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ABSTRACT 

 

Soil cover systems are routinely designed to isolate mine waste that is prone to forming 

Acid Rock Drainage (ARD). The purpose of these covers is to prevent water and 

oxygen contact with sulphide bearing mine waste, thus avoid their oxidation. As a part 

of the cover design procedure, infiltration models are utilized to predict net infiltration 

into the cover system. In order to verify that the mechanisms used in these models are 

physically correct, these models require calibration. This is attainable by performing 

water balance controls, which require surface runoff measurements.  

This study presents a comprehensive literature review of the available models that 

predict rainfall runoff for soil cover systems design. A detailed discussion of the factors 

that influence rainfall runoff is also presented. In summary, it was concluded that 

available models to predict rainfall runoff are rare, and there is a need for improvements 

of existing models and/or developing new reliable models. 
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1. Soil Covers  

Soil covers are designed as engineered barrier systems to restrict water and oxygen 

contact with sulphide compounds in mine waste. The objectives of designing soil cover 

vary for each case scenario, but usually are included in the following categories listed 

by O‘Kane and Wels (2003): First, contaminant release control (through control of 

infiltration), and/or establishment of a growth medium for landscaping purposes. 

Second, chemical stabilisation of acid forming mine waste (through restricting oxygen 

diffusion). Finally, dust and erosion control. 

Different types of covers exist depending on the following key factors: climate regime in 

the area the cover is planned to be constructed; reactivity and texture of the waste 

material; geotechnical and hydrological properties of the available material; and the 

long-term considerations and reclamation arrangements. The selection of the cover 

system type is based on site-specific conditions and the regulatory framework (O‘Kane 

and Wels (2003)). 

The approach used to design any cover system is dominated by climate. In most cases, 

climate regimes can be either semi-arid (i.e. evaporation exceeds precipitation) or 

humid (i.e. precipitation exceeds evaporation). Within these two broad climate 

categories, cover performance is controlled by material properties of the cover (Wilson 

(2000)). Figure 1 Schematic of cover type selection based on climate types (from GARD 

Guide (2012))offers an excellent reference for selecting the soil cover type according to 

the climate regime in the region of interest. 
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Figure 1 Schematic of cover type selection based on climate types (from GARD Guide (2012)) 

1.1. Types of Soil Covers 

There are four well-known types of cover systems. First, water covers, in which, the 

mine waste is submerged under water. This significantly reduces the potential oxygen 

diffusion into the waste material; hence preventing oxidation of the mine waste. A 

summary of processes operating in water covers is illustrated in Figure 2. 
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Figure 2 Water Cover Processes (GardGuide 2015) 

Second, ‗conventional low hydraulic conductivity‘ cover. This typically refers to a single 

layer or layered system of a low hydraulic conductivity material in conjunction with other 

materials. The main purpose of this type of cover is to restrict water and oxygen ingress 

into the underlying waste material. Figure 3 describes a number of types of 

‗conventional low hydraulic conductivity‘ cover. The chart implies that the increasing 

complexity of the cover increases the performance of the. However, this is bound by the 

type of climate regime in the area the cover to be constructed. An example of that is that 

a store and release cover in arid or semi-arid climate conditions can provide the same 

level of control on net percolation as compared to a cover system with a low hydraulic 

conductivity barrier layer or a capillary barrier cover system (MEND, 2004a). 
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Figure 3 Examples of dry soil cvers types. (GARDGuide 2015) 

Third, capillary barrier cover system. This usually comprises of a fine textured material 

over a coarse textured material. When the coarse material drains (i.e.is unsaturated), it 

develops a lower hydraulic conductivity than the fine material creating the capillary 

barrier effect. However, it is important to note that the hydraulic impedance at the 

interface is lost as soon as the matric suction reaches the water entry value of the 

coarse material. The properties of the type of material that can be used to construct 

capillary barrier is shown in Figure 4. 
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Figure 4 Typical permeability functions for materials used in capillary barriers construction. 

Fourth, ‗store and release‘ cover system. This system stores water during precipitation 

periods within the root zone, then releases the stored water by evapotranspiration 

during dry periods (O‘Kane and Wels (2003)). 

Apart from type one, the three types of cover systems listed above are termed ‗dry 

cover systems‘ in the GARD Guide (The International Network for Acid Prevention 

(INAP) 2009). Their main objective is to reduce both the infiltration of water and the 
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diffusion of oxygen into the underlying mine waste. Figure 5 represents a useful 

summary for the design process of dry covers. 

 

Figure 5 Dry Cover Design Process (GardGuide after O‘Kane and Wels, 2003) 

Generally, the design of dry cover system is governed by the amount of infiltration 

through the cover system referred to as ‗net percolation‘. The design requires a detailed 

soil-atmosphere modelling to be completed using site-specific climate data, material 

properties, and conditions determined in the field and laboratory. The focus of the soil-

atmosphere modelling is to determine net percolation and oxygen ingress as a function 

of proposed material type and thickness. In order to do that, infiltration models are 
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utilized. However, predicting infiltration requires water balance analysis to calibrate 

these models. Infiltration models are discussed further in section  2.3. 

Furthermore, long-term performance of a dry cover system is typically governed by 

different processes that can be grouped into physical, chemical, and biological 

processes (The International Network for Acid Prevention (INAP) 2003). Physical 

processes that impact the long-term integrity of system performance can be related to 

stability matters such as erosion, and volume change matters such as desiccation and 

freeze-thaw cycling. Wilson et al. (2003) provide an overall evaluation of the long-term 

performance of a number of soil cover systems. They discuss factors that compromise 

the performance of cover systems, and highlight aspects of both success and failure 

causes of a number of cover systems case histories. 

In other words, the soil atmospheric modelling is a very important part of the soil covers 

design. Therefore, one aspect of the soil atmosphere modelling (Rainfall Runoff) will be 

discussed in more details in the following sections.  
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2. Rainfall Runoff 

2.1. Introduction  

It is known that the hydrologic cycle of rainwater consists of an input of precipitation and 

output of evaporation, transpiration, infiltration, and runoff. This research is focused on 

predicting the runoff component of the hydrological cycle, which is closely linked to 

infiltration. This fact is confirmed by numerous studies including those performed by 

Wilson et al. (2006) and Miskolczi (2007) on soil covers. These studies concluded that 

as surface runoff quantities changed, net infiltration quantities are significantly 

influenced; ultimately, affecting soil covers systems performance. 

Infiltration, to begin with, is defined as the process by which an amount of water enters 

the soil matrix. Horton (1933) introduced the ‗infiltration capacity‘ concept that considers 

the soil as a separating surface that divides rainfall water into two portions. One portion 

is initially absorbed by the soil (infiltration), and then percolates into ground water. The 

other portion does not infiltrate into the soil but runs off in the form of surface runoff 

(also referred to as rainfall excess runoff).  

Horton (1933, 1944) recognized that, as the soil wets and dries, the rate at which water 

could infiltrate into the soil changes. However, there will be a limit, the ‗infiltration 

capacity‘. This is defined as the maximum rate at which rainwater falling on the soil 

surface can infiltrate. 

It is important to realise that ‗infiltration capacity‘ is a function of time and moisture 

conditions within the soil mass. Beven (2004) describes that this function starts at a 

maximum value when the rainfall begins and then decrease with time nonlinearly down 

to a minimum value related to the saturated hydraulic conductivity of the soil.  
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After rain ends, restoration of the infiltration capacity begins. Horton (1933) stated that 

the infiltration-capacity returns to its maximum value, after rain ends, usually within a 

period of a day or less for sandy soils, though several days might be required for clays 

and fine textured soils.  

According to Horton (1933, 1944) the excess water that cannot infiltrate into the soil 

mass runs off in the form of surface runoff. However, there are different mechanisms for 

runoff generation that are discussed in the following section. 

2.2. Surface Runoff Generation Mechanisms  

The infiltration capacity concept, defined above, distinct the first mechanism of rainfall-

runoff phenomena. Stone et al. (1996) describes that after rainfall begins, infiltration 

capacity is at its maximum, and the potential infiltration rate is greater than the rainfall 

rate. Nevertheless, actual infiltration rate is equal to rainfall rate, since the water can 

only enter the soil at the application rate. At a certain point in time called ―the time to 

ponding,‖ the water begins to pond, accordingly the excess water overflows.  

This runoff response to rainfall is governed by two basic factors; the first is rainfall 

intensity and the second is the soil characteristics. The time distribution of rainfall-

excess runoff is highly dependent on the rainfall intensity (Stone et al. 1996). This is 

mainly because, apart from the beginning of a rainfall event, infiltration rate approaches 

a steady state rate. 

This rainfall mechanism is known as the ‗Hortonian Overland Flow‘, after Horton (1933), 

also referred to as the ‗infiltration-excess‘ runoff. Three important aspects of the 

‗Hortonian Overland Flow‘ need to be considered. The first is that rainfall falling at rates 

less than the infiltration capacity of the soil would all infiltrate into the soil. The second is 

that when infiltration capacity decrease to the point that it is less than the rainfall 
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intensity, surface depressions begins to fill. The third is that runoff is only generated 

once the rainfall intensity exceeds the infiltration capacity and all surface depressions 

are filled. 

Another mechanism of the surface runoff phenomena is the ‗saturation-excess overland 

flow‘ observed by Dunne and Black (1970). They examined soils having infiltration 

capacities much higher than rainfall intensity. These soils exhibit a different form of 

runoff. They noticed that where the water table intersected the ground surface 

(saturated areas), runoff was generated by direct precipitation. For these saturated 

areas, the saturation excess runoff was produced once the depressions are filled with 

the rainwater and the rainfall intensity exceeded the saturated hydraulic conductivity of 

the soil. Similar to the Hortonian overland flow, this flow mechanism is highly sensitive 

to rainfall intensity. 

(Hursh 1944, Hewlett and Hibbert 1967) described another form of subsurface runoff 

called ‗subsurface storm flow‘ where rainfall infiltrates into a shallow porous soil horizon, 

then laterally flow with the slope toward natural outlets. If an impermeable layer or the 

water table exists, then infiltrated rainwater flows within the slope and contributes a 

somewhat delayed yet marked increase in the runoff hydrograph measured for the 

storm (Hewlett and Hibbert 1967, Weyman 1970).  

These major rainfall surface runoff processes as well as additional partial area runoff 

processes, are presented by Beven (2012) as illustrated in Figure 6. In which (a) 

represents the Hortonian Overland Flow, (b) represents the saturation excess overland 

flow, and (c) represents the subsurface storm flow. 
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Figure 6 Schematic of classification of runoff generation mechanisms (after Beven (2012)) 



 

12 
 

In order to determine what type of runoff mechanism is at work, a number of factors 

must be assessed for each specific scenario. Schmocker-Fackel et al. (2007) presents 

a process decision schemes (shown in Figure 7) used to determine the dominant runoff 

process based on characteristics and geometry of the soil profile. 

 

Figure 7 Selection of the dominant runoff mechanism (after Schmocker-Fackel et al. (2007)) 
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2.3. Rainfall-Runoff Prediction Approaches 

Rainfall-runoff relationship is extensively studied by multiple disciplines such as 

hydrology, agriculture, flood management, and environmental engineering, etc. 

Prediction of rainfall surface runoff, on the other hand, is not as widely addressed for it 

is a scale dependent problem. Models for runoff prediction exist at scales ranging from 

point scale to the watershed scale including field, plot, and hillslope scale.  

Techniques for rainfall runoff modelling depend on several variables ruled by nonlinear 

laws. Modelling of rainfall runoff can be approached either empirically or conceptually. 

Conceptual approaches for hydrological modelling are sub-classified into three classes: 

deterministic, parametric, and stochastic models. 

2.3.1.1. Deterministic Models 

Deterministic models are also referred to as system simulations. These models have 

theoretical structure based upon laws of physics and measures of initial and boundary 

conditions. When these conditions are adequately defined, deterministic models have 

high degree of certainty. Nevertheless, because uncertainty is always present in 

measuring and quantifying the model conditions, verification becomes definitely 

required. Therefore, rigorous model verification is crucial otherwise, the output is 

questionable (Overton and Meadows 1976). 

These models approach hydrological modelling according to the fact that there are four 

losses abstracted of rainfall before it can produce runoff. These losses are interception 

losses, evapotranspiration losses, depression or pocket storage losses, and infiltration 

losses. These four components can either be modelled separately and then linked 

together, or modelled in a lumped fashion in one single model. 

For infiltration losses, Green and Ampt (1911) developed a conceptual soil physics 

model that utilized Darcy‘s law. This model inspired numerous other infiltration models, 
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among them was the GAML model developed by Mein and Larsen (1978) and the 

model developed by Philip (1957). These models were established at the point scale 

where nonlinear laws apply. 

Other models were developed using Richard‘s Equation (The Richards equation 

combines Darcy‘s Law for vertical unsaturated flow with the conservation of mass) 

assuming certain simplifications. Moreover, Horton 1939 proposed an infiltration 

equation derived from work energy principle.  

Physically based distributed models are one sub-category of the deterministic models. 

These models consider the catchment area to be composed of channels and slopes. 

The hydraulic equations are then applied to these slopes to be solved consequently 

using the kinematic wave theory (Basin 2003). The advantage of the physically based 

models is that their parameters are physically meaningful and thus measurable e.g. 

hydraulic conductivity. Natural heterogeneity, nonetheless, remains as a source of 

uncertainty. (Bronstert and Plate 1997, Panaday and Huyakarn 2004 Du et al. 2007).  

Distributed models according to Beven (2001) are more accurate and therefore more 

complex models that takes into account the spatial variability in both input and output as 

well as the variability in the meteorological conditions. These models utilize parameters 

directly related to physical characteristics. The goal of distributed models is to simulate 

hydrologic responses in terms of spatial and temporal characteristics that govern the 

process of precipitation transformation into runoff. 

One example of the physically based fully distributed models is the model (SHE) 

developed by Abbott et al. (1986). ‗Système Hydrologique Européen‘ ‗European 

Hydrological System‘ (SHE) aims to simulate hydrological processes in deterministic 

distributed modelling framework at various scales.  

Beven (2001) discussed the problems encountered in distributed modelling in hydrology 

namely: nonlinearity, scale, and uncertainty. Physically based models require a 

significant amount of data before the model can be employed and this is the main 

critique to this type of models Al-Qurashi (2008). 
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2.3.1.2. Parametric Models 

Compared to deterministic models, these models are less rigorously developed and 

generally are simpler in approach. Parameters for these models do not have to be 

physically measurable entities. Those parameters are usually obtained by fitting 

hydrological data upon a model with optimization technique. Parametric models are 

distinct from deterministic models by the amount and type of data required. While 

boundary conditions and initial values are required for deterministic approach, observed 

rainfall and runoff hydrographs are not needed. The contrary is true for parametric 

models, where observed rainfall and runoff data are essential for the fitting process. The 

fitting procedure is iterative and heuristic (Overton and Meadows 1976). 

The Rational Approach (also known as the proportional loss approach) is one of the 

earliest known approaches to predict runoff volume. It defines an index as average 

rainfall intensity above which the volume of rainfall equals the volume of runoff (Mead 

1950). 

According to this method, the excess rainfall is calculated by multiplication of a user 

identified runoff coefficient by the areal adjustment factor times the actual rainfall as 

follows: 

R = a * Af * P  …………………………………………………………………… [1] 

Where,  

R = the maximum rate of runoff. 

a = a runoff coefficient that is the ratio between the runoff volume from an area and the 

average rate of rainfall depth over a given duration for that area. 

Af = area (acres). 
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P = average intensity of rainfall in inches per hour for a duration equal to the time of 

concentration. 

One critique this method has received is that it could only predict the volume of the 

runoff. It is essential, however, to know the distribution of that volume with time in order 

to assess peak discharge, time lag, and runoff duration. 

In 1932, Sherman introduced the unit hydrograph method to predict rainfall runoff at the 

watershed scale. The method assumes the storm hydrograph will be constant for a 

given storm duration, accordingly the discharge coordinates for a hydrograph is 

proportional to runoff volume. 

Horton (1933) presented his concept of infiltration capacity. He is considered the 

originator of the idea that storm runoff is primarily a result of overland flow generated by 

an excess of rainfall over the infiltration capacity of the soil. In 1938, Horton developed 

his concept for overland flow at the watershed scale. Subsequently, in 1940 Horton 

introduced his empirical model for prediction of infiltration at the point scale. 

In 1985, the United States Department of Agriculture USDA the Soil Conservation 

Service SCS suggested the curve number method that estimates the runoff directly from 

total storm rainfall. The method is based on the assumption that rainfall can be divided 

into runoff and losses and that runoff is estimated based on the curve number, which is 

a function of the soil type with the maximum potential retention. 

2.3.1.3. Stochastic Models  

Stochastic models are purely random. Observed runoff data are required for the 

modelling process. In order to understand the stochastic methods, a simplified 

representation of the system‘s philosophy is illustrated Figure 8. 
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Figure 8 Schematic representation of stochastic approach models  

An important point to identify is the misconception about deterministic and stochastic 

models. It is not entirely accurate to presume that the former always uses physical laws, 

whereas the latter is largely empirical and based entirely on data-analysis. Deterministic 

models can be either physically based or empirical. Consequently, any physically based 

model becomes a stochastic model once its inputs, parameters, or outputs are treated 

as random. (Weyman (1975) and Overton and Meadows (1976)). 

Based on the argument above, rainfall runoff modelling techniques found in the 

literature can be broadly classified into two categories, namely, theory-driven 

techniques and data-driven technique. 

On one hand, theory-driven models are based on physical laws. They are usually 

developed to describe the behaviour of the land phase of the hydrological cycle rather 

than attempting to predict these components. NAM is an example of these models that 

was developed and described by Abbot and Refsgaard (1996). NAM simulates rainfall 

runoff by continuously accounting for the water content change (Post and Jakeman 

1999, Oudin et al. 2005 and Berki et al. 2011). 

State Variable 

Parameters 

Constants 
Input Output 

Model Boundary Conditions 
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On the other hand, data-driven models are based on empirical correlation of observed 

laboratory or field data. One of the techniques is the ‗Black Box‘ method. In its simplest 

form, this approach aims to find a mathematical expression that can relate the input 

data to the output data. At its earliest version, rainfall and runoff characteristics are 

correlated by the least squares regression analysis to find the best mathematical 

function that represents the relationship (Krumbei and Graybill, 1965).  

The predictive power of such models is limited, because in these models the runoff 

varies with rainfall alone. It therefore, neglects the impact of rainfall intensity, storm 

duration, and antecedent moisture content. To incorporate the antecedent moisture 

content in runoff calculations, the ‗Antecedent Precipitation Index‘ API can be computed 

from the pattern of the preceding rainfall then using multiple regression analysis 

combined with the API (Weyman (1975)). 

In their most recent form, data-driven models utilize the ‗Artificial Neural Networks‘ 

(ANNs) and ‗machine learning‘ in rainfall runoff modelling and quantifying. This is a new 

focus in hydrological modelling and has several techniques: for example, Neural 

Network Back Propagation BP (Solaimani et al. 2009), Quick Propagation (QP) Leven-

Maruardt LM, Feed Forward (FF) (Rientjes 2005), and evolutionary techniques like 

Genetic Algorithm GA and fuzzy logic approach (Asadi et al. 2011 and Kasiviswanthan 

et al. 2013). 

3. Rainfall Simulators in Rainfall Runoff Research 

Runoff studies, in response to rainfall, appear to be an interdisciplinary research 

concern that has evolved in the past few decades pragmatically to solve practical 

problems. In order to quantify that relationship, rainfall simulators are often used. A 

quick look at the use of rainfall simulator through different disciplines shows that there 

are several types of them. They have been extensively used for numerous research 

objectives. 
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In ‗soil erosion control‘ research, rainfall simulators are widely used to study the 

relationship between rainfall and runoff. For example, Miller (1987) developed a rainfall 

simulator to examine how runoff quantities changed in response to changing the rainfall 

intensities. Furthermore, Shelton et al. (1985) and Navas et al. (1990) examined the 

velocities and kinetic energy of raindrops and their effect on the erosion process. 

In ‗agriculture‘, Connolly et al. (1991) developed a rainfall simulator to predict runoff 

hydrographs of agricultural catchments. Suarez et al. (2006) utilized a rainfall simulator 

to study the irrigation water quality. Brooks et al. (2009) studied bacterial-associated 

runoff for possible environmental contamination after a manure application. 

In ‗flood management and urban planning‘ research, Dawdy et al. (1972) conducted 

parametric study of rainfall-runoff simulations to predict flood volume and peak rates. 

Westra et al. (2010) used a rainfall simulator to analyze the factors that determine the 

design of flood estimation. 

In ‗sediment transfer and chemical movement‘ research, Paige et al. (2004) designed a 

field rainfall simulator to evaluate the relationship between rainfall intensity and steady 

state infiltration rate and to determine how that relationship affects sediment transport 

by overland flow. Ulrich and Fohrer (2013) used rainfall simulators to study surface 

runoff, as it is highly relevant for herbicide transport into water bodies. 

In ‗rainfall-induced slope stability‘ research, Rahadjo et al. (2005) used rainfall simulator 

to study the strength loss of residual soils due to rainfall. Tami et al. (2004 a, b) and 

Yang et al. (2004 a, b) designed a rainfall simulator to assess the usefulness of capillary 

barrier system as a stabilizing techniques for rainfall-induced landslides. 

3.1. Factors That Influence Runoff Characteristics 

Because of the extensive studies on rainfall runoff relationships using rainfall simulators, 

factors that influence the amount and generation of rainfall runoff are widely addresses. 

Models developed to understand relationship between rainfall and runoff, also focused 

on factors that govern the runoff phenomenon. These include: 1) Precipitation 
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Characteristics, 2) Initial Conditions, 3) Slope Gradient Effects, 4) Vegetation Cover, 5) 

Material Properties, and 6) Scale Effects. this can be summarized as shown in Figure 9. 

 

Figure 9 Schematics of the factors  that influence the rainfall runoff  

3.1.1. Precipitation Characteristics  

The precipitation characteristics can have the most pronounced impact on the runoff 

generation and characteristics. Precipitation characteristics can be understood in terms 

of four different classes, namely, precipitation quantity, intensity, duration, and intensity 

distribution. 

3.1.1.1. Precipitation Quantity 

Intuitively, one would assume that rainfall runoff volume is strongly linked to the quantity 

of rainfall. This has been proved by a number of researches who compared field-

measured surface runoff quantities to precipitation quantities. 



 

21 
 

Albright et al. (2004) measured rainfall runoff on twenty-four test sections at eleven 

landfill cover systems in the United States. The study was performed on climate 

regimes ranging from arid to humid and on slopes ranging from 5% to 25%. They found 

that direct surface runoff measurements  constituted from zero to 10% of total annual 

precipitation.  

Rahardjo et al. (2005) investigated rainfall-runoff relationship on a residual slope under 

both simulated and natural rainfall events. Runoff quantities constituted between zero to 

45% of total rainfall for simulated events and 26% to 60% of total rainfall for natural 

rainfall events. 

Zhan et al. (2007) studied the rainfall runoff on an expansive soil slope. The percentage 

of runoff was found to vary from zero to 45% of rainfall. 

3.1.1.2. Precipitation Intensity 

There are numerous studies in the literature that attempt to quantify the changes in 

runoff in response to variation in precipitation intensity. Gasmo et al. (2000) reported on 

how infiltration varied with respect to rainfall intensity changes for transient analysis. If 

rainfall intensity were less than the saturated hydraulic conductivity, initial infiltration rate 

would be much less than the saturated hydraulic conductivity. With time, the infiltration 

rate increase towards the saturated hydraulic conductivity. On the other hand, if the 

rainfall intensity was greater than the saturated hydraulic conductivity, then the initial 

infiltration rate is greater than the saturated hydraulic conductivity. With time, infiltration 

rate decrease towards the saturated hydraulic conductivity. 

Stone et al. (2008) reported that the infiltration rate increase with the increase of rainfall 

rate (or stays constant), unlike infiltration models that predict increase in infiltration rate 

with time or infiltrated depth. Stone et al. (2008) assume that this is because of spatial 

variability of infiltration characteristic. Due to the observation of rapid time to steady 

state in this study, they concluded that the infiltration rate became constant more quickly 

than theory suggests it would. Moreover, they reported that the time to runoff generation 
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was affected more by the rainfall intensity than by initial moisture content (more details 

on effect of initial moisture can be found in section  3.1.2). 

Langhans et al. (2011) reported the sensitivity of that hydraulic conductivity to the 

rainfall intensity, and introduced the concept of effective hydraulic conductivity 

(discussed in more detail in section 2.2.5.5). 

Huang et al. (2013) also examined the effect of rainfall intensity on surface runoff 

intensity. He found that a progress and a linear positive relationship exist between 

rainfall intensity and the mean runoff intensity. 

Jubinville (2013) examined the rainfall runoff variation with respect to the resolution of 

rainfall intensity input. The study attempted to reproduce field measured rainfall runoff 

quantities based on three scenarios of rainfall intensity resolution input. Results have 

confirmed that the resolution of rainfall intensity largely influenced the quality of 

predicted rainfall-runoff. Inputting higher rainfall intensity resolution produced predicted 

runoff volumes closer to those measured in the field. 

3.1.1.3. Precipitation Duration  

The duration of the storm has significant effect on the infiltration rate and the infiltrated 

depth. Consequently, affecting surface runoff rate and volume Tami et al. (2004b) 

reported that longer rainfall durations contribute to higher infiltration rate and a higher 

infiltrated depth. 

3.1.1.4. Precipitation Distribution  

Dunkerley (2011) studied the variation of infiltration and runoff as a function of event 

profile Event profile refers to the uniformity of rainfall occurrence or the timing of peak if 

the rainfall profile was not uniform. His study was focused on three different scenarios, 

uniform rainfall, early peak intensity, and late peak intensity. From each of these three 

scenarios he defined the effect of event profile on infiltration runoff ratio, peak runoff 

rate, and runoff amounts. Same observations were reported by Flanagan e al (1988) 

and Kinnell (2005, 2010). 
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3.1.2. Initial Conditions  

The subject of initial conditions influence on runoff generation can be approached from 

two interconnected perspectives. The first is the initial state of the soil (initial soil 

suction). Tami et al. (2004 b) assessed the advance of wetting front during infiltration 

with respect to the initial condition of the soil. The study concluded that the wetting front 

moved faster when the soil is initially wet because of the low suction. Conversely, the 

advance of the wetting front was found to be slower when the soil is initially dry. 

Houston and Houston (1995) and Freezer and Banner (1969) simulated unsaturated 

flow also to study the effect of the soil suction on infiltration rate.  

The second is the antecedent moisture content. The effect of antecedent moisture 

content on infiltration and runoff rate was studied by Rahardjo et al. (2005). They 

reported that time to runoff, peak runoff rate, and infiltration rate are controlled by the 

antecedent moisture. 

Likewise, Huang et al. (2013) reported that with the increase of the initial soil moisture 

content, the amount of runoff was increased. On the contrary, infiltration was decreased 

as the antecedent moisture content increased. 

3.1.3. Slope Gradient Effects 

From a global perspective, topography has important effect on runoff generation, 

mechanisms, and quantities. These effects are accounted for by Moore and Grayson 

(1991). They reported that as slope gradient increases the time to runoff decrease as 

well as the overall infiltration Huang et al. (2013). 

3.1.4. Vegetation Cover  

Vegetation, or grass cover, tends to increase the amount of infiltration consequently 

producing less runoff. This is consistently observed by Kato el al (2009), Zhan et al. 

(2007), Joshi and Tami (2010) and Huang et al. (2013). 
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3.1.5. Material Properties  

Soil characteristics represent a key consideration with respect to variation of volume 

and rate of both runoff and infiltration in response to rainfall. These include hydraulic 

conductivity of the material and particle size distribution. Soils with lower coefficient of 

permeability (i.e. hydraulic conductivity) tend to have less infiltration and vice versa.  

Loague (1988) reported that the rainfall runoff is very sensitive to the hydraulic 

conductivity of the surface layer. This was also confirmed by Roesler et al. (2002) and 

Swanson et al. (2003). 

Similarly, many studies that attempted to predict rainfall runoff based on measured 

quantities confirmed the sensitivity of runoff predictions to soil hydraulic conductivity for 

example, Scanlon et al. (2002), Karssenberg (2006), Bohnhoff et al. (2009) and 

Jubinville (2013). 

Langhans et al. (2011) show that the hydraulic conductivity (Ke) depends on the rainfall 

intensity, and is equivalent to the apparent infiltration rate (fs). They propose that it is 

possible to account for the effects of soil heterogeneity on infiltration rates by linking 

rainfall intensity to Ke. Effective hydraulic conductivity (Ke) is the spatially averaged 

hydraulic conductivity when the soil is field saturated and steady state is reached. 

Apparent infiltration rate at steady state (fs) is the infiltration rate (i.e. the difference 

between infiltration rate and infiltration capacity is discussed further in section ( 2.1). 

Jubinville (2013) report the sensitivity of rainfall runoff to natural variation of soil 

hydraulic conductivity. The approach to examine the sensitivity was achieved by 

replicating field measured rainfall runoff data using the numerical model SoilCover. The 

results have confirmed that hydraulic conductivity variation significantly influenced the 

quality of predicted. The conclusion was that saturated hydraulic conductivity had to 

reflect geometry of the cover system. 

Like all soil characteristics, heterogeneity always exists in the soil and therefore the 

spatial variability manifests itself when estimating these parameters. Fox et al (1998) 

reported on the effect of spatial variability of hydraulic conductivity on infiltration. 



 

25 
 

Nonetheless, for an engineered soil cover heterogeneity is not a major issue, mainly 

because of the highly engineered nature of these cover. Evolution of these covers with 

time due to weathering, erosion ecological etc. imposes another degree of uncertainty.  

4. Scale Effects  

Scale effects on Hortonian surface runoff are studied widely in the literature. Van de 

Giesen et al. (2011) reported that scale effects consistently occur for moderate slopes 

for short duration and high rainfall intensity. This scale artefact can be explained in 

terms of spatial variability of soil properties or spatial and temporal variability in rainfall. 

Scale dependency of infiltration was also investigated by Stomph et al. (2001). They 

reported on slope length effect on runoff volume. Scale dependency led the attempts to 

predict rainfall runoff to be carried out in various scales ranging from the point scale, to 

the watershed scale including field, plot, and hillslope scale.  

It is important to point out that the studies mentioned in these factors above (apart from 

Jubinville 2013) were merely directed at observing runoff changes, in response to these 

factors, in the laboratory or in the field. Although they have attempted to quantify the 

relationship between rainfall and surface runoff, none of them has attempted to predict 

the observed runoff quantities. Excluding Jubinville (2013), who attempted to replicate 

field measured data utilizing a 1D numerical model Soilcover. Results have shown that 

it is possible to predict rainfall runoff based on measurable soil properties. Accuracy, 

with which predictions were made, can be reasonably satisfactory, given that the soil 

properties input truly represent the field characteristics. 

4.1. Available Models for Prediction of Rainfall Runoff 

The rainfall-runoff relationship has been extensively studied at scales ranging from the 

point scale to the watershed scale including the plot and filed scale. Models for rainfall 

runoff predictions at both the watershed and point scale seem to be abundant. 

However, accepted procedures to predict rainfall runoff at field (i.e. hillslope) or plot 

scale seem to be scarce. In the following sections, available models for rainfall runoff 
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predictions are presented and categorized in three classes, namely, conceptual models, 

hybrid, and numerical models. 

4.1.1. Conceptual Models 

Because of high-speed computers and technical advances, conceptual models capable 

of predicting runoff are widely spread. However, to simulate runoff adequately these 

models require calibration. There are a number of models developed for water balance 

studies at the watershed scale, for example, ‗HBV‘ model developed by Bergstrom 

(1976, 1995) for studies of water balance and groundwater simulations. This model was 

later succeeded by the ‗PULSE‘ model, which is used for water quality studies and 

simulations in ungauged basins. In addition to ‗TOPMODEL‘, that was developed by 

Beven and Kirkby (1979). It is a rainfall-runoff model that bases its distributed 

predictions on an analysis of catchment topography. The ‗TOPMODEL‘ predicts 

saturation excess and infiltration excess surface runoff and subsurface storm flow. 

Calibration is a key consideration for the use of conceptual models. It is not possible to 

obtain meaningful results of these models without properly validating that the processes 

considered in the models are physically correct. 

However, even when adequately calibrated, Beven (1997) in his critique for the model 

‗TOPMODEL‘ says that―. A good calibration to the discharge record does not 

necessarily mean that the model concepts are suitable for application to a catchment, 

some other means of model evaluation may also be necessary‖. 

Siebert (1999) in his PhD dissertation tackles the question of validity of runoff 

conceptual models. His study reports on the limitation of conceptual models and the 

need for powerful validation methods. He writes, ―Attempts to improve conceptual 

models often results in frustration‖ (Seibert 1999). 

4.1.2. Hybrid Models 

Attempts were made to incorporate new techniques into old methods in order to 

improve the prediction of rainfall runoff. For example, Stanford Watershed Model SWM 
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developed by Linsley and Crawford (1960) combined the unit hydrograph method 

(discussed in section  2.3.1.2) with a recession function. The subsequent model used 

daily rainfall, and simple infiltration function. In 1962 and 1967, the model was further 

developed and was able to calculate surface runoff separately. 

Moreover, Storm Water Management Model (SWMM) was presented by Metcalf and 

Eddy a decade later (1971) utilizing Horton‘s infiltration theory to calculate rainfall 

excess runoff. Although recently updated versions of the model exit, calibration remains 

an important part of the modelling procedure. 

Additionally, Jacob et al. (2003) try to combine remote sensing of soil moisture with the 

SCS method (discussed in section  2.3.1.2). Remotely sensed soil moisture content was 

used to adjust the curve number method. Thus, the study has accounted for antecedent 

moisture content and consequently, a better-quality prediction of rainfall runoff was 

achieved. Remote sensing provided a new means of validating the models. 

4.1.3. Numerical Models  

Numerical models can be powerful tools for predicting water balance components in 

geo-environmental engineering. Recently, numerous studies have attempted to 

replicate field measurements of water balance parameters in soil cover systems utilizing 

different commercial numerical models available in the industry. For example, Scanlon 

et al. (2002) compared predictions made by seven different codes (HELP, HYDRUS-1D, 

SHAW, SoilCover, SWIM, UNSAT-H, and VS2DTI) with water balance field-

measurements from non-vegetated cover systems in Idaho and Texas. The reliability of 

the coding was examined for various components of the water balance equation, 

including surface runoff. The study report that all the codes tend to under-predict the 

runoff component regardless of precipitation resolution. This indicates the necessity of 

calibration of these models in order to produce accurate results. 

The prominence of calibration is also demonstrated by Benson (2010). He conducted 

detailed simulation of engineered cover systems using (UNSAT-H, HYDRUS in 1D and 
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2D). He concluded that in order to yield reasonable results, numerical models should be 

compared to field measurements. 

Likewise, studies conducted by Swanson et al. (2003), Benson et al. (2004 and 2005), 

Scanlon et al. (2005), Bohnhoff et al.(2009) confirmed that calibration significantly 

improves the accuracy of these models. 

Model calibration is essential because input parameters crucially influence the quality of 

predictions made using numerical models. Parameters uncertainty is a significant 

source of uncertainty in model predictions. Several recent studies have confirmed that 

water balance predictions are sensitive to the resolution of precipitation input, 

hysteresis, and the soil hydraulic properties. 

Numerical runoff predictions are very sensitive to the hydraulic properties of the soil 

layer as reported by Fayer et al. (1992), Roesler et al. (2002), Scanlon et al. (2002), and 

Bohnhoff et al. (2009). These studies proved that adjustment of the surface hydraulic 

conductivity had to be made to match field measurements to those produced from the 

numerical analysis. This indicates that hydraulic conductivity input represents a key 

factor in the modelling procedure. 

Numerical runoff predictions have also proven sensitive to the resolution of precipitation 

rate input by Wainwright and Parsons (2002), Bronstert and Bardossy (2003), Benson 

et al. (2004), Benson et al. (2005), Bohnhoff et al. (2009), and Jubinville (2013). 

The potential for successful uncalibrated models is demonstrated by Hopp et al. (2011). 

He input field and laboratory measurements of saturated hydraulic conductivity; 

precipitation data and Soil-Water Characteristic Curves (SWCC) directly into the finite 

element model (HYDRUS 2-D).The predicted results closely followed field observations. 

This indicates that success is possible for predictions of water balance components 

using uncalibrated models. In other words, accurate predictions can be made without 

the need to monitor how closely the model output matched field-measured data. 

Similarly, Jubinville (2013) utilized the numerical model SoilCover to predict rainfall 

runoff based on measurable soil properties. She input the saturated hydraulic 
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conductivity, precipitation data, and soil-water characteristic curves (SWCC) directly into 

the finite element model. She concluded that the model was capable of predicting 

surface runoff volumes within 4% accuracy provided engineering judgment be used 

when inputting rainfall and soil characteristics parameters. 

The success of these examples of uncalibrated models drives the attention of research 

toward developing an uncalibrated rainfall runoff model at the filed scale. Because 

achieving a proven reliable approach to predict runoff is a need addressed in the 

literature by numerous researches for example, Schmocker-Fackel et al. (2007) writes, 

―Rainfall-runoff models that adequately represent the real hydrological processes and 

that do not have to be calibrated, are needed in hydrology‖. 

Many recent studies have confirmed the importance of runoff predictions in water 

balance modelling. These studies all demonstrate that the accuracy of predicted water 

balance components, such as infiltration and storage, are highly dependent on the 

accuracy of runoff predictions (Roesler et al. 2002, Scanlon et al. 2002, and Benson et 

al. 2005). This is particularly important in the environmental engineering for soil cover 

systems design. Since, water balance components quantifications are vital for proper 

design procedure. 

5. Summary and Conclusions 

Soil covers are engineered barriers designed to isolate mine waste from receiving 

oxygen and water. The appropriate type of soil covers depend chiefly on the nature of 

the waste and the climate regime in the area. Moisture fluxes at and below the ground 

surface are the major focus in the design procedure. Evaporation and Infiltration fluxes 

seem to be very well understood in the literature. However, little attention appears to be 

paid to the prediction of runoff, although rainfall runoff can be the largest constituent of 

the water budget that directly influences the infiltration quantity hence the entire design. 

In this literature review, the available models for predicting rainfall runoff were 

presented, and limitations of each method were discussed. 
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Overall, available operational models for rainfall runoff prediction seemed remarkably 

limited. For example, some approaches were only appropriate for fully saturated soil 

surfaces. Other approaches were less rigorously developed thus require significant 

amount of data before the model can be employed. In other words, there is a need for a 

proven reliable model for predicting surface runoff based on measurable properties; a 

model that incorporates both saturated and unsaturated soil behavior. To date, such 

model does not exist. Developing a reliable model to predict runoff fluxes would be very 

useful to geotechnical engineers. The applications include, but not limited to, the design 

of soil covers systems and Tailings impoundments. 

Based on the understanding of the runoff generation mechanisms and the various 

factors that directly influence surface runoff presented herein, the following are 

recommendations to develop a model that can predict rainfall-runoff based on 

measurable soil properties and takes into consideration different initial state of the soil:  

1. A detailed laboratory program to investigate rainfall runoff response of known rainfall 

intensities and soil characteristics would help identify physical processes operating at 

and below the ground surface when rainfall occurs, and appropriate variables that 

control rainfall runoff. The study should take into account both saturated and 

unsaturated soil behavior.  

2. The previously recommended laboratory program can be utilized in order to formulate 

a theoretical framework for predicting rainfall runoff. Fundamental understanding of 

saturated and unsaturated soil behavior is also vital to creating such framework.  

3. The result of laboratory study and the theoretical analysis could then be combined 

with numerical simulations and sensitivity evaluation of surface runoff response 

observed in the laboratory in order to formulate a reliable model.  
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