).  

 

 

Figure 3-27: Water pollution in Zeekoe catchment river streams 
 

Polluted surface water infiltrates the ground and contaminates the aquifer from various 

locations, mainly along the natural river courses. The chemical quality of the indigenous 

groundwater of the aquifer is presented in Table 3-6. The water is generally of low salinity with 

relatively high hardness (i.e., high concentration of dissolved Calcium and Magnesium) 

(Tredoux et al.,1980). The abundant presence of shelly material throughout the aquifer results 

(a) (b) 

(c) 

Oily industrial wastewater near airport – 

upstream of Great Lotus river 

(d) 

Pollution from informal settlements into 

natural portion of Great Lotus River 

High pollution in channelized portion of Great 

Lotus River 
Downstream clear section of channelized 

Little Lotus River after pollution diversion 
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in the occurrence of calcrete horizons (caused by calcium carbonate) observable near the water 

table (Wright & Conrad, 1995). 

Using the classification system set out by the National Water Act (NWA), the Cape Flats 

precinct has been delineated to indicate different levels of recourse protection (Figure 3-28). 

The quality of groundwater in the Zeekoe catchment area was mostly good, aside from the 

central Philippi area which had a high salt, Potassium, and Nitrate content due to the 400 tons 

of fertilizer used annually for irrigation (Wright & Conrad, 1995).  

Table 3-6: Indigenous groundwater quality in the Cape Flats Aquifer 
Source: Tredoux et al (1980) 

Chemical Parameters Units 
Concentrations 

Median Medium Maximum 

Sodium mg/l 57 20 760 

Potassium mg/l 1,5 0,9 120 

Calcium mg/l 95 36 150 

Magnesium mg/l 11 3,9 93 

Ammonia (as N) mg/l <0,5 <0,5 1,2 

Sulphate mg/l 30 4 166 

Chloride mg/l 99 35 1317 

Total Alkalinity (as CaCO3) mg/l 248 80 391 

Nitrate (as N) mg/l <0,1 <0,1 2,6 

Nitrite (as N) mg/l <0,05 <0,05 0,1 

Total phosphate (as P) mg/l <0,1 <0,1 0,35 

pH mg/l 7,7 7 8,2 

Electroconductivity mg/l 78 43 499 
 

 

Figure 3-28: Cape Flats Aquifer protection zoning based on the groundwater quality and 

resource directed measure concept 
Source: Adelana & Xu (2006) 
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3.7 Stormwater Ponds in Zeekoe Catchment 

The City of Cape Town (CoCT) has approximately 800 stormwater ponds in its various 

catchment areas for the management of stormwater runoff. Roughly 8% of these ponds can be 

found in the Zeekoe catchment. Because most of these ponds were constructed rapidly over the 

past 40 odd years, the city has not managed to timeously record as-built data which has resulted 

in gaps in the geographic information systems (GIS) records of actual pond locations (Rohrer, 

2016 after Austin 2014). 

Rohrer (2014) undertook a study that aimed at creating a database containing the locations, 

types, and sizes of all the stormwater ponds in the CoCT. In his investigation, Rohrer observed 

a total of 61 ponds in the Zeekoe catchment, of which most were detention ponds (84%), some 

retention ponds (14%), and very limited wetlands (2%) (Table 3-7). 

 

Table 3-7: Number of each type of pond in the Zeekoe catchment 
Source: Rohrer (2014) 

Catchment 

Area  

Total Area 

of 

Ponds 

Total 

No. of 

Ponds 

No. of 

Detention 

Ponds 

No, of 

Retention 

Ponds 

No. of 

Wetlands 

 

No. of 

Ponds 

Per km2 

(km2) (km2) - - - - - 

177 0.763 61 51  9  1  0.34 
 

The ponds are situated at various elevations above the water table, with surface areas ranging 

between 156 and 410 m2. The shape of the ponds is typically rectangular or oval in plan with 

depths from 0.9 to 2.0 m (Figure 3-29). The distribution of the ponds throughout the catchment 

area is uneven as they are largely concentrated in the north-eastern region with a few towards 

the south and west of the study area (Figure 3-30). 

 

Figure 3-29: General shape and depth of stormwater ponds in the Zeekoe catchment 

 

2.0 m 
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Figure 3-30: Location of stormwater ponds in the Zeekoe catchment 
Source: Rohrer (2014) 

Zeekoe catchment 

Detention 

Retention 

Wetland 

Surface drainage 

Type of Pond 
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4   Field Infiltration Investigation 

4.1 Introduction  

The main apparatus use in this study for in-situ infiltration measurements was the Double-Ring 

Infiltrometer (DRI). This field test method was employed to measure the steady-state 

infiltration rate of water through the surface of the selected stormwater ponds. The chapter 

begins with a presentation of the preliminary site investigation undertaken before the selection 

of the investigated ponds, followed by an outlook into the criteria used to select representative 

samples. The chapter proceeds with a presentation of the established infiltration test program 

and the DRI apparatus used to conduct the field tests before concluding with a description of 

how quality was ensured throughout the investigations. The chapter details the test procedure 

and Preliminary Site Investigation 

4.1.1 Access to Ponds 

Before conducting a preliminary site investigation, a desktop study was undertaken with the 

aid of Google Earth software and the City of Cape Town’s (CoCT) pond database generated 

by Rohrer (2016). The desktop study involved the preselection of potential ponds to be 

investigated based on their location within the catchment area.  

One of the main purposes of the preliminary site investigation was to not only physically 

validate the existence of the preselected ponds but to also determine the accessibility of the 

ponds and the practicability of conducting infiltration tests in them. Some of the initially 

preselected ponds were omitted after the preliminary site investigation because of access 

constraints such as the ponds being within a graveyard, or the ponds being fenced off. An 

overview of the ponds and study area is shown in Figure 4-1.  

4.1.2 The Function of Stormwater Ponds 

More than 80% of the investigated stormwater ponds were originally designed as detention 

ponds because of their proximity to residential areas. Designing them as retention ponds would 

have posed potential health and safety hazards related to stagnant open water bodies such as 

algal blooms, mosquito breeding, and risk of children drowning (Åstebøl et al., 2004; Clar et 

al., 2004; Woods-Ballard et al., 2007).  

The ponds were observed to serve the primary purpose of detaining stormwater during rainy 

seasons however, in dry seasons, the ponds were used for multiple purposes such as 

playgrounds for children; football fields; grazing for cattle, sheep and horses; and general 

pathways for pedestrians (Figure 4-1-f).  
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Figure 4-1: Images of study area captured during preliminary site investigation of SW ponds 

 

4.2 Selection Criteria for Representative Sample 

Three representative stormwater ponds were selected across the Zeekoe catchment for this 

investigation. The ponds were selected based on their distribution across the study area; each 

pond represented a group of ponds within a region of the catchment area (Figure 4-2). The 

locations and surface areas of the three sites are given in Table 4-1.  

(a) (b) 

(c) (d) 

(e) (f) 

Research team 
Informal settlements 

Access limitation 

Pollution 

Cows grazing 

Wet portion of SW pond 

SW pond outlet 

Large portion of SW 

pond with no vegetation  

Cattle grazing on 

vegetation in SW pond 

Assessed stormwater pond 
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Figure 4-2: Locations of investigated stormwater ponds 
Modified from: Okedi (2017) 

 

Table 4-1: Selected pond locations 
 

Pond 

No. 

Pond 

Type 

Surface 

Area 

(m2) 

Suburb 

Name 
Road Name Latitude Longitude 

1 Detention 32,000.0 
Browns 

Farms 

2309 Msingizane 

Street 
-34.009 18.581 

2 Retention 10,000.0 Lotus River 7 Eric Way -34.025 18.519 

3 Detention 9,000.0 Vrygrond 86 Drury Road -34.087 18.484 

 

The determination of the number of Double-Ring Infiltrometer (DRI) tests to be undertaken 

was based on the following: 

a) From preliminary site visits, it was observed that soil texture, soil type, and vegetation in 

ponds varied considerably across the catchment. Thus, it was decided to conduct DRI tests 

on selected representative ponds distributed across the catchment to determine the general 

infiltration parameters (i.e. inter alia infiltration rates and porosity) of the study area and 

to observe differences in infiltration potential owing to regional effects.  

# 

2 

1 

3 

Region A 

Region B 

Region C 

Selected stormwater 

ponds 

Stormwater ponds 

Surface water 

Zeekoe Catchment 
Drainage 
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b) From site visits, it was also observed that soil texture and type varied within ponds. 

Accordingly, it was decided to conduct three DRI tests on different positions within each 

of the selected ponds to determine the general infiltration parameters of each pond. 

c) Since stormwater runoff contains fine soil particles which can alter properties of the top 

layer of the stormwater pond surface over time, it was decided that on each tested position, 

another test be conducted after excavating at least 200 mm of topsoil (Figure 4-3). This 

would indicate the change in infiltration rates with depth i.e., on the surface and sub-surface 

(200 mm below the surface). Furthermore, the effects of vegetation and top organic soil on 

infiltration would be mitigated since the soil deposits were observed to remain relatively 

uniform below a depth of 200 mm.  

d) Thus, a total of 18 DRI tests were conducted i.e., 6 tests per stormwater pond, three on the 

surface and three on the sub-surface (Figure 4-4).  

 

 

Figure 4-3: Surface strata observation pit in a pond from surface to 20cm depth 

 

 

Figure 4-4: Schematic of two different DRI test set-ups on each location within a pond 

 

Thin topsoil sandy layer comprising of 

grass, small roots and organic matter  

Uniform sandy layer underlying 

organic topsoil  

±20 cm 

DRI Set-up 1: 

Pond surface Pond sub-surface 

DRI Set-up 2: 

outer ring 

inner ring 
Constant water level maintained by Mariotte 

cylinders (refer to research apparatus in section 4.4)  
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4.3 Individual Investigated Ponds 

The three investigated ponds and the positions of the DRI tests within each pond are shown in 

Figure 4-5 to Figure 4-7. Localised wetlands were observed in Ponds 1 and 3 thus restricting 

infiltration testing on those areas. Pond 2 was completely dry during the time of the 

investigation with the channelized Lotus River separating it from an adjacent wetland. 

Variations in vegetation and soil across each ponds’ surface can also be seen from the figures 

including the proximity of the ponds to residences and surrounding developments. 

 

Figure 4-5: Infiltration Test Locations within Pond 1 
 

 

Figure 4-6: Infiltration Test Locations within Pond 2 
 

Pond 1 

Wet area 
1 

DRI Test 

Location 

Pond No. 1 

# 

3 

2 

Wet area 

Pond 2 

DRI Test 

location 

Pond No. 2 

Wet area 

 Wet area 

Lotus River 
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1 
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Figure 4-7: Infiltration Test Locations within Pond 3 

4.4 Research Apparatus 

4.4.1 Double-Ring Infiltrometer 

The Double-Ring Infiltrometer (DRI) in-situ test was adapted over other infiltration test 

methods due to its simplicity and extensive use in hydrogeologic investigations (ASTM, 2009). 

It allows for a relatively quick comparison of in-situ steady-state infiltration rates. Because 

many factors influence the infiltration rate, tests conducted at the same site are not likely to 

give the same results however the results are useful for comparative and index value 

determinations. Since this investigation involved conducting tests on numerous locations, the 

flexibility and portable nature of the apparatus was advantageous for ease of mobility. The 

partly vegetated sandy soil conditions in the investigated ponds were applicable for this test 

excluding local wet areas. The main components of the DRI apparatus and detail of dimensions 

are shown in   Figure 4-8 and Figure 4-9 respectively. 

 

Figure 4-8: Double-Ring Infiltrometer Apparatus 

 

Pond 3 

# DRI Test 

location 

Pond No. 3 

Wet 

area 

Wet area 

3 

2 

1 

30,000 ml calibrated Mariotte cylinder 

10,000 ml calibrated Mariotte cylinder 

Steel support stand 
Rubber tubes 

Rubber splash-guard  

30 cm dia. steel inner ring 

60 cm dia. steel outer ring 

13 mm thick Aluminium 

driving cap / Lid  
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Figure 4-9: Double-Ring Infiltrometer and Mariotte cylinder dimensions 

4.4.2 Other Apparatus 

Additional apparatus used to carry out the infiltration investigation, in conjunction with the 

double-ring infiltrometer apparatus are illustrated in Figure 4-10; below is a description of these 

apparatus:  

a) 200 mm long, 50 mm diameter steel soil sampling tubes; 

b) 4-liter re-sealable plastic bags for soil sample collection; 

c) 5.5-kg sledgehammer, a rubber hammer, 600 mm length of wood around 50 by 100 mm, 

shovel, spirit level, steel measuring tape, thermometer, stopwatch. 

d) 1000-litre water supply tank. 

e) A van with a minimum load capacity of 1000 kg. 

 

Figure 4-10: Additional apparatus used during infiltration experiment 
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4.5 Infiltration Test Program 

In total, eighteen constant-head Double-Ring Infiltration tests were conducted in three selected 

stormwater ponds (i.e., six tests per pond), nine of which involved carrying out the test on the 

surface of the ponds whilst the other nine on the sub-surface (i.e., 200 mm below the surface). 

The complete test program is listed in Table 4-2. Notations used in the ‘Test ID’ column of the 

field test schedule are described in Figure 4-11: 

Table 4-2: DRI experimental test program 
 

Test no. Test ID Pond No. Sample No. DRI Set-up level Test Date 

1 P1-1-S 1 1.0 Surface 27/03/2017 

2 P1-1-BS 1 1.1 Below surface 28/03/2017 

3 P1-2-S 1 2.0 Surface 29/03/2017 

4 P1-2-BS 1 2.1 Below surface 30/03/2017 

5 P1-3-S 1 3.0 Surface 31/03/2017 

6 P1-3-BS 1 3.1 Below surface 01/04/2017 

7 P2-1-S 2 1.0 Surface 03/04/2017 

8 P2-1-BS 2 1.1 Below surface 04/04/2017 

9 P2-2-S 2 2.0 Surface 05/04/2017 

10 P2-2-BS 2 2.1 Below surface 06/04/2017 

11 P2-3-S 2 3.0 Surface 07/04/2017 

12 P2-3-BS 2 3.1 Below surface 08/04/2017 

13 P3-1-S 3 1.0 Surface 10/04/2017 

14 P3-1-BS 3 1.1 Below surface 11/04/2017 

15 P3-2-S 3 2.0 Surface 12/04/2017 

16 P3-2-BS 3 2.1 Below surface 13/04/2017 

17 P3-3-S 3 3.0 Surface 14/04/2017 

18 P3-3-BS 3 3.1 Below surface 15/04/2017 

 

 

Figure 4-11: Description of notations used for test identification 

 

P1 – 1 – S  

Pond number (e.g., Pond No. 1, 2 or 3) 

Infiltration test location within a pond (e.g., Location 1, 2 or 3) 

Depth of infiltration test set-up (S: Surface, BS: Below Surface) 
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4.6 Infiltration Investigation  

4.6.1 Soil Sample Collection 

Before each infiltration test, soil samples were collected adjacent to each DRI test location for 

further laboratory testing. Determining the effects of initial soil parameters helps in the 

prediction of more accurate soil hydraulic parameters. The soil samples were collected in two 

forms, disturbed and relatively undisturbed. The disturbed samples were stored in sealable 

plastic bags to prevent moisture loss whilst 200 cm high hollow cores were driven into the 

ground to retrieve intact soil specimens. 

4.6.2 Calibration of Apparatus 

Before the initial use and reuse of the DRI apparatus, it was calibrated to ensure that accuracy 

and consistency were maintained. Infiltration measurements were only recorded for water 

passing through the inner ring thus the surface area of the inner 30 cm ring was measured after 

each test to ensure that the area at the bottom of the ring was not altered during the installation 

process of the previous test. The surface area of the inner ring was crucial for calculating the 

volumetric flow of infiltrated water which is equal to the surface area multiplied by the change 

in height of the water within the inner ring. A steel rule was used to determine these 

measurements providing an overall accuracy of 1%.  

For each of the Mariotte cylinders, a relationship between the change in elevation of the fluid 

level on the graduated tube and the change in volume of water dissipated was established. Three 

calibration trials were conducted for each Mariotte cylinder and the results of ∆Volume versus 

∆Height were plotted to observe a linear relationship with a general accuracy of 1%. 

4.6.3 Double-Ring Infiltrometer Test 

The infiltration test procedure was conducted following ASTM D3385 – 09: Standard Test 

Method for Infiltration Rate of Soils in Field Using Double-Ring Infiltrometer. As illustrated 

in Figure 4-12, the test consisted of two open cylinders (inner and outer) each manually driven 

into the ground before being partially filled with a constant head of water with the aid of two 

Mariotte cylinders. The infiltration rates were calculated by measuring the volume of liquid 

added to the inner ring to maintain the water at a constant liquid level until steady infiltration 

rates were achieved. A steady infiltration rate was assumed when the rate of discharge was 

below 0.5% over a 5-minute time interval. 

The first step of the procedure involved the establishment and preparation of a test location 

which was relatively level with a clear surface area of approximately 3 by 3 m within the pond. 

For the case of a sub-surface infiltration test, about 200 mm of topsoil was excavated and the 

ground was cleared and levelled before driving the cylinders into the ground (Figure 4-13). 

To drive the cylinders into the ground, a driving cap was first placed on the outer cylinder, then 

a wooden block was placed on the driving cap. A sledgehammer was then used to deliver heavy 

blows uniformly around the cylinder with a second person standing on top of the driving cap 
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to facilitate driving the rings uniformly until the desired depth was achieved. To prevent water 

in the inner from leaking to the ground surface surrounding the ring, the outer ring was driven 

to approximately 150 mm whilst the inner ring was driven to about 100 mm.  

If the surface of the soil surrounding the walls of the rings was slightly disturbed by the driving 

process, the soil was tamped and recompacted until its original firmness was achieved. If, 

however, the soil surrounding the driven rings’ walls was excessively disturbed, the apparatus 

was set up in a new location.  

 

Figure 4-12:Detailed schematic of DRI test set-up 

 

 

Figure 4-13: Preparation of sub-surface DRI test  
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Once the rings were driven and a spirit level was used to check the ring sides to be vertical, the 

pipe leading from the water supply tank was carefully connected and secured as shown in 

Figure 4-14-a. A pressure head above 2.0 m was available to supply the Mariotte cylinders 

throughout the tests owing to their height above the pond surfaces (Figure 4-14-b).  

 

Figure 4-14: (a) Connection of DRI pipes to main water supply, (b) Relative position of test 

 

The pipe network configuration of the apparatus was generally the same for each test however 

the pipe lengths varied according to the distance of the set-up locations relative to the main 

water supply. Figure 4-15 shows a complete set-up of a sub-surface DRI test with all 

components whilst a schematic in Figure 4-16 highlights the water flow connection. 

Once the pipe network was connected across the system, the main outlet pipe from the 1000 l 

water supply tank was opened to supply the two Mariotte cylinders with water. Before pouring 

any water into the DRI, splash guards were placed on the surface within the annular space of 

both the inner and outer rings to prevent erosion of soil when water was initially supplied.  
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Figure 4-15: Complete sub-surface DRI test configuration 
 

 

Figure 4-16: Double-Ring infiltrometer water-flow configuration 
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A bucket was used to initially pour water into both rings up to the desired level                  

(between 25 – 150 mm) before removing the splash guards. The flow from the Mariotte 

cylinders was then initiated by opening the outlet valves to maintain the same water level in 

both rings at the selected head.  

The following information was recorded during each test in the field-test data form: 

1. Date of the test; 

2. Location of test site; 

3. Weather conditions; 

4. Description of test site including shallow soil profile; 

5. The area of the two rings, and the annual space between them; 

6. The ground temperature to a depth of about 200 mm using a probing thermostat            

(Figure 4-17-a); 

7. The temperature of water within the inner ring; 

8. The constant depth of water maintained in the inner ring and annular space; 

9. Depth to water table if available;  

10. The volume of liquid added to maintain a constant head in the inner ring (whilst keeping 

the same water level in the annular space) at various time intervals by measuring the change 

in water level on the graduated tube of the inner ring’s Mariotte cylinder (Figure 4-17-b). 

 

 

Figure 4-17: (a) Temperature measurement, (b) Recording test measurements  
 

The data was recorded at increasing time intervals with each hour. For sites with more pervious 

soil material, readings were recorded more frequently than those with lower permeability. Each 

test continued until a relatively constant infiltration rate was obtained. To mitigate evaporation 

in the rings, the driving cap was placed as a lid over the two rings. Upon completion of the test, 

a rubber hammer was tamped along the sides of the rings to loosen them before removal. 

In soils of very low permeability, low infiltration rates could be explained by dense underlying 
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water was observed as shown in Figure 4-18-b after a test was conducted at a location within 

Pond 1 with very low permeability. 

 

 

Figure 4-18: (a) Very dense soil sealing ring (b) Completed DRI test on low permeability soil 
 

4.7 Quality Concerns 

Due to the variability in soils tested and the numerous factors related to soil and water which 

may affect the infiltration test results, the recorded infiltration rates were considered as index 

values. Notwithstanding the variable nature of this in-situ test, quality and consistency were 

maintained for factors that were controllable to limit any potential bias in the obtained results. 

Elaborated below are the measures which were adapted to ensure quality and consistency. 

• Recording of information required to complete the field-test data form (Figure 4-19). 

• The same apparatus was used throughout this investigation. 

• The DRI apparatus was properly calibrated before the beginning of each test. 

• Infiltration tests were monitored physically from start to end, even for test sites with very 

low infiltration rates. This was done to prevent any tempering of the apparatus by curious 

locals passing along or children playing nearby. Additionally, continued monitoring of the 

tests ensured that readings were recorded timeously. 

• A lid was placed over the rings to prevent evaporation during the testing, particularly on 

areas that were found to be nearly impermeable.  

• Subsurface tests were all conducted within 200 mm deep excavations below the stormwater 

ponds’ surface beds. Additionally, the base of each subsurface test was cleared of all 

obstructions and levelled before the rings were driven into the ground. 

• Infiltration tests were not conducted on surfaces that were extensively disturbed by the 

driving of the rings. Rather, the set-up process would be reset at alternative test locations. 

• Rings were cleaned to remove any excess soil before conducting the next test. 

(a) (b) 
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Figure 4-19: Data recording form for infiltration test 
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4.8 Data Processing 

Using the recorded infiltration test data, a plot of both the cumulative infiltration 𝐹𝑝 and 

incremental infiltration 𝑓𝑝 versus total elapsed time was plotted (Figure 4-20). The cumulative 

infiltration capacity 𝐹𝑝(𝑡) is defined as the accumulated infiltration volume of water over a 

period beginning from the start of the test process and can be expressed by the following 

equation: 

 
𝐹𝑝 = ∫ 𝑓𝑝(𝑡)𝑑𝑡

𝑡

0

 4.1 

Hence, the curve 𝐹𝑝(𝑡) is the mass curve of infiltration. From Equation 4.1, it thus follows that 

the infiltration potential at any given time 𝑓𝑝(𝑡) can be expressed as:  

 

 
𝑓𝑝 =

𝑑𝐹𝑝(𝑡)

𝑑𝑡
 

 
4.2 

 

Figure 4-20: Plot of infiltration rate and cumulative infiltration rate versus time 
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c) Expressing the obtained infiltration test results in the form of general curves considering 

the physical properties of the soil such as porosity Ƞ and capillary suction 𝑆𝑐. 

Horton’s 1933 equation for infiltration capacity, 𝑓𝑝 = 𝑓𝑐 + (𝑓0 − 𝑓𝑐)𝑒−λt
, was rearranged and 

expressed as follows: 

 

 (𝑓𝑝 − 𝑓𝑐) = (𝑓0 − 𝑓𝑐)𝑒−λt
 4.3 

 

By taking logarithms on each side of Equation 5.1, i.e. 

 

 𝑙𝑛(𝑓𝑝 − 𝑓𝑐) = 𝑙𝑛(𝑓0 − 𝑓𝑐)𝑒−λ𝑡
 4.4 

1 

The plot of 𝑙𝑛(𝑓0 − 𝑓𝑐) versus time was graphed with a linear best-fit line (Figure 4-21-a). The 

intercept value of the best-fit line was equated to 𝑙𝑛(𝑓0 − 𝑓𝑐), thus solving for 𝑓0. The slope of 

the best-fit line was equated to Horton’s infiltration decay coefficient λ.  

The statistical descriptors for Horton’s parameters in Equation 4.4 were determined and are 

presented in Table 4-3. 

 

Table 4-3: Horton’s infiltration parameters 
 

Ponds Parameters Mean Minimum Maximum 

Pond 1 

λ 1.9 1.0 3.0 

𝑓𝑜 (cm/hr) 3.6 0.7 5.8 

𝑓𝑐 (cm/hr) 1.4 0.3 2.9 

Pond 2 

λ 0.6 0.1 1.3 

𝑓𝑜 (cm/hr) 25.8 9.3 31.8 

𝑓𝑐 (cm/hr) 20.6 3.8 28.2 

Pond 3 

λ 0.8 0.3 2.4 

𝑓𝑜 (cm/hr) 17.80 5.82 41.18 

𝑓𝑐 (cm/hr) 10.54 2.22 22.80 

 

Green-Ampt’s 1911 proposed equation for infiltration capacity, 𝑓𝑝 = 𝐾𝑠 (1 +
Ƞ𝑆𝑐

𝐹𝑝
), was based 

on Darcy’s law and considered to be a linear equation as follows: 

 

 𝑓𝑝 = 𝑚 +
𝑛

𝐹𝑝
 4.5 
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where   𝑓𝑝 = incremental infiltration capacity 

  𝑆𝑐 = capillary suction at the wetting front 

  Ƞ = porosity of the soil 

  𝐹𝑝 = cumulative infiltration capacity 

  𝑚 = Green-Ampt parameter of the infiltration model and 

  𝑛 = Green-Ampt parameter of the infiltration model. 

 

The Green-Ampt parameters were determined from laboratory experiments as described in 

Chapter 5  and summarised in Table 4-4. 

 

Table 4-4: Green-Ampt’s infiltration parameters 
 

Ponds Parameters Mean Minimum Maximum 

Pond 1 

KS  (cm/hr) 1.2 0.3 2.3 

n  2.4 0.1 7.4 

Ƞ (%) 31 30 33 

Sc (cm) 7.3 0.1 23.1 

Pond 2 

KS  (cm/hr) 22.1 3.8 32.6 

n 29.3 9.9 48.5 

Ƞ (%) 40 30 45 

Sc (cm) 31.4 22.7 36.8 

Pond 3 

KS  (cm/hr) 9.6 2.0 21.6 

n  3.9 0.6 9.7 

Ƞ (%) 38 32 50 

Sc (cm) 11.1 1.9 30.5 

 

The values of 𝑓𝑝 were plotted against those of 1 𝐹𝑝⁄  and a linear best-fit line was drawn through 

the points (Figure 4-21-b). The slope of the best fit curve represented 𝑚 the value of Darcy’s 

hydraulic coefficient 𝐾. The intercept value 𝑛 of the curve was equated to Ƞ𝑆𝑐, and with the 

knowledge of Ƞ obtained through laboratory testing of redeemed soil samples (Chapter 5), 𝑆𝑐 

was thus estimated. 
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Figure 4-21: (a) Plot of ln(f0-fc) Versus time, and (b) fp versus (1/Fp) 

 

The field Double-Ring Infiltration (DRI) investigation revealed high variability in infiltration 

rates, and consequently hydraulic conductivity values, across the area of a single pond. The 
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small areas, variations between the evaluated hydraulic conductivity values were noted to 

fluctuate by more than a single order of magnitude 
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test results. Because of this, ASTM (2009) has recommended for these results to be considered 

only as index values. Thus, conducting infiltration experiments at three different positions 

across each pond provided a better average representation of general soil properties and 

infiltration rates for reasonable design considerations. Detailed discussions of the field 

experimental results are presented in Chapter 6  . 

 

y = -2.3397x + 3.3335

-6.0

-4.5

-3.0

-1.5

0.0

1.5

3.0

4.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

ln
 (

f o
-f

c)
 (

cm
/h

r)

Time (hr)

Horton's Model
(a)

y = 98.716x + 10.103

0

5

10

15

20

25

0.00 0.02 0.04 0.06 0.08 0.10 0.12

f p
(c

m
/h

r)

1/Fp (cm)

Green-Ampt's Model
(b)



CHAPTER 5: Laboratory Infiltration Investigation 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 91 

5   Laboratory Infiltration Investigation 

5.1 Introduction 

To observe whether the hydraulic conductivity values obtained from the field Double-Ring 

Infiltrometer (DRI) tests described in Chapter 4 were consistent with those observed under 

laboratory conditions, constant-head permeability tests were conducted on soil samples 

retrieved from each of the field infiltration test locations.  

This chapter discusses the materials, apparatus, sample preparation, and experimental 

procedures adapted in the laboratory permeability test investigation. It starts with a description 

of tests conducted to classify the physical properties of 18 soil samples retrieved from the three 

investigated stormwater ponds. The soil classification tests were conducted following 

American Standard for Testing and Materials (ASTM) International Standards. In the instance 

where no standards of practice were available (for example measuring the volume of core 

samples using water displacement method to determine the density), consistent procedures 

were adapted to warrant repeatability of results as reasonably as possible.  

The chapter follows with a description of the constant-head permeameter apparatus and test 

method employed to determine the hydraulic conductivity of the various soil samples. The 

processing of permeability test results is explained before the chapter concludes with an outline 

of measures taken to ensure quality and accuracy were upheld throughout the experimental 

procedures.  

Completely disturbed soil samples were attained from in situ infiltration test locations and 

stored in sealable plastic bags to mitigate moisture loss. Relatively undisturbed samples were 

also collected in 200 mm high hollow cores with internal diameters of approximately 50 mm. 

All samples were dated and labelled according to the DRI test locations and depths from which 

they were retrieved (Figure 5-1). This was done to ensure that the laboratory investigation 

results could be linked to the relevant field test. 

A total of 18 soil sample bags and 18 core samples were retrieved from the field investigation. 

Physical classification tests listed in Table 5-1 as well as constant-head permeability tests were 

conducted using the disturbed soil samples. The core samples on the other hand were used to 

determine the density of the investigated in-situ soil layers. 

 

Table 5-1: Soil physical properties test methods and standards 
 

Soil Property Test Method Test Standard Code 

Moisture content Oven-drying  ASTM D2216-10 

Particle grading Dry sieve analysis ASTM D6913-04 

Specific gravity Small pycnometer method ASTM D854-14 
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Figure 5-1: (a) Disturbed Soil samples and (b) cores from investigated stormwater ponds 

 

5.1.1 Density 

The bulk density 𝜌𝑏 of in situ soil material was determined by dividing the mass 𝑚 of each soil 

sample within the retrieved core by its estimated intact volume 𝑉 (Equation 5.1). The volume 

was estimated using the water-displacement method elucidated in Figure 5-2. To avoid the 

dissociation of soil material within the core sampler, the cores were submerged in the graduated 

cylinders without removing the soil. The analysis accounted for the mass of the empty core to 

avoid overestimating the soil bulk density. 

 

 𝜌𝑏 =
𝑚

𝑉
 5.1 

 

 

Figure 5-2: Schematic diagram of displacement method used to determine sample volume  
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5.1.2 Oven Dying 

Before determining the various soil samples’ particle grading and specific gravity, they were 

oven-dried at about 105°C for 24 hours and subsequently stored in sealed plastic bags to 

mitigate changes in moisture content (Figure 5-3). The oven-drying was carried to determine 

the natural moisture content 𝑤 of the material, and to prepare the soil for dry sieve analysis and 

specific gravity tests which required the soil to be in a dry state. Because 18 different soil 

samples were handled during this drying process, cross-contamination of soils needed to be 

avoided, and careful measures were taken to label samples accordingly. 

 

Figure 5-3: Oven drying of soil samples 
 

5.1.3 Soil Particle Grading 

The determination of soil particle size distribution was carried out through dry sieve analysis 

as per ASTM D6913-04 guidelines while the soil classification was done following the Unified 

Soil Classification System (USCS). From the resultant grading curves of the 18 samples 

(Figure 5-4), the soils were all generally coarse-grained and sandy. 
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Figure 5-4:Grading curves of various soil samples from the investigated ponds 
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calculated using Equations 5.2 and 5.3 where 𝐷10, 𝐷30 and 𝐷60 are, respectively, the soil 

particle diameters corresponding to the percentages finer than 10 %, 30%, and 60%. 

 𝐶𝑢 =
𝐷10

𝐷60
 5.2 

 𝐶𝑐 =
𝐷30

2

𝐷60  ×  𝐷10
 5.3 

The six samples from Pond 1 were classified as poorly graded sand with silt (SP-SM) because 

between 5 and 10 % of the soil passed through the 0.075 mm aperture sieve and the Cu values 

were all generally below 6. Moreover, samples from Pond 2 and Pond 3 were all classified as 

poorly graded sand (SP) because less than 5 % of the soil particles were small enough to pass 

through the 0.075 mm sieve, and the Cu values ranged only between 1.3 and 2.3. 

It should be noted that some of the tested samples were retrieved from stormwater ponds with 

vegetated topsoil comprising of impurities and litter from neighbouring residents. 

Consequently, before the sieve analysis organics, impurities, as well as cobbles, were omitted 

from the soil samples. Nevertheless, the results were considered valuable as the fraction of 

removed particles (Figure 5-5) was negligible (< 5%) relative to the overall samples sizes.  

 

Figure 5-5: Organics, impurities, and cobbles removed from samples before sieve analysis 

 

5.1.4 Specific Gravity 

The soil particle density (also known as specific gravity 𝐺𝑠) of the samples was determined 

employing the small pycnometer test method illustrated in Figure 5-6. Gs is defined as the ratio 

between the density of soil solids only, and the density of water. It can also be expressed as: 

 𝐺𝑠 =
𝑊𝑆

𝑉𝑠𝜌𝑤
 5.4 

where 𝑊𝑆 is the mass of soil solids, 𝑉𝑠 is the volume of soil solids, and 𝜌𝑤 is the density of 

water. 

Like the sieve analysis, soil samples were removed of impurities through sieving however only 

particles smaller than 4.75 mm were investigated as per ASTM D854-14 recommendations. 𝐺𝑠 
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values of samples from the three investigated ponds were found to be very close to one another 

as they ranged between 2.56 and 2.61. These values are typical for organic soils or sands with 

organic matter which can be owed to the presence of minor remnants of grassroots even after 

the clear majority had been removed. 

 

Figure 5-6: Specific Gravity test apparatus  

 

5.1.5 Porosity 

Using the recorded natural moisture contents 𝑤, bulk densities 𝜌𝑏 and specific gravity 𝐺𝑠 of 

the investigated soil samples, the average void ratios 𝑒 were computed from the following 

relationship: 

 𝑒 =  (
𝐺𝑠 × 𝜌𝑤

𝜌𝑑
− 1) 100 5.5 

 

where 𝜌𝑑 is the dry density of the soil calculated as follows: 

Small pycnometer bottles with soil and distilled water, 

weighed using sensitive enclosed electronic balance  
Small pycnometer bottles with distilled water 

only. 

Entrapped air removed from small pycnometer bottles, with soil and water, using vacuum desiccator. 
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 𝜌𝑑 =
𝜌𝑏

1 − 𝑤
 5.6 

 

thus, the porosities 𝑛 of each sample were computed using Equation 5.7. 

 

 𝑛 =  
𝑒

1 + 𝑒
 5.7 

 

The porosity values of the 18 investigated soil samples ranged between 0.27 and 0.51 with the 

highest corresponding to samples obtained from the surface (0 – 200 mm) of Pond 3 and the 

lowest from the subsurface (200 – 400 mm) of Pond 2. In general, the average porosities of the 

surface deposits of the three ponds were generally higher than those of the subsurface however 

this was not consistent for all cases.  

5.1.6 Summary of Samples’ Physical Properties 

A summary of the average soil samples’ physical properties obtained from laboratory tests and 

calculations, before permeability investigations, is presented in Table 5-2.  

Table 5-2: Average physical properties of investigated soils 
 

Property Units 

Pond 1 Pond 2 Pond 3 

*Surface 
**Below      

Surface 
Surface 

Below 

Surface 
Surface 

Below 

Surface 

Soil Texture  

Fines  

% 

6 8 2 1 1 1 

Sand 92 89 98 99 98 98 

Gravel 1 3 0 0 1 1 

Effective Grain 

Size  

d10 

mm 

0,10 0,10 0,15 0,17 0,16 0,14 

d30 0,19 0,19 0,20 0,25 0,21 0,19 

d60 0,35 0,33 0,32 0,39 0,32 0,30 

Coefficients of 

Uniformity and 

Curvature  

Cu - 3,53 3,57 2,15 2,32 1,30 1,36 

Cc - 1,01 1,14 0,85 0,98 0,85 0,86 

USCS Soil Group - SP-SM SP-SM SP SP SP SP 

Porosity - 0.32 0.33 0.44 0.30 0.43 0.38 

Void Ratio % 47 49 78 43 77 61 

Specific Gravity - 2,61 2,60 2,49 2,60 2,56 2,58 

Bulk Density kg/m3 1733 1889 1460 1917 1635 1930 

Natural Moisture Content % 6 8 5 5 13 17 
 

*Sample from Surface (0 – 200 mm depth) 

**Sample from Below Surface (200 – 400 mm depth) 
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5.2 Constant-Head Permeameter Investigation 

5.2.1 Research Apparatus 

The combination permeameter was the laboratory apparatus selected for determining the 

coefficient of permeability (also known as the hydraulic conductivity 𝐾) of the soil samples 

obtained from the field. This apparatus is designed to determine the permeability of either fine-

grained or coarse-grained soils. Because the sieve analysis revealed that the 18 investigated 

soil samples were generally coarse-grained (i.e. more than 90 % of the particles were retained 

on the 0.075 mm aperture sieve tray), the specimens were thus tested using the constant-head 

assembly illustrated in Figure 5-7.  

 

Figure 5-7: Constant-head permeability test apparatus 
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The testing apparatus’ components were low-cost and easy to assemble. These included a 

plastic cylinder (or permeability chamber) for retaining the soil specimen, two porous stones, 

two rubber seals, two filter papers, a spring, a constant-head flask, a funnel, some pinch clamps, 

plastic tubes, a stand, and a long ruler. A detail of the components making up the permeability 

chamber is shown in Figure 5-8 with dimensions annotated on the schematic in Figure 5-9. 

 

Figure 5-8: Permeability chamber components 
 

The internal diameter of the plastic cylinder was measured to be 63 mm whilst the porous 

stones were marginally narrower in diameter by about 1 mm. The overall sample height 

between the top and bottom porous stones was maintained at 60 mm. The small gap between 

the top porous stone and the chamber was sealed with a rubber band to prevent fine particles 

from being washed out during the investigation. 

 

Figure 5-9: Permeability chamber image and schematic with dimensions 
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5.2.2 Permeability Test Schedule 

A testing program developed for this permeability investigation is presented in Table 5-3. Each 

soil specimen was examined under three different pressure heads, consequently resulting in a 

total of 54 constant head permeability tests (i.e., 18 multiplied by 3).  

 

Table 5-3: Permeability test program 
 

Test No. Pond No. 
Sample 

No. 
Sample Depth  Test Code 

Bulk 

Density 

- - - S / BS (mm) - kg/m3 

1 

1 

1 

Surface 0 - 200 

P1-1-S 1602 

2 2 P1-2-S 1724 

3 3 P1-3-S 1874 

4 1 

Below Surface 200 - 400 

P1-1-BS 1767 

5 2 P1-2-BS 2040 

6 3 P1-3-BS 1859 

7 

2 

1 

Surface 0 - 200 

P2-1-S 1460 

8 2 P2-2-S 1464 

9 3 P2-3-S 1456 

10 1 

Below Surface 200 - 400 

P2-1-BS 1917 

11 2 P2-2-BS 2046 

12 3 P2-3-BS 1787 

13 

3 

1 

Surface 0 - 200 

P3-1-S 1635 

14 2 P3-2-S 1520 

15 3 P3-3-S 1750 

16 1 

Below Surface 200 - 400 

P3-1-BS 1930 

17 2 P3-2-BS 1871 

18 3 P3-3-BS 1990 

 

5.2.3 Sample Preparation 

Instead of using oven-dried samples, soil specimens retained in sealed plastic bags, at natural 

moisture content, were recompacted in the permeability chamber to achieve bulk densities 

associated with their respective in-situ densities. The specimen preparation procedure, before 

the permeability testing process, is illustrated in Figure 5-10 (a to h) and summarised below: 

a) The required mass 𝑚 of soil was weighed to obtain the necessary bulk density 𝜌𝑏 using the 

relationship of 𝜌 = 𝑚 𝑉⁄ . The volume within the permeability chamber was maintained at 

a constant 187 cm3 for all specimens. 

b) The soil specimen was poured into the permeability chamber in small even layers. 

c) The sample was compacted in incremental layers until obtaining the desired bulk density. 

d) The top porous stone was wrapped with a rubber band to prevent loss of fines during testing  

e) The top filter paper and porous stone were placed on top of the compacted sample. 
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f) The permeability chamber assembly was weighed on a digital scale before the sample 

length 𝐿 was verified. 

g) The chamber was placed on an aluminium base with a spring against the top porous stone 

to prevent the sample from expanding during testing. 

h) An aluminium lid was placed on top of the chamber and fastened with butterfly screws, 

ensuring that a water-tight rubber seal was in place to prevent any leakage. 

 

 

Figure 5-10: Permeability test sample preparation 

 

(a) (b) (c) 

(d) 

(e) 

(f) 

(g) (h) 



CHAPTER 5: Laboratory Infiltration Investigation 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 102 

5.2.4 Test Procedure 

Once the sample was prepared, the constant-head funnel and meter stick (ruler) were assembled 

on a stand using clamps. Subsequently, the inflow and outflow pipes were connected, 

correspondingly, at the bottom and top of the permeability chamber (Figure 5-11). 

Before running the test, a pinch clamp was used to seal the inflow pipe whilst a vacuum of 

approximately 50 kPa was applied for fifteen minutes through the outflow pipe to remove any 

trapped air within the sample. After the evacuation, the constant head funnel was filled with 

distilled water and the pinch clamp was gradually opened until the degree of saturation of the 

specimen under flow was close to 100%. At full saturation, the vacuum pump was 

disconnected, and the specimen was considered ready for testing. 

 

Figure 5-11: Removal of air voids from specimen at -50 kPa pressure 
 

To determine the hydraulic conductivity 𝐾 of the soil specimen, the schematic setup illustrated 

in Figure 5-12 was adapted for the testing process. In the Figure, the water-flow direction from 

the supply to the graduated cylinder is indicated by arrows.  
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With all pinch clamps fully opened, the water flow supplying the constant-head funnel was 

regulated so that the head difference ℎ between the constant-head funnel and constant-head 

flask remained constant. Once equilibrium flow conditions were established, the water flowing 

out of the constant-head flask 𝑄 was collected in a graduated cylinder whilst the collection time 

𝑡 was recorded with a stopwatch. Because temperature 𝑇 affects the viscosity of water and 

consequently the flow rate, a thermostat was used to measure the temperature of water collected 

in the graduated cylinder. 

The procedure was repeated at three head-differences ℎ so that a reasonable average was 

obtained when processing the data to determine 𝐾.  

 

Figure 5-12: Schematic diagram of constant-head permeability test setup and flow direction 
 

5.3 Data Processing 

The hydraulic conductivity 𝐾 (cm/s) was calculated as: 

 𝐾 =  
𝑄𝐿

𝐴ℎ𝑡
 5.8 

with 𝑄 (ml) being the volume of water collected in the graduated cylinder, 𝑡 (s) being the 

collection time, 𝐿 (cm) being the vertical length of the soil specimen within the permeability 

chamber, 𝐴 (cm2) being the surface area of the chamber, and ℎ (cm) being the vertical head 
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difference. In this investigation, 𝐿 and 𝐴 were kept constant for all tests at 60 cm, 31.2 cm2 

respectively. An average 𝐾 value was used from the three varied head differences. 

The value of 𝐾 determined using Equation 5.8 is usually for water at a test temperature of 20°C. 

Because the temperatures measured during this investigation were approximately 25°C, 

modification factors were applied to account for the viscosity as follows: 

 𝐾20°𝐶 =  𝐾𝑇°𝐶

Ƞ𝑇°𝐶

Ƞ20°𝐶
 5.9 

where Ƞ𝑇°𝐶 and Ƞ20°𝐶 are viscosities of water at 𝑇°𝐶 and 20°𝐶 accordingly. Figure 5-13 gives 

the values of Ƞ𝑇°𝐶 Ƞ20°𝐶⁄  for various water temperatures. It is apparent that an increase in water 

temperature results in a lower value for Ƞ𝑇°𝐶 Ƞ20°𝐶⁄  and correspondingly a lower hydraulic 

conductivity.  

 

Figure 5-13: Variation of ȠT°C / Ƞ20°C with water temperature 
Adapted from: Braja (2002) 
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• The standard deviation of the averages between each set of three tests used to determine 

the average hydraulic conductivity of soil specimens was maintained at a maximum of 5%. 

analysed. Test sets that deviated beyond 5% from the average were repeated. 

• Water temperature was measured to the nearest degree and effects of temperature and 

viscosity on 𝐾 were accounted for with the appropriate correction factors. 

Laboratory tests conducted on soil samples retrieved from the field test locations confirmed a 

significant percentage difference and an absence of any direct link between the investigated 

field and laboratory hydraulic conductivity values. The laboratory hydraulic conductivity was 

generally higher than the field hydraulic conductivity. The average difference between the 

laboratory method was subject to various disadvantages since the small sample area increased 

the possibility of large random errors, however, increased the likely repeatability because of 

the controlled environment. Detailed analysis and discussions of the laboratory experimental 

results are presented in Chapter 6  . 
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6   Analysis and Discussion of the Experimental 
Results 

6.1 Introduction 

All test results from the Double-Ring Infiltrometer (DRI) and Constant-Head Permeameter 

(CHP) tests conducted in the field and laboratory, respectively, are presented in this chapter. 

The chapter is divided into five main sections. The first section discusses the field DRI test 

results. The laboratory CHP test results and discussions appear in the second section. In the 

third section, a comparison between the field and laboratory results is presented. Before the 

chapter ends with a summary and conclusions of the experimental findings, the variability of 

the investigated soil’s hydraulic conductivities is discussed in the fourth section. 

6.2 Investigation of Field Infiltration Test Results 

6.2.1 Surface Deposits of Investigated Ponds 

Within each of the three investigated stormwater ponds, surface-strata observation pits were 

excavated to a depth of approximately 20 cm (Figure 6-1). This was done for two primary 

reasons, firstly to observe the extent to which the organic and loamy topsoil layers reached 

below the ponds’ surfaces and secondly, to observe the underlying soil material which, in this 

investigation, was assumed to extend uniformly below the ground reaching depths greater than 

10 m. These assumed uniform, continuous strata depths are based on borehole logs drilled 

within and around the study area. 

Generally, the ponds’ surfaces were mostly vegetated with naturally growing grass and weeds. 

Directly below the surfaces, dark brown (Pond 1 and Pond 3) and dark grey (Pond 2), loamy, 

organic, sandy layers were encountered to depths ranging between 6 cm (Pond 1 and Pond 3) 

and 11 cm (Pond 2). Underlying the loamy topsoil of Pond 1 and Pond 3 were light brown 

sands interbedded with greyish brown sand, particularly in Pond 3. On the other hand, Pond 2 

consisted of uniform light grey sand below the 11 cm thick organic topsoil layer. In total, 18 

DRI tests were conducted on these varying soil types within the stormwater ponds; both on the 

surface as well as 20 cm below the surface. 

6.2.2 Double-Ring Infiltrometer Test Results 

This section presents results from the field DRI tests in the typical form of cumulative 

infiltration versus time, as well as infiltration rate versus time diagrams. Further plots 

displaying the ranges within which the cumulative infiltration and infiltration rates fell within 

for each tested pond are presented and discussed. Furthermore, a summary indicating 

maximum and minimum infiltration values attained over a test period of three hours is 

presented.  The results are discussed below for each of the three investigated ponds: 
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Figure 6-1: General Surface deposits of (a) Pond 1, (b) Pond 2, and (c) Pond 3 
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6.2.2.1 Pond 1 

The field infiltration results obtained from six DRI tests conducted within Pond 1 are presented 

in Figure 6-2 and Figure 6-3. For the three tests carried out at different locations on the pond’s 

surface a common trend in the shape of the infiltration versus time curves was observed (Figure 

6-2 a, c, and e). There was a general exponential reduction in the infiltration rate for the first 

hour followed by a relatively steady rate 𝑓𝑐 until the test was concluded. 

The initial infiltration rates 𝑓𝑜 of the surface tests ranged between 6 and 33 cm/hr whilst the 

steady infiltration rates varied between 2.9 and 12.5 cm/hr. The associated cumulative 

infiltration 𝐹𝑝 curves corresponded to the infiltration rate curves such that during the first hour 

of the test, the cumulative infiltration increased at a decreasing rate until steady-state was 

achieved from which the cumulative infiltration increased at a constant rate. Over a three-hour 

test period, the cumulative infiltration of the surface tests ranged between 8 and 45 cm. 

Infiltration versus time curves of the three tests conducted below the surface displayed rather 

unconventional yet consistent trends and much lower infiltration rates than those of the surface 

tests (Figure 6-2 b, d, and f). From the beginning of the tests, the infiltration rates increased 

rapidly before reaching a peak after one hour. Following the peak infiltration rates were gradual 

reductions until steady infiltration rates were reached after approximately two and a half hours. 

Initial infiltration rates of all three sub-surface tests were similarly low at approximately 0.10 

cm/hr whilst the recorded steady infiltration rate ranged between 0.30 and 0.32 cm/hr. The 

corresponding cumulative infiltration curves increased in a linear manner with increasing time; 

negligible variations were observed through the course of the test period. All three sub-surface 

tests achieved maximum cumulative infiltrations of 1.0 cm. 

On average, the measured initial infiltration rate 𝑓𝑜 on the sub-surface of Pond 1 was 99% lower 

than that of the surface tests (Table 6-1). Similarly, the steady-state infiltration rate 𝑓𝑐 was 95% 

lower when the top 20 cm topsoil layer was removed. A summary of the DRI test result values 

for each investigated location within the pond is presented in Table 6-2 

 

Table 6-1: Percentage difference between initial and steady infiltration rates of surface and sub-

surface tests in Pond 1 
 

Surface Below Surface 

Average Initial 

Infiltration Rate  

𝒇𝒐  

Average Steady 

Infiltration Rate 

𝒇𝒄 

Average Initial 

Infiltration Rate 

𝒇𝒐 

Average Steady 

Infiltration Rate 

𝒇𝒄 

cm/hr cm/hr cm/hr cm/hr 

17.33 5.97 0.10 0.31 

 

 
𝑓𝑜 99% decrease 𝑓𝑐 95% decrease 
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Pond 1 

Surface Below Surface 

(a)                                                                 Test Location 1                                                            (b) 

  

(c)                                                                Test Location 2                                                            (d) 

  

(e)                                                                Test Location 3                                                            (f) 

 

 

Figure 6-2: Pond 1 cumulative infiltration and infiltration rate versus time 
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Pond 1 

Surface Below Surface 

(a)                                                             Cumulative Infiltration VS Time…           ………     …  ………..(b) 

 

 

 

 

 (c)                                                                    Infiltration Rate VS Time……            ……         …………..(d) 

 

 

Figure 6-3: Pond 1 Infiltration ranges from field DRI tests 
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3 0 45.0 33 12.5 3 0 1.1 0.1 0.31 
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6.2.2.2 Pond 2 

Test results obtained from the inspected locations within Pond 2 are presented in Figure 6-4 

and Figure 6-5. Unlike in Pond 1, the three infiltration rate curves obtained from surface tests 

did not demonstrate similar behaviour (Figure 6-4 a, c, e). Test Location 2 displayed a rapid 

reduction in the infiltration rate for the first two hours followed by a steady rate whilst Test 

Location 3 only displayed a rapid reduction in infiltration rate for the first 30 minutes after 

which a constant rate 𝑓𝑐 was achieved with minor modulations gradually becoming steadier 

towards the end of the test. The infiltration rate of Test Location 1, on the other hand, generally 

fluctuated throughout the 3-hour test period, however, the fluxes became less rigorous in the 

final hour of the test.  

The measured initial surface infiltration rates 𝑓𝑜 ranged between 10 and 40 cm/hr whereas the 

steady-state rates varied between 5 and 31 cm/hr. Cumulatively, the respective infiltration over 

3 hours ranged between 18 and 97 cm. The observed increase in the cumulative infiltration 𝐹𝑝 

was linear for Test Locations 1 and 3 however, Test Location 2 increased at a gradually 

decreasing rate before becoming linear ones steady-state rates were achieved from 2 hrs. 

Analysis of the three infiltration rate curves of tests conducted below the surface of Pond 2 also 

revealed inconsistent patterns when compared to one another. Test Locations 1 and 3 displayed 

relatively constant infiltration rates for the entirety of the test period but the rates measured 

from Test Location 1 were significantly higher than those of Test Location 3. On the other 

hand, no measurable infiltration was observed below the surface of Test Location 2. 

Initial infiltration rates below the surface varied from 0 to 31 cm/hr whilst the steady infiltration 

rates ranged between 0 and 28 cm/hr. A linear increase in the cumulative infiltration ranging 

between 0 and 88 cm after three hours was recorded below the pond’s surface. 

Generally, the field DRI tests conducted below the surface of the pond revealed lower 

infiltration rates than those conducted on the surface. The initial infiltration rate below the 

surface was found to be 54% less than that obtained on the surface. Comparatively, the average 

steady infiltration rate was 45% lower on the sub-surface of the pond (Table 6-3). Summarised 

in Table 6-4 are the infiltration values obtained from each experimental Test Location. 

 

Table 6-3: Percentage difference between initial and steady infiltration rates of surface and sub-

surface tests in Pond 2 
 

Surface Below Surface 
Average Initial 

Infiltration Rate  

𝒇𝒐  

Average Steady 

Infiltration Rate 

𝒇𝒄 

Average Initial 

Infiltration Rate 

𝒇𝒐 

Average Steady 

Infiltration Rate 

𝒇𝒄 

cm/hr cm/hr cm/hr cm/hr 

27.5 20.1 12.7 11 

 
𝑓𝑜 54% decrease 𝑓𝑐 45% decrease 
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Pond 2 

Surface Below Surface 

(a)                                                                Test Location 1                                                            (b) 

  

(c)                                                                Test Location 2                                                            (d) 

 

 

(e)                                                                Test Location 3                                                            (f) 

  

Figure 6-4: Pond 2 Cumulative infiltration and infiltration rate versus time 

 

0

10

20

30

40

50

0

20

40

60

80

100

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)

Time (hrs)

Cummulative Infiltration

Infiltration Rate

0

10

20

30

40

50

0

20

40

60

80

100

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)
Time (hrs)

Cummulative Infiltration

Infiltration Rate

0

2

4

6

8

10

0

5

10

15

20

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)

Time (hrs)

Cummulative Infiltration

Infiltration Rate

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)

Time (hrs)

Cummulative Infiltration

Infiltration Rate

0

5

10

15

20

25

30

35

0

20

40

60

80

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)

Time (hrs)

Cummulative Infiltration

Infiltration Rate

0

5

10

15

20

25

30

35

0

20

40

60

80

0 1 2 3

In
fi

lt
ra

ti
o
n

 R
at

e 
fp

 (
cm

/h
r)

C
u

m
u

la
ti

v
e 

In
fi

tr
at

io
n

 F
p

 (
cm

)

Time (hrs)

Cummulative Infiltration

Infiltration Rate



CHAPTER 6: Analysis and Discussion of the Experimental Results 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 113 

Pond 2 

Surface Below Surface 

(a)                                                            Cumulative Infiltration VS Time                                                     (b) 

 

  

(c)                                                                       Infiltration rate VS Time                                                        (d) 

 

 

Figure 6-5: Pond 2 Cumulative and incremental infiltration versus time 
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6.2.2.3 Pond 3 

The third investigated pond’s infiltration results are graphically represented in Figure 6-6 and 

Figure 6-7.  

For infiltration tests conducted on the surface of Pond 3, the measured infiltration rates of the 

three test locations were generally constant over the 3-hour test period. Infiltration versus time 

plots obtained from Test Locations 1 and 2 were comparable in terms of their initial 𝑓𝑜 and 

steady infiltration rates 𝑓𝑐, i.e., 6.2 and 5.0 cm/hr, respectively for both tests. On the other hand, 

Test Location 3 yielded significantly higher infiltration rates decreasing from an initial 25 

cm/hr for the first 1.5 hours followed by a relatively constant rate of 23.5 cm/hr.  

The cumulative infiltration 𝐹𝑝 of the surface tests generally increased linearly, particularly at 

Test Locations 1 and 2. The plotted cumulative infiltration versus time curve of Test Location 

3 however, exhibited slight reductions in the increasing infiltration which developed a linear 

trend from 1.5 hours until the test was concluded. An overall infiltration ranging between 14 

and 64 cm was recorded after a test period of 3-hours for the surface tests.  

Tests that were carried out below the surface revealed unconventional infiltration patterns. The 

observed infiltration rate versus time curves of the three inspected locations were linear, with 

gentle positive slopes such that the steady-state infiltration rates were greater than the initial 

infiltration rates. This trend was unlike any of the investigated ponds’ locations, however, the 

increase in 𝑓𝑐 from 𝑓𝑜 was marginal. The initial infiltration rate of the sub-surface tests varied 

between 6 and 18.5 cm/hr whilst the corresponding steady infiltration rate ranged between 7.5 

and 20 cm/hr.  

Contrasting to the results obtained from Ponds 1 and 2, the average infiltration recorded on the 

sub-surface of Pond 3 was generally higher than that of the surface. The initial infiltration rate 

below the surface was 3 % higher than the surface infiltration (Table 6-3). Furthermore, the 

steady infiltration rate measured below the pond’s surface was 23 % greater than the rate 

measured on the surface. The values obtained from the six in-situ infiltration tests within Pond 

3 (i.e., three tests on the surface and three below the surface) are detailed in Table 6-6. 

 

Table 6-5: Percentage Difference between initial and steady infiltration rates of surface and sub-

Surface tests in Pond 3 
 

Surface Below Surface 

Average Initial 

Infiltration Rate  

𝒇𝒐  

Average Steady 

Infiltration Rate 

𝒇𝒄 

Average Initial 

Infiltration Rate 

𝒇𝒐 

Average Steady 

Infiltration Rate 

𝒇𝒄 

cm/hr cm/hr cm/hr cm/hr 

12.5 11.2 12.3 13.8 

 

𝑓𝑜 3% increase 𝑓𝑐 23% increase 
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Pond 3 

Surface Below Surface 

(a)                                                                Test Location 1                                                            (b) 

  

(c)                                                                Test Location 2                                                            (d) 

  

(e)                                                                Test Location 3                                                            (f) 

  

Figure 6-6: Pond 3 Cumulative infiltration and infiltration rate versus time 
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Pond 3 

Surface Below Surface 

(a)                                                            Cumulative Infiltration VS Time                                                     (b) 

 

 

(c)                                                                       Infiltration rate VS Time                                                        (d) 

 

 

Figure 6-7: Cumulative and incremental infiltration versus time 
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6.2.3 Evaluation of Hydraulic Conductivity Derived from Field DRI Test 
Results 

With the aid of Green-Ampt’s (1991) equation for infiltration capacity (Equation 2.5) the field 

DRI test data was used to determine the respective hydraulic conductivities 𝐾𝑠 of each 

investigated location (Figure 6-8). Pond 1 was found to have the lowest mean 𝐾𝑠, with Pond 2 

having the highest, and Pond 3’s 𝐾𝑠 values in between. The hydraulic conductivity perimeter 

was the governing material property regarding infiltration as it indicated the soil material’s 

ability to transmit water when subjected to a hydraulic head (Fatehnia, 2015; Radcliffe et. al., 

2010). 

Surface Below Surface 

(a)                                                                                                                                                      (b) 

  

Figure 6-8: Hydraulic conductivities derived from field DRI test results 

The variability in the obtained hydraulic conductivities was notable, for instance, three DRI 

tests conducted on the surface of Pond 1 yielded 𝐾𝑠 values ranging between 3.8 and 32.6 cm/hr. 

Other factors which potentially contributed to this variability were the soil type, texture, 

structure, permeability, and drainage. Dissimilarities in the surface layer were evident within a 

single investigated pond. Parts of the pond’s surface were well-vegetated, others had localized 

stagnant shallow water bodies, whilst others comprised solely of unconsolidated sands. Thus, 

from a design perspective, using the lowest obtained hydraulic properties would allow for a 

conservative design.  

All investigated Test Locations within the three ponds displayed general reductions in the 

infiltration rates 𝑓𝑝 which ultimately levelled off to some steady rate 𝑓𝑐. The only Test 

Locations which contradicted this behaviour were those on the sub-surface of Pond 3 as the 

steady infiltration rates 𝑓𝑐 were measured to be marginally greater than the initial rates 𝑓𝑜. 

Furthermore, no measurable infiltration was observed over the entire duration of the DRI 

experiment on the sub-surface of Test Location 2 situated within Pond 2.  
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Three hours was found to be enough in allowing for steady-state conditions to be achieved on 

all investigated locations. Figure 6-9 summarises the minimum and maximum cumulative 

infiltrations, as well as steady-state infiltration rates obtained from the investigated ponds. 

The four graphs in Figure 6-9 provide a visual comparison of the range of infiltration values 

measured in Ponds 1, 2, and 3. Note that 𝑓𝑜 represents 𝑓𝑝 at t = 0 hrs, and 𝑓𝑐 represents 𝑓𝑝 at      

t = 3 hrs. For infiltration tests conducted on the surface, the cumulative infiltrations correspond 

to the steady infiltration rates by a factor ranging between 2.7 and 3.6; this excludes the Test 

Location in Pond 2 which yielded no measurable infiltration.  

The overall trend observed from the three considered ponds in this study was an increase in 

cumulative infiltration with increasing time. This behaviour was anticipated as it is typical for 

any porous medium exposed to a constant head of water.  

When it comes to the three ponds’ overall infiltration potential, based on measured 𝑓𝑐 values, 

it was evident from Figure 6-9 (c) and (d) that during ponded conditions (i.e., stead-steady  

Surface Below Surface 

(a)                                     Minimum and Maximum Cumulative Infiltration                             (b) 

 

 

(c)                          Minimum and Maximum Steady-State Infiltration Rate                             (d) 

 

 

Figure 6-9: Minimum and maximum infiltrations of investigated ponds 
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infiltration rates) Pond 2 allowed for the greatest infiltration to occur during the DRI tests. 

Taking a closer look into these two ponds, it was concluded that using the maximum measured 

𝑓𝑐 values for the potential design of a stormwater management facility, or infiltration basin, 

would significantly over-estimate the practically obtainable infiltration rates of subsoils. The 

minimum measured steady infiltration rates would be a more reliable and conservative 

representative of the ponds’ infiltration potential since variations within a single pond have 

been observed and noted to be rather significant in some instances. Pond 3 was the most 

suitable of the three ponds as it yielded the highest minimum infiltration rates when measured 

from both the surface and the sub-surface.  

6.3 Investigation of Laboratory Infiltration Test Results 

6.3.1 Hydraulic Gradient 

The permeability of soil samples from each investigated field location was investigated in the 

laboratory using the Constant-Head Permeameter (CHP) apparatus described in Chapter 5. A 

vertical head difference ℎ varying between 56 and 61 cm was maintained for each set of three 

tests. The associated average hydraulic gradients 𝑖 for samples corresponding to each field Test 

Location are presented in Figure 6-10.  

The hydraulic gradient 𝑖 was defined by Equation 6.1 as the ratio between the vertical head 

difference ℎ and the length 𝐿 of a soil sample within the permeability chamber of the CHP 

apparatus. 

 

Surface Below Surface 
(a)                                                                                                                                                      (b) 

 

 

Figure 6-10: Hydraulic gradient obtained from laboratory CHP tests 
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 𝑖 =
ℎ

𝐿
 6.1 

It is apparent from the graphs in Figure 6-10 (a) and (b) that the hydraulic gradient was 

generally constant, averaging at 9.7, for samples obtained from both the surface and the sub-

surface of the investigated ponds. This was owed to the constant sample length 𝐿 (approx. 60 

mm) maintained for all the CHP investigations, and the minor variations in the maintained head 

difference ℎ during each set of tests. 

6.3.2 Average Flowrate from CHP Tests 

The volume of water 𝑉 which flowed through the CHP test samples of fixed area 𝐴, after a 

specific time 𝑡, was measured to calculate an average flow rate 𝑞 using Equation 6.2.  

 𝑞 =
𝑉

𝐴𝑡
 6.2 

Because of the difference in soil physical characteristics and densities, the measured flow rates 

𝑞 varied for each tested sample (Figure 6-11). The densities of each recompacted soil sample 

corresponded to the respective bulk densities of the Test Locations. In general, samples 

retrieved from the ponds’ surface (i.e., top 20 cm soil layer) yielded notably higher average 

flow rates than those obtained 20 to 40 cm below the surface.  

Surface Below Surface 

(a)                                                                                                                                                      (b) 

 
 

Figure 6-11: Average flow rate from laboratory CHP tests 
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For samples obtained below the ponds’ surface, Pond 1 and Pond 3 had similarly low average 

flow rates ranging from 0.8 to 5.2 cm/hr. On the other hand, samples from Pond 2’s Test 

Locations exhibited marginally higher flow rates ranging between 6.5 and 9.8 cm/hr. 

Generally, the average 𝑞 values of samples acquired from the surfaces of the investigated ponds 

were higher than those of specimens acquired from the sub-surface. This was mainly due to the 

compacted nature of soils below the surface, which primarily reduced the flow of water due to 

a reduction in voids between soil particles. 

6.3.3 Hydraulic Conductivity Derived from CHP Test Results 

The average flow rates 𝑞 measured from the laboratory Constant-Head Permeability CHP tests 

were used to calculate the respective hydraulic conductivities 𝐾𝑠 of the soil samples acquired 

from the investigated ponds using Equation 5.8. The calculated 𝐾𝑠 values of samples obtained 

from the ponds’ surface, and below the surface, are presented in Figure 6-12. 𝐾𝑠 is a measure 

of the soil material’s ability to transmit water.  

Comparing the two investigated depths, soil specimens obtained from the surfaces had 

noticeably higher hydraulic conductivities than those from the sub-surface. Samples from the 

surface of Pond 2 had the greatest hydraulic conductivity ranging between 23.5 and 65.8 cm/hr. 

Those from Pond 3 had intermediate 𝐾𝑠 values ranging between 21.7 and 27.7 cm/hr, with 

Pond 1 yielding the lowest of 3.6 cm/hr. 

Samples retrieved below the Ponds’ surfaces yielded hydraulic conductivity values ranging 

from a low average of 2.7 cm/hr (Pond 1 samples), a midway average of 3.7 cm/hr (Pond 3 

samples), with the highest being 6.2 cm/hr (Pond 2 samples).  

Surface Below Surface 
(a)                                                                                                                                                      (b) 

 

 

Figure 6-12: Hydraulic conductivities derived from laboratory CHP tests 
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6.4 Comparison Between Field and Laboratory Results 

A comparative study of all research results was undertaken. In essence, it involved comparing 

the hydraulic conductivity values resulting from the field double-ring infiltration DRI tests 

𝐾𝑆𝑓𝑖𝑒𝑙𝑑
, and the laboratory constant-head permeability CHP tests 𝐾𝑆𝑙𝑎𝑏

, with one another to 

assess apparent trends and correlations between various measured soil properties. The 

sensitivity of the hydraulic conductivity to variable soil physical and hydraulic properties was 

investigated based on field and lab test results. The parameters which were evaluated were the 

hydraulic conductivity, the soil natural moisture contents NMC, bulk density 𝜌𝑏, porosity 𝑛, 

the field initial infiltration rates 𝑓𝑜, the field steady infiltration rate 𝑓𝑐, the soil effective grain 

size 𝑑10 and the laboratory average flow rate 𝑞.  

The specific potential correlations which were investigated are enlisted below as follows: 

i) Infiltration rate variation with natural moisture content 

ii) Porosity variation with soil bulk density 

iii) Field versus laboratory hydraulic conductivity  

iv) Hydraulic conductivity variation with soil effect grain size 

v) Hydraulic conductivity variation with soil bulk density 

vi) Hydraulic conductivity variation with soil porosity 

vii) Hydraulic conductivity variation with field steady infiltration rate 

viii) Hydraulic conductivity variation with laboratory average flow rate 

6.4.1 Infiltration Rate Variation with Natural Moisture Content of Soil 

Presented in Figure 6-13 are graphical results of the observed relations between infiltration rate 

values with respect to the corresponding soils’ natural moisture contents NMC. 

Infiltration rates 𝑓𝑝 measured in the field were suspected to be dependent on the actual moisture 

content of the soil (sorptivity). The sorptivity of soil generally increases as the boundary water 

content increases. It can be approximated as the slope of cumulative infiltration 𝐹𝑝 versus the 

square root of time √𝑡 Subranyama (2008).  

Dry soils can generally absorb more water than those whose pores are already full. Thus, 

notwithstanding other factors which influence the infiltration rate, soils with lower natural 

moisture contents NMC were expected to yield higher initial infiltration rates 𝑓𝑜. Moreover, 

the difference between the steady-state infiltration rate 𝑓𝑐 and 𝑓𝑜 was expected to be greater for 

soils whose natural moisture content was relatively low. 

The predicted relationship between 𝑓𝑝 and the NMC was not observed across all the 

investigated sites. However, some of the assumed trends were evident. For instance, the 

average 𝑓𝑜 was generally greater than the 𝑓𝑐 in all the investigated ponds; confirming that none 

of the investigated soils were initially in a saturated state. Furthermore, soils in Pond 3 had the 

greatest moisture content and the difference between 𝑓𝑐 and 𝑓𝑜 was found to be very small. 
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Surface Below Surface 

(a)                                                                                                                                                      (b) 

 

 

 

 

Figure 6-13: Average natural MC versus initial and steady infiltration rate 
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The natural moisture content of soils in Pond 2 was similar on the surface and below the 

surface, but the infiltration rates measured from the surface were greater. This can be owed to 

the denser sub-surface layer which made it more difficult for water to pass through the pore 

spaces of the soil. 

Pond 1 on the other hand, was essentially impervious below the surface irrespective of the 

relatively intermediate natural moisture content. Again, this can be explained by a localized 

highly dense, almost impervious, sub-surface layer.  

From the plots in Figure 6-13 (a) and (b), no direct correlation was observed between the 

infiltration rates (𝑓𝑐 and 𝑓𝑜) and the NMC of the soil. The plots of 𝑓𝑐 and 𝑓𝑜 versus NMC did 

however follow similar trends to one another. It was apparent that the majority of the 

investigated sites had natural moisture contents ranging between 3 and 7% whilst the NMC of 

other locations varied broadly between 8 and 22%.  

6.4.2 Porosity Variation with Soil Bulk Density 

Air voids within a specific soil sample are generally reduced when the material is subjected to 

compaction. This reduction in air voids due to compaction consequently increases the 

material’s bulk density 𝜌𝑏. Thus, based on relationships between density, void ratio, and 

porosity (described in Equations 5.5, 5.6, and 5.7), an inverse relationship was distinguished 

between porosity 𝑛 and bulk density 𝜌𝑏 (Equation 6.3).  

 𝑛 ∝
1

𝜌𝑏
 6.3 

Since the soil materials investigated in this study were largely similar in their grain-size 

distribution and texture, an attempt was made to assess whether the general relationship 

described by Equation 6.3 could be observed from the measured bulk density 𝜌𝑏. and respective 

porosity 𝑛 values (Figure 6-14). 

The soil 𝑛 values obtained from the investigated ponds’ surfaces were generally greater than 

those of the sub-surface (Figure 6-14 (a) and (b)). The 𝜌𝑏 values on the other hand, were higher 

below the surface. This was expected since the top 200 mm soil layers were loose and less 

compacted compared to the deeper sub-surface layers. Low 𝜌𝑏 values associated with high 

porosities were observed on the surface of Ponds 2 and 3. Additionally, all the sub-surface soils 

showed low 𝑛 values associated with higher bulk densities. 

The average 𝑛 values on the surface of Ponds 1, 2, and 3 were 0.32, 0.44, and 0.43 respectively, 

with corresponding 𝜌𝑏 of 1733, 1460 and 1635 kg/m3. Below the surface of Ponds 1, 2, and 3, 

average porosities of 0.33, 0.3, and 0.38 were measured with corresponding bulk density values 

of 1889, 1917, and 1930 kg/m3 respectively. Overall, a general reduction in the porosity as the 

density increased was observed however, because soil specimens were acquired from different 

field test locations, the ideal inverse-relationship trend was not apparent from Figure 6-14 (c). 
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Surface Below Surface 

(a)                                                                                                                                                      (b) 

  

 

Figure 6-14: Average porosity versus bulk density 
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and those calculated from the laboratory CHP test results 𝐾𝑆𝑙𝑎𝑏
 was investigated. Results from 

the two test methods are presented in Table 6-7 and Figure 6-15. Similar trends were observed 

between the results obtained from Pond 2 and Pond 3. Surface tests (i.e., 0 – 20 cm depth) of 
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 by a factor of 2.25. Contrastingly, 

for tests conducted below the surface (i.e., 20 – 40 cm depth) the laboratory hydraulic 

conductivity was lower than the field hydraulic conductivities by a ratio of 𝐾𝑆𝑙𝑎𝑏
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⁄  equal to 

0.6 for Pond 2 and 0.4 for Pond 3. 

Pond 1, on the other hand, generally demonstrated characteristics of a low permeability soil as 

both the 𝐾𝑆𝑙𝑎𝑏
 and the 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 were significantly lower than those obtained in Ponds 2 and 3, 

more particularly from the sub-surface tests. A consequence of this could be the relatively 

higher percentage of fine particles found in soil specimens from Pond 1. Unlike in Pond 2 and 
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Pond 3, the average 𝐾𝑆𝑙𝑎𝑏
 from surface tests was lower than the 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 by a reduction factor of 

0.8. However, below the surface, 𝐾𝑆𝑙𝑎𝑏
 was nine times greater than 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

.  

Table 6-7: Comparison between average field and laboratory hydraulic conductivity values 
 

Test Set-Up 

Description 

Pond 

No. 

Field Hydraulic 

Conductivity 

(cm/hr) 

Laboratory 

Hydraulic 

Conductivity 

(cm/hr) 

Percentage 

difference 

(%) 

Average 

Percentage 

difference 

(%) 

Surface 

1 4.8 3.6 29 

62 2 19.9 44.7 77 

3 10.5 24.5 80 

Below 

Surface 

1 0.3 2.8 160 

103 2 11 6,2 56 

3 10.3 3,7 94 
 

Surface Below Surface 

(a)                                                                                                                                                      (b) 

 
 

 

Figure 6-15: Comparison between average field and laboratory hydraulic conductivities 
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The plot in Figure 6-15 (c) highlights a loose correlation between the investigated 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 

𝐾𝑆𝑙𝑎𝑏
 values. Generally, when compared to each other, 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 and 𝐾𝑆𝑙𝑎𝑏
 values differed by an 

average of 62% for tests conducted on the surface of the ponds, whilst those conducted 20 cm 

below the surface of the ponds diverged by 103% 

6.4.4 Hydraulic Conductivity Variation with Soil Effective Grain Size  

The textural class and particle size distributions of soils from the investigated ponds were 

comparable with one another. Soils from the surface of Pond 1 were classified, following the 

Unified Soil Classification System (USCS), as poorly graded sands with silt (SP-SM), whilst 

those from Pond 2 and Pond 3 were categorized as poorly graded sands (SP). 

Despite similarities in textural classes of the assessed soil specimens, notable variations in the 

effective grain sizes 𝐷10 of the evaluated specimens were identified. The materials’ effective 

grain size was determined from the particle-size distribution curves which represented the 

particle diameter corresponding to 10 % finer. Average 𝐷10 values of specimens obtained from 

the surface of Ponds 1, 2, and 3 were 0.10, 0.15, and 0.16 mm, respectively. For samples, 

retrieved from the ponds’ sub-surfaces, 𝐷10 values were 0.10, 0.27 and 0.14 mm, 

correspondingly (Figure 6-16 (a) and (b)). 

Empirical correlations between hydraulic conductivity 𝐾𝑠 and effective grain size 𝐷10 for 

coarse-grained soils have been investigated by various authors with a common interest of 

reducing the effort in estimating hydraulic properties of sands over large areas. One of the 

oldest was suggested by Beyer (1964) and is expressed by Equation 6.4 where 𝐾𝑆𝐵𝑒𝑦𝑒𝑟,1964
 is 

the hydraulic conductivity in metres per second, 𝐶 represents a dimensionless constant equal 

to 4.5 × 10−3log (500/𝑈), and 𝑈 is the uniformity coefficient 𝑑60/𝑑10. Analysis of Beyer’s 

constant 𝐶, and associated hydraulic conductivity values, reviled no apparent correlation when 

compared to the measured 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 𝐾𝑆𝑙𝑎𝑏

 values of this investigation (Table 6-8)  

 𝐾𝑆𝐵𝑒𝑦𝑒𝑟,1964
= 𝐶 ∙ (𝐷10)2 6.4 

 

Table 6-8: Ratios between hydraulic conductivities and soil effective grain sizes 
 

Surface 

 Pond No. C Constant 𝑲𝑺𝑩𝒆𝒚𝒆𝒓,𝟏𝟗𝟔𝟒
 𝑲𝑺𝒇𝒊𝒆𝒍𝒅

 𝑲𝑺𝒍𝒂𝒃
 

 -  - cm/hr  cm/hr  cm/hr  

Pond 1 9.7E-03 35.0 4.8 3.6 

Pond 2 1.1E-02 86.4 19.9 44.7 

Pond 3 1.1E-02 99.4 10.5 24.5 

Below Surface 

Pond 1 9.7E-03 31.6 0.3 2.7 

Pond 2 1.0E-02 104.8 11.0 6.2 

Pond 3 1.1E-02 77.2 10.3 3.7 
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The 𝐾𝑠 values estimated using Beyer’s (1964) correlations significantly overestimated the 

measured 𝐾𝑠 values by up to 100 times, thus considered unreliable for application in this study 

area. Assessment of the relationship between (𝐷10)2 and the measured field and laboratory 𝐾𝑠 

values showed a general increase in 𝐾𝑠 with increasing 𝐷10. The 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 versus (𝐷10)2 plots 

exhibited a linear trend, which could be generalized as: 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
= 920(𝐷10)2 for                      

(0.075 ≤ 𝐷10 ≤ 0.19 mm) (Figure 6-16 (c)). On the other hand, the 𝐾𝑆𝑙𝑎𝑏
 versus (𝐷10)2 plot in 

Figure 6-16 (d) illustrated a higher gradient trend with a positive slope.  

Surface Below Surface 
(a)                                                                                                                                                      (b) 

 

 

 

 

Figure 6-16: Average effective grain size versus field and laboratory hydraulic conductivity 
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6.4.5 Hydraulic Conductivity Variation with Soil Density 

Illustrated in Figure 6-17 are results of the observed relationships between the soil materials’ 

field and laboratory hydraulic conductivity values, and their corresponding bulk densities. 

Surface Below Surface 

(a)                                                                                                                                                      (b) 

  

 

 

Figure 6-17: Average bulk density versus field and laboratory hydraulic conductivity 
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Section 6.4.2 elucidates the observed relationship between soil porosity and density; generally 

represented mathematically by Equation 6.3. A similar, inverse relationship was anticipated 

when assessing correlations between hydraulic conductivity and density (Figure 6-18). This 

correlation was expected from the experimental results because porosity is a function of 

density, and hydraulic conductivity is dependent on porosity as per Green-Ampt’s 1911 

proposed equation used to derive the field hydraulic conductivity 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 values (Equation 2.5). 

Assessment of soils from the considered ponds’ surfaces generally revealed higher hydraulic 

conductivity values associated with lower bulk densities 𝜌𝑏, and vice versa. This correlation 

was more distinct for hydraulic conductivity values derived from the laboratory permeability 

tests 𝐾𝑆𝑙𝑎𝑏
 as opposed to those obtained from the field infiltration tests 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 (Figure 6-18 (a)). 

The lowest bulk density was measured from surface core samples obtained in Pond 2, which 

corresponded to the highest average 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 𝐾𝑆𝑙𝑎𝑏

 values of 19.9 and 44.7 cm/hr 

respectively. 

Unlike with the surface tests, only minor variations in bulk density and hydraulic conductivity 

values were noted across the sub-surface of the three ponds (Figure 6-18 (b)). Soil specimens 

obtained from Pond 1 had the lowest 𝜌𝑏 value (i.e. 1889 kg/m3) in relation to samples obtained 

from the sub-surfaces of Ponds 2 and 3. Contrastingly, this lowest 𝜌𝑏 value corresponded to 

the lowest 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 𝐾𝑆𝑙𝑎𝑏

 values of 0.3 and 2.8 cm/hr. which was a contrasting, trend to that 

observed from surface samples.  

From the plotted graph of hydraulic conductivity 𝐾𝑆 versus bulk density 𝜌𝑏 (Figure 6-18 (c) 

and (d)) a notable inverse correlation between 𝐾𝑆𝑙𝑎𝑏
 values and associated 𝜌𝑏 values was 

evident, as compared to the relationship between 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 against 𝜌𝑏. This, again, can be owed 

to the controlled nature and small scale of laboratory test settings compared to the variability 

of unfamiliar in-situ sub-surface conditions. 

6.4.6 Hydraulic Conductivity Variation with Soil Porosity 

Another distinct evaluated relationship was between hydraulic conductivity 𝐾𝑆 and porosity 𝑛 

of soils within the three investigated ponds (Figure 6-18). Sections 6.4.2 and 6.4.5 verified 

inverse correlations between porosity 𝑛 and density 𝜌𝑏 values, as well as hydraulic conductivity 

and density values, respectively. Contrasting to the noted 𝐾𝑆 versus 𝑛, and 𝐾𝑆 vs 𝜌𝑏 trends, a 

direct proportionality was anticipated between 𝐾𝑆 and 𝑛. This was because an increased 

presence of voids, or pores, in soils generally promotes the entry and flow of water, thus a 

corresponding increase in hydraulic conductivity. 

From Figure 8-17 (a) and (b), higher porosity values were observed in soil specimens obtained 

from the surfaces, as opposed to the sub-surfaces, of the three investigated ponds. A clear trend 

was not evident, however, upon focusing on the plots in Figure 6-18 (c) and (d), a linear 

increase in the hydraulic conductivity was observed as the porosity increased from 0.33 to 0.52. 

Below 𝑛 values of 0.33, anomalies were observed as high hydraulic conductivity values 
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corresponded to low porosity values. On average, the general trend, based on experimental 

relations between the 𝐾𝑆 values from the lab and field tests, was as follows: 𝐾𝑆 = 220𝑛 where 

(0.33 ≤ 𝑛 ≤ 0.52). 

 

Surface Below Surface 

(a)                                                                                                                                                      (b) 

  

 

 

Figure 6-18: Average porosity versus field and laboratory hydraulic conductivity 
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6.4.7 Hydraulic Conductivity Variation with Steady-State Infiltration Rate  

Figure 6-19 demonstrates results of the observed relationships between the assessed soils’ field, 

and laboratory hydraulic conductivity values 𝐾𝑆, versus the field steady infiltration rates 𝑓𝑐. 

Surface Below Surface 
(a)                                                                                                                                                      (b) 

  

 

 

Figure 6-19: Average hydraulic conductivity vs field steady infiltration rate 
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The measured in-situ infiltration rates of the three investigated ponds were noted to decrease 

from the beginning of the tests to some steady rate 𝑓𝑐 after a maximum test period of three 

hours. This decrease in infiltration rate, with increasing time, was associated with the subsoil 

becoming saturated. 

The average steady infiltration rates 𝑓𝑐 measured from the surfaces of the three ponds were 6.2, 

20.6, and 11.2 cm/hr, correspondingly (Figure 6-19 (a)). When measured from the sub-surface, 

 𝑓𝑜 values were generally lower within Ponds 1 and 2 (i.e. 0.3 and 11.0 cm/hr respectively) 

compared to Pond 3’s average rate.of 13.5 cm/hr (Figure 6-19 (b)). 

The field hydraulic conductivity values 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 revealed distinct correlations. There was an 

overall agreement between the hydraulic conductivity values measured from the field and the 

steady infiltration rates. From Figure 6-19 (c), a positive linear trend was recognised such that 

the average ratio between 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 𝑓𝑐 was approximately 0.93. This empirical correlation 

could be expressed generally as follows: 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
= 0.93𝑓𝑐, for 𝑓𝑐 values ranging between 0 and 

29 cm/hr. From these results, the in-situ hydraulic conductivity was anticipated to approach the 

steady-state infiltration rate as the soil approached a fully saturated state. On the other hand, 

no apparent relationship was noted between the measured laboratory hydraulic conductivity 

values 𝐾𝑆𝑙𝑎𝑏
 and the field steady infiltration rates 𝑓𝑐 (Figure 6-19 (d)).  

6.4.8  Hydraulic Conductivity Variation with Average Laboratory 
Flowrate 

The average flow rate 𝑞 of water passing through samples assessed in the laboratory 

permeability investigation was compared to the corresponding hydraulic conductivity values 

obtained from the lab 𝐾𝑆𝑙𝑎𝑏
 and field 𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 investigations. Overall, the 𝑞 values of specimens 

obtained from the surface of the ponds were higher than the rates measured from sub-surface 

samples (Figure 6-20 (a) and (b)). 

The highest average flow rate 𝑞 was measured from samples acquired on the surface of Pond 

2 (i.e. 49.3 cm/hr) whilst the lowest was from soils obtained below the surface of Pond 1        

(i.e., 3.0 cm/hr). This was a similar instance for the steady flow rates 𝑓𝑐 measured in the field     

(Figure 6-19 (a) and (b)).  

The plot in Figure 6-20 (c) does not show any distinct relationship between the 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
  and 𝑞 

values; again, highlighting the lack of correspondence between lab and field infiltration 

properties of the soil materials.  

In contrast, a discernable linear relationship between the 𝐾𝑆𝑙𝑎𝑏
 and 𝑞 values can be observed in 

Figure 6-20 (d). The gradient of this linear trend, based on the experimental results, allowed 

for the generalization of 𝐾𝑆𝑙𝑎𝑏
 values in terms of the measured 𝑞 values as follows: 𝐾𝑆𝑙𝑎𝑏

=

0.89𝑞, for 𝑞 values ranging between 0 and 66 cm/hr. The ratio between 𝐾𝑆𝑙𝑎𝑏
 and 𝑞 was 

expected to be closer to 1 because of the saturated nature of the lab permeability test samples, 
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however, this was not the case when compared to the 𝐾𝑓𝑖𝑒𝑙𝑑 versus the in-situ steady infiltration 

rates described earlier in section 6.4.7. 

 

Surface Below Surface 
(a)                                                                                                                                                      (b) 

 

 

 

 

Figure 6-20: Average Laboratory Flow Rate vs Field and Lab Hydraulic Conductivity 
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6.5  Variability Soil of Hydraulic Conductivity 

For the same type of soil material, variations between evaluated hydraulic conductivity values 

were noted to fluctuate by more than a single order of magnitude. For example, the hydraulic 

conductivity values obtained from measuring infiltration on the surface of Pond 1, at three test 

locations, ranged between 1.9 cm/hr. (i.e., 2.81×10-3 cm/s) and 10.1 cm/hr. (i.e.,               

5.28×10-4 cm/s). 

Based on thorough reviews of all field infiltration, and lab permeability test results, evaluation 

methods, Moriasi et al. (2007), recommended that in addition to visual comparisons of 

observed hydraulic conductivity results, statistical techniques should be applied. A brief 

analysis was therefore conducted to assess the degree of variation of the average hydraulic 

conductivity values. Table 6-9 shows the hydraulic conductivity values obtained from the field 

and lab testing methods carried out in this investigation. The mean, standard deviation, and 

coefficient of variation CV of each set of tests were calculated.  

 

Table 6-9: Statistical analysis of hydraulic conductivity values obtained from the field 

infiltration, and laboratory permeability investigations  
 

Field (Surface) 

 

Field (Below Surface) 

Pond 

no. 

Test 

Loc. 
KS 

Avg. 

KS 

Std. 

Dev. 
CV 

Pond 

no. 

Test 

Loc. 
KS 

Avg. 

KS 

Std. 

Dev. 
CV 

- - cm/hr cm/hr - % - - cm/hr cm/hr - % 

1 

1 2.3 

4.8 4.6 97.0 1 

1 0.3 

0.3 0.0 0.0 2 1.9 2 0.3 

3 10.1 3 0.3 

2 

1 32.6 

19.9 14.7 73.8 2 

1 28.4 

11.0 15.2 138.6 2 3.8 2 0 

3 23.4 3 4.6 

3 

1 5.2 

10.5 9.6 91.6 3 

1 10.3 

10.3 8.3 80.6 2 4.7 2 2 

3 21.6 3 18.6 

 

 

 

Lab (Surface) Lab (Below Surface) 

Pond 

no. 

Test 

Loc. 
KS 

Avg. 

KS 

Std. 

Dev. 
CV 

Pond 

no. 

Test 

Loc. 
KS 

Avg. 

KS 

Std. 

Dev. 
CV 

- - cm/hr cm/hr - % - - cm/hr cm/hr - % 

1 

1 3.6 

3.6 0.0 0.0 1 

1 2.8 

2.8 2.1 74.1 2 3.6 2 0.7 

3 3.6 3 4.8 

2 

1 32.6 

40.6 22.3 54.8 2 

1 6.2 

6.2 0.0 0.0 2 65.8 2 6.2 

3 23.5 3 6.2 

3 

1 24.5 

24.5 2.9 11.6 3 

1 3.7 

3.7 0.0 0.0 2 21.7 2 3.7 

3 27.4 3 3.7 
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The CV was computed as the ratio between the standard deviation and the mean. A higher CV 

corresponded to a greater level of dispersion around the mean. In this analysis, the CV was 

used to qualitatively determine the magnitude of spatial variability of soil hydraulic 

conductivity. A weak variability was defined by CV ≤ 10%, moderate when                                

10%  ≤ CV ≤ 100%, and strong when CV ≥ 100% (Wei et. al., 2008). 

Based on the analysis of variance, significant statistical differences were found between the 

hydraulic conductivity 𝐾𝑆 values obtained from the field DRI and lab CHP test results. The 

variability of field 𝐾𝑆 values were generally greater than those from the laboratory. The 

strongest variability was detected from field tests conducted on the sub-surface of Pond 2 (i.e. 

CV = 138.6%). This could be owed to the localized impervious soil layer encountered at Test 

Location 2 within Pond 2 which resulted in no observable infiltration for the duration of the 

DRI test. The bulk of the test results however fell within the moderate variation range of CV.  

Notable variances were recognized broadly between the CV of the surface and sub-surface 

infiltration tests. Contrastingly, this difference was relatively minor when assessing Pond 3’s 

field infiltration results which suggested that the vegetated sandy-loamy topsoil in the pond did 

not have a substantial influence on sub-surface soil’s infiltration rates. Moreover, a uniform or 

homogeneous subsoil layer was expected based on these results. The average 𝐾𝑆 value of     

Pond 3 was considered representative since the CV was comparable, for both the surface and 

sub-surface soil layers. 

Even though soil samples tested in the laboratory were retrieved from the same locations as the 

field tests, as well as re-compacted to the same densities, boundary conditions appeared to be 

the governing influence of the spatial variance of hydraulic conductivity. Consequently, most 

hydrogeologists and geotechnical engineers today, maintain the practice of conducting in-situ 

tests before providing hydrogeological design recommendations for any given site, irrespective 

of existing correlations most often used to acquire crude estimates in the absence of actual field 

data.  

When it comes to in-situ infiltration investigations, many factors related to the soil material, 

boundary conditions, as well as the liquids used may affect infiltration test results. Because of 

this, ASTM (2009) suggested for these results to be considered only as index values. Index 

properties in soil are physical characteristics that assist in the identification and classification 

of different soil materials. Examples of index properties include moisture content, specific 

gravity, in-situ bulk density, particle size distribution, etc.  

6.6 Summary of Experimental Results 

A summary of the average physical and hydraulic properties of soils within the investigated 

ponds is presented in Table 6-10. The average values presented are based on results from three 

separate locations within each pond to provide a better representation of general soil properties 

and infiltration rates. When compared to previous authors’ findings (Gerber, 1980; Wessels & 

Greef, 1980; Tredoux et al., 1980; Henzen, 1973) results obtained in this study were 

comparable to proposed soil properties within the Zeekoe catchment area (Table 6-11).  
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Table 6-10: Summary of average physical and hydraulic properties of investigated soils 
 

Property Units 

Pond 1 Pond 2 Pond 3 

*Surface 
**Below      

Surface 
*Surface 

**Below 

Surface 
*Surface 

**Below 

Surface 

Natural 

Moisture 

Content 

NMC % 6 8 5 5 13 17 

Porosity n - 0.32 0.33 0.44 0.3 0.43 0.38 

Effective Grain 

Size  
d10 mm 0.10 0.10 0.15 0.17 0.16 0.14 

Bulk Density 𝜌𝑏 kg/m3 1733 1889 1460 1917 1635 1930 

Lab Hydraulic 

Gradient 
i cm/cm 9.7 9.7 9.8 9.6 9.7 9.7 

Lab Average 

Flow Rate 
q cm/hr 4 3 49.3 8.2 26.8 4 

Lab Hydraulic 

Conductivity  
KSlab cm/hr 3.6 2.8 44.7 6.2 24.5 3.7 

Field Hydraulic 

Conductivity 
KSfield cm/hr 4.8 0.3 19.9 11 10.5 10.3 

Field Initial 

Infiltration Rate 
fo cm/hr 17.3 0.1 27.5 12.7 12 12.3 

Field Steady 

Infiltration Rate 
fc cm/hr 6.2 0.3 20.7 11 11.2 13.5 

*Sample from Surface (0 – 20 cm depth) 

**Sample from Below Surface (20 – 40 cm depth) 

 

Table 6-11: Hydraulic properties of Zeekoe catchment area proposed by various authors 

including this study 
 

Parameter / Property Units Magnitude 
Source / 

Author 
Year 

Hydraulic Conductivity cm/hr 

0.04 -4.2 Gerber 1980 

14.6 – 70.8 
Wessels & 

Greeff 
1980 

0.3 – 19.9 This study 

Porosity - 

0.10 – 0.15  
Wessels & 

Greeff 
1980 

0.02 – 0.25 Gerber 1980 

0.10 – 0.25 Tredoux et al. 1980 

0.20 – 0.25 Henzen 1973 

0.30 – 0.44 This study 

Effective grain size, D10 mm 
0.1 – 0.2  Tredoux et al. 1980 

0.1 – 0.17 This study 

Uniformity Coefficient, CU - 
2.5 -4.0 Tredoux et al. 1980 

1.3 – 3.6  This study 
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This investigation did not reveal a connection between the hydraulic conductivity values 

obtained from the field Double-Ring Infiltrometer (DRI) and the laboratory Constant-Head 

Permeability (CHP) tests. Experiments by previous authors (Radcliffe & Šimůnek, 2010), on 

the other hand, have shown that the in-situ saturated hydraulic conductivity is generally less 

than the saturated hydraulic conductivity measured on intact core samples in the laboratory. 

This has been attributed to the presence of entrapped air under field conditions which 

effectively reduces the cross-sectional area available for water to flow, and the water potential 

gradient. It is also possible that cored samples retrieved from the ponds’ surfaces contained 

more sand than the underlying strata therefore increasing the measured permeability under 

laboratory test conditions. 

Contrasting to findings described by Campbell, 2016 and Teague, 2010, the field hydraulic 

conductivities obtained from the surface alluvium of Ponds 2 and 3 were greater than those 

from the laboratory tests. This could be owed to the uncompacted nature of these soil layers. 

Moreover, the 𝐾𝑆 values of the sub-surface soil layer within Pond 1 were also found to be 

greater than the associated laboratory 𝐾𝑆 values, thus signifying possible low-permeability soil 

layers at greater depths within the pond. 

For practical application and design purposes, it would be more reliable to consider the 

hydraulic conductivity values interpreted from the field tests using the Green-Ampt 

hydrological analysis method, as opposed to the laboratory tests. Based on the average soil 

hydraulic properties determined through the field infiltration tests, as well as borehole data 

from within and around the study area up to depths greater than 10 m, the recommended soil 

hydraulic properties were graphically summarised for each of the three investigated ponds 

(Figure 6-21 (a) to (c)). 

The recommended soil properties are applied in infiltration simulations discussed in        

Chapter 7  Overall, soils within Pond 2 yielded the greatest infiltration potential with 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 

values ranging between 11.0 and 19.9 cm/hr. The hydraulic properties of soils within Pond 1 

on the other hand, were found to be least favourable to promote water infiltration and potential 

groundwater recharge. 
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   *Proposed values based on borehole log data and previous author’s results and correlations (Chapter 3) 

Figure 6-21: Graphical summary of average field hydraulic properties 
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Pond surface 

Pond 3 
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Poorly graded sand  

Sand, interbedded 

with occasional clay 

and peat layers 

(c) 
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7   Infiltration Simulations  

7.1 Introduction  

A numerical modelling computer software, HYDRUS 2-D, was utilized in conjunction with a 

built-in program, Rosetta-Lite, to infer groundwater flow characteristics in the deeper 

subsurface alluvium underlying the stormwater ponds investigated in this study. 

The HYDRUS 2-D software used finite elements in space and finite differences in time to 

numerically solve and graphically simulate the movement of water through the unsaturated 

zone by combining equations for fluid flux and storage with conservation of mass equations 

(Radcliffe and Šimůnek, 2010). 

The Rosetta-Lite software used five hierarchical pedotransfer functions (PTF’s) to compute 

hydraulic conductivity values and water-retention information based primarily on soil particle 

size and density data measured in the laboratory.  

This chapter begins with a description of the HYDRUS 2-D model solver, followed by an 

evaluation of various soil parameters estimated using the Rosetta-Lite software before the 

selection of appropriate input values for model simulations. The first simulations were small-

scale 2-D models replicating the infiltration conditions of the field Double-Ring Infiltrometer 

(DRI) investigation. Large-scale models simulating water movement through a thicker 

unsaturated zone were subsequently developed to estimate the time it would take before the 

wetting front (interface between soil’s initial state and newly wetted zone) would reach the 

water table located 5.5 m below the ponds’ surfaces (Conrad, 2014). The effects of various 

surface crusts on the infiltration rate are explored before the chapter concludes with a 

description of the potential application and adaptation of groundwater recharge. 

7.2 HYDRUS 2-D Model Solver 

The program HYDRUS 2-D finite element (FE) software is capable of simulating both two and 

three-dimensional movement of water, heat, and solutes through soil media with variable 

degrees of saturation. A wide range of boundary conditions and finite element mash options 

are offered by the software and have been used by previous researchers to simulate infiltration 

through a single and Double-Ring Infiltrometer (DRI), (Fatehnia, 2015; Lai et al., 2010; 

Lazarovitch et al., 2007; Lai and Ren, 2007).  

Through finite-difference approximations, the program applies Richard’s (1931) equation 

(Equation 7.1) to simulate flow through the unsaturated zone: 

 

 
𝜕𝜃

𝜕𝑡
=  

𝜕

𝜕𝑥𝑖
[𝐾 (𝐾𝑖𝑗

𝐴
𝜕𝜓

𝜕𝑥𝑗
+ 𝐾𝑖𝑍

𝐴 )] − 𝑆 7.1 
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where 𝑆 represents a sink term [m-1], 𝐾𝑖𝑗
𝐴 are components of a dimensionless anisotropy tensor 

𝐾𝐴, 𝑥𝑖 denotes spatial coordinates [m], 𝜃 is the volumetric water content, and 𝐾 is the 

unsaturated hydraulic conductivity[m/s], given by Equation 7.2 

 𝐾(𝜓, 𝑥, 𝑦, 𝑧) = 𝐾𝑆(𝑥, 𝑦, 𝑧)𝐾𝑟(𝜓, 𝑥, 𝑦, 𝑧) 7.2 

where 𝐾𝑆 is the saturated hydraulic conductivity and 𝐾𝑟 is the relative hydraulic conductivity, 

or the ratio between unsaturated and saturated hydraulic conductivity, defined by van 

Genuchten (1980) using Equation 7.3. 

 

 𝐾𝑟 =

{1 − (
ℎ
𝛼′

)
(𝑁′−1)

[1 + (
ℎ
𝛼′

)
𝑁′

]

(−𝛾)

}

2

[1 + (
ℎ
𝛼′

)
𝑁′

]

𝛾
2

  7.3 

 

where ℎ is the pressure potential, and 𝛾, 𝑁′ and 𝛼′ are constants defined by Equation 7.4 and 

Equation 7.5. 

  𝑁′ =
1

1 − 𝛾
 7.4 

 

 𝛼′ =  
𝛼

(
21

𝛾 − 1) (1 − 𝛾)
 7.5 

7.3 Parameter Evaluation 

The Rosetta-Lite program applied the van Genuchten (1980) expression for relative hydraulic 

conductivity in terms of pressure head. The software computed the van Genuchten empirical 

retention parameters (α and N) using the investigated soil’s particle-size distribution and bulk 

density data of tested specimens retrieved from the field. Illustrated in Figure 7-1 is the software 

window highlighting the pertinent input and output variables.  

The van Genuchten parameters computed by the Rosetta software displayed strong correlations 

to the correspondingly calculated hydraulic conductivities 𝐾𝑆𝑅
. A positive linear-like 

relationship was observed between the van Genuchten parameter, N, and the hydraulic 

conductivity estimated by Rosetta, 𝐾𝑆𝑅
 (Figure 7-2 (a)). Soil specimens attained from sites with 

high hydraulic conductivities had higher N values, whilst those from low hydraulic 

conductivity sites yielded lower N values. 
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Figure 7-1: Rosetta-Lite Software Window 
 

A contrasting relationship was observed between the hydraulic conductivities estimated by 

Rosetta, 𝐾𝑆𝑅
, and the van Genuchten alpha, α, parameters. Higher hydraulic conductivity Test 

Locations yielded low α values and vice versa (Figure 7-2 (b)).  

The trends observed from the two plots in Figure 7-2 were comparable to previous authors’ 

findings such as Teague (2010) who conducted a similar study on silty sands near Joshua Tree 

in California, USA. In his findings, Teague also observed a positive linear-like relationship 

between Rosetta calculated van Genuchten parameters, N, and the corresponding computed 

hydraulic conductivities (Figure 7-3). The α parameter on the other hand, generally reduced 

with an increase in the hydraulic conductivity, similar to the findings of this study.  

 

van Genuchten N van Genuchten alpha 
(a)                                                                               (b) 

 

 

 

S: Surface (0 – 20cm); BS: Below Surface (20 – 40 cm) 
 

Figure 7-2: Rosetta-Lite Estimated van Genuchten Parameters Compared to Rosetta Calculated 

Hydraulic Conductivities.  
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Figure 7-3: Rosetta estimated van Genuchten parameters compared to Rosetta calculated 

hydraulic conductivities, from data collected near Joshua Tree California, Jan. 2008 
Adapted from: Teague (2010) 

A comparison between the Rosetta calculated hydraulic conductivity values, 𝐾𝑆𝑅
 and the field 

hydraulic conductivities 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 is shown in Figure 7-4 and Table 7-1. The saturated hydraulic 

conductivities estimated by the Rosetta software were within the characteristic range of fine 

sand to silty sands according to typical values shown in Table 7-2 (Campbell, 2016). Like the 

field and lab results, the 𝐾𝑆𝑅
 values of soils tested from the surface (0 – 0.2 m depth) of the 

ponds were overall greater than those tested from below the surface (0.2 – 0.4 m depth). 

Surface Below Surface 

(a)                                                                             (b) 

  

Figure 7-4: Average Field, Lab, and Rosetta Hydraulic Conductivities 
 

4.8

19.9

10.5

15.3

54.5

40.9

0

10

20

30

40

50

60

P2-1-S P2-1-BS P2-2-S

H
y
d

ra
u

li
c 

C
o
n

d
u

ct
iv

it
y
 K

s 
(c

m
/h

r)

Pond No.

Field Rosetta

0.3

11 10.3
8.3

23.7
19.8

0

10

20

30

40

50

60

P2-1-S P2-1-BS P2-2-S

H
y
d

ra
u

li
c 

C
o
n

d
u

ct
iv

it
y
 K

s 
(c

m
/h

r)

Pond No.

Field Rosetta

       1                2                         3        1                    2                         3 



CHAPTER 7: Infiltration Simulations 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 144 

Table 7-1: Comparison between average field and Rosetta hydraulic conductivity values 
 

Test Set-Up 

Description 

Pond 

No. 

Field Hydraulic 

Conductivity 

(cm/hr) 

Rosetta Hydraulic 

Conductivity 

(cm/hr) 

Percentage 

Difference 

(%) 

Average 

Percentage 

Difference 

(%) 

Surface 

1 4.8 15.3 104 

105 2 19.9 54.5 93 

3 10.5 40.9 118 

Below 

Surface 

1 0.3 8.3 186 

107 2 11 23.7 73 

3 10.3 19.8 63 
 

 

Table 7-2: Typical values of hydraulic conductivity  
Adapted from: Campbell (2016) 

Soil Class 
Saturated Hydraulic 

Conductivity, KS (cm/hr) 

Silty Sand >11,78 

Loamy Sand 2,99 

Sandy Loam 1,09 

Loam 0,34 

Silt Loam 0,65 

Sandy Clay Loam 0,15 

Clay Loam 0,10 

Silty Clay Loam 0,10 

Sandy Clay 0,06 

Silty Clay 0,05 

Clay 0,03 

 

The values obtained from Rosetta were all greater than those from the field by an average of 

106%, however, a comparable trend was evident in respect of Ponds with high 𝐾𝑆 values and 

those with low 𝐾𝑆 values. The similarity in hydraulic conductivity values was closest between 

the laboratory and Rosetta sub-surface test results of Pond 3 with a difference of 63%. This 

similarity may be attributable to the continuous reworking of surface sediments of the pond 

forming a well-ordered soil surface structure. A closer correlation was anticipated between the 

hydraulic conductivity values estimated using Rosetta, and those from the lab, bearing in mind 

the Rosetta input figures were obtained directly from the lab analysis of in-situ soil samples. 

The greatest difference in the hydraulic conductivities (i.e., 118%) was between the field and 

Rosetta values from Pond 3’s surface-test results. The field hydraulic conductivity value 
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𝐾𝑆𝑓𝑖𝑒𝑙𝑑
, was 10.5 cm/hr whilst Rosetta’s was 40.9 cm/hr. These figures were of different 

orders of magnitude, however, within the typical range for fine sand to silty sand.  

The pedotransfer functions (PTF’s) used by Rosetta-Lite were based on laboratory-derived data 

from general soil types (i.e., sand, loamy sand, loam, silt, sandy clay loam, silty clay, etc) which 

limited the degree of accuracy to reproduce field conditions in alluvium which lacks extensive 

soil information. Thus, the hydraulic conductivity values determined from field infiltration 

experiments were used in the models to better replicate in-situ conditions. 

7.4 Model Setup  

Axisymmetric models were developed such that the upper left corner of the model space 

represented the position of the vertical centreline. The first models simulated infiltration 

through a Double-Ring Infiltrometer (DRI), whilst the second set of models represented 

infiltration through the surface of a full-scaled pond.  

Model domain sizes were selected to ensure that the outer boundaries did not affect the flow 

field within the domain. Domain spaces were separated into small, unstructured, triangular-

shaped finite element (FE) mesh which varied in size.  

Although the HYDRUS-2D software offered a wide range of simulation modules (i.e., heat 

movement, solute transport, evaporation, evapotranspiration, and root-water uptake), only 

water flow through the unsaturated zone of soil was simulated in this study. The cumulative 

infiltration of each simulated scenario was determined from the volumetric water flux across 

the inner-ring boundaries of the DRI apparatus, and the ponds’ horizontal extent. 

7.5 Hydraulic Parameters Used in Models 

The soil hydraulic parameters used in the simulations are summarised in Table 7-3. The 

parameters θr and θs denote the residual and saturated moisture contents respectively. 

Table 7-3: Experimental soil parameter values used in HYDRUS models 
 

Pond 
Soil Layer 

Descript. 
Depth θr θs α N  𝐾𝑆𝑓𝑖𝑒𝑙𝑑

 

# - m cm3/cm3 cm3/cm3 1/cm - cm/hr 

1 

Surface 0 - 0.2 0,048 0,320 0,035 2,681 4,80 

Below-Surface 0.2 - 0.4 0,044 0,281 0,037 2,541 0,30 

Greater Depths 0.4 - 10 0,046 0,300 0,036 2,611 2,55 

2 

Surface 0 - 0.2 0,054 0,398 0,031 4,151 19,90 

Below-Surface 0.2 - 0.4 0,049 0,272 0,030 3,806 11,00 

Greater Depths 0.4 - 10 0,052 0,335 0,031 3,979 15,45 

3 

Surface 0 - 0.2 0,051 0,344 0,031 3,950 10,50 

Below-Surface 0.2 - 0.4 0,049 0,270 0,030 3,617 10,30 

Greater Depths 0.4 - 10 0,050 0,307 0,031 3,783 10,40 
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7.6 Simulation of Double-Ring Infiltrometer Field Test 

The initial simulations’ configurations represented the field Double-Ring Infiltrometer (DRI) 

test conditions. Figure 7-5 illustrates a schematic of the two different test set-ups which were 

adapted. The model arrangement and input parameters closely signified those of the field 

conditions to obtain a perspective of the wetting front variation with time. The hydraulic 

conductivity values used as model inputs for each simulated test were those measured from the 

field.  

 

 

Figure 7-5: Schematic of two adapted DRI field test set-ups 

 

7.6.1 Model Domain 

The model domain was 2 m in the radial direction, 𝑟, and 1 m in the vertical, 𝑧. The upper left 

corner represented the location of the centre of the DRI apparatus with a 15 cm horizontal 

separation between the inner and outer rings. The rings were driven into the ground to a depth 

of 15 cm. The model geometry of the first test set-up represented the field DRI tests which 

were conducted directly on the ponds’ surfaces (Figure 7-6). The second set-up represented the 

DRI test after the removal of a 20 cm of topsoil layer (Figure 7-7) 

To simulate the unsaturated zone at equilibrium, the initial conditions for the hydrostatic 

pressure head were set to a minimum of -100 cm at all depths within the profile window. The 

water table depth was far beyond the depth of the domain and was thus not included in this 

initial set of simulations.  

The primary time step of the simulation was set to 0.0024 hours with a minimum and maximum 

of 0.00024 hours and 3 hours, respectively. The simulation period was maintained at a constant 

3 hours to match the duration of infiltration measured in the field-test data. The measured 

infiltration rates were noted to generally decrease from the beginning of the tests to some steady 

rate 𝑓𝑐 after a maximum test period of 3 hours.  

 

 20 cm 

DRI Test Set-Up No.1 

Pond surface Below-surface 

outer ring 

inner ring 
Constant water level maintained by Mariotte 

cylinders 

DRI Test Set-Up No.2 
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Figure 7-6: DRI Set-up 1 - Axisymmetric surface test model geometry   
 

 

 

 

Figure 7-7: DRI Set-up 2 - Axisymmetric sub-surface test model geometry 
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7.6.2 Model Grid 

The finite element (FE) mesh size immediately surrounding the DRI was modelled to be 

significantly smaller relative to the increasingly larger mesh size as the distance increased 

radially from the rings. Directly underneath the rings, the mesh size was 1.0 cm which increased 

radially to a maximum of 5 cm at the domain boundary to ensure that the cells describing the 

walls of the infiltrometer rings were no-flow boundaries.  

A constant pressure head of 15 cm was simulated at the surface boundary representing the inner 

and outer rings of the DRI apparatus; all other boundaries were modelled as no-flux boundaries. 

Interaction of the model wetting front with the model boundaries was avoided over the 

simulated test period. Figure 7-8 illustrates the model domain with the boundary conditions. 

Before running a numerical solution to generate results in HYDRUS-2D, a step-wise code was 

run in a separate window to verify the following parameters: horizontal plane flow, nodal 

information, geometric information, material information, time information, and seepage face 

information. The relevant parameters used in this study to simulate the DRI field test are 

presented in Table 7-4.  

 

 

Figure 7-8: Two-Dimensional Axisymmetric Model Domain and Boundary Conditions used to 

Simulate Field DRI Test in HYDRUS 2-D 

 

 

Outer ring radius 

Inner ring 

radius 

No flux for inner 

and outer rings N
o

-F
lu

x
 B

o
u

n
d

a
ry

 

N
o

-F
lu

x
 B

o
u

n
d

a
ry

 

No-Flux Boundary 

No-Flux Boundary Constant-Head (15 cm) Boundary 



CHAPTER 7: Infiltration Simulations 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 149 

Table 7-4: Numerical model characteristics used in the simulation of Double-Ring Infiltrometer 

field test in HYDRUS 2-D 
 

Description Parameter Unit Magnitude 

Time Discretization 

Initial  hour 0 

Final hour 3 

Initial time step hour 0.0024 

Minimum time step hour 0.00024 

Maximum time step hour 120 

Number of print time hour 10 

Iteration 

Maximum number of iterations - 10 

Water content tolerance - 0.001 

Pressure head tolerance cm 1 

Rectangular dimensions 

Horizontal rectangular dimension cm 200 

Vertical rectangular dimension cm 100 

FE mesh size cm 1 - 5 

Boundary conditions 

Top - 
Constant head 

and no-flux 

Bottom - No flux 

Right side - No flux 

Left side - No flux 

 

7.6.3 Simulation Results 

With the model domain set to an initial equilibrium pressure head of -100 cm, and the Double-

Ring Infiltrometer DRI maintaining a constant 15 cm head of water in both the inner and outer 

rings (like in the field infiltration investigations), the variation in pressure head was observable 

at various time intervals using the HYDRUS 2-D graphic user interphase (GUI). Results after 

3-hour simulation periods are presented in Figure 7-9. 

The movement of water through the underlying soil strata of the modelled ponds was in both 

the vertical and horizontal directions from the centre of the DRI. The observed lateral flow was 

attributable to the water in the outer ring and the effects of capillarity which varies with soil 

texture and shape, whilst the vertical flow was a result of the water in the inner ring              

(Figure 7-10). Because the surface area between the outer ring and the inner ring was larger 

(2121 cm2) compared to the surface area within the inner ring (706 cm2), more water infiltrated 

laterally through the outer ring compared to vertically through the inner ring. The bi-directional 

flow pattern was more uniform in Pond 2 and Pond 3 which can be owed to the similarities 

between the two ponds’ soil properties.  



CHAPTER 7: Infiltration Simulations 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 150 

 

Figure 7-9: Axisymmetric pressure head distribution (cm) below the Double-Ring Infiltrometer 

at the three investigated ponds after a 3-hr test period. HYDRUS 2-D was used for the 

simulations. 
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Figure 7-10: Steady infiltration of water from a Double-Ring Infiltrometer 

 

Cross-sections taken along the centreline of each DRI simulation (i.e., vertically along the 

plane where r = 0 cm) illustrated the moisture distribution with increasing depth. Plots in  

Figure 7-11 display the depth of infiltration at pressure heads varying from a constant 15 cm at 

the surface, to an equilibrium pressure head of -100 cm.  

The wetting front moved to greater depths in ponds with higher hydraulic conductivities. A 

general agreement between hydraulic conductivity and infiltration rate was recognised. Lower 

infiltration rates can be matched with lower hydraulic conductivity values. This is particularly 

notable when comparing the surface and below-surface plots for Pond 1 in Figure 7-11. The 

greatest depth reached by the wetting front after 3 hours was 100 cm in Pond 2 with preferential 

hydraulic properties across its various underlying soil layers. 
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Figure 7-11: Simulated DRI Infiltration depth variation with pressure head at t = 3hrs 
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A comparison was made between the average infiltration rates measured from the field DRI 

tests and the infiltration rates obtained from the HYDRUS 2-D simulations. A summary of the 

results is presented in Table 7-5. The infiltration rates obtained from HYDRUS 2-D were 

generally higher than the field-measured rates. The percentage difference ranged from 67 – 

182% which suggested sensitivity to near-surface heterogeneity, and the presence of a low 

permeability layer at greater depths below the pond surfaces. The variation in soil texture and 

permeability in subsurface soil layers can cause an impediment to the overall flow of water. 

 

Table 7-5: Average field DRI and HYDRUS 2-D infiltration rates at t = 3hrs 
 

Test Set-up 

Description 

Pond 

No. 

Average Field 

Infiltration Rate 

(cm/hr) 

HYDRUS 2-D 

Infiltration Rate 

(cm/hr) 

Percentage 

Difference 

Average 

Percentage 

Difference 

Surface 

1 6.2 12.3 67 

68 2 20.7 33.6 48 

3 11.2 29.0 89 

Below-Surface 

1 0.3 6.7 182 

118 2 11.0 32.3 98 

3 13.5 28.7 72 

 

Horton’s (1933) method (described in section 4.9) was used to determine the infiltration decay 

coefficient λ  expressed in the following exponential relationship: 𝑓 = 𝑓𝑐 + (𝑓
𝑜

− 𝑓
𝑐
) e−λ t. An 

inverse relationship was observed between the coefficient λ and the associated steady-state 

infiltration rate 𝑓𝑐 . A high decay coefficient corresponded to a low infiltration rate and vice 

versa. Pond 2 (with the highest observed infiltration rate) corresponded to the lowest decay 

coefficient of 0.6 whilst Pond 1 (with the lowest infiltration rate) had the highest λ value of 1.9. 

A comparison between the infiltration decay coefficient and the steady-state infiltration rate of 

the three investigated ponds is summarised in Table 7-6. Knowledge of the infiltration decay 

rate of soils in stormwater ponds can aid in accounting for the gradual clogging of surface 

layers.  
 

Table 7-6: Comparison between Horton’s λ and the steady infiltration rate fc  
 

Pond  
Horton's Infiltration Decay 

Coefficient 𝛌 

Average Steady Infiltration Rate 

𝒇𝒄 (cm/hr) 

1 1.9 1.4 

2 0.6 20.6 

3 0.8 10.5 
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7.7 Simulation of Water Movement Through Pond Surface to 
Water Table 

Large-scale models were subsequently developed to simulate water movement through a thick 

unsaturated zone to estimate the time required before the wetting front would reach the water 

table. A schematic cross-section across a typical circular spreading pond with a constant head 

of water is shown in Figure 7-12 

To assess the influence of a surface crust layer of low permeability on infiltration, the hydraulic 

conductivity of the top 20 cm soil layer was varied between 0.1, 1.0, and 10 cm/hr. Infiltration 

rates determined from in-situ investigations were used as a benchmark and compared to the 

infiltration rates obtained after varying the hydraulic conductivity of the surface layer. 

 

Figure 7-12: Schematic of a typical stormwater pond with 100 cm constant head of water 

 

The large-scaled simulations were like the DRI field test simulations with the key differences 

being the applied constant head of water at the pond surfaces (from 15 cm to 100 cm), the 

domain sizes (from 200×100 cm; to 65×6.5 m), and simulation durations (from 3 up to 140 

hours).  

7.7.1 Model Domain 

The model domain was enlarged to represent a radial cross-section through a circular pond 

with a surface area of 0.79 ha. The upper left corner of the model space represented the location 

of the centre of the pond. The domain extended 65 m in the radial direction r from the centre 

and 6.5 m in the vertical z-direction (Figure 7-13). The pond was simulated at the surface by 

active cells extending radially by 50 cm. Infiltration of water within the ponds was regulated 

by 100 cm constant head at the boundary representing the pond surface, which aimed to depict 

conservative yet realistic conditions during a rainy season. The soil strata were divided into 

three layers, each possessing soil properties summarised in Table 7-3. 

To simulate a thick unsaturated zone, a minimum pressure head of -100 cm across the domain 

space represented the initial hydraulic conditions at equilibrium with the water table at 5.5 m 

below the surface. Each simulation ran until the wetting front moved through the unsaturated 

zone to the water table. To achieve this for each modelled pond, the simulation durations varied 

between 15 – 140 hours.  
 

100 cm 

Pond surface Constant head of water NGL 
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Figure 7-13: Stormwater pond surface infiltration model geometry 

 

Interaction of the wetting front with the model boundaries was avoided. The primary time step 

of the simulation was set to 0.024 hours with a minimum and maximum of 0.0024 hours and 

140 hours, respectively. 

7.7.2 Model Grid 

Due to the large-scale nature of the models, the FE mesh size was increased from 5 to 20 cm 

and maintained across the entire domain in both the vertical and horizontal directions        

(Figure 7-14).  

A step-wise code was run to verify key parameters (i.e., horizontal plane flow, nodal 

information, geometric information, material information, time information, and seepage face 

information) before numerical solutions were processed to generate results. 

The numeral model characteristics used to simulate water movement through the pond surface 

to the water table are presented in Table 7-7. 

 

 

Figure 7-14: Two-Dimensional axisymmetric model domain and boundary conditions used to 

simulate water movement through pond surface in HYDRUS 2-D 
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Table 7-7: Numerical model characteristics used in the simulation of water movement through 

pond surface to water table in HYDRUS 2-D 
 

Description Parameter Unit Magnitude 

Time Discretization 

Initial  hour 0 

Final hour 200 

Initial time step hour 0.0024 

Minimum time step hour 0.00024 

Maximum time step hour 120 

Number of print time hour 100 

Iteration 

Maximum number of iterations - 10 

Water content tolerance - 0.001 

Pressure head tolerance cm 1 

Rectangular dimensions 

Horizontal rectangular dimension cm 6500 

Vertical rectangular dimension cm 650 

FE mesh size  20 

Boundary conditions 

Top - Constant head 

Bottom - Seepage face 

Right side - No flux 

Left side - No flux 

 

7.7.3 Simulation Results 

The HYDRUS 2-D graphic user interphase (GUI) was used to observe the wetting front 

movement from the ponds’ surfaces at various time intervals, and to assess the time taken 

before the water table was reached 5.5 m below the surface (Figure 7-15).  

Infiltration of water was modelled by adapting in-situ and laboratory-derived soil hydraulic 

and physical properties of the surface layer (0 – 20 cm) and below-surface layer (20 – 40 cm). 

Borehole log data from within and around the study area was used to infer soil properties at 

greater depths.  

The time required for the wetting front movement from the pond surfaces to the water table 

was determined to be 140 hours in Pond 1, 15 hours in Pond 2, and 25 hours in Pond 3. The 

corresponding infiltration rates were 3.9 cm/hr for Pond 1, 36.7 cm/hr for Pond 2, and 22.0 

cm/hr for Pond 3. These infiltration rate values were higher than what could be anticipated in 

reality because the HYDRUS 2-D model assumed uniform hydraulic properties in each soil 

layer and did not consider compaction, consolidation, or variations in the deeper subsurface 

geology.  

Site-specific data about soil hydraulic properties at greater depths beyond 40 cm would aid in 

refining the models, however, the processes required would be rigorous and costly such as 
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well-pumping tests, and soil logging at each pond to depths of up to 6 m. The information used 

in this study was reasonable as it represented deeper soil layers at sites near the investigated 

ponds. 

 

Figure 7-15: Pressure Head Distribution from HYDRUS 2-D Pond Infiltration Simulations 

 

Despite the notable differences between the three ponds’ infiltration rates, the horizontal 

movement of the wetting fronts within each pond was comparable, with Pond 2 and 3 

displacing laterally by the same distance of 3.5 cm (i.e., from 50 to 53.5 cm) whilst Pond 1’s 

wetting front moved by 3 cm (i.e., from 50 to 53 cm). The particularly lower infiltration rate in 

Pond 1 can be owed to dense underlying soils observed at numerous Test Locations within the 

pond at shallow depths (0 - ~40 cm). These dense layers created a low-permeability seal around 

the bottom of the DRI inner ring during the field infiltration investigations, thus lowering the 

infiltration rates.  

Pond 3 

t = 25 hrs 

t = 140 hrs 

t = 15 hrs 

Pond 1 

Pond 2 
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Vertical cross-sections taken along the pond centre lines (i.e., at r = 0 m) illustrate the 

propagation of the wetting front in terms of pressure head (Figure 7-16). A strong agreement 

between the pressure head variation, at various depths, in Pond 2 and Pond 3 was observed 

when the wetting front reached the water table because of the similarity in soil properties of 

the two ponds.  

Data showed a decrease in the infiltration rate in Pond 1 due to the presence of a layer of lower 

hydraulic conductivity on the surface which was evident at early times (5 – 10 hrs) in the 

simulation. At depths beyond 40 cm, this detected decrease in infiltration rate was not 

significant. 

 

 

Figure 7-16: Simulated Position of the Wetting Front Below Stormwater Ponds to the 

Groundwater Table 
 

7.7.4 Effects of Varying the Surface Layer’s Hydraulic Conductivity  

During major rainfall events, overland flow from stormwater runoff collects impurities and fine 

particles before entering stormwater ponds. Clogging of the surface layer, caused by bacteria 

or fine particle material, is one drawback to the use of ponds for surface infiltration (Baveye et 

al., 1998; Bouwer, 2002; Reddy, 2008).  

To study the effect of the topsoil permeability on overall infiltration, the hydraulic conductivity 

𝐾𝑆 of the pond surface layers was varied from initial values obtained from the field 

investigations 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
, to three additional soil types (i.e., sandy clay with 𝐾𝑆 = 0.1 cm/hr; sandy 

clay loam with 𝐾𝑆 = 1.0 cm/hr; and silty sand with 𝐾𝑆 = 10.0 cm/hr). By varying the hydraulic 

conductivity of the surface layer (i.e., the top 20 cm soil layer) within each pond, and 

maintaining the same simulation periods and conditions, the resultant effect on the overall 

infiltration rate, and accordingly the wetting front movement, was observable. Centreline cross-

sections taken along the vertical plane (i.e., at r = 0 m) illustrate the varying effects of these 

changes (Figure 7-17). 
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(a)                                                            Pond 1                                                         t = 140 hrs. 

 

(b)                                                           Pond 2                                                           t = 15 hrs. 

 

(c)                                                            Pond 3                                                           t = 25 hrs. 

 

Figure 7-17: Modelled pressure head curves from varying hydraulic conductivities of 20 cm 

surface layer 
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By changing the hydraulic conductivity of the surface layer in Pond 1 from the in-situ 

determined 4.8 cm/hr to 0.1 cm/hr, the infiltration rate reduced from 3.9 cm/hr to 2.8 cm/hr, 

with the wetting front depth decreasing by 150 cm (i.e., from 550 cm to 400 cm) after a period 

of 140 hrs. A summary of the infiltration rates and wetting front depth associated with the 

various surface layers is presented in Table 7-8.  

From the graphs Figure 7-17 it is evident that the varying hydraulic conductivities of the surface 

layer had the most influence on the infiltration rates in Pond 1 with distinct differences in the 

shape and depth of the wetting front in terms of pressure head. Pond 3 displayed the least 

sensitivity to the varying surface hydraulic conductivity values whilst Pond 2 displayed 

moderate variations. Surface layers of low permeability resulted in an initial reduction in 

infiltration rates at early times and consequently an increase in the time taken for the wetting 

front to reach the water table.  

Findings from field infiltration investigations did not reveal an improvement in the measured 

infiltration rates when tests were conducted 20 cm below the pond surfaces. The surface soil 

was suspected to behave like a crust layer of low permeability caused by most likely a 

combination of runoff depositions and sieving surface creating a microstructure with three 

layers as exemplified in the time-step formations in Figure 7-18. Contrastingly, it was found 

that the infiltration rates determined from tests conducted directly on the pond surfaces were 

generally higher than those conducted 20 cm below the surface suggesting the existence of a 

layer of lower hydraulic conductivity at depths beyond 20 cm.  

The most critical scenario for infiltration was represented by the 20 cm sandy clay surface crust 

layer with 𝐾𝑆 = 0.10 cm/hr. The resultant increase in the time required for the wetting front to 

reach the water table was from 140 – 193 hrs (i.e., 53 hr increase) in Pond 1; from 15 – 18 hrs 

(i.e., 3 hr increase) in Pond 2; and from 25 – 27 (i.e., 2 hr increase) in Pond 3. 

 

Table 7-8: Effect of varying hydraulic conductivity of 20 cm surface layer on infiltration 
 

Pond 

Simulation 

Duration 

(Hours) 

Hydraulic Conductivity of 

20 cm Surface Layer  

(cm/hr) 

Wetting Front Depth 

Below Surface  

(cm) 

HYDRUS 2-D 

Infiltration 

Rate  

(cm/hr) 

Pond 1 140 

4.8 550 3.9 

0.1 398 2.8 

1.0 519 3.7 

10.0 571 4.1 

Pond 2 15 

19.9 550 36.7 

0.1 461 30.7 

1.0 503 33.5 

10.0 536 35.7 

*Pond 3 25 

10.5 550 22.0 

0.1 503 20.1 

1.0 523 20.9 

10.0 548 21.9 
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Figure 7-18: Time-step formation of crusts in loamy and sandy soils 
Source: Valentin and Bresson (1992) 

 

7.8 Potential Application 

The three investigated ponds were selected based on their distribution across the Zeekoe 

catchment area. Each pond represented a group of ponds within a region of the catchment area. 

Findings from in-situ and laboratory infiltration experiments, as well as computer simulations, 

were in general agreement. Pond 1 was found to have the lowest infiltration potential, whilst 

Pond 2 and Pond 3 had similar infiltration rates with Pond 2 being moderately higher than Pond 

3. In practice, the recharge times can be expected to be slightly lower than the results from the 

simulations.  

A connection between the potential infiltration depth and the infiltration rate was recognised. 

Generally, regions with high potential infiltration depths were noted to possess good infiltration 

characteristics (Figure 7-19). Pond 1, with the lowest infiltration rate, is situated in a region 

that has the lowest potential infiltration depth. Correspondingly, Pond 2, with the highest 

infiltration rates, is in a region with the greatest potential infiltration depth.  



CHAPTER 7: Infiltration Simulations 

Paul Mavundla 

MSc in Civil Engineering                                                             Page 161 

 

Figure 7-19: Potential infiltration depth across the Zeekoe catchment 
Adapted from: Okedi (2017) 

 

To further verify the appropriateness of adapting existing stormwater detention ponds in 

Region B as infiltration basins, results from an existing successful recharge facility in Atlantis 

(a township situated 50 km north of Cape Town) revealed recharge rates from 0.04 – 0.46 cm/hr 

in three of the facility’s main infiltration ponds which can be classified as a low to very low 

Infiltration Class (Table 7-9). These infiltration rates were much lower than the average          

20.6 cm/hr rate from in-situ DRI test data of Pond 2.  

For good health and safety practices, prolonged stagnant water bodies in a public area need to 

be avoided. Unlike in Atlantis where the infiltration facility is barricaded, the investigated 

stormwater ponds are situated in residential areas – accessible to the public. It is thus essential 

for the ponds to have high infiltration rates to avoid ponding of water which can create a good 

breeding ground for mosquitoes and a drowning hazard for the public. With an average 

infiltration rate of 20.6 cm/hr (a ‘very high’ infiltration class according to Table 7-9) the ponds 

1 

2 

3 

# Pond location 

Region A 

Region B 

Region C 
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located in Region B would be most suitable for artificial recharge. A simplified concept 

showing the recharge and recovery components of an artificial recharge strategy is shown in 

Figure 7-20. 

 

Table 7-9: Classification of infiltration capacities 
Adapted from: Subramanya (2008) 

Infiltration Class 
Infiltration Capacity 

(cm/hr) 
Remarks 

Very Low <0.25 Highly clayey soil 

Low 0.25 to 2.5 Shallow soils, Clay soils, Soils low in organic matter 

Medium 1.25 to 2.5 Sandy Loam, Silt 

High >2.5 Deep sands, well drained aggregated soils. 

 

 

Figure 7-20: Artificial recharge strategy 
Source: Murray et al. (2007) 
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8   Conclusions  

8.1 Introduction 

The general objective of this study was to evaluate the infiltration rate and hydraulic properties 

of three representative stormwater ponds across the Zeekoe catchment area to determine the 

feasibility of adapting these ponds to function as recharge basins that could potentially transfer 

detained stormwater runoff into the underlying aquifer for groundwater augmentation. To 

achieve this objective, a series of in-situ infiltration tests were carried out, laboratory 

permeability investigations and material classification experiments were conducted, and 

finally, numerical model simulations of water flow through the unsaturated zone were 

developed. The following sections present a summary of the main findings materializing from 

this study as well as recommendations for future research work. 

8.2 Summary of Findings 

The field Double-Ring Infiltration (DRI) investigation revealed high variability in infiltration 

rates, and consequently hydraulic conductivity values, across the area of a single pond. The 

surface area of the ponds ranged between 0.9 – 3.2 ha, however, within those comparatively 

small areas, variations between the evaluated hydraulic conductivity values were noted to 

fluctuate by more than a single order of magnitude. Because of this, ASTM (2009) has 

recommended for these results to be considered only as index values. Thus, conducting 

infiltration experiments at three different positions across each pond provided a better average 

representation of general soil properties and infiltration rates for reasonable design 

considerations.  

Findings from field infiltration investigations did not reveal an improvement in the measured 

infiltration rates when tests were conducted 20 cm below the pond surfaces. The surface soil 

was suspected to behave like a crust layer of low permeability caused by a combination of 

runoff depositions. Contrastingly, it was found that the infiltration rates determined from tests 

conducted directly on the pond surfaces were generally higher than those conducted 20 cm 

below the surface suggesting the existence of a layer of lower hydraulic conductivity at depths 

beyond 20 cm.  

The relationship between hydraulic conductivity values derived from the field infiltration 

experiments 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
, and those obtained from the laboratory permeability test results 𝐾𝑆𝑙𝑎𝑏

, was 

investigated. Results confirmed a significant difference and an absence of any direct link 

between the investigated 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and 𝐾𝑆𝑙𝑎𝑏

 values. The average difference between the 

laboratory method was subject to various disadvantages since the small sample area increased 

the possibility of large random errors, however, increased the likely repeatability because of 

the controlled environment.  
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The analysis of variance revealed significant statistical differences between the hydraulic 

conductivity values obtained from the field compared to those from laboratory test results. CV 

values from the in-situ infiltration experiments ranged between 0% and 138.6% whilst those 

from laboratory permeability tests ranged between 0% and 74.1%.  

The hydraulic conductivity values obtained from the field and laboratory investigations were 

expected to diverge by some common factor. This factor would potentially aid in 

approximating in-situ infiltration potentials by testing soil samples in the laboratory as opposed 

to conducting rigorous and lengthy field tests. Plots of field hydraulic conductivity 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 

versus laboratory hydraulic conductivity 𝐾𝑆𝑙𝑎𝑏
 displayed no general correlation between the 

obtained values.  

The hydraulic conductivity values estimated using Beyer’s (1964) correlations significantly 

overestimated the measured field and lab hydraulic conductivity values by up to 100 times, 

thus deemed unreliable to estimate the hydraulic conductivity for soil types in this study area. 

Permeability estimates developed using grain-size correlations should thus be used with 

discretion to avoid significant miscalculations in designs. 

A linear increase in the hydraulic conductivity values from the field and lab investigations was 

observed as the investigated soil porosity increased from 0.33 to 0.52. Overall, based on 

average values within each investigated stormwater pond, the hydraulic conductivity increased 

with increasing soil porosity. 

No apparent relationship was noticed between the field hydraulic conductivity 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 and the 

lab average flow rate 𝑞, however, a distinct positive linear correlation between the laboratory 

hydraulic conductivity 𝐾𝑆𝑙𝑎𝑏
 and the associated average flow rates 𝑞 was recognised.  

A comparison between the hydraulic conductivity values estimated by Rosetta-Lite 𝐾𝑆𝑅
, and 

those determined from the field infiltration experiments 𝐾𝑆𝑓𝑖𝑒𝑙𝑑
 revealed a general 

overestimation of the software’s hydraulic conductivity by an average of 106%. Despite this 

difference in the hydraulic conductivities, both values were within the typical range for silty 

sands. To better replicate in-situ conditions for infiltration simulations, it was therefore 

considered a better representative to adapt actual physical properties and hydraulic conductivity 

values from field and laboratory classification experiments. Simulations proved to have the 

added benefit of adjusting required parameters to observe their respective effects on measured 

infiltration rates. 

Pond 2, with the highest average infiltration rate (i.e., 20.6 cm/hr), corresponded to the lowest 

decay coefficient λ of 0.6. Pond 1, with the lowest average infiltration rate (i.e., 1.4 cm/hr), had 

the highest λ value of 1.9. Knowledge of the infiltration decay rate can aid in the prediction of 

gradual clogging for pond maintenance planning.  

The time required for the wetting front movement from the pond surfaces to the water table 

was determined to be 140 hours in Pond 1, 15 hours in Pond 2, and 25 hours in Pond 3. The 
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corresponding infiltration rates were 3.9 cm/hr for Pond 1, 36.7 cm/hr for Pond 2, and 22.0 

cm/hr for Pond 3. For an actual test pond, the infiltration rates would be expected to be slower, 

and recharge times would be greater because the HYDRUS 2-D model did not consider 

compaction, consolidation, or variations in the deeper subsurface geology. 

When comparing the steady-infiltration rates obtained from this study (i.e., between 1.4 – 20.6 

cm/hr) to those from the Atlantis recharge facility, it was apparent that the soil characteristics 

of the stormwater ponds in the Zeekoe catchment were suitable for the ponds to be adapted as 

infiltration basins for artificial recharge. Instead of allowing detained stormwater to flow 

through the pond outlet structures, the outlets could be controlled to promote infiltration.  

A connection between the potential infiltration depth and the infiltration rate was recognised. 

Regions with high potential infiltration depths were noted to possess good infiltration 

characteristics. Ponds located within the central region of the Zeekoe catchment were found to 

have the greatest potential infiltration depth and the highest infiltration rate – represented by 

Pond 2 with an average infiltration rate of 20.6 cm/hr. Based on field infiltration data, 

laboratory data, and model simulations, ponds in the central section of the catchment area were 

considered suitable for artificial recharge. Although recharge times can be expected to be 

greater than the results from the simulations which had limited information about the 

subsurface geology, the durations should be comparable to ponds in the surrounding area.  

8.3 Recommendations for Further Research 

The following are recommendations for future research: 

1) Implementation of a pilot project adapting the representative pond of Region B (Pond 2) 

located in the central area of the Zeekoe catchment. Instead of the pond being used as a 

detention pond, the outlet can be controlled to promote infiltration and groundwater 

recharge. Modification of the surface layer may be done, however, is not necessary because 

of preferential hydraulic properties which were determined at the site. 
 

2) Further testing of soil in the study area to develop reliable empirical correlations. 
 

3) A study on the effects of surface vegetation in a recharge basin.  
 

4) A more extensive survey of the subsurface geology and soil hydraulic properties at greater 

depths beyond 40 cm would aid in refining the HYRDUS software models and assessing 

the subsurface conditions that would impede the flow of water. 
 

5) Additional measured soil information such as soil-water retention points could cause 

Rosetta-Lite software to produce output data that better represents the vertical variability 

of soil hydraulic characteristics.  
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