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ABSTRACT 
 

 

Saltwater intrusion (SI) into coastal aquifers is the most widespread groundwater 

contamination problem that has become a considerable prominent concern faced by water 

resource planners worldwide as it not only leads to the depletion of available water resources but 

also adversely affects the social and economic developments of coastal communities. Coastal 

aquifers play a pivotal role all over the world due to the availability as well as the high quality 

of groundwater resources they provide. In the last few decades, with the growing global 

population and the tendency of people to live in the coastal areas, the demand for freshwater has 

been rising at an alarming rate and also has increased excessive groundwater pumping to satisfy 

their daily water requirements for coastal communities. The indiscriminate and overexploitation 

of coastal aquifers has led to severe SI problems and consequently deteriorates groundwater 

quality in coastal subsurface systems. The interest in better understanding the mechanism of 

saltwater intrusion processes in coastal aquifers is, therefore, garnering increased attention 

worldwide in the past few years. In this study, a series of physical experiments have been 

performed in a laboratory-scale aquifer model to develop a better scientific understanding of the 

dynamics of this phenomenon. The variable-density flow and transport model FEMWATER is 

used to simulate the flow and transport processes for the experimental setup on the same scale, 

and simulations have been carried out to verify the observed phenomena for all the physical 

experiments. It has been found that the numerical predictions are in good agreement with all the 

experimental results. 

In general, the construction of subsurface flow barriers is one of the most extensively used 

engineering countermeasures to prevent SI problems in coastal aquifers. An investigation has 

successfully been conducted to assess the efficiency of bentonite clay slurry on controlling the 

problem in the present study. The results reveal that there is no further movement of the saltwater 

intrusion wedge towards the inland side after implementation of the barrier. The research also 

suggests that the physical barrier created by bentonite slurry can be employed for preventing the 

movement of saltwater intrusion in coastal aquifer systems. A considerable mixing of saltwater 

and freshwater flows during the initial intrude period has been observed. Further, the effect of 

pumping on the saltwater intrusion dynamics has been studied, and results show that the 

saltwater interface rapidly advances through the system towards the freshwater aquifer after the 
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application of pumping. Also, the influence of the injection of the freshwater on the dynamics 

of saltwater intrusion processes has been investigated in this study. The evaluation of the results 

suggests that the saltwater wedge gradually recede through the system towards the saltwater 

boundary upon injection of freshwater and could be concluded the injection of freshwater as a 

hydraulic barrier can be used in impeding saltwater intrusion in coastal aquifers. 

However, the saltwater diffusion zone present within the coastal aquifer system plays a 

significant role in the transport and fate of contaminants. This study examines the behavior of 

contaminant transport patterns in saltwater intruded aquifer with and without pumping 

conditions. The results demonstrate that the contaminant travels upward towards the seaward 

boundary when it approaches the saltwater intrusion wedge and then exits around the coastline. 

It is a remarkable observation that the contaminant plume does not travel further seaward through 

the saltwater intrusion wedge. Upon installation of a pump, the wedge advances rapidly into the 

freshwater system, and the contaminant plume is also drawn along with the wedge towards the 

pump location. It has been observed that the contaminant plume did not follow the ideal circular 

flow path. Due to the effect of advection, the circular plume forms an elongated shape as it 

approaches the saltwater-freshwater interface. Moreover, the behavior of contaminant plume 

under the influence of a horizontal clay lens has also been examined and observed that there are 

two saltwater wedges develop, one at the base of the aquifer, and the other one is above the clay 

lens. The results also indicate that the contaminant plume travels vertically along with the 

saltwater wedge towards the seaward boundary. 

Image analysis (IA) techniques have widely been employed to quantify the spatial and 

temporal concentration distribution profiles in laboratory-scale flow tank experiments. In this 

study, the IA technique is used to measure the saltwater concentration field in the laboratory-

scale aquifer model domain. A statistics-based error analysis method is also undertaken to assess 

the reliability of the method and to quantify the error associated with the measurements. As the 

toe length (TL) and width of the mixing zone (WMZ) are the typical parameters used to define 

a saltwater intrusion wedge, therefore, these parameters have been calculated using the IA 

technique for all the laboratory-scale experimental cases, and results are compared with the 

numerical predictions. This study shows the IA technique could be effectively used for 

quantification of the solute concentration distributions profile in laboratory-scale flow tank 

experiments. The presented IA technique is non-invasive and of relatively lower cost as 

compared to the other methods. 

Groundwater circulation well (GCW) is one of the most promising in-situ remedial 

techniques of groundwater. In this work, an effort has been made to investigate the behavior of 
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saltwater intrusion dynamics under a GCW with partial extraction of water using both 

experimental and numerical approaches. The main focus is not only to cease the further migration 

of saltwater wedge towards inland but also to extract some percentages of water partially for 

human needs. The results indicate that there is no further movement of saltwater intrusion wedge 

towards the inland side upon implementation of GCW, and act as a hydraulic barrier in 

controlling saltwater intrusion in coastal aquifers. Furthermore, different scenarios have 

numerically been developed, and the model was simulated for all the scenarios to obtain the 

optimal percentage of the partial extraction. For all the developed scenarios, it has been observed 

that the initial steady-state wedge position is pushed at least 15% towards the seaward boundary. 

Hence, no further saltwater intrusion is possible around the sphere of influence of the well. 

Moreover, the evaluation of the results suggests that almost 30% partial extraction is likely to be 

possible if the screen length of GCW is shorter and non-uniform. The present study reveals that 

the GCWs system with partial abstraction can effectively mitigate the saltwater intrusion 

problem in coastal regions and could be considered as one of the most efficient management 

strategies for controlling the problem. 

 

 

 

Keywords: Groundwater, Saltwater intrusion, Unconfined coastal aquifer, Laboratory 

experiment, Numerical simulation, FEMWATER, Image analysis, Groundwater circulation 

well.
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CHAPTER 1 
 

Introduction 

1.1 General 

Water is the most indispensable natural resources found on earth. Approximately 99.4% of 

all the earth’s water is surface water, and subsurface water occurs only as 0.6% of the total 

volume of water. Of all the surface water, about 97% is found in oceans and inland seas in the 

form of saline water, and only 2% of the total volume of water represents fresh surface water. 

As groundwater accounts for only 22% of all freshwater on the earth, and almost 77% of the 

total amount of freshwater is present as polar ice. The other freshwater resources that are 

available for human beings are particularly in lakes and streams, with 0.3% and 0.003%, 

respectively (Bear et al., 1999). However, groundwater resources play a pivotal role in the social 

and economic developments in many developing countries as groundwater already emerges the 

reliable resource for freshwater supply to satisfy domestic, industrial, and agricultural needs and 

supplies half of the world’s drinking water (UNESCO-WWAP, 2009).  

With the growing population density, rapid and unplanned urbanization, and agricultural 

requirements, the demand for freshwater has been accelerating at an alarming rate throughout 

the world. The extensive abstraction of groundwater resources, especially in coastal regions, has 

become inevitable to meet the ever-increasing demands for freshwater. The indiscriminate and 

overexploitation of coastal aquifers, therefore, has lowered the hydraulic potential significantly, 

and this has led to a global saltwater intrusion problems and consequently deteriorates 

groundwater quality within coastal subsurface systems (Bear et al., 1999; Barlow and Reichard, 

2010). The high salinization of groundwater in coastal aquifers makes unfit and unusable for 

further human consumption and irrigation. It is a great challenge to preserve them from further 

contamination by saltwater intrusion and other anthropogenic contaminants for sustainable 

utilization of available groundwater resources.   

1.2 Groundwater contamination 

Water quality is a significant concern in the management and development of water 

resources. With the high intensive water demands, the quality of available water resources has 

become a key factor, along with the quantity (Bear, 1979). However, groundwater aquifers serve 

as significant sources for freshwater supply in many parts around the world. Nevertheless, most 

of these aquifers have become enormously vulnerable due to the contamination by anthropogenic 
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pollutants in the last few decades. In general, the contaminants from surface sources first 

infiltrate to the unsaturated zone and then further percolates into the saturated aquifer and 

eventually migrate along with groundwater flow. These anthropogenic contaminants are 

inadvertently discharged from various sources such as landfills of solid wastes, industrial wastes 

disposal, leakage from underground septic tanks, and widespread use of pesticides, fertilizers, 

and herbicides for agricultural activities, etc., (Bear and Cheng, 2010). As reported, the sources 

of groundwater pollution have been classified into four categories (Bear, 1979): 

 Environmental: This type of pollution is owing to the result of the dissolution of dangerous 

chemicals and minerals during the flow of groundwater through the aquifer comprising 

them. For example, flow-through carbonate rocks, seawater intrusion, and incursion by 

brackish groundwater from a contiguous aquifer. 

 Domestic: Domestic pollution refers to the leakage of sewer pipes, infiltration of rainwater 

through sanitary landfills, percolation of sewage from septic tanks, and biological 

contaminants (e.g., bacteria and viruses), etc. 

 Industrial: This type of pollution could enter from sewage disposal that contains heavy 

metals, non-deteriorating toxic compounds, and radioactive materials. 

 Agricultural: This pollution is due to the infiltration of irrigation water containing 

dissolved fertilizers, salts, herbicides, pesticides, etc. into the groundwater aquifer. 

 

These anthropogenic sources not only contaminate the local aquifers but also threatens 

human health and the integrity of aquatic ecosystems of the region. Special attention has to be 

given to protect them from pollution because once it gets highly contaminated, its restoration is 

challenging and expensive to remediate contaminated groundwater aquifers. 

Saltwater intrusion (SI) is one of the most extensive sources of groundwater contamination. 

With about 70% of the world’s population resides in coastal regions (Bear et al., 1999; Cheng 

and Ouazar, 2003; Webb and Howard, 2011), it has become a prominent environmental concern 

faced by water resource planners worldwide. As it not only pollute the available groundwater 

supply but also adversely affects the social and economic developments of coastal communities. 

There is a need to prepare and implement proper remediation techniques for mitigating the 

problems and protecting groundwater resources from further contamination by saltwater 

intrusion. 
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1.3 Saltwater intrusion problem 

Coastal regions represent among the most vulnerable areas in the world, as almost half of 

the world’s population dwells within 100 km of the shoreline (Dose et al., 2014). This percentage 

is expected to increase in the future with the growing community and the tendency of people to 

live in the coastal zones. These areas commonly face severe hydrological problems, including 

scarcity of freshwater and groundwater contamination caused by saltwater intrusion. As such, 

protection and sustainable utilization of groundwater resources of these regions undertake great 

significance. 

The rising demand for freshwater to satisfy the water requirements in different domestic, 

industrial, and agricultural sectors, is emplacing more emphasis on the development of 

groundwater resources. The overexploitation of groundwater resources along with reduced 

natural recharge, especially in arid and semi-arid coastal areas, leads to the large-scale depletion 

of groundwater levels and causing severe saltwater intrusion problems in coastal aquifers. Many 

researchers have reported the contamination of coastal aquifers as a result of saltwater intrusion 

in different parts of the world. Shi and Jiao (2014) reported saltwater intrusion problems have 

occurred in the area around the Bohai Sea, China, due to excessive groundwater pumping. 

Degradation of the coastal aquifer in California, the USA, was reported by Anders et al. (2014). 

Cary et al. (2015) also reported that deterioration of groundwater reservoir by saltwater intrusion 

in Recife coastal plain, Pernambuco, Brazil. Moreover, several coastal states of India have 

already been experienced groundwater contamination problems threatened by saltwater 

intrusion. Pramada et al. (2018) reported the freshwater aquifers of the Ernakulam coast of 

Kerala State, India, severely affected by saltwater intrusion. As stated, the leading causes of 

saltwater intrusion in coastal aquifers are the excessive unplanned withdrawal of groundwater 

resources and improper arrangement of pumping wells (Bhattacharjya et al., 2009). 

Saltwater intrusion (SI) is a natural dynamic process that defines as the movement of saline 

water into an aquifer system that is in hydraulic continuity with the sea or ocean and mainly 

driven by the density contrast between ambient freshwater and seawater. In general, a hydraulic 

gradient exists towards the sea in coastal systems that aid the inflow of the excess freshwater to 

the sea. The presence of seawater in the aquifer beneath the sea involves a zone of contact 

between the lighter freshwater, which flows to the sea, and the denser saltwater tends to underlie 

freshwater due to hydrodynamic mechanism. A mixing zone with varying density also exists 

between them on account of hydrodynamic dispersion, and this zone is known as the transition 

zone or zone of dispersion or diffusion. The density of the mixed water gradually increases from 
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the freshwater side to the saltwater side across this zone. Figure 1.1 shows a schematic 

illustration of an unconfined coastal aquifer. 

 

Figure 1.1: Schematic illustration of an unconfined coastal aquifer   

Under certain situations, the thickness of the transition zone is relatively small, as compared 

to the width of the aquifer, so that freshwater and saltwater are assumed to be immiscible liquids, 

and the interface would be considered as a sharp interface that separates the freshwater and 

saltwater regions. But, if the transition zone is wide as compared to the thickness of the aquifer, 

then the interface approximation becomes invalid (Bear, 1979). A diffusion zone, therefore, 

needs to be considered for simulating real-world saltwater intrusion problems in coastal aquifers. 

Indeed, the extension of saltwater intrusion into the coastal aquifers depends on various factors 

such as groundwater recharge, aquifers lithology, hydraulic gradient, and coastal topography 

(Freeze and Cherry, 1979; Kouzana et al., 2010; Fadili et al., 2016), and the diffusion zone could 

vary from a few meters to several kilometers (Barlow and Reichard, 2010). 

In undisturbed natural conditions, fresh groundwater flows to the sea or ocean in a coastal 

aquifer because of the existence of a hydraulic gradient towards the sea. On excessive pumping 

from a coastal aquifer, the water table gets declined significantly to the level that the hydraulic 

head in the freshwater body becomes less than the contiguous sea level. Then the interface starts 

to progress further inland until a new equilibrium is established. This phenomenon is called 
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saltwater intrusion or encroachment. As the saltwater wedge progresses, the transition zone 

widens, and once the advancing wedge enters inland pumping well, the well becomes polluted. 

While pumping occurs in a well-located above the wedge, the upconing of saline water near the 

pumping well could take place. If the pumping rate is prudently not controlled, saline water 

would eventually enter the pumped well, and the well could be abandoned. The saltwater 

intrusion into coastal aquifers is a serious hydrological issue for coastal inhabitants. It often 

results in depletion of fresh groundwater resources and also threatens human health and their 

economic development. The quantitative understanding of the mechanism of the saltwater 

intrusion process in coastal aquifers is, therefore, essential as regards water resources planning, 

development, and management in coastal marine and estuarine environments. 

1.4 Control of saltwater intrusion 

Groundwater is an indispensable freshwater resource for communities and ecosystems of 

the coastal regions that are continuously threatened by saltwater intrusion. Saltwater intrusion is 

considered a common groundwater contamination problem often exacerbated by 

overexploitation of coastal aquifers. Saltwater intrusion extensively leads to an increase in 

salinity levels in coastal aquifers, thus making it unsuitable for human utilization and further 

restricts future exploitation of coastal aquifers. Therefore, efficient planning and management 

strategies should be implemented in coastal aquifer systems to protect them and for continued 

utilization of groundwater resources on a sustainable basis under the threat of saltwater intrusion. 

However, several management strategies have been proposed to prevent or mitigate saltwater 

intrusion and to secure groundwater reserves in coastal aquifers (Todd, 1959; Dam, 1999; Oude 

Essink, 2001). These approaches in controlling the problem extensively depend on various 

factors such as the source of saline water, the extension of saltwater intrusion, local geological 

conditions, utilization of water, and economic factors (Todd, 1959). These could be generally 

recognized into the following methods: 

 Modification of pumping pattern: This practice involves the reduction in pumping rates or 

adequate relocation of pumping wells within coastal zones. The coastal aquifer can be 

managed by changing the location of extraction wells by dispersing them in the inland 

regions, which eventually aid in raising the groundwater level and maintain groundwater 

storage. Furthermore, the reduction of withdrawal rates in existing wells could yield a 

similar beneficial effect. 

TH-2606_136104019



Chapter 1                                                                                                Introduction 

 

6 

 

 Artificial recharge: This method helps to increase the outflow of groundwater through the 

coastal aquifer and hence reduce the saltwater intrusion wedge in length. Recharge wells 

and surface spreading are used for confined and unconfined coastal aquifers, respectively. 

It involves the development of an additional water source. 

 Extraction barrier: In this method, a line of extraction wells are constructed adjacent to the 

sea or ocean and pumped to forming a trough parallel to the coast. Seawater moves from 

the sea in the inland direction towards the trough when freshwater would flow seaward to 

the trough within the aquifer. The saline water or brackish groundwater is pumped and 

generally discharged into the sea. 

 Injection barrier: This method maintains a freshwater ridge along the shore by a line of 

recharge wells. Injected freshwater flows in both the seaward and landward directions. 

High quality of water is necessary for injecting into recharge wells. It helps to increase the 

volume of groundwater storage in the aquifer that retards saltwater intrusion. Moreover, a 

combination of injection and extraction barriers is possible. The combination technique 

decreases both the recharge and abstraction rates, although it requires a large number of 

wells. 

 Subsurface barrier: This method involves the creation of an impermeable subsurface 

barrier paralleling the coastline and through the vertical extent of the aquifer. It helps to 

prevent the movement of a saltwater wedge into the aquifer. This technique is only 

applicable to shallow aquifers, and also too costly. The establishment of this barrier could 

achieve through sheet piles, clay trenches, cement grout, or injection of chemicals.   

 Land reclamation: In this process, a foreland created by the hydraulic fill above sea level, 

where a freshwater body could develop that may delay the inflow of saline groundwater. 

 

Apart from these methods, a combination of some of the strategies as mentioned above have 

been employed by many researchers to better control of saltwater intrusion problems in coastal 

aquifers (e.g., Zhou et al., 2003; Narayan et al., 2007; Cherubini and Pastore, 2011; Javadi et al., 

2015). Over the past decades, considerable attention has been received for examining the control 

of saltwater intrusion by using models. However, the model used in controlling the saltwater 

intrusion processes has some limitations (Abd-Elhamid and Javadi, 2008). As reported, most of 

these approaches are too expensive, and some of them are not applicable in some instances. The 

effective strategy to control saltwater intrusion is so far not developed that could efficiently 

manage this problem in coastal regions. As such, a reliable and cost-effective method is, 
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therefore, required to protect coastal groundwater resources under the threat of saltwater 

intrusion. This study focuses on an effort to investigate the effect of a groundwater circulation 

well (GCW) on controlling saltwater intrusion in coastal aquifers. This methodology is very cost-

effective, has a less environmental impact, and could be employed for sustainable development 

of water resources in coastal zones. Furthermore, the method involves low energy requirements 

in terms of operation and monitoring and minimally invasive and non-disruptive to site 

conditions as compared to other conventional techniques. 

1.5 Groundwater circulation well (GCW) system 

Groundwater circulation well (GCW) is one of the most promising in-situ remedial 

techniques of groundwater. This technique was first suggested by Herrling and Buermann (1990) 

and Herrling et al. (1990) for remediating contaminated groundwater aquifer. In general, the 

typical GCW comprises two-screen segments that are separated by an impervious casing. One 

screen section used to extract the contaminated water from the subsurface system. The extracted 

contaminated water is treated in the well casing, and after the treatment, the water is injecting 

back into the aquifer through the other screen of that same well with equal flow rates. The 

extraction and injection of water create a vertical circulation flow between the extraction and 

injection screens (Herrling et al., 1991; Gonen and Gvirtzman, 1997; Stamm, 1998). As the 

circulation flow induced by GCW is force water in a circular pattern between abstraction and 

recharge screens, which flushes the contaminated water within the proximity of the well. As 

reported, single GCW should be used for remediation of only one aquifer and should not 

associate with different aquifer systems (Stamm et al., 1996). 

The GCW technique that could operate in two flow mode, such as standard and reverse 

circulation mode. In a standard circulation mode, water abstracts upward inside the well that 

allows entering the lower screen and injects it to the upper screen, which exits the screen to form 

circulation cells [Figure 1.2(b)]. Under reverse flow condition, groundwater extracts through the 

top screen, which moves toward the well and injects to the lower screen, that move away from 

the well [Figure 1.2(c)]. In both the operation, groundwater circulates the center of GCW, but no 

groundwater is removed from the aquifer system. The vertical circulation flow of a GCW is 

illustrated in Figure 1.2. 
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(a) GCW without gradient 

 

 

       (b) GCW standard circulation flow 

 

 

(c) GCW reverse circulation flow 

Figure 1.2: GCW, (a) without gradient, (b) standard circulation flow with the gradient, and 

(c) reverse circulation flow with the gradient 

     

Figure 1.2(b) and Figure 1.2(c) demonstrate the streamline of the vertical circulation flow 

pattern in a plane parallel to the natural groundwater flow. In the case of no gradient in 

groundwater or no groundwater flow [Figure 1.2(a)], the circulation cell extends such that a 

sphere of influence is infinite. From Figure 1.2, it can be seen that with increasing groundwater 

flow gradient, the circulation cell area decreases and vice-versa. 

However, the GCWs have extensively been used for in-situ remediation of groundwater in 

porous media (e.g., Herrling et al., 1991; U.S. EPA, 1995, 1998; Knox et al., 1997; Miller and 

Roote, 1997; McCarty et al., 1998) in the last few decades. Many researchers have suggested 

that GCW is a very useful in-situ remediation technique for removing NAPL contaminants in 

groundwater (e.g., Scholz et al., 1997, 1998a; Mohrlok et al., 2000, 2003; Kirubaharan et al., 

2008; Papini et al., 2016). Moreover, GCWs have already been applied to remove volatile 

organic contaminants (e.g., Gvirtzman and Gorelick, 1992; Stamm et al., 1998; Allmon et al., 
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1999; Drizin et al., 2008; Zhao et al., 2016; Tawabini and Makkawi, 2018) and nonvolatile 

organic substances (Elmore and Graff, 2002) from the subsurface. With the proper placement of 

a GCW system, the water can be treated before it enters a domestic well (Miller and Elmore, 

2005). To date, several researchers have also used the GCW technique to determine the aquifer 

properties such as the hydraulic conductivity, dispersivity and the specific storativity (e.g., 

Kabala, 1993; Zlotnik and Zurbuchen, 1998, 2003; Sutton et al., 2000; Zlotnik et al., 2001). The 

GCW technique has also been used for the estimation of aquifer hydrodynamic and sorption 

parameters. 

In this study, an attempt has been made to investigate the effect of a groundwater circulation 

well (GCW) on controlling saltwater intrusion in coastal aquifers. The reverse circulation flow 

GCW has been used for the analysis that abstracts freshwater from the upper screen section and 

reinjects back into the system through the lower screen in a single well. The extraction and 

injection of freshwater generate a vertical circulation flow between the extraction and injection 

screens, which pushes the saltwater wedge towards the seaward boundary. Hence, GCW can act 

as a hydraulic barrier to prevent or mitigate saltwater intrusion problems and to secure 

groundwater reserves from saltwater intrusion in coastal aquifers. The method presented here 

could be considered as one of the most effective strategies for the management of coastal 

aquifers. 

1.6 Objectives of the thesis 

Saltwater intrusion (SI) into coastal aquifers has become a prominent environmental concern 

faced by water resource planners worldwide as it not only pollute the available groundwater 

supply but also adversely affects the social and economic developments of coastal communities. 

There is a need to prepare and implement proper remediation techniques for mitigating the 

problem and protecting groundwater resources from further contamination by saltwater 

intrusion. The main objective of this study is to develop a reliable and cost-effective remedial 

technique for controlling the saltwater intrusion in coastal groundwater aquifers. The present 

study is intended to meet the following specific objectives: 

 To conduct laboratory-scale experiments to have a better understanding of the saltwater 

intrusion phenomena in an unconfined coastal aquifer. 

 To develop the numerical model to simulate the saltwater intrusion process in a coastal 

unconfined aquifer. 
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 To quantify the spatial and temporal salt concentration distributions profile in laboratory-

scale flow tank experiments using an image analysis technique. 

 To develop a management strategy to mitigate the saltwater intrusion problem in a coastal 

aquifer system. 

 To develop different management scenarios to study the dynamics of saltwater intrusion 

processes in an unconfined coastal aquifer. 

1.7 Organization of the thesis 

This thesis is organized in seven chapters, including the present chapter, which provides a 

brief introduction and the specific objectives of the thesis. This chapter closes by stating the 

organization of the thesis. 

Chapter 2 outlines a comprehensive review of related literature. This chapter has been 

divided into five subheadings. These are including simulation model for saltwater intrusion 

processes, dynamics of saltwater and freshwater interaction, impacts of sea-level rise on 

saltwater intrusion processes, control of saltwater intrusion problem and applications of 

groundwater circulation well. 

Chapter 3 describes the experimental setup of the physical model and peripheral equipment 

used during the study. This chapter presents a series of laboratory-scale experiments conducted 

in the physical model, and the details of this laboratory study are discussed in this chapter. 

Chapter 4 covers a detailed description of the numerical model developed for the present 

study. In this chapter, the numerical model is used to simulate the laboratory-scale experiments 

presented in Chapter 3. This chapter also presents a comparison of simulation results with the 

experimental observations. 

In chapter 5, the spatial and temporal salt concentration distributions profile have been 

quantified from digital photographs using an image analysis technique. The details of the work 

are summarized in this chapter.  

Chapter 6 deals with the development of a management strategy to mitigate the saltwater 

intrusion problem for coastal aquifers. This chapter also presents the development of different 

management scenarios to study the dynamics of the saltwater intrusion processes in coastal 

unconfined aquifer systems. 

Finally, chapter 7 includes the summary, conclusions, and recommendations for future 

work.
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CHAPTER 2 
 

Literature Review 
 

2.1 Introduction 

Saltwater intrusion (SI) into coastal aquifers is the most widespread groundwater 

contamination problem that has become a considerable prominent concern faced by water 

resource planners worldwide as it not only pollute the available groundwater supply but also 

adversely affects the social and economic development of coastal communities. Several natural 

and anthropogenic activities can intensify the impacts of saltwater intrusion. As the alarming 

growth in populations, substantial developments of coastal urbanization, and increasing 

agricultural activities, the excessive pumping of groundwater is thus unavoidable to satisfy the 

daily water requirements for coastal communities. These pumping activities can aggravate the 

saltwater intrusion processes in coastal systems (Bear et al., 1999). Shi and Jiao (2014) reported 

saltwater intrusion problems have occurred in the area around the Bohai Sea, China, due to 

excessive groundwater pumping. Furthermore, catastrophic events such as droughts induced by 

climate change would affect a decrease of freshwater recharge and, consequently, would enhance 

saltwater intrusion within coastal aquifer systems. Several modeling and field studies were 

revealed that climate change could reduce the net freshwater flux to groundwater reserves (e.g., 

Oude Essink, 2001; Ranjan et al., 2006; Feseker, 2007; Rozell and Wong, 2010; Yu et al., 2010) 

and this could exacerbate the effects of saltwater intrusion. As such, protection and sustainable 

utilization of groundwater resources of these regions undertake great significance. Therefore, it 

is imperative to study the dynamics of saltwater intrusion processes in coastal aquifers so as to 

investigate their transport patterns and work out appropriate remedial countermeasures for 

sustainable management of coastal aquifer systems. 

In this chapter, the general review of literature specific to saltwater intrusion in coastal 

aquifers is presented. In the past decades, mathematical models have been developed to simulate 

the saltwater intrusion processes. These models are descriptive that could be solved analytically 

or numerically to simulate the natural aquifer system processes or the system response to some 

induced stress conditions as regards pumping and recharge. The literature on descriptive models 

for saltwater intrusion processes in coastal aquifers is presented in this chapter. Also, the studies 

related to the dynamics of saltwater and freshwater interactions and impacts of sea-level rise on 
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saltwater intrusion processes in coastal aquifers are reviewed. The main objective of this study 

is to develop a reliable and cost-effective remedial technique for controlling the saltwater 

intrusion in coastal groundwater aquifers. Therefore, more emphasis is given to the discussion 

on available management strategies used to reduce and manage the saltwater intrusion problem. 

Moreover, this study also makes an effort to investigate the effect of a groundwater circulation 

well (GCW) on controlling saltwater intrusion in coastal aquifers. As such, the general history 

of the applications of GCW is also discussed. 

2.2 Simulation model for saltwater intrusion processes 

Saltwater intrusion (SI) is a natural dynamic process where saline water moves into a 

groundwater aquifer system that is hydraulically connected with the sea or ocean and primarily 

driven by the density contrast between the denser seawater and the lighter freshwater. The 

presence of seawater in the aquifer beneath the sea involves a zone of contact between the lighter 

freshwater, which flows to the sea, and the denser saltwater tends to underlie freshwater due to 

hydrodynamic mechanism. A mixing zone with varying density also exists between them on 

account of hydrodynamic dispersion, and this zone is known as the transition zone or zone of 

dispersion. The transition zone could vary from a few meters to several kilometers in coastal 

aquifers (Barlow and Reichard, 2010). It is mainly controlled by transport process constituents 

such as density gradients, diffusion, dispersion, and kinetic mass transfer (Lu et al., 2009; Werner 

et al., 2013). The simulation of flow and transport processes in coastal systems can be done 

mathematically by two hydraulic approaches, i.e., the sharp interface and the diffuse interface 

approaches.  

In the sharp interface approach, the effects of mixing zone are not taken into account 

compared to the aquifer thickness, and the saltwater and freshwater are assumed to be two 

immiscible liquids, separated by a sharp interface. The sharp interface models are extensively 

used to simulate the saltwater intrusion process. They are based on the Ghyben-Herzberg 

approach that assumes a sharp interface between the saltwater and freshwater. This approach 

only gives satisfactory results while the mixing zone is very narrow, and it fails once freshwater 

flows into the sea or ocean. The sharp interface approach has widely been employed in analytical 

as well as numerical models in the past years because of its simplicity and lesser computational 

burden (Henry, 1959; Bear and Dagan, 1964; Dagan and Bear, 1968; Strack, 1976; Park and 

Aral, 2004; Mantoglou and Papantoniou, 2008). Numerical simulation of a sharp interface model 

was presented by Mercer et al. (1980) to simulate the motion of saline water and ambient 

freshwater in coastal aquifer systems. The areal equations were based on the Dupuit 
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approximation and are obtained from partial integration over the vertical directions. They used 

a finite difference technique to approximate the partial differential equations. Guvanasen et al. 

(2000) employed a sharp interface model to simulate regional groundwater flow and saltwater 

intrusion in Hernando County, Florida. The authors used the SIMLA code to simulate the 

saltwater intrusion process. Yet again, Cheng et al. (2000) developed solutions to estimate the 

wedge location in coastal aquifers under pumping conditions from one well, two wells, and 

multiple wells. However, the incapability of this approach in the investigation of the saline water 

flow through the transition zone and can simulate only solute transport through the advection 

process are the main limitations of this approach. 

In the diffusive interface approach, the hydrodynamic dispersion controls the mixing process 

between saltwater and freshwater. The developed mixing zone between these two liquids takes 

the form of a transition zone that is more realistic and closer to the actual physical behavior of 

the flow and solute transport in coastal aquifer system than the sharp interface approach (Sherif 

et al., 1990; Bear and Zhou, 2007). This approach considers the flow and transport processes are 

density-dependent. Because of this, the flow and transport equations are required to be 

simultaneously solved. The simultaneous solution of these two coupled equations leads to high 

non-linearity in the simulation of density-driven flow and transport processes. Spatial and 

temporal simulation of this process needs the numerical methods to solve the nonlinear 

governing equations of flow and solute transport through porous media system. In recent years, 

several numerical models were developed and successfully used to solve the nonlinear flow and 

solute transport equations under steady-state and transient conditions and in both 2D and 3D.  

Most widely used models are including SUTRA (Voss, 1984; Voss and Provost, 2010), 

MOCDENSE (Sanford and Konikow, 1985), FEFLOW (Diersch, 1988), SWICHA (Lester, 1991 

based on Huyakorn et al., 1987), CODESA-3D (Galeati et al., 1992; Gambolati et al., 1999), 

FEMWATER (Lin et al., 1997) and SEAWAT (Guo and Langevin, 2002). A general review of 

such codes for simulation of saltwater intrusion is given by Sorek and Pinder (1999), Bear and 

Cheng (2010), and Werner et al. (2013). 

2.3 Dynamics of saltwater and freshwater interaction 

Coastal regions are considered to be the most vulnerable areas around the world, as about 

half of the world’s population dwells within 100 km of the shoreline (Dose et al., 2014) and rely 

on freshwater aquifers for their survival. In the last few decades, with the growing global 

population and the tendency of people to live in the coastal areas, the demand for freshwater has 

been rising at an alarming rate and also has increased excessive groundwater pumping to satisfy 
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their daily water requirements for coastal populations. The indiscriminate and overexploitation 

of coastal aquifers has resulted in the significant decline of groundwater levels, and this has led 

to severe saltwater intrusion problems within coastal aquifers around the world. Therefore, a 

better understanding of the dynamics of saltwater and freshwater interaction is the severe concern 

in protecting water resources and other environmental challenges such as nuclear waste storage 

and geologic sequestration of CO2. Over recent years, the predicted sea-level rise because of 

climate change has made it even more critical. However, several studies have been reported as 

regards to seawater-freshwater interactions using analytic and numerical models in the past years 

(e.g., Voss and Sousa, 1987; Oldenburg and Pruess, 1995; Gotovac et al., 2003; Simpson and 

Clement, 2004; Held et al., 2005; Servan-Camas and Tsai, 2010). Cooper et al. (1964) performed 

a study to examine the likely saltwater intrusion in coastal aquifers. They concluded that 

saltwater moves in constant cyclic motion, whereas a significant amount of intruding saltwater 

is passed back to the sea by dispersive mixing as a result of the tidal action and seasonal rainfall. 

The study revealed that the dispersion causes the wedge to be blunt in shape and so a wide 

transition zone exists between saltwater and freshwater. Through the numerical investigation, 

Ataie-Ashtiani et al. (1999) demonstrated that tidal effects are more significant in unconfined 

coastal aquifers that create a broad transition zone between saltwater and freshwater. Cheng et 

al. (2004) also numerically examined the impacts of tidal loading in the coastal aquifer of China, 

and they showed that the length of the aquifer roof increasing under the sea corresponds to the 

specific aquifer parameters in the extrapolation zone. Brovelli et al. (2007) conducted a 

numerical study to investigate the transport pattern of a dense contaminant plume subject to tidal 

variation in coastal aquifers. Simulation results indicated that the contaminant plume was mostly 

discharged from the seashore surface. They also simulated Zhang et al. (2002) experimental 

datasets to further study the interactions between the dense contaminant plume and the saltwater 

interface in the coastal aquifer system. They observed that the two dense water phases were never 

completely mixed, and the plume front was continuously removed from the main contaminated 

volume by the freshwater flow. Lately, Lu et al. (2009) and Lu and Luo (2010) numerically 

suggested that kinematic mass transfer between mobile and immobile domains could 

significantly explain the broad mixing zones. Yet again, Abd-Elhamid and Javadi (2011a) 

developed a finite element model to study saltwater intrusion in unconfined coastal aquifers. 

They considered transient density-driven flow and different phenomena governing solute 

transport in the model. Their numerical results demonstrated the performance of the model for 

simulating variable-density flow, velocity-dependent dispersion, and the effect of various 

TH-2606_136104019



Chapter 2                                                                                      Literature review 

 

15 

 

phenomena governing solute transport in saturated and unsaturated soils. The study concluded 

that the developed model could be employed in simulating of saltwater intrusion problems into 

unconfined coastal aquifers. In contrast, the effects of rainfall and surface spread recharge on 

saltwater intrusion can be examined. 

In recent years, a few laboratory and field study has been carried out to investigate the 

interactions between saltwater and freshwater in coastal aquifers (e.g., Boufadel, 2000; Barlow, 

2003; Kim et al., 2006; Taniguchi et al., 2006; Maekawa et al., 2007). Thorenz et al. (2002) 

presented an investigation to study the movement and interaction of freshwater and saline water 

in unconfined coastal systems. The laboratory experiments revealed that a significant lateral flow 

and coupled density-dependent flow effects would take place in the partially saturated zone as 

well as in the transition zone between the fully saturated and partially saturated regions. The 

findings from the experiments were corroborated by the numerical simulations, and the results 

suggested that the developed numerical model would be useful to provide realistic predictions. 

Goswami and Clement (2007) performed both laboratory and numerical experiments to 

investigate the saltwater wedge profile occurring in unconfined coastal aquifers. The authors 

used the SEAWAT model to simulate their experimental data sets. Their experimental data sets, 

along with the model results, were presented as benchmark problems for testing density-

dependent groundwater flow models. The study concluded that their laboratory experimental 

data could be employed to evaluate the performance of saltwater intrusion models in both the 

steady-state and transient conditions. Abarca and Clement (2009) proposed a colorimetric 

method in order to characterize the transition zone between freshwater and saltwater in coastal 

aquifers. The experimental datasets were simulated using the SUTRA model. They estimated 

dispersivity coefficients by fitting model simulation results in a steady-state system. Based on 

their experimental results, they postulate that the proposed technique could be used for 

quantifying the mixing zone between saltwater and freshwater. Chang and Clement (2012) 

completed an experiment and numerical modeling study to investigate the saltwater intrusion 

dynamics in flux-controlled coastal subsurface systems. Their laboratory results were simulated 

using the numerical code SEAWAT. They presented a remarkable counterintuitive hypothesis 

that implies that the time scales associated with a receding saltwater wedge are relatively smaller 

than an intruding wedge. The insights gained from this investigation would be useful to 

understand the seawater intrusion processes occurring in a coastal aquifer. More recently, Lu et 

al. (2013) examined the effects of aquifer stratification on the thickness of a freshwater-seawater 

mixing zone under steady-state conditions. The authors conducted experiments in a laboratory 
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flow tank for homogeneous, high hydraulic conductivity (K)-low K-high K and low K-high K-

low K cases. They also developed the tank-scale and field-scale numerical models to simulate 

the laboratory experiments and further to study the aquifer stratification effects on the steady-

state mixing zone profile with varying layer formations. The authors demonstrate that the 

thickness of the mixing zone is independent of the magnitude of K for homogeneous aquifers 

and is a function of K contrast between layers in heterogeneous aquifers. They reported that the 

mixing zone profile in heterogeneous aquifers could significantly be affected by several factors, 

including layer thickness, K contrast between layers, freshwater head gradient, and 

dispersivities. The authors concluded that aquifer stratification would have significant impacts 

on associated physical, chemical, and biological processes in coastal subsurface systems. 

2.4 Impacts of sea-level rise on saltwater intrusion processes 

 Saltwater intrusion (SI) in coastal aquifers is one of the main major challenges faced by 

water resource planners worldwide. Natural events such as the sea-level rise due to climate 

change and excessive pumping from the coastal aquifers are the leading causes that aggravate 

the saltwater intrusion problem significantly. Nevertheless, only a few research have devoted to 

understanding the combined impacts of anthropogenic factors and climate change (Li and Jiao, 

2003a, b). Feseker (2007) performed a numerical study to examine the influences of climate 

change and changes in land-use patterns on the salt distribution in a coastal groundwater system. 

The study concluded that a significant rise of sea-level could accelerate the movement of 

saltwater intrusion. Several researchers have been conducted scientific investigations related to 

the effects of sea-level rise on saltwater intrusion dynamics in the last few decades. Oude Essink 

(2001) employed a 3D transient density-dependent groundwater flow model to simulate 

saltwater intrusion processes in the coastal aquifer in the Netherlands. They considered three 

types of sea-level rise scenarios, including without sea-level rise, a sea-level rise of 0.5 m per 

century, and a sea-level fall of 0.5 m per century. Based on the study, he concluded that a sea-

level increase of 0.5 m per century would raise the salinity level in all lowland areas adjacent to 

the sea. Dausman and Langevin (2005) conducted a numerical investigation in coastal 

groundwater aquifer in Broward County, Florida. They used the SEAWAT code as the numerical 

simulator. The authors presented that several wells would be abandoned to chloride 

contamination if sea-level rise becomes more than 48 cm over the later 100 years. Lately, 

Loaiciga et al. (2011) used both FEFLOW code and hydrogeological data to evaluate the effects 

of sea-level rise and groundwater abstraction on seawater intrusion in the Seaside Area aquifer 

of Monterrey County, California, USA. They concluded that groundwater abstraction would 
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have a more significant contribution to seawater intrusion as compared to the sea-level rise. 

These investigations were based on field-scale modeling studies associated with a particular filed 

site. Through a conceptual modeling study, Werner and Simmons (2009) investigated the 

impacts of sea-level rise on groundwater aquifer systems with different types of boundary 

conditions. The modeling results demonstrated that the level of saltwater intrusion would depend 

on the inland boundary condition. They did not consider saltwater mixing effects and transient 

effects. Later, transient effects were explored by Webb and Howard (2011) under constant head 

boundary conditions. They employed a numerical model to investigate the changes in intrusion 

rates for a range of hydrogeological parameters. Moreover, several investigators have also 

presented fluctuations of sea-level and associated with the intrusion movement could impact on 

submarine discharge patterns adjacent to the coast and even influence the nutrient loading levels 

across the interface (Li et al., 1999; Li and Jiao, 2003b; Michael et al., 2005; Robinson et al., 

2007; Li et al., 2008). 

A few published studies have conducted laboratory-scale experiments to examine the 

impacts of sea-level rise on saltwater intrusion mechanisms. Illangasekare et al. (2006) 

investigated the transport pattern of seawater plumes in the tsunami-affected coastal aquifer 

system. They performed physical experiments in a laboratory flow tank model. The experimental 

results showed that the dense tsunami waters contaminated the deeper aquifer within a short 

duration of time. They observed that the tsunami waters remained floating over the saltwater 

intrusion wedge and eventually advected by the freshwater flow moving through the aquifer 

system along with the saltwater interface. Morgan et al. (2013) undertook physical experiments 

to assess the seawater intrusion overshoot phenomenon in the flux-controlled unconfined aquifer 

systems. They performed the sea-level rise (SLR) and sea-level drop (SLD) physical experiments 

in controlled laboratory conditions. They also conducted numerical simulations of both the SLR 

and SLD experiments for providing confidence in the results of the laboratory experiments. They 

observed an overshoot occurred for both the experimental cases. They reported that the 

magnitude of the overshoot changed 24% from the steady-state wedge position in both the 

physical experiments. They also demonstrate that the overshoot phenomenon is physically 

plausible and could be generated under controlled laboratory experiments. However, it is concern 

that a significant rise in sea levels would affect the quality of both surface and subsurface water 

supplies and also reduce the available freshwater resources. Therefore, the effect of climate 

change on saltwater intrusion in coastal systems is a severe environmental concern since almost 
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70% of the world’s population resides in coastal areas (Bear et al., 1999; Cheng and Ouazar, 

2003; Webb and Howard, 2011). 

2.5 Control of saltwater intrusion problem 

Groundwater is regarded as an indispensable freshwater resource for communities and 

ecosystems of the coastal regions that are continuously threatened by saltwater intrusion around 

the world. The leading causes of saltwater intrusion in coastal aquifers are the excessive 

unplanned withdrawal of groundwater resources and improper arrangement of pumping wells 

(Bhattacharjya et al., 2009). It extensively leads to increase salinity levels in coastal aquifers that 

making it unsuitable for human utilization and further restricts future exploitation of coastal 

aquifers. However, effective management strategies have to be taken to avoid further degradation 

of coastal aquifer systems under the threat of saltwater intrusion. The key to controlling saltwater 

intrusion is to maintain a seaward hydraulic gradient, and subsequently, an amount of fresh 

groundwater should be allowed to flowing towards the ocean. This hydraulic gradient delivers a 

hydraulic barrier against saltwater intrusion. Over the past decades, considerable attention has 

been received for examining the control of saltwater intrusion in coastal aquifers. However, 

several management strategies were proposed to prevent or mitigate saltwater intrusion and to 

secure groundwater reserves in coastal aquifers (Todd, 1959; Bruington, 1972; Dam, 1999; Oude 

Essink, 2001; Pool and Carrera, 2010; Kallioras et al., 2013). These including reduction of 

pumping rates, relocation of pumping wells, usage of physical subsurface barriers, natural or 

artificial recharge (injection or positive barriers), pumping of saline water along the coastline 

(extraction or negative barriers), combination techniques (mixed barriers) and land reclamation. 

Most of these methods are too expensive, and some of them are not applicable in some instances. 

 

2.5.1 Reduction of pumping rates 

  The alarming growth in populations, substantial development of coastal resorts and coastal 

urbanization, and increasing agricultural activities, the demand for freshwater have been rising 

at an alarming rate. The excessive pumping of groundwater resources is thus unavoidable in 

many coastal regions throughout the world. As a result of the indiscriminate and overexploitation 

of groundwater resources leads to the significant decline of groundwater levels and resulting in 

saltwater intrusion along the coast (Bear et al., 1999). The reduction of extraction from pumping 

wells could be the most cost-effective countermeasure to maintain a proper balance between 

saltwater-freshwater in a coastal aquifer and control the saltwater intrusion. However, several 
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models have been developed to manage the saltwater intrusion problem by reducing the pumping 

rates from the aquifer system or using optimization models to optimize the extraction rates in 

controlling the saltwater intrusion. Zhou et al. (2000) conducted a study on the redistribution of 

pumping rates in existing wells in a coastal aquifer in Beihai city in China. They concluded that 

the removal of wells adjacent to the coast or across the intruded zone concurrently with the 

reduction of pumping in wells far away from the shoreline could secure the aquifer. Through a 

numerical study, Scholze et al. (2002) investigated the saltwater intrusion process in the coastal 

aquifer of Metro Cebu, Philippines. They used the SHEMAT code as the simulation model. The 

authors applied different scenarios of extraction and reduction in water consumption to securing 

groundwater reserves and evade saltwater intrusion. Based on the sensitivity analysis of saltwater 

intrusion to the pumping rate, Narayan et al. (2003) presented a numerical study of the Burdekin 

Delta aquifer in Australia. The authors used the SUTRA code as the simulation model for their 

research. They demonstrated that decreasing the groundwater extraction could effectually 

manage the seawater intrusion problem. This approach was also recommended by Tsanis and 

Song (2001) and Don et al. (2006). Yet again, Zhou et al. (2003) developed a quasi-3D finite 

element model to simulate the spatial and temporal distribution of groundwater levels in the 

layered aquifer in the Leizhou Peninsula in Southern China. The main focus of the study was to 

maximize the total extracted water by rearrangement of wells in controlling saltwater intrusion 

along the coast. Bhattacharjya and Datta (2005) used an artificial neural network (ANN) for 

density-dependent flow and transport in coastal aquifers to estimate salt concentrations of the 

extracted water. They formulated a linked simulation-optimization model to link the trained 

ANN models with a genetic algorithm (GA) based optimization model on solving saltwater 

intrusion management problems. The study aimed to allow the optimal extraction of groundwater 

from the aquifer system while maintaining the salt concentration of the pumped water under 

specified acceptable limits. Rejani et al. (2008) suggested that increasing the pumping rates from 

upstream and decreasing the rates in downstream regions could aid in receding the seawater 

intrusion in the Balasore basin in India, particularly in dry years. Recently, Sherif et al. (2013) 

revealed a 50% reduction of pumping would allow significant retardation of the dispersion zone 

of the order of a few kilometers in Wadi Ham aquifer in UAE. However, this approach is not a 

permanent solution to prevent seawater intrusion (Abd-Elhamid and Javadi, 2008). It only efforts 

to reduce it. 
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2.5.2 Relocation of pumping wells 

In this practice, the existing pumping wells are usually relocated by dispersing them in the 

inland regions, which eventually aid in raising the groundwater level and maintain groundwater 

storage. It is noteworthy that finding the optimal pumping patterns, such as the locations and 

rates of extraction from relocated wells in controlling saltwater intrusion, has been mostly 

studied in the published literature using the simulation-optimization model. However, Maimone 

and Fitzgerald (2001) used the three-dimensional groundwater flow model, dual-phase sharp 

interface intrusion model, radial upconing model, and single-phase contaminant transport model 

to develop a management plan of coastal aquifers. They used two techniques based on 

developing new well locations away from the coastal area and the other one on the use of reverse 

osmosis (RO) treatment for desalinating brackish water for domestic purposes. Sherif and Al-

Rashed (2001) employed 2D-FED and SUTRA model to simulate the saltwater intrusion 

problem in the Nile Delta aquifer in Egypt. They used the 2D-FED model as a simulator to assess 

the effect of sea-level rise in the Mediterranean Sea under the situation of global warming. The 

authors also employed SUTRA code to describe the adequate location of additional pumping 

wells under various pumping scenarios from the Nile Delta aquifer. Hong et al. (2004) developed 

a steady-state simulation-optimization model to assess both the optimal extraction and the 

location of pumping wells while diminishing adverse effects. The study involved experimental 

verification of the model in developing sustainable water resources in coastal zones. Ofelia et al. 

(2004) used a mathematical model in managing saltwater intrusion to secure groundwater in 

Santa Fe, Argentina. Several pumping wells were removed from the region, and a new pumping 

field was designed and implemented in the area. Mantoglou and Papantoniou (2008) investigated 

the optimal design of a pumping network for sustainable management of a coastal aquifer using 

two different optimization schemes. The GA was used to optimize both the pumping rate and 

locations of wells, and simultaneously, the combination of GA and sequential quadratic 

programming (SQP) was applied in two stages. The GA was firstly applied to find the optimal 

well locations at any generation, and then SQP was used to estimate the optimal pumping rates 

for relocated wells. They highlighted the performance of GA was better to find the optimal 

solutions than SQP. Lately, Datta et al. (2009) examined the effects of spatial variations of 

pumping from a set of five wells and in three different locations in a real study area in India. The 

sites of this set of wells in two different pumping regions along the coast presented better results 

while controlling saltwater intrusion rather than their locations in the middle zone. However, this 
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method could be a temporary solution and does not prevent seawater intrusion into the coastal 

aquifer system. This practice helps in reducing the occurrence of saltwater upconing. 

 

2.5.3 Physical subsurface barriers 

This method involves the creation of an impermeable subsurface barrier paralleling the 

coastline and through the vertical extent of the aquifer. The establishment of this barrier could 

achieve through sheet piles, clay trenches, cement grout, or injection of chemicals. The 

effectiveness of the injecting of cement grout was investigated by Sugio et al. (1987) in 

Okinawa-Jima Island in Japan using experiments and numerical simulations. Moreover, the 

Komesu underground concrete dam (cut-off wall) in Japan successfully developed on a large 

scale to protect the aquifer under the threat of saltwater intrusion (Nawa and Miyazaki, 2009). 

However, Harne et al. (2006) developed a 2D subsurface transport model for saltwater with 

constant seepage velocity under the homogenous and isotropic conditions. The authors employed 

the finite difference technique to solve the transport equation. The model investigated the 

efficacy of the subsurface barriers in controlling saltwater intrusion. A numerical study was 

carried out by Nishikawa et al. (2009) to investigate the effects of physical barriers in controlling 

saltwater intrusion. They simulated a 2D vertical section of Dominguez Gap coastal area of Los 

Angeles, California, using SUTRA code. Luyun et al. (2011) presented both laboratory and 

numerical experiments to examine the effects of subsurface flow barriers on controlling seawater 

intrusion in coastal unconfined aquifer systems. They used a finite-difference SEAWAT model 

to simulate their experimental results and found that their numerical model results closely match 

the experimental results. They reported that the physical barriers should be located adjacent to 

the seashore and at the toe front to be more productive. Recently, Kaleris and Ziogas (2013) used 

numerical models and approximate analytical solutions to examine the impact of the cut-off wall 

on the advancement of saltwater intrusion with or without the abstraction of groundwater. They 

reported that the physical barriers with more significant depth and located much closer to the 

shoreline, shown a great potential to retard saltwater intrusion. Abdoulhalik et al. (2017) 

conducted an experimental and numerical study to investigate the impact of physical barriers on 

saltwater intrusion dynamics under transient conditions. The authors suggested the mixed 

physical barrier (MPB) as a new barrier system to control saltwater intrusion, which combined 

an impermeable cutoff wall and a semi-permeable subsurface dam. The results showed that the 

MPB induced upward lifting of dense saltwater towards the coastline and induced significant 

length reduction to the saltwater. More recently, Li et al. (2018) carried out a detailed laboratory 
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and numerical investigation to study the saltwater intrusion dynamics with and without 

subsurface flow barriers. The authors adopted the finite-element numerical model FEFLOW to 

simulate their experimental results. They also evaluated the efficiency of subsurface flow barriers 

with different permeability coefficient values to prevent saltwater intrusion. 

However, this is the most effective management strategy for preventing saltwater intrusion 

into the coastal aquifer and does not need maintenance and restoration activities over a lifetime 

(Allow, 2012). The technique is only applicable to shallow aquifers, and also too costly. 

 

2.5.4 Artificial recharge 

In this approach, freshwater is injected artificially into the aquifer system through recharge 

wells to maintain a proper balance between saltwater-freshwater. The injected water may be the 

surface water, rainwater, extracted groundwater, treated wastewater, or desalinated water. This 

method helps to increase the outflow of groundwater through the coastal aquifer and hence 

reduce the saltwater intrusion wedge in length. Recharge wells and surface spreading are used 

for confined and unconfined coastal aquifers, respectively. It involves the development of an 

additional water source. This technique is among the most popular approaches that are 

commonly recommended in the published literature. 

Mahesha (1996) presented the steady-state solutions for the movement of saltwater intrusion 

wedge with a series of injection wells in a confined aquifer system using a sharp interface finite 

element model. He performed parametric studies on the influence of the set of injection wells 

locations, the spacing of the wells, and the injection rate of freshwater on the saltwater intrusion 

dynamics. The reduction of saltwater intrusion wedge (of up to 60-90%) could be attained 

through the appropriate selection of injection rate and spacing between the wells. He also studied 

the impact of the double series of injection wells and compared them with the single set of wells. 

He demonstrated that a double series of injection wells performs slightly better than a single 

series, and the staggered system of the series of injection wells is marginally better than the 

straight well system for long spacing. Liles et al. (2001) developed a groundwater model to 

forecast of injection quantities and well locations in preventing saltwater intrusion. They used 

highly treated wastewater for injecting into Orange County aquifers to retard saltwater intrusion. 

Papadopoulou et al. (2005) developed a 3D finite element-finite difference groundwater flow 

simulation model. The extension of the saltwater interface along the coast was only hydraulically 

determined. They did not consider dispersion owing to different densities of ambient freshwater 

and saltwater. Artificial recharge was presented under various scenarios with different well 
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locations and different injection rates. Vandenbohede et al. (2008) presented a numerical study 

in investigating sustainable water resource management via artificial freshwater recharge in the 

dunes of the western Belgian coastal plain by two recharge ponds. They produced recharge water 

from secondary treated wastewater effluent by the combination of ultrafiltration and reverse 

osmosis. Lately, through laboratory experiments, numerical and analytical modeling, Luyun et 

al. (2011) examined the effects of recharge wells on controlling seawater intrusion in coastal 

unconfined aquifer systems. They concluded that more effective saltwater repulsion could be 

achieved while the recharge water is injected at the toe of the saltwater interface. Also, the 

efficiency of this technique was numerically evaluated by Allow (2012) for a range of real-world 

case studies. Extensive research was carried out by Acosta and Donado (2015) to investigate the 

performance of hydraulic barriers in controlling seawater intrusion. They also studied the effects 

of location and rate of injection on saltwater wedge under homogeneous and stratified soil 

conditions. The experimental results indicate that the highest reduction of saltwater intrusion 

wedges can be achieved if the injection is applied at the extreme point of a wedge with a higher 

rate. More recently, the decisive role of freshwater recharge was analytically affirmed by Lu et 

al. (2017), introducing the two different recharge schemes (well injection and pond infiltration) 

in an aquifer system to control saltwater intrusion. The study highlighted that the performance 

of the two recharge schemes in controlling saltwater intrusion is the same if the infiltration pond 

is circular and not located above the interface region. They concluded the shape of the elliptic 

infiltration pond controls the maximum net extraction rate of the pond infiltration-well extraction 

system. However, the implementation of artificial recharge is often expensive and could be 

unproductive under extensive pumping (Narayan et al., 2007). Also, the unavailability of water 

in local regions, especially in dry seasons or areas that face scarcity of water, could be another 

significant restriction in applying this barrier (Abd-Elhamid and Javadi, 2011b). 

 

2.5.5 Extraction barrier 

This method aims to reduce the saline water volume by continuously abstracting brackish 

water through deep extraction wells located adjacent to the coastline. The abstracted brackish 

water can be directly discharged into the sea, or it may be used to feed desalination plants. It 

could also be used in industrial activities (Dam, 1999; Sherif and Hamza, 2001). 

Sherif and Hamza (2001) developed a finite element model to simulate the effect of the 

extraction of saline water from the diffusion zone in coastal aquifers. Their results revealed a 

significant reduction of the width of the dispersion zone as a result of the abstraction of brackish 
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water. The same methodology of extracting brackish water near the seashore was assessed by 

Sherif and Kacimov (2008) using the SUTRA code for a hypothetical confined aquifer. They 

examined different pumping scenarios to reduce the extension of saltwater intrusion. The study 

concluded that saltwater intrusion problems could be managed through the proper pumping of 

saline water from the coastal aquifer systems. Park et al. (2011) employed the 3DFEMFAT 

model to investigate the influence of different parameters on the quality of extracted water from 

another production well. They considered different parameters, including the rate of pumping 

from the barrier well, the horizontal distance of barrier well from the coastline and the production 

well, the depth of the barrier well in the aquifer system, and the number of these barrier wells in 

their study. They examined in different cases of sensitivity analysis on a hypothetical aquifer 

model. 

Moreover, many researchers were previously studied in protecting inland wells using a 

series of extraction barriers within simulation-optimization frameworks (e.g., Das and Datta, 

1999, 2001; Bhattacharjya and Datta, 2009; Sreekanth and Datta, 2010, 2011; Hussain et al., 

2015; Javadi et al., 2015). In general, the extraction barriers cause the decline of water level near 

the coastline that increases the seaward hydraulic gradient of ambient freshwater and protects 

the aquifer. The critical problem in these barriers involves the disposal of the salty water. Many 

researchers have previously attempted to solve this problem. However, it is still a research 

subject for further study. 

 

2.5.6 Land reclamation 

This approach involves the artificial extension of the shoreline towards the sea or ocean. In 

this process, a foreland is created by hydraulic filling of the proper soil at the preferred geometry 

and slope above sea level, where a freshwater body could develop that may delay the inflow of 

saline groundwater (Oude Essink, 2001). Increasing the distance between the inland well and the 

seaside and as well providing more area to cope up with the natural rainfall are the other useful 

effects of this barrier to retard saltwater intrusion (Chen and Jiao, 2007; Guo and Jiao, 2007, 

2009). However, Chen and Jiao (2007) investigated the hydro-geochemical properties of coastal 

groundwater in Shenzhen city in China throughout the rapid urbanization phase. The study 

showed, based on the hydro-geochemical properties of groundwater, the coastal subsurface 

system experiences significant retardation of saltwater intrusion due to land reclamation. Yet 

again, the observing results of the groundwater levels in the coastal aquifer of Shenzhen city in 

China revealed the groundwater level also uplifted during the land reclamation (Hu and Jiao, 
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2010). Also, the rising of the groundwater level and saltwater intrusion movement towards the 

seaward were analytically demonstrated by Guo and Jiao (2007, 2009) under the land 

reclamation condition. However, the total cost of constructing this barrier on a large scale is the 

key restriction to this practice. Also, the properties of the filling soil should be reasonably well 

defined. 

 

2.5.7 Combined barrier 

Apart from above these methods, a combination of some of the strategies mentioned earlier 

has been used by many researchers to better control of saltwater intrusion problems in coastal 

aquifers. For instance, Zhou et al. (2003) and Hong et al. (2004) used a combination of a 

reduction in pumping rates and relocation of pumping wells to retard further saltwater intrusion. 

Maimone and Fitzgerald (2001) used the three-dimensional groundwater flow model, dual-phase 

sharp interface intrusion model, radial upconing model, and single-phase contaminant transport 

model to develop a management plan of coastal aquifers. They used two techniques based on 

developing new well locations away from the coastal area and the other one on the use of reverse 

osmosis (RO) treatment for desalinating brackish water for domestic purposes. Paniconi et al. 

(2001), Barrocu et al. (2004), and Narayan et al. (2007) employed a reduction of pumping rates 

and recharge of freshwater to the aquifer to control saltwater intrusion. Recently, Cherubini and 

Pastore (2011) suggested a solution based on a reduction of well density coupled with artificial 

recharge to retard saltwater intrusion for a local aquifer in Italy. Another possible technique of 

this strategy is the combination of positive and negative barriers known as the mixed barrier. 

This approach mainly involves the specification of both extraction and recharge. Javadi et al. 

(2012) proposed a combined methodology based on the continuous abstraction of saline water 

adjacent to the coastline, desalination of the extracted saline water and the desalinated water as 

a source of artificial recharge through injection wells in mitigating saltwater intrusion. The 

authors suggested that the technique is beneficial and economical for controlling saltwater 

intrusion problems in coastal systems. Further, many researchers have been recommended that 

the mixed barrier is the most effective technique in controlling saltwater intrusion among the 

other barriers (e.g., Troisi et al., 1994; Tsanis and Song, 2001; Rastogi et al., 2004; Koussis et 

al., 2010a, b; Kourakos and Mantoglou, 2013, Hussain et al., 2015; Javadi et al., 2015). 
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2.6 Applications of groundwater circulation well (GCW) 

The GCW is one of the most promising in-situ remedial techniques of groundwater. This 

technique was first suggested by Herrling and Buermann (1990) and Herrling et al. (1990) for 

remediating contaminated groundwater aquifer. In this system, a circulation flow is created 

between the inlet and outlet screen located in a single well with specified vertical distance by 

keeping the head difference between the inlet and outlet screen (Herrling et al., 1991; Gonen and 

Gvirtzman, 1997; Stamm, 1998). This circulation flow flushes the contaminated water within 

the proximity of the well. The abstracted contaminated groundwater from the aquifer system 

could be cleaned with activated carbon, and after treatment, the remediated water can be injected 

back into the aquifer. Extreme care should be taken into account in designing and implementing 

the GCW system to the contaminants are removed efficiently and cost-effectively. The design 

process and operation of the GCW system have widely been explored (e.g., Herrling et al., 1990, 

1991; Gvirtzman and Gorelick, 1992). Comprehensive studies were performed numerically to 

estimate the various parameters that influence the GCW system, the sphere of influence, and the 

remediation process (Herrling and Stamm, 1993). The data collected from several pilots and 

field-scale studies facilitated to improve the design procedure, operation, and application of the 

GCW system (Herrling et al., 1991; U.S. EPA, 1995; Stallard et al., 1996; Stamm 1998). Stallard 

et al. (1996) reported a groundwater circulation well design whereby extraction is achieved at 

the well bottom, treated in the well casing, and after treatment reinjected into the aquifer at the 

well top. However, the GCWs have extensively used for in-situ remediation of groundwater in 

porous media (e.g., Herrling et al., 1991; U.S. EPA, 1995, 1998; Miller and Roote, 1997; 

McCarty et al., 1998). Scholz et al. (1997, 1998a) and Mohrlok et al. (2000, 2003) studied the 

operation and treatment efficiency of GCW system through large-scale 3D laboratory 

experiments in a heterogeneous aquifer system with dense nonaqueous phase liquids (DNAPL) 

and light nonaqueous phase liquids (LNAPL) as contaminants. Scholz and Stamm (1997) and 

Scholz et al. (1998b) presented the results from a complete field study in a heterogeneous porous 

media for remediation of chlorinated hydrocarbons (CHC) using a GCW. Knox et al. (1997) 

conducted a field-scale study with the GCW system to assess surfactant-enhanced remediation 

of PCE contamination in an unconfined aquifer. Some experimental investigations suggested 

that GCW is a very useful in-situ remediation technique for removing NAPL contaminants in 

groundwater (e.g., Scholz et al., 1997, 1998a; Mohrlok et al., 2000, 2003). Kirubaharan et al. 

(2008) presented laboratory and numerical experiments for DNAPL remediation in an artificial 

aquifer using the GCW. The study demonstrated various flow and transport characteristics in the 
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groundwater circulation flow field for in-situ remediation. Lately, Papini et al. (2016) conducted 

a pilot study in a heavily contaminated industrial site to remove chlorinated solvents using the 

GCW technique. The study demonstrated that the GCW enhanced the biological reductive 

dechlorination inside the less permeable layer and also reducing the remediation time. 

Moreover, GCWs have already been applied to remove volatile organic contaminants (e.g., 

Gvirtzman and Gorelick, 1992; Pinto et al., 1997; Scholz et al., 1998c; Allmon et al., 1999; 

Montgomery et al., 2002; Drizin et al., 2008) and nonvolatile organic substances (Elmore and 

Graff, 2002) from the groundwater aquifers. Elmore and Graff (2002) employed the GCW 

system to remove trichloroethylene (TCE) contaminants and the explosive compound (RDX) in 

Nebraska. The study showed that the GCW technology is competitive with conventional pump-

and-treat methods. However, Zhao et al. (2016) investigated the efficacy of the GCW system for 

in-situ remediation of aniline contaminated aquifer. They demonstrated that the aniline 

contaminants survived the GCW treatment process with high aniline degrading efficiency. The 

study presented a novel methodology for the in-situ bioremediation of low-volatile pollutants. 

More recently, Tawabini and Makkawi (2018) presented a study to assess the efficacy of a 

groundwater remediation system to treat a shallow aquifer contaminated with MTBE. The study 

revealed a novel method for the removal of MTBE from contaminated groundwater using GCW 

combined with UV-based advanced oxidation technology. The study also indicated that the 

concentration of MTBE was decreased from 1,400 μg/L to 34 μg/L with a treatment efficiency 

of about 98%.    

To date, several researchers have also been used the GCW technique to determine the aquifer 

properties (e.g., Kabala, 1993; Zlotnik and Ledder, 1994, 1996; Indelmaan and Zlotnik, 1997; 

Zlotnik and Zurbuchen, 1998, 2003; Halihan and Zlotnik, 2000; Zlotnik et al., 2001). Kabala 

(1993) developed a new single-borehole measurement technique named the dipole flow test 

(DFT) for the characterization of confined aquifers. This test creates a dipole flow pattern 

between the extraction and injection chambers in the aquifer. He used transient measurements 

of drawdown in the chambers to estimate both the horizontal and vertical hydraulic 

conductivities and the specific storativity. Sutton et al. (2000) developed the dipole flow tracer 

test (DFTT) for the estimation of particular aquifer properties. This test separates the abstraction 

and injection chambers in the borehole and employs a small pump to form a dipole flow pattern 

in the aquifer. They measured drawdown of hydraulic head in the well chambers at steady state. 

They also used the stream tube method to semi-analytically simulate the tracer transport in DFTT 

and determine the required relationships to estimate the radial and vertical hydraulic 
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conductivities as well as the longitudinal dispersivity. This test also allows for the estimation of 

the aquifer hydrodynamic and sorption parameters. However, the GCW system has been 

established as a most promising in-situ remedial technique of groundwater contamination. The 

technique involves low energy requirements in terms of operation and monitoring and minimally 

invasive and non-disruptive to site conditions as compared to other conventional methods. 

2.7 Conclusions 

This chapter reviewed the general mechanism of saltwater intrusion processes, its 

consequences, and potential solutions to reduce and manage the saltwater intrusion problems 

within coastal groundwater aquifers. A detailed review was also presented on the general history 

of the application of groundwater circulation well (GCW) systems. As evident from the review 

of the existing strategies for coastal aquifer management, the implementation of hydraulic 

barriers has increased in controlling the saltwater intrusion problem than other management 

strategies. However, the systematic review of the literature shows that many researchers have 

used the GCW for remediation of groundwater contamination. Nevertheless, the GCW system 

has not been tried to control the saltwater intrusion processes in coastal aquifers by using it as a 

hydraulic barrier. In the case of conventional hydraulic barriers, the groundwater is withdrawn 

from the coastal aquifer to create a hydraulic gradient, so that saltwater cannot cross the pumping 

well. However, in this process, the aquifer water is taken out and generally thrown into the sea. 

On the other hand, in the case of GCW, there is no loss in aquifer water. Thus by circulating the 

same water, a barrier can be created, and the saltwater wedge can be pushed back to the seaside. 

As such, there is a scope to make an effort to investigate the behavior of saltwater intrusion 

dynamics under a GCW system. Through the evaluation of this management strategy, the 

limitations on both the economic and environmental costs should be taken into account that could 

help to establish the most cost-effective management strategy to control saltwater intrusion 

problems in coastal aquifers.  
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CHAPTER 3 
 

Laboratory-scale Investigation of Saltwater Intrusion 

Dynamics 

3.1 Introduction 

Saltwater intrusion (SI) in coastal aquifers is one of the main major challenges faced by 

water resource planners worldwide. The alarming growth in populations, substantial 

development of coastal resorts and coastal urbanization, and increasing agricultural activities, 

the demand for freshwater have been rising rapidly. The excessive pumping of groundwater 

resources is thus unavoidable in many coastal regions of the world. As a result of the 

overexploitation of coastal aquifers, the hydraulic potential has lowered significantly, and this 

has led to saltwater intrusion problems in coastal aquifers (Bear et al., 1999). Moreover, 

catastrophic events such as tsunamis, hurricanes, and droughts could result in severe saltwater 

intrusion into coastal aquifers and consequently deteriorates groundwater quality within coastal 

aquifer systems. A quantitative understanding of the dynamics of saltwater intrusion processes 

in coastal groundwater aquifers is, therefore, a significant research problem for efficient planning 

and management of coastal marine and estuarine environments. 

  In particular, physical models are valuable and efficient research tools to understand as 

well as visualize the processes and also for verifying the analytical and numerical models. In this 

regard, physical aquifer models have been extensively used to characterize the mixing zone 

profiles and to study the behavior of saltwater intrusion wedges (e.g., Schincariol and Schwartz, 

1990; Zhang et al., 2002; Goswami and Clement, 2007; Abarca and Clement, 2009; Konz et al., 

2009a, b; Werner et al., 2009; Abdollahi-Nasab et al., 2010; Jakovovic et al., 2011; Luyun et al., 

2011; Stoeckl and Houben, 2012; Chang and Clement, 2012; Lu et al., 2013; Morgan et al., 

2013; Dose et al., 2014; Mehdizadeh et al., 2014; Li et al., 2018). The overarching aim of this 

research is to conduct experimental studies to develop a better scientific understanding of the 

dynamics of saltwater intrusion processes in a coastal unconfined aquifer. In this effort, a series 

of physical experiments have been carried out in a laboratory-scale aquifer model to have a better 

understanding of the dynamics of this phenomenon under different scenarios. The current chapter 

gives a brief description of the experimental setup and materials that are used in experiments in 

order to achieve the objective of the present study. Moreover, the details of all the laboratory-

scale experiments and results have also been presented in this chapter. 
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3.2 Laboratory Approach 

3.2.1 Experimental Setup 

A series of laboratory-scale experiments were carried out in a glass-sided flow tank. The 

flow tank used was constructed of 6 mm thick glass sheets so that the dyed plume could be 

distinctly observed. The cross-section of the flow tank was rectangular, with internal dimensions 

of length 55.6 cm, width 6.8 cm, and a total height of 40 cm (Figure 3.1).  

 

Figure 3.1: Schematic diagram of the experimental setup 

As shown in Figure 3.1, the flow tank model is composed of three distinct flow chambers, 

and the central viewing flow chamber served as the porous media (the aquifer). To model a 

coastal unconfined aquifer system, the central flow chamber was packed with clear glass beads 

under fully saturated conditions. The tank used was flanked by two flow chambers at either side 

for maintaining constant hydrostatic pressure boundary conditions across the flow tank. The left 

and right side flow chambers were assigned to represent the coastal and inland boundary, 

respectively. The saltwater solution was supplied into the saltwater chamber from an overhead 

reservoir at a constant flow rate and discharged through an adjustable outlet pipe to hold a 

constant salinity and water head in the saltwater chamber throughout the experiments. In a 

similar way, the freshwater chamber was supplied with fresh water from the overhead reservoir 
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and maintained at the required level. The side flow chambers are each 5.3 cm long. Both the side 

flow chambers are each separated from the central chamber by perforated plexiglass sheet of 

thickness 7 mm and further wrapped by 500-micron fine stainless-steel mesh screens to prevent 

the passage of porous material from the central flow chamber to the side ones. Printable rulers 

were pasted on the sides and at the bottom of the flow tank for quick measurement of the 

saltwater wedge profile as well as the water heads at the side boundary. 

 

3.2.2 Materials Used 

Commercially available glass beads, commonly used for road marking, were used as the 

porous media in all the experimental runs (Figure 3.2). In particular, glass beads have been 

extensively used to represent the porous media as used by various researchers in their research 

work (Volker et al., 2002; Zhang et al., 2002; Goswami and Clement, 2007; Abarca and Clement, 

2009; Luyun et al., 2009, 2011; Chang and Clement, 2012, 2013, etc.) and thereby the clear glass 

beads have been used to represent the aquifer material in this study. 

 

Figure 3.2: Sample of glass beads used in the study 

 

Sieve analysis was carried out to determine the particle size of the glass beads (Figure 3.3), 

and the median grain size (D50) was found to be 0.57 mm. A uniformity coefficient (D60/D10) 

was also estimated as 1.78, indicating that the grain size distribution of the glass beads is 

relatively uniform (Simmons et al., 2002). The granulometric properties of porous media 

material were obtained as given in Table 3.1. 
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Figure 3.3: Grain size distributions of glass beads used in the study 

 

Table 3.1: Granulometric properties of glass beads used in the present study 

Parameter Value 

D10, mm 0.359 

D30, mm 0.488 

D50, mm 0.575 

D60, mm 0.642 

Cu (= D60/D10) 

Cc {= (D30)2/D10×D60} 

1.788 

1.033 

 

Prior to the laboratory experiments, a saltwater solution was prepared by dissolving 35 g of 

commercial salt (NaCl) in 1 L of tap water, yielding an adequate concentration of 35 g/L. Food 

color has been effectively employed to act as a dye tracer in several variable-density flow 

experiments in the published literature (e.g., Zhang et al., 2002; Goswami and Clement, 2007; 

Luyun et al., 2009, 2011; Goswami et al., 2012; Kuan et al., 2012; Chang and Clement, 2013; 

Oz et al., 2014), and has the benefits of non-sorbing, very cheap and non-reactive. Therefore, 

3.125 ml of red food color in a liter of the saltwater solution was added to discriminate it from 

ambient freshwater. The density of both dyed saltwater solution and freshwater was measured 

using a specific gravity hydrometer (G8030@JAPSINR). The density of dyed saltwater was 

estimated to be 1.025 g/cm3 and that of freshwater to be 0.997 g/cm3. The addition of red color 

dye did not produce any measurable change in the density of the saltwater solution (Chang and 
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Clement, 2013; Oz et al., 2014). On the other hand, tap water used as freshwater in all the 

experiments. The laboratory-scale experiments were carried out at room temperature of 270C.  

In the present study, a 12V micropump having a maximum discharge rate of 7 cm3/s has 

been used to apply freshwater injection or extraction. To prevent the passage of porous material 

into the pump, a pump screen was made by rolling a fine stainless-steel mesh screen into a 

cylindrical shape (Figure 3.4). The pump screen was 4 cm long and a diameter of 1 cm. A tube 

of 4 mm diameter was inserted into it for connecting to the pump, and the bottom and top annular 

space between the tube and roll was sealed with M-Seal adhesive. A fitted mechanism is allowed 

to the pump withdrawal pipe for controlling the discharge. 

 

Figure 3.4: Pump screen used in the present study 

 

In addition, the slot for installing the flow barrier material was constructed by two Plexiglas 

strips wrapped by fine stainless-steel mesh screens that separate the barrier slot from the flow 

tank preventing the passage of glass beads inside the slot. The barrier slot is 32.5 cm height, 4.3 

cm width, and a thickness of 1.3 cm (Figure 3.5). 

                                    

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Barrier slot used in the present study 

        (a) Front view of barrier slot        (b) Top view of barrier slot 
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3.2.3 Experimental Procedures 

Prior to each laboratory experiment, the porous chamber of the flow tank was filled with 

clear glass beads to simulate a coastal unconfined aquifer. The glass beads were tamped under 

fully saturated conditions to avoid air entrapment within the aquifer. The glass beads were 

packed from the bottom up to a height of 30.5 cm in layers of about 5 cm. The glass beads were 

carefully compacted within the flow tank to achieve a homogenous packing condition after each 

layer was complete. After filling the aquifer, the entire system was initially flushed with tap 

water at a constant rate from the overhead freshwater reservoir through a fixed hydraulic head 

gradient. This hydraulic gradient was large enough to transmit fresh water through the system 

toward the saltwater chamber. The freshwater and saltwater heads in the respective chambers 

were measured from the bottom of the flow tank. The system was then allowed to continue until 

it reaches a steady-state flow. After the freshwater flow stabilized, the in situ method similar to 

that applied by Goswami and Clement (2007) was adopted to estimate the hydraulic conductivity 

of the porous media. The average value was determined to be 0.251 cm/s. The porosity of the 

porous media was calculated using the volumetric method, and its mean value was measured as 

0.43. Table 3.2 presents the geometrical and hydraulic properties of porous media. 

Table 3.1: Properties of the porous media 

Parameter Value 

Average grain size, mm 0.57 

Average bulk density, g/cm3 1.443 

Specific gravity 2.49 

Average hydraulic conductivity, cm/s 0.251 

Porosity 0.43 

 

After a steady-state flow was established, the saltwater chamber was then fed quickly with 

the red-dyed saltwater solution from the overhead saltwater reservoir through the bottom to 

replace freshwater, and once the saltwater attained a constant level, the saltwater began to intrude 

the entirely freshwater aquifer. The saltwater intrusion process was then allowed to progress 

through the system until an equilibrium saltwater wedge position was obtained. As the saltwater 

intrusion process advanced, the location of the toe of the intruding wedge was determined and 

captured through digital images at different times. All the laboratory-scale experiments were 

performed after the establishment of the steady-state saltwater wedge. 

The left bottom corner of the central chamber was considered as the origin to record 

experimental observations. All the laboratory-scale experiments were captured at various time 

TH-2606_136104019



Chapter 3                  Laboratory-scale investigation of saltwater intrusion dynamics 

 

35 

 

intervals with a Nikon digital camera. A digital timer is used to record the experimental timing. 

The captured color images were cropped and presented at a suitable scale to provide better 

visualization. 

3.3 Laboratory-scale Experiments: Results and Discussions 

A series of physical experiments have been carried out in a laboratory-scale flow tank model 

in the present study. They are presented in the following sections. 

 

3.3.1 Pumping of freshwater 

 This first experiment has been carried out to investigate the effect of pumping on the 

saltwater intrusion dynamics in a coastal unconfined aquifer. The pump screen was initially 

emplaced within the aquifer at the desired location before packing the aquifer. That allows for 

starting the pump at any stage of the experiment without disruption of aquifer media. After filling 

the aquifer, the overflow outlet pipes were adjusted to maintain constant heads of 28.2 and 27.3 

cm on the freshwater and saltwater boundary, respectively. This hydraulic gradient allowed to 

transmit freshwater towards the saltwater boundary. The steady-state saltwater intrusion wedge 

was achieved in about 30 min in the experiment. After attaining the steady-state saltwater wedge, 

the extraction pump was then started at a rate of 2.52 cm3/sec. The time of starting the pump was 

noted as 30 min, and the location of the pump in the flow tank was: x = 33 cm, y = 4 cm, and z 

= 7 cm. The digital photographs were captured at different times to investigate the saltwater 

intrusion dynamics under the effect of pumping. This laboratory experiment was continued till 

at 58 min. 

Figure 3.6 shows the transport patterns of saltwater intrusion wedge under the pumping 

condition. The color image taken from the flow tank experiment at the steady-state is shown in 

Figure 3.6(a). At the steady-state, the toe of the saltwater wedge was located at 11 cm from the 

saltwater chamber, and the height of the wedge at the saltwater boundary (at x = 0) was 15 cm. 

Figure 3.6(b) and Figure 3.6(c) shows the saltwater wedge profile at 48 min and 58 min 

respectively. The toe and elevation of the saltwater wedge were estimated respectively as 26 cm 

and 23 cm (at t = 58 min). 
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                      (a) 30 min (Steady State)                                       (b) 48 min 

       

   (c) 58 min 

Figure 3.6: Pumping of freshwater experimental results at (a) 30, (b) 48, and (c) 58 min 

 

The digital data depicts that after the initiation of pumping, the saltwater wedge rapidly 

advances through the system towards the freshwater boundary. As the initiation of pumping 

establishes a transient flow pattern that leads to a lowering in the water table within the system, 

and consequently, the wedge moves towards the landward direction. It might have eventually 

reached the pump if the pumping was continued. From the experimental data, it can be observed 

that a considerable mixing of saltwater and freshwater occurs during the intrusion period. The 

mixing takes place due to the advection occurs as a result of pumping. The laboratory data also 

indicate that the saltwater wedge forms a slight finger-like pattern near the bottom of the flow 

tank. It may be due to the non-uniformity of the packing of the porous media within the flow 

tank. 

 

3.3.2 Injection of freshwater 

This experiment was conducted to examine the effects of freshwater injection on the 

saltwater wedge in unconfined coastal aquifer systems. This laboratory-scale experiment was 

continued from the previous experiment. After completing the previous experiment, the 

freshwater head in the right flow chamber was instantly increased, and the saltwater supply was 

stopped into the left chamber for some time. That allowed the saltwater wedge to flush out from 

the system completely. After that, the head in the freshwater chamber was then readjusted to 

28.2 cm as similar to the previous experiment. The head in the left flow chamber, as well as the 

position of the pump, was to remain unchanged from the previous experiment. The steady-state 
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saltwater intrusion wedge was reached in about 38 min. After steady-state saltwater wedge was 

attained, the injection pump was then initiated at a rate of 2.5 cm3/sec. The injection pump was 

started at 55 min and continued till 89 min. Similar to the previous experiment, digital 

photographs were recorded at different time intervals to examine the dynamics of the saltwater 

wedge with injection.  

Figure 3.7 indicates the transient datasets for the freshwater injection experiment. The 

transient datasets were recorded at various time intervals from starting of the experiment. The 

digital photograph taken at the steady-state is shown in Figure 3.7(a). At the steady-state, the toe 

of the saltwater wedge was located at 11 cm from the coastline, and the elevation of the wedge 

at the saltwater boundary (at x = 0) was 14 cm. Figure 3.7(b) and Figure 3.7(c) shows the 

transport patterns of the saltwater wedge from the steady-state. These photographs were taken at 

75 min and 89 min, respectively. The toe and elevation of the saltwater wedge were measured 

respectively as 8 cm and 10 cm (at t = 89 min). A slight reduction of the saltwater wedge profile 

has been observed from the steady-state. 

 

        

                      (a) 38 min (Steady State)                                         (b) 75 min 

 
(c) 89 min 

Figure 3.7: Freshwater injection experimental results at (a) 38, (b) 75, and (c) 89 min 

 

It can be seen in Figure 3.7, upon application of the injection pump, the saltwater wedge 

gradually recedes through the system towards the saltwater boundary as the initiation of 

freshwater injection establishes a transient flow pattern that leads to an increase in the water table 

within the system, and that injected freshwater flow regime drives the wedge towards the coast. 

Hence, it could be concluded that the injection of freshwater as a hydraulic barrier can be used 

for preventing the saltwater intrusion towards the inland side. 
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3.3.3 Flow barrier experiment 

In general, the construction of subsurface flow barriers is one of the most extensively used 

engineering countermeasures to prevent or mitigate the SI problems in coastal aquifers. A 

laboratory-scale experiment has successfully been conducted to assess the efficiency of bentonite 

clay slurry on controlling the problem. 

In this experiment, the barrier slot and pump screen were initially emplaced at the desired 

location within the porous media before the packing of the glass beads. That allows for starting 

the pump or installation of barrier material at any stage of the experiment without disruption of 

aquifer media. The slot for installing the flow barrier is placed within the porous media at a 

distance of 10 cm from the coastal boundary, as flow barriers are usually located at distances 

less than or equal to twice the aquifer height from the seaside (Japan Green Resources Agency, 

2004; Allow, 2012) and should be located within the saltwater wedge area for good effectiveness 

(Luyun et al., 2011). Bentonite clay slurry has been used as the barrier material in this study. 

The slurry was prepared by mixing 50 g of bentonite clay with tap water of 290 ml. Hydraulic 

conductivity of the used bentonite clay was determined by using the constant-head laboratory 

method, and the average value was estimated to be 1.39×10-10 cm/s. A thin layer of bentonite 

paste was also used on either side of the barrier slot to avoid any leakage of glass beads through 

sides. The height of water levels on the freshwater and saltwater boundary was set to 28.3 and 

27.3 cm, respectively, yielding a head difference of 1 cm in this experiment. The steady-state 

saltwater intrusion wedge was obtained in about 28 min. After reaching the steady-state saltwater 

wedge, the extraction pump was then started at a rate of 1.52 cm3/sec, and the subsequent 

migration pattern of the saltwater intrusion wedge was observed. The time of beginning the pump 

was noted as 29 min and stopped at 39 min. The location of the pump in the flow tank was: x = 

33.5 cm, y = 3.6 cm, and z = 15 cm. The barrier material was inserted carefully into the slot at 

35 min from starting the experiment. The experiment was continued until 85 min, and 

experimental observations were recorded at different time intervals. 

Figure 3.8 represents the transport patterns of saltwater intrusion wedge in the flow tank. 

The photographs were taken at 28, 42, and 85 min after starting the experiment. The color image 

taken from the experiment at the steady-state is shown in Figure 3.8(a). At the steady-state 

condition, the toe of the saltwater wedge was located at 7.5 cm from the saltwater boundary, and 

the height of the wedge at the coastline (at x = 0) was 22 cm. Figure 3.8(b) and Figure 3.8(c) 

show the saltwater wedge profile at 42 min and 85 min, respectively. After 6 min of pumping, 

the toe and elevation of the wedge were shifted to 9 cm and 24 cm, respectively. As can be 
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observed in Figure 3.8(c), the toe and height of the saltwater intrusion wedge were estimated 

respectively as 9 cm and 27 cm (at t = 85 min). 

 

       

                      (a) 28 min (Steady State)                                            (b) 42 min 

   

(c) 85 min 

Figure 3.8: Flow barrier experimental results at (a) 28, (b) 42, and (c) 85 min 

        

It has been observed from the experimental results (Figure 3.8) that after barrier 

implementation, the vertical extent of the saltwater wedge has increased while the horizontal 

extent remains the same as before. It reveals that there is no further movement of the saltwater 

wedge towards the freshwater aquifer. The study shows that physical barriers created by 

bentonite clay slurry can be employed for preventing the movement of the saltwater wedge 

towards the inland side. 

 

3.3.4 Contaminant transport above a saltwater wedge 

This experiment was performed to explore the contaminant transport processes occurring 

above the saltwater wedge in a coastal groundwater aquifer. In this experiment, the overflow 

outlet pipes were adjusted to maintain constant heads of 28.2 and 27.3 cm on the freshwater and 

saltwater boundary, respectively. This hydraulic gradient allowed to transmit freshwater towards 

the saltwater boundary. After achieving the steady-state saltwater wedge, about 12 ml of tracer 

slug was injected into the aquifer through a pipette to initiate the experiment. The pipette was 

initially buried within the aquifer while the aquifer media was wet packed. The tracer slug was 

poured at a constant rate with a fine-tipped syringe into the pipette. In this study, a food color 

(yellow) dye has been used as a tracer slug to visualize the contaminant transport patterns. The 
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location of the injection point was 22 cm from the coastal boundary and 16 cm above the bottom 

of the flow tank. The tracer plume was allowed to migrate with the freshwater flow, and the 

digital images were taken at various times after the injection. The time of injection of the tracer 

slug was recorded as 37 min from starting the experiment. 

The experimental results for the contaminant transport patterns injected above the saltwater 

wedge are shown in Figure 3.9. The steady-state condition was achieved in about 37 min. At the 

steady-state, the toe of the saltwater wedge was located at 13 cm from the saltwater boundary, 

and the elevation of the wedge at the coastline (at x = 0) was 17 cm. As can be seen in Figure 

3.9(a), the initial shape of the injected tracer slug is approximately circular. The laboratory result 

indicates that the tracer slug initially began to become sink, and this process was continued for 

about 30 min. As the tracer plume approaches the interface, the flow direction changes gradually, 

and the plume initiate to rise upwards under the influence of the wedge. It is a remarkable 

observation that the tracer slug traveled vertically along with the saltwater wedge, and the slug 

eventually discharged at the coastal boundary due to the strong advection-dominated flow 

condition that takes place near the wedge [Figure 3.9(c)]. Figure 3.9(b) and Figure 3.9(c) shows 

the migration pattern of the tracer plume in the flow tank. These photographs were captured at 

23 min and 48 min, respectively, after injection of the tracer slug. This experimental investigation 

demonstrates that the existence of the saltwater diffusion zone in coastal aquifers plays a vital 

role in the transport patterns of the contaminant plume. 

 

             

(a) 0 min                                                      (b) 23 min 

 

(c) 48 min 

Figure 3.9: Contaminant transport above saltwater wedge experimental results at (a) 0, (b) 

23, and (c) 48 min 
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3.3.5 Contaminant transport above a saltwater wedge under pumping 

condition 

This laboratory experiment was designed to study the effects of pumping on the contaminant 

migration patterns occurring above the saltwater interface. The height of water levels on 

freshwater and saltwater side were fixed to 28.2 cm and 27.3 cm, respectively as used in the 

previous experiment. The steady-state saltwater intrusion wedge was achieved in about 40 min. 

The injecting volume of the tracer slug was approximately 20 ml, and it was injected within 25 

sec, yielding an effective injection rate of 0.8 ml/sec. The coordinates of the injection point were: 

x = 13 cm and z = 23 cm. The injection procedure was similar to the previous experiment. After 

a noticeable movement of the tracer plume, the pump was then started at a rate of 2.16 cm3/sec. 

The location of pump in the flow tank was: x = 33 cm, y = 4 cm and z = 9 cm. The time of 

starting the pump was noted as 8 min after injecting the slug. Similar to the previous experiment, 

digital photographs were captured at different times to investigate the behavior of contaminant 

migration patterns. 

Figure 3.10 shows the transient datasets of the contaminant migration processes occurring 

above the saltwater interface under pumping conditions. The images were recorded from the 

flow tank experiment at 0, 15, 30 min after injecting the slug. Analysis of the digital image shows 

that the height of the saltwater wedge at the saltwater boundary (at x = 0) is 14 cm, and the toe 

of the wedge was approximately located at 12 cm from the coastal boundary at the steady-state 

condition. It can be seen in Figure 3.10(a), the initial shape of the injected slug is nearly circular. 

The tracer slug initially began to become sink, and this process was continued for about 5 min. 

As time evolved, the tracer plume migrated slightly upward owing to the buoyancy forces 

induced by density contrast between the freshwater and saltwater present in the system. 

Furthermore, upon application of the pump, the saltwater intrusion wedge rapidly advanced 

through the system towards the freshwater boundary. The tracer plume was also drawn along 

with the saltwater wedge towards the pump location [Figure 3.10(c)] as the initiation of pumping 

establishes a transient flow pattern that leads to a lowering in the water table within the system. 

Consequently, the tracer plume, along with the wedge moves towards the inland direction. It is 

remarkable to note that the upconing characteristics of the plume along with the saltwater wedge, 

take place near the pump as a result of pumping. 
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                          (a) 0 min                                                        (b) 15 min 

 

(c) 30 min 

Figure 3.10: Contaminant transport above the saltwater wedge under pumping condition 

experimental results at (a) 0, (b) 15, and (c) 30 min 

 

3.3.6 Contaminant transport on a saltwater wedge 

This laboratory-scale experiment was undertaken to simulate the contaminant transport 

patterns occurring on a saltwater wedge present in an unconfined coastal aquifer. In this 

experiment, the constant heads of 28.2 and 27.5 cm were set on the freshwater and saltwater 

boundary, respectively. The tracer slug almost 5 ml in volume was injected into the aquifer 

through a pipette, and the time of injection was noted as 34 min. The pipette was initially buried 

within the aquifer while the aquifer media was wet packed. The tracer slug was poured at a 

constant rate with a fine-tipped syringe into the pipette. A food color (yellow) dye has also been 

used as a tracer slug to visualize the behavior of contaminant transport patterns in this study. The 

total time taken for injection is 9 sec, yielding an effective injection rate of 0.55 ml/sec. The 

injection point was located at 9 cm from the saltwater chamber and 7 cm above the bottom 

boundary. This experiment was terminated at 40 min, after injecting the slug. 

Figure 3.11 represents the experimental data for transport patterns of the injected tracer slug 

on the saltwater wedge. The picture shows color images of the tracer slug as it moved from the 

injection point towards the discharge boundary. The digital images were captured at 0, 29, and 

40 min after injecting the tracer slug. The laboratory data implied that the tracer plume took 

almost 30 min to traverse the entire flow domain. In this laboratory experiment, the steady-state 

saltwater intrusion wedge was attained at about 34 min. At the steady-state condition, the toe of 
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the saltwater wedge was located at 14 cm from the shoreline, and the height of the wedge at the 

coastal boundary (at x = 0) was 17 cm. 

Initially, the shape of the tracer plume was almost circular at the time of injection (t = 0 min) 

[Figure 3.11(a)]. The injected tracer slug did not follow the ideal circular flow path, usually 

demonstrated in texts (Fetter, 2001; Goswami et al., 2009). As time progressed, the circular 

plume attained an elongated shape due to dispersion effects. That is because higher velocities 

take place near the wedge, creates a rapid transport of tracer plume mass along the dispersion 

zone, forming this elongated shape. This pattern can be observed in Figure 3.11(b). It is 

interesting to note that the tracer slug does not move further seaward through the saltwater 

intrusion wedge. However, as observed from laboratory results, the tracer plume travels 

vertically by forming a thin layer over the saltwater wedge. It then exits around the coastline 

because of the strong advective flow field present near the wedge [Figure 3.11(c)]. 

 

            

(a) 0 min                                                            (b) 29 min 

 

(c) 40 min 

Figure 3.11: Contaminant transport on saltwater wedge experimental results at (a) 0, (b) 

29, and (c) 40 min 

 

3.3.7 Contaminant transport on a saltwater wedge under pumping condition 

This experiment aims to study the effects of pumping on the behavior of contaminant 

transport processes occurring on the saltwater interface. This laboratory experiment was 

performed immediately after the completion of the previous experiment. The pump was then 

initiated in the system at the rate of 1.45 cm3/sec, and the subsequent migration patterns of 

contaminant plume were observed. The location of pump in the flow tank was: x = 29 cm, y = 
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3.2 cm and z = 7 cm. This experiment was continued until 16 min from the beginning of the 

experiment. 

The laboratory results for the transport patterns of the injected tracer plume on the saltwater 

wedge with pumping conditions are shown in Figure 3.12. The experimental images were 

recorded at 0, 8, and 16 min after starting the experiment. As expected, upon application of the 

pump, the saltwater wedge was started to advance into the freshwater system rapidly. It can be 

seen in Figure 3.12(c), the tracer plume was also drawn along with the saltwater wedge towards 

the pump location. An upconing characteristics of the contaminant plume along with the 

saltwater wedge, also takes place near the pump because of pumping. 

 

       

(a) 0 min                                                               (b) 8 min 

 

(c) 16 min 

Figure 3.12: Contaminant transport on saltwater wedge under pumping condition 

experimental results at (a) 0, (b) 8, and (c) 16 min 

 

3.3.8 Horizontal clay lens experiment 

This experiment focuses on studying the flow dynamics in the presence of a horizontal clay 

lens in an unconfined coastal aquifer system. To replicate a clay lens, an approximately 3 cm 

thick layer of bentonite clay was placed inside the flow tank. The clay lens was prolonged 

horizontally from the left side of the flow tank to a distance of about 28 cm and at the height of 

20 cm from the bottom of the tank. It was covered the entire width of the flow tank. The pump 

screen was initially emplaced within the flow tank before packing the aquifer, and the location 

of the pump in the flow tank was: x = 32 cm, y = 2 cm, and z = 25 cm. In this experiment, the 

height of water levels on the freshwater and saltwater boundary was set to 28.5 and 27.5 cm, 
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respectively, yielding a head difference of 1 cm. The steady-state saltwater intrusion wedge was 

reached in about 37 min in the experiment. After achieving the steady-state saltwater wedge, the 

extraction pump was then started at a rate of 1.8 cm3/sec, and the subsequent migration pattern 

of the saltwater intrusion wedge was observed. The time of starting the pump was noted as 45 

min and continued till 89 min. This experiment was terminated at 89 min after beginning the 

experiment, and experimental observations were captured through digital images at different 

time intervals. 

Figure 3.13 represents the transport patterns of saltwater intrusion wedge in the presence of 

a horizontal clay lens. The photographs were taken at 37, 62, and 89 min after starting the 

experiment. The color image taken from the experiment at the steady-state is shown in Figure 

3.13(a). As can be seen in Figure 3.13(a), there are two saltwater intrusion wedge develops, one 

at the base of the aquifer, and the other one above the clay lens. Because of the presence of a 

horizontal stratified layer, it was observed that in addition to the formation of the usual saltwater 

wedge, there was an additional wedge formed on top of the clay lens. At the steady-state 

condition, the toe of the upper wedge was located at 3 cm from the saltwater boundary, and the 

elevation of the wedge at the coastline (at x = 0) was 2.5 cm. Also, the toe of the lower wedge 

was located at 13 cm from the coast, and the height of the wedge at the saltwater boundary (at x 

= 0) was 15 cm. Figure 3.13(b) and Figure 3.13(c) shows the transport patterns of the saltwater 

wedges at 62 min and 89 min, respectively. It can be seen in Figure 3.13(b), upon application of 

the pump, both the saltwater intrusion wedges advance rapidly through the system towards the 

freshwater boundary as the initiation of pumping establishes a transient flow pattern that leads 

to a depleting in the water table within the system. As a result of this, the wedges move towards 

the landward direction. At later times, the finger-like patterns have been observed in both the 

wedges [Figure 3.13(c)]. A slight upconing characteristic also occurs in the lower wedge because 

of pumping. It may be due to the extreme mixing of saltwater and freshwater flows near the 

interface as a result of pumping. The intruded wedge might have eventually reached the pump if 

the pumping was continued. 

 

        

                      (a) 37 min (Steady State)                                            (b) 62 min 
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(c) 89 min 

Figure 3.13: Horizontal clay lens experimental results at (a) 37, (b) 62, and (c) 89 min 

 

3.3.9 Contaminant transport with horizontal clay lens 

This experiment was performed to investigate the behavior of contaminant migration 

patterns under the influence of a horizontal clay lens in an unconfined coastal aquifer. This 

laboratory-scale experiment was continued from the previous experiment. After completing the 

previous experiment, the extraction pump was then stopped, and the tracer slug about 5 ml in 

volume was injected into the aquifer through a pipette. The pipette was initially buried inside the 

flow tank while the aquifer media was wet packed. The tracer slug was poured at a constant rate 

with a fine-tipped syringe into the pipette. In this study, a food color (yellow) dye has been used 

as a tracer slug to visualize the behavior of contaminant transport patterns. The location of the 

injection point was noted as x = 20 cm, y = 0.7 cm and z = 23.5 cm. The tracer slug was allowed 

to migrate with the ambient freshwater flow, and experimental observations were recorded at 

different times. The time of injection of the tracer slug was recorded as 35 min from starting the 

experiment. 

The experimental data of the contaminant transport patterns under the influence of a clay 

lens are shown in Figure 3.14. The digital images were recorded to examine the behavior of the 

contaminant migration patterns, and photographs were taken at 0, 17, and 37 min after injecting 

the tracer slug. Figure 3.14 shows the tracer plume as it moves from the injection point towards 

the saltwater boundary. Figure 3.14(a) was captured instantly after the injection, and it indicates 

that the initial shape of the injected tracer slug was nearly circular. As time advanced, the tracer 

slug transported towards the saltwater wedge and eventually attained an elongated shape when 

it came closer to the saltwater wedge. The tracer slug did not follow the ideal circular flow path. 

Due to the higher level of mixing taking place near the interface, the plume formed an elongated 

shape as it approached the freshwater-saltwater interface. The shape of the migrating plume was 

elongated, as shown in Figures 3.14(b) and 3.14(c). It has also been observed that the tracer 

plume moved vertically along the top surface of the saltwater wedge because of the active 
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advective flow field present near the wedge. As can be seen in Figure 3.14(c), the plume 

eventually discharged at the saltwater boundary. 

 

        

                                  (a) 0 min                                                       (b) 17 min 

 

(c) 37 min 

Figure 3.14: Contaminant transport with horizontal clay lens experimental results at (a) 0, 

(b) 17, and (c) 37 min 

3.4 Summary and Conclusions 

Saltwater intrusion into coastal aquifers has become a prominent environmental problem 

worldwide since about 70% of the world’s population lives in coastal regions. The interest in 

better understanding the mechanism of saltwater intrusion processes in coastal aquifers is, 

therefore, garnering increased attention in the last few decades. The overall goal of this work is 

to perform laboratory-scale experiments with regard to develop a better scientific understanding 

of the dynamics of saltwater intrusion processes in a coastal unconfined aquifer. In this effort, a 

series of physical experiments have been carried out in a laboratory-scale aquifer model to have 

a better understanding of the dynamics of this phenomenon under different scenarios. 

The experimental setup designed in this study that could be used to simulate groundwater 

flow and contaminant transport processes in unconfined coastal aquifers. The mixing of 

freshwater and saltwater inside the saltwater chamber was nominal during the experiments, and 

therefore, the system was capable of simulating the constant-head saltwater boundary condition. 

The experimental results are used to develop a better understanding of the dynamics of saltwater 

intrusion processes in a coastal unconfined aquifer. The laboratory data presented in this study 

can be used for testing the performance of density-coupled flow and transport models. The 
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findings from this investigation would be useful to understand better the saltwater intrusion 

processes occurring in a coastal unconfined aquifer. 

An investigation has successfully been conducted to assess the efficiency of bentonite clay 

slurry on controlling the SI problem in the present study. As experimental results reveal that 

there is no further movement of the saltwater intrusion wedge towards the inland side after the 

barrier implementation. The research suggests that the physical barrier created by bentonite 

slurry can be employed for preventing the movement of saltwater intrusion in coastal aquifer 

systems. The laboratory data indicate that a considerable mixing of saltwater and freshwater 

flows during the initial intrude period. Further, the effect of pumping on the saltwater intrusion 

dynamics has been studied, and results show that the saltwater interface rapidly advances through 

the system towards the freshwater aquifer after the application of pumping. Moreover, the 

influence of the injection of the freshwater on the dynamics of saltwater intrusion processes has 

also been investigated in this study. This study suggests that the saltwater wedge gradually recede 

through the system towards the saltwater boundary upon injection of freshwater and could be 

concluded that the injection of freshwater as a hydraulic barrier can be used in impeding saltwater 

intrusion in coastal aquifers.     

However, contaminant transport in a coastal aquifer system is a significant concern owing 

to its impact on the coastal marine and estuarine environments. An exhaustive understanding of 

contaminant transport in coastal aquifers is, therefore, necessary to manage the contaminant 

problems effectively. In this effort, laboratory-scale experiments have been conducted to 

investigate the contaminant transport processes occurring above and on a saltwater wedge in 

coastal aquifers under pumping or without pumping conditions. The main purpose of these 

experiments is to examine the behavior of contaminant transport patterns in an unconfined 

coastal aquifer under pumping conditions. The experimental data indicate that the contaminant 

travels upward towards the seaward boundary when it approaches the saltwater wedge and then 

exits around the coastline. It is a remarkable observation that the contaminant plume does not 

travel further seaward through the saltwater intrusion wedge. As expected, upon installation of 

the pump, the saltwater intrusion wedge starts to advance into the freshwater system rapidly, and 

contaminant plume is also drawn along with the saltwater wedge towards the pump location. The 

experimental data also clearly show that the injected tracer slug did not follow the ideal circular 

flow path. The circular plume forms an elongated shape as it approaches the saltwater-freshwater 

interface due to a strong advection effect near the saltwater wedge. The experimental 

TH-2606_136104019



Chapter 3                  Laboratory-scale investigation of saltwater intrusion dynamics 

 

49 

 

investigations demonstrate that the saltwater diffusion zone present in the coastal aquifer system 

plays a pivotal role in the behavior of contaminant transport. 

Furthermore, an experiment has also been undertaken to understand the behavior of 

contaminant plume in unconfined coastal aquifers under the influence of a horizontal clay lens. 

The laboratory results show that there are two saltwater intrusion wedges develop, one at the 

base of the aquifer, and the other one above the clay lens. Because of the presence of a horizontal 

stratified layer, it has been observed that in addition to the formation of the usual saltwater 

wedge, there is an additional wedge form on top of the clay lens. Experimental results also show 

that the contaminant travels vertically along the top surface of the saltwater wedge towards the 

seaward boundary. 
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CHAPTER 4 
 

Numerical Investigation of Saltwater Intrusion Processes  

4.1 Introduction 

The rising demand for freshwater in different domestic, industrial, and agricultural sectors 

in coastal regions is emplacing more emphasis on the development of groundwater resources. 

The groundwater available in an unconfined and confined aquifer already constitutes the only 

reliable source of freshwater resources to satisfy the daily water requirements for coastal 

populations. As a result of the indiscriminate and overexploitation of groundwater resources 

along with reduced natural recharge, especially in arid and semi-arid coastal zones, leads to the 

significant decline of groundwater levels and resulting in saltwater intrusion problems within 

coastal aquifers. Moreover, natural events such as climate change and sea-level rise also 

accelerate seawater to intrude into fresh coastal groundwater aquifers. It causes severe 

consequences on the environment, ecology, and the economy of the coastal zones. As such, 

protection and sustainable utilization of groundwater resources of these regions undertake great 

significance. Therefore, it is imperative to study the dynamics of saltwater intrusion processes in 

coastal aquifers so as to investigate their transport patterns and work out appropriate remedial 

countermeasures for sustainable management of coastal aquifer systems. 

In general, the simulation of saltwater intrusion process in a coastal aquifer is intrinsically 

complicated and highly nonlinear as the flow and transport processes are density-dependent. 

However, mathematical models, i.e., either analytical or numerical, can solve the real-world 

saltwater intrusion problems. The saltwater intrusion process could be mathematically modeled 

by partial differential equations characterizing the flow and transport processes. Hence, modeling 

of saltwater intrusion process in coastal aquifer systems involves a coupled groundwater flow 

equation with a solute transport equation. These density-dependent flow and transport equations 

represent the behavior of the saltwater intrusion process and are solved in order to simulate the 

saltwater intrusion process in coastal aquifers. The solution of the solute transport equation 

depends on the groundwater flow field, which is generally affected by salt and distribution of its 

density in the groundwater field. The simultaneous solution of these two coupled equations leads 

to high non-linearity in the simulation of density-driven flow and transport processes. Indeed, an 

exact solution of groundwater flow and transport equation can be obtained by using analytical 

models. Nevertheless, it is sometimes unable by analytically to simplify the 3D differential 
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equations easily. On the other hand, numerical models could also be used to solve three-

dimensional groundwater flow and solute transport problems. It provides an efficient solution to 

a problem quickly. Thus, the interest is mainly on numerical modeling to simulate the saltwater 

intrusion processes in coastal aquifers in the present study. However, there are various density-

driven groundwater simulation models such as the SUTRA (Voss, 1984; Voss and Provost, 

2010), FEFLOW (Diersch, 1988), FEMWATER (Lin et al., 1997), and SEAWAT (Guo and 

Langevin, 2002), which can solve the complex density-dependent groundwater flow and 

transport phenomenon. Therefore, the variable-density flow and transport model FEMWATER 

(Lin et al., 1997) is adopted to simulate the flow and transport processes in the coastal aquifer 

system.  

4.2 Density-dependent flow and transport simulation model 

The density-dependent flow and transport simulation model FEMWATER (Lin et al., 1997) 

is used to simulate the coupled flow and transport processes in coastal aquifers. FEMWATER is 

a three-dimensional (3D) finite-element based model that can simulate the variable-density flow 

and mass transport through saturated-unsaturated porous media. It was developed as a 

collaborative effort of the U.S. Environmental Protection Agency (AERL) and the U.S. Army 

Engineer Waterways Experiment Station (WES) from two previous models, 3DFEMWATER 

(Yeh, 1987) and 3DLEWASTE (Yeh, 1990). The model is developed by combining the two 

codes, 3DFEMWATER (flow) and 3DLEWASTE (transport), into a single coupled flow and 

transport model. The FEMWATER model is integrated into the Department of Defense 

Groundwater Modeling System (GMS © Aquaveo). The relevant governing equations used in 

FEMWATER are as follows (Lin et al., 1997). 

 

4.2.1 Flow Equation 

The governing equation for flow is the modified Richards equation, which is as follows (Lin 

et al., 1997): 

        
0 0 0
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       

    
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t

  
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. K.        (4.1) 

 

Where, F = storage coefficient, h = pressure head, t = time, K = hydraulic conductivity 

tensor, z = potential head, q = source and/or sink, ρ = water density at solute concentration C, 
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0ρ = reference water density corresponding to zero solute concentration, ρ* = density of either 

the injection fluid or the withdrawn water. 

The storage coefficient F is defined as, 

' '
dS

F n
n dh


        (4.2) 

Here, ' is the modified compressibility of the porous medium, ' is the modified 

compressibility of the water, n is the porosity of the porous medium, θ is the moisture content, h 

is the pressure head, and S is the degree of saturation. 

The hydraulic conductivity K depends on fluid density (ρ), viscosity (µ), and acceleration 

due to gravity (g). The hydraulic conductivity K is defined as, 
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Where, ρ = water density at solute concentration C, 

            0ρ = reference water density corresponding to zero solute concentration, 

             = dynamic viscosity of water at solute concentration C, 

                   0 = reference dynamic viscosity at zero solute concentration, 

                   g = acceleration due to gravity, 

                   k = permeability tensor, 

                   sk = saturated permeability tensor, 

                   rk = relative permeability or relative hydraulic conductivity, 

                   soΚ = reference saturated hydraulic conductivity tensor. 

The reference value is usually taken at zero solute concentration. The density (ρ) and 

dynamic viscosity (µ) of water are functions of solute concentration and are assumed to make 

the following form, 

2 3

1 2 3 4

0

a a c a c a c



                                                                                                      (4.4) 

and 

2 3

5 6 7 8

0

a a c a c a c



                                                                                                       (4.5) 
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Where 1a , 2a , 3a , 4a , 5a , 6a , 7a , 8a  are the parameters used to define concentration dependence 

of water density and viscosity, and c is the solute concentration. 

The Darcy velocity is calculated as given below, 

0 
    

 
h z




V K.    (4.6) 

 

4.2.2 Flow initial condition 

The appropriate initial condition is to be specified to solve the flow equation (Equation 4.1). 

The initial condition for the flow equation is given by Equation (4.7): 

  , ,ih h x y z  in R                                                                                                           (4.7) 

Where, R is the region of interest, and ih  is the prescribed initial condition, which can be 

obtained by physical measurements or by solving the steady-state form of Equation (4.1). 

 

4.2.3 Flow boundary condition 

The appropriate boundary condition is also to be specified to solve the flow equation. For a 

steady-state problem, the only boundary condition is required, and for the transient state problem, 

both initial and boundary conditions are necessary to solve the flow equation. A no-flow 

boundary condition is considered on all boundaries other than a constant head boundary for the 

freshwater and saltwater side boundary given by, 

        , , ,d b b bh h x y z t  on dB    (4.8) 

Where, ( bx , by , bz ) = spatial coordinate on the boundary, 

             dB = Dirichlet boundary, 

             dh = head on the Dirichlet boundary. 

 

4.2.4 Transport Equation 

The governing equation for transport is derived based on the continuity of mass and flux 

laws, which is as follows (Lin et al., 1997): 
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  (4.9) 

Where, b = bulk density of the porous medium, C = solute concentration in the aqueous 

phase, Sa = solute concentration in adsorbed phase, t = time, = del operator, D = dispersion 

coefficient tensor, ' = compressibility of the porous medium, h = pressure head, = decay 

constant, m = artificial mass rate, q = source rate of water, Cin = solute concentration in the 

source, Kw = first-order biodegradation rate constant through the dissolved phase, Ks = first-order 

biodegradation rate through the adsorbed phase, F = storage coefficient,  = water density at 

solute concentration C, 0 = reference water density at zero solute concentration, * = density of 

either the injection fluid or the withdrawn water. The decay, adsorption, biodegradation, and 

artificial mass flow are neglected in this study. 

The dispersion coefficient D is given by, 

           T L T ma a a a 
VV

D V
V

                                                                                 (4.10) 

Where, |V| = magnitude of V, = Kronecker delta tensor, La = longitudinal dispersivity, Ta

= lateral dispersivity, ma = molecular diffusion coefficient,= tortuosity. 

 

4.2.5 Transport initial condition 

The appropriate initial condition is to be specified to solve the transport equation (Equation 

4.9). The initial condition for the transport equation is given by equation (4.11): 

       , ,ic = c x y z  in R                                                                                                          (4.11) 

Where, R is the region of interest, and ic is the prescribed initial condition, which can be 

obtained by physical measurements. 

 

4.2.6 Transport boundary condition 

The appropriate boundary condition is also to be specified to solve the transport equation. 

For a steady-state problem, the only boundary condition is required, and for the transient state 
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problem, both initial and boundary conditions are necessary to solve the transport equation. A 

Dirichlet boundary condition of constant concentration, given by the following, was assigned to 

the saltwater side boundary; 

        , , ,d b b bc c x y z t  on dB     (4.12) 

Where, ( bx , by , bz ) = spatial coordinate on the boundary, 

            dc  = concentration on the Dirichlet boundary, 

           dB  = Dirichlet boundary. 

The saltwater boundary salinity concentration was assigned as 35 g/L, representing the 

average salinity level of sea or oceans. 

The FEMWATER simulates the flow and transport equations along with the initial and 

boundary conditions for the variable-density flow and mass transport through saturated-

unsaturated porous media. FEMWATER uses the Galerkin finite element method to approximate 

the flow equation and uses a weighted residual finite element technique to approximate the 

transport equation. The flow and transport processes represented by equations 4.1 and 4.9 are 

coupled together by the density coupling coefficient, and Darcy velocities, which makes the 

saltwater intrusion problems as complex and highly nonlinear.          

4.3 Model Development 

The numerical model has been built up to simulate the flow, and transport processes for the 

experimental setup and simulations have been carried out to verify the physical phenomenon for 

all the laboratory-scale experiments presented in Chapter 3. The main goal of the simulation was 

to evaluate the consistency of the experimental results with the numerical predictions and to 

explain the experimental results better. The numerical description of the experimental setup 

involves a rectangular domain of 45 cm × 30.5 cm, as shown in Figure 4.1. 

 

Figure 4.1: Computation domain and boundary conditions used in the numerical model 
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The left and right side boundaries of the model were assigned as the coastal and inland 

boundary, respectively. Hydrostatic pressure boundary conditions were applied on the right-side 

boundary (C = 0%) and to the left-side boundary (C = 100%). A concentration of 35 g/L was 

specified at the saltwater boundary. Constant-head boundary conditions were imposed at both 

the freshwater and saltwater side. The base of the domain was bounded by an impervious 

boundary. A zero mass flux boundary conditions were specified at the top, the front and the 

backside of the computational domain. 

The initial condition used in the numerical model was that of an entirely freshwater aquifer. 

The freshwater and saltwater boundary conditions were assigned upon the system, and the 

system was allowed to reach the steady-state condition. The value of time step Δt was set at 60 

s in the simulations. 

The longitudinal dispersivity ( La ) was fixed for the porous media as the minimal diameter 

of the glass beads (Luyun et al., 2009). A transverse dispersivity ( Ta ) was assumed to be 1/10 

of the longitudinal dispersivity (Goswami and Clement, 2007). The longitudinal dispersivity and 

transverse dispersivity values were assigned to be 0.057 cm and 0.0057 cm, respectively. The 

other numerical parameters used in this study are listed in Table 4.1. All other parameters were 

fixed at the default values in the FEMWATER. 

Table 4.1: Parameters of Numerical Simulation 

Parameter Value Source 

Bulk density 1.443 g/cm3 Measured 

Freshwater density 0.997 g/cm3 Measured 

Saltwater density 1.025 g/cm3 Measured 

Viscosity of freshwater 0.00851 g/cm.s Measured 

Viscosity of saltwater 0.00918 g/cm.s Measured 

Molecular diffusion coefficient 1×10-5 cm2/s Freeze and Cherry (1979) 

Porosity 0.43 Measured 

 

The parameters used to define the concentration dependence of water density and viscosity 

in FEMWATER are listed in Table 4.2. The coefficients described in Table 4.2 are common for 

all the numerical simulations. 
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Table 4.2: Parameters used to define the concentration dependence of water density and 

viscosity 

Coefficient Value 

a1 1 

a2 0.0008821711 

a3 0 

a4 0 

a5 

a6 

1 

0.01880109 

a7 0 

a8 0 

 

4.4 Numerical Simulations: Results and Discussions 

A series of numerical simulations have been carried out using the variable-density flow and 

transport model FEMWATER (Lin et al., 1997). In this section, all the laboratory-scale 

experimental results are compared against numerical predictions. The comparison of the 

numerical and experimental results shows that the numerical prediction is in good agreement 

with the experimental results. They are presented in the following sections. 

 

4.4.1 Pumping of freshwater 

The first numerical investigation has been performed to investigate the effect of pumping 

on the saltwater intrusion dynamics in a coastal unconfined aquifer. The entire model domain 

was split into 15008 nodes and 25730 elements with ∆x = 1 cm, ∆y = 0.85 cm and ∆z = 0.984 

cm. The constant heads of 28.2 and 27.3 cm was set on the freshwater and saltwater boundary, 

respectively, in the numerical model as similar to the physical experiment. The simulation of the 

pump was given through a point source extraction at the node, whereas the pump screen was 

present in the laboratory experiment, and the flow rate of the extracted water was given as the 

negative (-) value. The location of the pump in the simulation model was: x = 33 cm, y = 4 cm, 

and z = 7 cm. The rate of extraction of the pump was 2.52 cm3/sec within the system, and the 

subsequent migration pattern of the saltwater intrusion wedge was simulated. The comparison 

of the numerical and experimental results for the pumping of the freshwater experiment is 

presented in Figure 4.2. 
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(a) 30 min (Steady State) 

      

(b) 48 min 

      

(c) 58 min 

Figure 4.2: Comparison of numerical and experimental results for pumping of the 

freshwater experiment at (a) 30, (b) 48, and (c) 58 min 

 

The observational results at the steady-state are shown in Figure 4.2(a). The steady-state 

saltwater intrusion wedge was achieved in about 30 min. At the steady-state condition, the toe 

of the saltwater wedge was 11 cm in both the physical experiment and numerical simulation. The 

time of starting the pump was at 30 min in the simulation. The results show that the saltwater 

wedge rapidly advances through the system towards the freshwater boundary after the initiation 

of the pump [Figure 4.2(b)], as the initiation of pumping establishes a transient flow pattern that 

leads to a lowering in the water table within the system and thereby causing a slight extension of 

the toe length of the wedge. After 28 min of pumping [Figure 4.2(c)], the toe of the saltwater 

wedge was estimated at 26.5 cm in the simulation, as compared to 26 cm in the physical 

experiment. The simulation result indicates that the intrusion wedge moves towards the pump in 

a slight cone-shaped formation. It might have eventually reached the pump if the pumping was 

continued. That could not be observed in the physical experiment. It may be due to the extreme 

mixing of saltwater and freshwater flows near the interface as a result of pumping. As can be 

seen from experimental results, the saltwater wedge forms a slight finger-like pattern near the 
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bottom of the aquifer. It may be due to the non-uniformity of packing of the porous media within 

the aquifer. The simulated data, however, did not show this pattern. 

 

4.4.2 Injection of freshwater 

This numerical simulation was conducted to examine the effects of freshwater injection on 

the saltwater wedge in unconfined coastal aquifer systems. The model domain was split into 

15008 nodes and 25730 elements with ∆x = 1 cm, ∆y = 0.85 cm and ∆z = 0.984 cm. The 

simulation of the pump was given through a point source injection at the node, whereas the pump 

screen was present in the physical model, and the flow rate of the injected water was given as 

the positive (+) value. The constant heads of 28.2 and 27.3 cm was set on the freshwater and 

saltwater boundary, respectively, in the numerical model. The position of the pump was similar 

in the previous simulation. The steady-state saltwater intrusion wedge was reached in about 38 

min. After steady-state saltwater wedge was attained, the injection pump was then initiated 

within the system at a rate of 2.5 cm3/sec. The injection pump was started at 55 min and continued 

till 89 min in the simulation. Figure 4.3 represents the comparison of observed data with 

numerical predictions for the injection of the freshwater experiment. 

 

        

(a) 38 min (Steady State) 

       

(b) 75 min 
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(c) 89 min 

Figure 4.3: Comparison of observed data with numerical predictions for the injection of 

the freshwater experiment at (a) 38, (b) 75, and (c) 89 min 

The results shown in Figure 4.3(a) compare the steady-state numerical result predicted by 

the simulation model against experimental data. At the steady-state, the toe of the saltwater 

wedge was estimated at 10.8 cm from the coastline in the simulation, as compared to 11 cm in 

the physical experiment. Figure 4.3(b) and Figure 4.3(c) shows the comparison of numerical and 

experimental results of the transport patterns of the saltwater wedge from the steady-state. It can 

be seen in Figures 4.3(b) and 4.3(c) that the saltwater intrusion wedge gradually receded through 

the system towards the saltwater boundary upon application of the injection of the freshwater. 

As the initiation of freshwater injection establishes a transient flow pattern that leads to an 

increase in the water table within the system, and that injected freshwater flow regime drives the 

wedge towards the saltwater boundary. After 34 min of freshwater injection [Figure 4.3(c)], the 

toe of the saltwater wedge was measured as 8 cm from the shoreline in the experiment. However, 

it was 8.6 cm in the numerical simulation. A slight reduction of the saltwater wedge profile has 

been observed in both numerical simulation and physical experiments. Hence, it could be 

concluded that the injection of freshwater as a hydraulic barrier can be used for preventing 

saltwater intrusion in coastal aquifers. 

 

4.4.3 Flow barrier experiment 

The purpose of this numerical simulation is to assess the efficiency of bentonite clay slurry 

on controlling the saltwater intrusion problem. In general, the construction of subsurface flow 

barriers is one of the most extensively used engineering countermeasures to prevent or mitigate 

this problem in coastal aquifers. However, the flow barrier was simulated in the numerical model 

by assigning the hydraulic conductivity as 1.39×10-10 cm/s to the elements of interest that 

correspond to the value measured by experimentally. The width of the flow barrier was imposed 

to 1.3 cm. Numerical simulation was carried out with the flow barrier set at the location of 10 

cm as measured from the coastal boundary. Again, the simulation of the pump was given through 

a point source extraction at the node, where the pump screen was present in the physical 
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experiment, and the flow rate of the extracted water was given as the negative (-) value. The 

location of the pump in the numerical model was: x = 33.5 cm, y = 3.6 cm, and z = 15 cm. The 

height of water levels on the freshwater and saltwater boundary was also set to 28.3 and 27.3 

cm, respectively, yielding a head difference of 1 cm in this simulation. The model domain was 

split into 12512 nodes and 21204 elements with ∆x = 1.125 cm, ∆y = 0.85 cm and ∆z = 0.984 

cm. 

The steady-state saltwater intrusion wedge was obtained after about 28 min in both the 

experimental and numerical results. After reaching the steady-state saltwater wedge, the 

extraction pump was then started at a rate of 1.52 cm3/sec, and the subsequent migration pattern 

of the saltwater intrusion wedge was simulated. The time of beginning the pump was noted as 

29 min and stopped at 39 min in the simulation. The flow barrier was introduced at 35 min from 

starting the simulation. Numerical simulation was continued until 85 min, and simulation results 

were analyzed at different time intervals. Figure 4.4 indicates the comparison of experimental 

data with numerical predictions for the flow barrier experiment. 

 

       

(a) 28 min (Steady State) 

       

(b) 42 min 

     

(c) 85 min 

Figure 4.4: Comparison of experimental data with numerical predictions for the flow 

barrier experiment at (a) 28, (b) 42, and (c) 85 min 

TH-2606_136104019



Chapter 4                            Numerical investigation of saltwater intrusion processes 

 

62 

 

Figure 4.4(a) represents the transport patterns of the saltwater intrusion wedge at the steady-

state condition. At the steady-state, the toe of the saltwater wedge was located at 7.87 cm from 

the saltwater boundary, and the height of the wedge at the coastline (at x = 0) was 22 cm in the 

numerical simulation. This agrees well with the 7.5 cm and 22 cm, respectively measured in the 

laboratory experiment. Figure 4.4(b) and Figure 4.4(c) show the saltwater wedge profile at 42 

min and 85 min, respectively. The simulation results demonstrate that the saltwater wedge 

rapidly advances through the system towards the freshwater boundary after initiation of the 

extraction pump, similar to that observed in the physical experiment. After 6 min of pumping, 

the toe and height of the wedge were shifted to 9 cm and 23.3 cm, respectively, in simulation. It 

could be seen in Figure 4.4(c), the elevation of the saltwater wedge has raised after the barrier 

implementation. Although the toe of the saltwater intrusion wedge slightly migrated towards the 

flow barrier, it did not pass through the barrier. The toe and elevation of the saltwater wedge 

were estimated respectively as 9.4 cm and 26.7 cm (at t = 85 min). Therefore, it reveals that there 

is no further movement of the saltwater wedge through the barrier towards the freshwater aquifer. 

The study shows that physical barriers created by bentonite clay slurry can be employed for 

preventing the movement of the saltwater wedge towards the landward side. 

 

4.4.4 Contaminant transport above a saltwater wedge 

This numerical simulation was performed to explore the contaminant transport processes 

occurring above the saltwater wedge in a coastal groundwater aquifer. The model domain was 

split into 15008 nodes and 25730 elements with ∆x = 1 cm, ∆y = 0.85 cm and ∆z = 0.984 cm. 

The constant heads of 28.2 and 27.3 cm were fixed on the freshwater and saltwater boundary, 

respectively, for the entire simulation. In this simulation, the steady-state condition was achieved 

in about 37 min. After attaining the steady-state saltwater wedge, a tracer slug was introduced 

within the system to simulate the contaminant transport patterns. The simulation of tracer slug 

was given as point boundary condition at the required node. The location of the tracer slug was 

22 cm from the coastal boundary and 16 cm above the bottom of the computational domain, 

whereas it was injected in the laboratory experiment. The tracer plume was allowed to migrate 

with the freshwater flow, and the simulated results were analyzed at various times. The numerical 

predictions are compared against the observed data for contaminant transport above a saltwater 

wedge experiment in Figure 4.5. 
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(a) 0 min 

      

 (b) 23 min 

      

(c) 48 min 

Figure 4.5: Comparison of numerical predictions with experimental results for contaminant 

transport above the saltwater wedge experiment at (a) 0, (b) 23, and (c) 48 min 

 

Figure 4.5(a) shows the numerical and experimental results just after introduce the tracer 

slug. The toe of the saltwater wedge is located at 14 cm from the saltwater boundary in the 

simulation, as compared to 13 cm in the experimental observation. As seen in Figure 4.5(a), the 

initial shape of the tracer slug is almost circular. The laboratory result indicates that the tracer 

slug initially began to become sink, and this process was continued for about 30 min. The 

simulation model was not able to replicate this sinking pattern. As the tracer plume approaches 

the interface, the flow direction changes gradually, and the plume initiate to rise upwards under 

the influence of the wedge. It is a remarkable observation that the tracer slug traveled vertically 

along with the saltwater wedge, and the slug eventually discharged at the coastal boundary due 

to the strong advection-dominated flow condition that takes place near the wedge [Figure 4.5(c)]. 

This investigation demonstrates that the existence of the saltwater diffusion zone in coastal 

aquifers plays a vital role in the transport patterns of the contaminant plume. 
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4.4.5 Contaminant transport above a saltwater wedge under pumping 

condition 

This simulation was designed to study the effects of pumping on the contaminant migration 

patterns occurring above the saltwater interface. The model domain was split into 15008 nodes 

and 25730 elements with ∆x = 1 cm, ∆y = 0.85 cm and ∆z = 0.984 cm. The height of water levels 

on freshwater and saltwater side were set to 28.2 cm and 27.3 cm, respectively, as used in the 

laboratory model. The steady-state saltwater intrusion wedge was established in about 40 min in 

this simulation. After reaching the steady-state saltwater wedge, a tracer slug was introduced in 

the system to simulate the contaminant transport patterns. The location of the tracer slug within 

the model was: x = 13 cm and z = 23 cm. After a noticeable movement of the tracer plume, the 

extraction pump was then started at a rate of 2.16 cm3/sec. As noted, the time of starting the 

pump was 8 min after introducing the tracer slug, and the location of the pump was: x = 33 cm, 

y = 4 cm, and z = 9 cm in the model. The simulation of the tracer slug, as well as the pump, was 

similar to the previous simulations. Similar to the previous simulations, the simulated results are 

analyzed to investigate the behavior of contaminant migration patterns and presented at different 

time intervals. The transient datasets for contaminant transport above a saltwater wedge under 

pumping condition experiment compare with numerical predictions are presented in Figure 4.6. 

 

      

(a) 0 min 

      

  (b) 15 min 
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(c) 30 min 

Figure 4.6: Comparison of experimental and model-simulated results in the contaminant 

transport above a saltwater wedge under the pumping condition experiment at (a) 0, (b) 15, and 

(c) 30 min 

 

Figure 4.6(a) displays the model-simulated and experimental results just after introducing 

the tracer slug. Analysis of the steady-state results indicates that the toe of the saltwater intrusion 

wedge was approximately located at 11.3 cm from the coastal boundary in the numerical 

simulation. In contrast, it was 12 cm in the physical experiment. As could see in Figure 4.6(a), 

the initial shape of the tracer slug is nearly circular. The experimental result depicts that the tracer 

slug initially began to become sink, and this process was continued for about 5 min. The 

simulation model was not capable of replicating this sinking pattern. As the tracer plume 

approaches the saltwater-freshwater interface, the plume migrates slightly upward owing to the 

buoyancy forces induce by density contrast between the freshwater and saltwater present within 

the system [Figure 4.6(b)]. It can be seen in Figure 4.6(c), upon application of the pump, the 

saltwater wedge rapidly advances through the system towards the freshwater boundary, and the 

tracer plume is also drawn along with the wedge towards the pump location. As the initiation of 

pumping establishes a transient flow pattern that leads to a lowering in the water table within the 

system. Consequently, the plume, along with the wedge moves towards the landward. It is 

remarkable to note that in the simulation result, an upconing characteristics of the plume along 

with the saltwater wedge, take place near the pump as a result of pumping, similar to that 

observed in the laboratory experiment. 

 

4.4.6 Contaminant transport on a saltwater wedge 

This numerical simulation was undertaken to simulate the contaminant transport patterns 

occurring on a saltwater wedge present in an unconfined coastal aquifer. In this simulation, the 

model domain was split into 15008 nodes and 25730 elements with ∆x = 1 cm, ∆y = 0.85 cm 

and ∆z = 0.984 cm. The constant heads of 28.2 and 27.5 cm were set on the freshwater and 

saltwater boundary, respectively. The steady-state saltwater intrusion wedge was attained at 
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about 34 min in this simulation. Similarly, a tracer slug was introduced at 34 min in the system 

to simulate the contaminant transport patterns after reaching the steady-state saltwater wedge. 

The location of the tracer slug was at 9 cm from the saltwater boundary and 7 cm above the 

bottom boundary of the computational domain. This simulation was terminated at 40 min, after 

introducing the slug. Figure 4.7 compares the numerical results predicted by the simulation 

model against experimental data for contaminant transport on a saltwater wedge experiment. 

 

      

(a) 0 min 

      

  (b) 29 min 

  

(c) 40 min 

Figure 4.7: Comparison of numerical results predicted by the simulation model with 

experimental data for contaminant transport on a saltwater wedge experiment at (a) 0, (b) 29, 

and (c) 40 min 

 

As seen in Figure 4.7(a), the initial shape of the tracer plume is almost circular at t = 0 min. 

At the steady-state, the toe length of the saltwater wedge is estimated at 13.4 cm in the numerical 

simulation, as compared to 14 cm in the laboratory experiment. As time progress, the 

experimental data demonstrates that the circular plume attains an elongated shape due to 

dispersion effects [Figure 4.7(b)], as a result of higher velocities taking place near the wedge 

creates a rapid transport of tracer plume mass along the dispersion zone, forming this elongated 
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shape. This elongated shape, however, could not precisely be observed in the simulation result. 

That is because of the used numerical model is not quite able to simulate the flow and transport 

processes of multi-species through saturated-unsaturated porous media. The model that only 

allows in simulating the flow and transport processes of a single species through porous media. 

However, it is interesting to note from the experimental result that the tracer slug does not move 

further seaward through the saltwater intrusion wedge. As could be observed from laboratory 

data shown in 4.7(c), the tracer plume travels vertically by forming a thin layer over the saltwater 

wedge and then exits around the coastline because of the active advective flow field present near 

the wedge. It is assumed the tracer plume follows the same transport path in the simulation that 

observed in the laboratory experiment. 

 

4.4.7 Contaminant transport on a saltwater wedge under pumping condition 

This numerical simulation aims to study the effects of pumping on the behavior of 

contaminant transport processes occurring on the saltwater interface. This simulation was 

conducted immediately after the termination of the previous simulation. The extraction pump is 

then initiated at a rate of 1.45 cm3/sec in the simulation. The location of the pump was: x = 29 

cm, y = 3.2 cm, and z = 7 cm, similar to the laboratory experiment. This numerical simulation 

was continued until 16 min from starting the simulation, and simulated results were analyzed at 

different time intervals. The results shown in Figure 4.8 compare the numerical results predicted 

by the simulation model against experimental data for contaminant transport on a saltwater 

wedge under the pumping condition experiment. 

 

      

(a) 0 min 

      

(b) 8 min 
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(c) 16 min 

Figure 4.8: Comparison of numerical results predicted by the simulation model against 

experimental data for contaminant transport on a saltwater wedge under the pumping condition 

experiment at (a) 0, (b) 8, and (c) 16 min 

The numerical results are presented at 0, 8, and 16 min after starting the simulation. The 

results indicate that upon application of the pump, the saltwater wedge starts to advance into the 

freshwater system rapidly. As time evolves, the results indicate that the tracer plume is drawn 

along with the saltwater intrusion wedge towards the pump location [Figure 4.8(c)], as the 

initiation of pumping establishes a transient flow pattern that leads to a lowering in the water 

table within the system. Consequently, the plume, along with the wedge, moves towards the 

inland side. It is interesting to note that in the simulation result, an upconing characteristics of 

the plume along with the saltwater wedge, occur near the pump as a result of pumping, similar 

to that observed in the laboratory experiment. 

 

4.4.8 Horizontal clay lens experiment 

This numerical investigation focuses on studying the flow dynamics in the presence of a 

horizontal clay lens in an unconfined coastal aquifer system. However, the clay lens was 

simulated in the numerical model by assigning the hydraulic conductivity as 1.39×10-10 cm/s to 

the elements of interest that correspond to the value measured by experimentally. The thickness 

of the clay lens is 3 cm. It is prolonged horizontally from the left side of the computational 

domain to a distance of about 28 cm and at the height of 20 cm from the bottom of the domain. 

It is covered the entire width of the computational domain. Also, the simulation of the pump was 

given through a point source extraction at the node, whereas the pump screen was present in the 

laboratory experiment, and the flow rate of the extracted water was given as the negative (-) 

value. The location of the pump in the model is: x = 32 cm, y = 2 cm, and z = 25 cm. 

The entire model domain was split into 15008 nodes and 25730 elements with ∆x = 1 cm, 

∆y = 0.85 cm and ∆z = 0.984 cm. In this simulation, the height of water levels on the freshwater 

and saltwater boundary was set to 28.5 and 27.5 cm, respectively, yielding a head difference of 

1 cm. As simulated, the steady-state saltwater intrusion wedge was achieved in about 37 min. 
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After reaching the steady-state saltwater wedge, the extraction pump was then started at a rate 

of 1.8 cm3/sec, and the subsequent migration pattern of the saltwater intrusion wedge was 

simulated. The time of starting the pump was noted as 45 min and continued till 89 min. This 

simulation was terminated at 89 min, and simulated results were analyzed at different time 

intervals. The comparison of transient variations in the saltwater wedge patterns of simulated 

results with laboratory data for horizontal clay lens experiment is presented in Figure 4.9. 

 

      

(a) 37 min (Steady State) 

      

(b) 62 min 

      

(c) 89 min 

Figure 4.9: Comparison of transient variations in the saltwater wedge patterns of simulated 

results with laboratory data for horizontal clay lens experiment at (a) 37, (b) 62, and (c) 89 min 

 

Figure 4.9(a) shows the model-simulated and experimental results for transport patterns of 

the saltwater wedge at the steady-state condition. As seen in Figure 4.9(a), there are two saltwater 

intrusion wedge develops, one at the base of the aquifer, and the other one above the clay lens. 

Because of the presence of a horizontal stratified layer, it was observed that in addition to the 

formation of the usual saltwater wedge, there was an additional wedge formed on top of the clay 

lens. The steady-state simulation result demonstrates that the toe length of the lower and upper 

wedges from the coastline is at 13 and 2.7 cm, respectively. This agrees well with the 13 and 3 
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cm, respectively measured in the laboratory-scale experiment. Figure 4.9(b) and Figure 4.9(c) 

indicates the model-simulated and observed data for transport patterns of the saltwater wedge at 

62 min and 89 min, respectively. It can be seen in Figure 4.9(b) that upon application of pumping, 

both the saltwater intrusion wedges advance rapidly through the system towards the freshwater 

boundary. As the initiation of pumping establishes a transient flow pattern that leads to a 

depleting in the water table within the system, and as a result of this, the wedges move towards 

the landward direction. However, laboratory result shows that finger-like patterns have been 

observed in both the wedges [Figure 4.9(c)]. These patterns could not be found in the simulated 

result. Moreover, as can be seen from the simulated result shown in Figure 4.9(c), a slight 

upconing characteristic occurs in the lower wedge, similar to that observed in the laboratory data. 

It may be due to the extreme mixing of saltwater and freshwater flows near the interface as a 

result of pumping. The intruded wedge might have eventually reached the pump if the pumping 

was continued. 

 

4.4.9 Contaminant transport with horizontal clay lens 

This numerical simulation was carried out to investigate the behavior of contaminant 

migration patterns under the influence of a horizontal clay lens in an unconfined coastal aquifer. 

It was continued from the previous simulation. After completing the previous simulation, the 

extraction pump was stopped, and a tracer slug was then introduced within the system to analyze 

the behavior of contaminant transport patterns. The location of tracer slug in the model is x = 20 

cm, and z = 23.5 cm. The tracer slug was allowed to migrate with the ambient freshwater flow, 

and subsequent simulated results were analyzed at different times. The time of introducing the 

tracer slug was 35 min from starting the simulation. The comparison of simulated results with 

experimental data for contaminant transport patterns under the influence of a clay lens 

experiment is shown in Figure 4.10. 

 

     

(a) 0 min 
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(b) 17 min 

      

(c) 37 min 

Figure 4.10: Comparison of simulated results with experimental data for contaminant 

transport patterns under the influence of a clay lens experiment at (a) 0, (b) 17, and (c) 37 min 

 

Figure 4.10(a) shows the numerical and experimental results just after introduce the tracer 

slug, and it indicates that the initial shape of the tracer slug is nearly circular. As time advances, 

the simulation result depicts that the tracer slug transports toward the saltwater wedge similar to 

that observed in the experiment [Figure 4.10(b)]. It could see in the experimental result the slug 

eventually attained an elongated shape when it came closer to the saltwater wedge. Due to the 

higher level of mixing taking place near the interface, the plume formed an elongated shape as 

it approached the freshwater-saltwater interface. As stated, the used numerical model is not 

capable of simulating the flow and transport processes of multi-species through saturated-

unsaturated porous media. Therefore, this elongated shape could not precisely be observed in the 

simulation. However, the laboratory data also indicate that the tracer plume moves vertically 

along the top surface of the saltwater wedge, and eventually, it discharges at the saltwater 

boundary [Figure 4.10(c)]. This is because of the active advective flow field present near the 

saltwater intrusion wedge. It is assumed the tracer plume follows the same transport path in the 

simulation that observed in the laboratory experiment. 

4.5 Summary and Conclusions 

Saltwater intrusion is considered a common groundwater contamination problem often 

exacerbated by overexploitation of coastal aquifers as it not only pollute the available 

groundwater resources but also adversely affects the social and economic developments of 
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coastal communities. Therefore, it is necessary to study the dynamics of saltwater intrusion 

processes in coastal aquifers so as to investigate their transport patterns and work out appropriate 

remedial countermeasures for sustainable management of coastal aquifer systems. The main goal 

of this study is to evaluate the consistency of the experimental data with numerical predictions 

and to explain the experimental results better. In this work, the variable-density flow and 

transport model FEMWATER has been used to simulate the flow, and transport processes for 

the experimental setup and simulations have been carried out to verify the physical phenomenon 

for all the laboratory-scale experiments presented in Chapter 3. The comparison of model-

simulated and experimental results demonstrates that the numerical predictions are in good 

agreement with the experimental results. Little variations in the simulated results are observed, 

perhaps owing to the packing of aquifer material within the experimental setup and adopted 

dispersivity coefficients. 

The developed numerical model in the present study could be used to simulate groundwater 

flow and the associated transport processes in unconfined coastal aquifers. The system is able to 

simulate the constant-head boundary conditions. The insights gained from this study would be 

useful to understand better the dynamics of saltwater intrusion processes occurring in a coastal 

unconfined aquifer. 

A numerical investigation has successfully been performed to assess the efficiency of 

bentonite clay slurry on controlling the SI problem in the present study. As simulation results 

reveal that there is no further movement of the saltwater wedge through the barrier towards the 

freshwater aquifer after implementation of the barrier. The research suggests that the physical 

barrier created by bentonite slurry can be employed to retard the movement of the saltwater 

intrusion in coastal aquifers. The effect of pumping on the saltwater intrusion dynamics has been 

studied, and results show that the saltwater interface rapidly advances through the system 

towards the freshwater aquifer after the implementation of pumping. The modeling data implies 

that the width of the mixing zone has been increased as a result of pumping. Moreover, the 

influence of the injection of the freshwater on the dynamics of saltwater intrusion processes has 

also been investigated in this study. This study suggests that the saltwater intrusion wedge 

gradually recede through the system towards the saltwater boundary upon application of the 

freshwater injection and could be concluded that the injection of freshwater as a hydraulic barrier 

can be used for preventing saltwater intrusion problems in coastal aquifers.     

However, contaminant transport in coastal groundwater aquifers is a significant concern due 

to its impact on coastal marine and estuarine environments. The comprehensive understanding 
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of contaminant transport in coastal aquifers is, therefore, indispensable to manage the 

contaminant problems effectively. In this work, numerical simulations have been conducted to 

investigate the contaminant transport processes occurring above and on a saltwater wedge in 

coastal aquifers under pumping or without pumping conditions. The simulation results indicate 

that the contaminant travels upward towards the seaward boundary when it approaches the 

saltwater wedge and then exits around the coastline. It is a remarkable observation that the 

contaminant plume does not travel further seaward through the saltwater intrusion wedge. This 

numerical investigation reveals that the existence of the saltwater diffusion zone in coastal 

aquifers plays a vital role in the transport patterns of the contaminant plume. The simulated 

results, however, also depict that the tracer plume did not follow the ideal circular flow path. As 

expected, upon installation of the pump, the saltwater intrusion wedge starts to advance into the 

freshwater system rapidly, and the contaminant plume is also drawn along with the saltwater 

wedge towards the pump location. 

Moreover, a numerical study has also been undertaken to understand the behavior of 

contaminant plume in unconfined coastal aquifers under the influence of a horizontal clay lens. 

The simulated results indicate that there are two saltwater intrusion wedges develop, one at the 

base of the aquifer, and the other one above the clay lens. Because of the presence of a horizontal 

stratified layer, it has been observed that in addition to the formation of the usual saltwater 

wedge, there is an additional wedge form on top of the clay lens. The simulation results also 

show that the contaminant plume travels vertically along the top surface of the saltwater wedge 

towards the seaward boundary. 
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CHAPTER 5 
 

Quantification of concentration profiles in the laboratory 

flow tank experiments using image analysis 

5.1 Introduction 

Groundwater is a vital freshwater resource for communities and ecosystems of the coastal 

regions that are continuously threatened by saltwater intrusion. Saltwater intrusion (SI) is a 

natural process that defines as the movement of saline water into an aquifer system that is 

hydraulically connected with the sea or ocean and mainly driven by the density contrast between 

the denser seawater and the lighter freshwater. Natural events such as sea-level rise due to climate 

change and overexploitation of coastal aquifers accelerate to further saltwater intrusions. It 

extensively leads to increase salinity levels in coastal aquifers, thus making it unsuitable for 

human utilization and further restricts future exploitation of coastal aquifers. Therefore, the 

sustainable management of groundwater resources in coastal aquifers is necessary to protect 

them from further contamination by saltwater intrusion. 

  In general, laboratory-scale flow tank experiments are extensively used in the study of flow 

and transport phenomena in porous media. In the past years, a variety of laboratory methods have 

been applied for the qualitative and quantitative determination of solute transport in porous 

media systems. These are including probe methods (Bear, 1961; Robbins, 1989), tomography 

techniques (Keller et al., 1995; Tidwell and Glass, 1995; Khalili et al., 1998), Photoluminescent 

Volumetric Imaging (Montemagno and Gray, 1995), Nuclear Magnetic Resonance (Majors et 

al., 1991; Grenier et al., 1997; Callaghan and Codd, 1998), and dye tracer imaging (Corapcioglu 

and Fedirchuk, 1999; Huang et al., 2002; Goswami et al., 2009). However, many researchers 

based on their studies demonstrate that image analysis techniques of dye tracer movements could 

be effectively employed to investigate solute transport processes in porous media flow tank 

experiments. This technique is usually non-invasive and very cheap. Image analysis (IA) 

captures an optical image property such as pixel intensity, hue or saturation, etc. and the intensity 

value can be recorded as either light transmission or reflection techniques. In both the methods, 

the relationship between light intensity and the system property, such as concentration or water 

content required to be determined by calibration analysis. 

Nevertheless, the light reflection technique has previously been used for image analysis in 

most laboratory flow tank experiments (e.g., Oostom et al., 1992; Schincariol et al., 1993; Swartz 
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and Schwartz, 1998; Wildenschild and Jensen, 1999; Simmons et al., 2002; Rahman et al., 2005; 

McNeil et al., 2006; Konz et al., 2008, 2009a, b). The main advantage of this method is that it 

could be used with non-transparent porous material and thick laboratory flow tanks that avoid 

light transmission. The usage of this technique to determine the dye concentrations may involve 

problems with image noise and reflections from the surroundings on measurements. However, 

in this study, the light reflection technique has been employed to determine the solute 

concentrations in laboratory-scale flow tank experiments. The main focus of this study is to 

quantify the spatial and temporal concentration distributions of dyed saltwater flowing through 

the laboratory aquifer model. This image analysis (IA) technique has been applied in determining 

the salt concentrations to all the laboratory-scale experimental images presented in Chapter 3. 

The detailed methodology of the IA technique has been described in the following sections.    

5.2 Materials and Methods 

5.2.1 Materials 

5.2.1.1 Experimental setup 

 

Figure 5.1: Schematic diagram of the experimental setup 
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Figure 5.1 shows the schematic diagram of the experimental setup. The flow tank was 

constructed of 6 mm thick glass sheets so that the dyed plume could be distinctly observed. The 

cross-section of the flow tank was rectangular, with internal dimensions of length 55.6 cm 

(length) × 40 cm (height) × 6.8 cm (width). The flow tank model is composed of three distinct 

flow chambers, and the central viewing flow chamber represents the porous media. The central 

chamber was filled with clear glass beads under fully saturated conditions to simulate an 

unconfined coastal aquifer. The other two side chambers were used for maintaining constant 

water heads at the boundary across the flow tank. The left and right chambers were used to feed 

dyed saltwater and freshwater, representing the coastal and inland boundary, respectively. The 

hydraulic head at both the side chambers was controlled by vertically adjusted overflow outlets. 

Both freshwater and saltwater were supplied at constant flow rates into the respective chambers 

from two overhead reservoirs during the experiments. Both the side chambers are each 5.3 cm 

long, and each is separated from the central chamber by perforated Plexiglas sheet of thickness 

7 mm. That allows water to flow from side chambers to the central chamber. The latter was 

wrapped by 500-micron fine stainless-steel mesh screens to prevent the passage of porous 

material from the central chamber to the side ones. 

 

5.2.1.2 Porous matrix  

Commercially available glass beads, commonly used for road marking, were chosen to 

represent the aquifer material in all the experimental runs. In particular, glass beads have been 

widely used to serve as the porous media as used by various researchers in their research work 

(Volker et al., 2002; Zhang et al., 2002; Goswami and Clement, 2007; Abarca and Clement, 

2009; Luyun et al., 2009, 2011; Chang and Clement, 2012, 2013, etc.) and thereby the clear glass 

beads have been used to represent the aquifer material in the present study. 

Dyed saltwater concentration was correlated with the reflecting light intensity from the 

porous media chamber that is filled with clear glass beads of an average diameter of 0.57 mm. 

The glass beads were tamped under fully saturated conditions to avoid entrapment of air bubbles 

within the porous media. The porosity of the porous media was estimated using the volumetric 

method and yielded an average value of 0.43. 
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5.2.1.3 Dye tracer 

A red food color dye was used as a tracer. Many researchers have previously been used food 

color as a dye tracer in variable-density flow tank studies (e.g., Zhang et al., 2002; Goswami and 

Clement, 2007; Luyun et al., 2009, 2011; Goswami et al., 2012; Kuan et al., 2012; Chang and 

Clement, 2013; Oz et al., 2014), and has the benefits of non-sorbing, very cheap and non-

reactive. Therefore, 3.125 ml of red food color in a liter of the saltwater solution, yielding an 

adequate concentration of 3.125 ml/L, was added to discriminate it from freshwater. The 

saltwater solution was prepared by dissolving 35 g of commercial salt (NaCl) in 1 L of tap water 

at a concentration of 35 g/L. Tap water was used as a freshwater source in all the experiments. 

The density of both the freshwater and dyed saltwater was found to be 0.997 g/cm3 and 1.025 

g/cm3, respectively, as estimated with a specific gravity hydrometer (G8030@JAPSINR). The 

addition of red food color dye did not produce any measurable change in the density of the 

saltwater solution (Chang and Clement, 2013; Oz et al., 2014). 

 

5.2.1.4 Camera 

The images were recorded by using a Nikon D3200 digital camera. The camera is equipped 

with an 18-55 mm objective lens, having an aperture from f3.5 to f5.6. The camera delivers 8-

bit images providing 256 (0-255) intensity levels at each pixel. The camera is about 1 m away 

from the flow tank to acquire the entire flow tank in the field of view. 

 

5.2.2 Methods 

5.2.2.1 Calibration analysis 

A calibration dataset is required to relate the recorded image property, light intensity with 

the system property, concentration. In order to establish the relationship between image intensity 

and salt concentration, different known concentrations of dyed saltwater solutions were flushed 

through the entire flow tank, and images were recorded corresponding to a known concentration. 

The dyed saltwater solutions were filled into the flow tank from a low concentration solution to 

a high concentration solution. In the present study, different saltwater concentrations, such as 

0%, 20%, 40%, 60%, 80%, and 100% have been taken into consideration for the calibration 

analysis. 

However, the calibration of recorded images was undertaken by using the average light 

intensity method. It is the simplest calibration-regression method, which involves averaging all 
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the light intensity values across the whole calibration image. The averaged light intensity value 

represents the entire aquifer domain in the regression analysis. As reported, this procedure works 

well for uniform lighting conditions usually observed in the homogeneous conditions (Robinson 

et al., 2015). In addition, regression analysis is carried out on the calibration data to acquire a 

relationship between the light intensity and the saltwater concentration. This relationship is 

referred to here as the concentration-intensity relationship. A second-order polynomial function 

is chosen to fit the observed concentration-intensity data points that match well with the 

measured data points. The calibration data points, along with the regressed fitted curve, are 

shown in Figure 5.2. 

 

Figure 5.2: Calibration data and the fitted concentration-intensity relationship 

 

The fitted concentration-intensity relationship is then used to measure the concentration 

distribution profiles in the aquifer domain, and concentration color map images were prepared 

for all the experimental cases. 

 

5.2.2.2 Spatial domain bounding 

An essential prerequisite of IA techniques is to define the aquifer domain boundaries to be 

investigated. However, considerable variations in intensity value were observed at the edges of 

calibration images because of edge effects. Many researchers previously removed edges from 

images in the image analysis (Parker et al., 2006; Goswami et al., 2009; Robinson et al., 2015). 

Therefore, the cropping method has been adopted to remove edges from the calibration image 

datasets. This method is also used in image datasets of all the laboratory experiments. 
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5.2.2.3 Spatial filtering 

Median filtering is a well-recognized image processing technique for removing noises. 

Median filtering has been employed to reduce random noises in calibration images by using 

MATLAB® function medfilt2. In the past years, median filtering has widely been used to reduce 

noise introduced by non-uniformity lighting and pixel shifting due to camera movement 

(Schincariol et al., 1993; McNeil et al., 2006; Konz et al., 2008; Goswami et al., 2009; Robinson 

et al., 2015). In this study, median filtering with a pixel width of nine has been applied on 

calibration datasets in order to maintain a spatial resolution of one porous media grain diameter 

(Goswami et al., 2009; Robinson et al., 2015). After filtering, the color images have been 

converted to grayscale images for the analysis. All the laboratory-scale experimental 

photographs are processed through the same methodology that has been employed for processing 

the calibration datasets. 

 

5.2.2.4 Error estimation 

The IA techniques may involve several types of errors as similar to other measurement 

techniques. Non-uniformity of lighting is the most common source of error that can be both 

spatial and temporal (Tidwell and Glass, 1994; Detwiler et al., 1999). There could also be 

introduced some errors in data acquisition and processing because of hardware and software 

problems (Hansen et al., 2006). Moreover, as the regression relationship is not known, the 

selection of the best fit function for the calibration datasets would also include errors. It is only 

selected based on the regression statistics. Hence, the estimated concentration values using the 

fitted relationship would have some error. In this study, all these errors have been classified into 

two categories, such as: 

 Calibration relationship error (CRE): The error introduces in fitting regression relationship 

to the calibration datasets. The error associated with the calibration relationship can be 

estimated using the equation (Taylor, 1997): 

  


N

m

i=1
calib

(C -C )2

σ =
N-p

                                                                                                     (5.1) 

Where calibσ  is an estimate is for CRE calculated from regression statistics, mC  is the actual 

measured concentration, C is the predicted concentration based on regression analysis, N is the 
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number of data points in the calibration, and p is the number of coefficients used to define the 

regression relationship. 

It represents the average residual error along the curve and also known as the root mean 

square error (RMSE). 

 

 Experimental error (EE): The error generates by the noise in light intensity of the 

calibration images due to some experimental factors including non-uniformity of lighting, 

light scattering, etc. The experimental error can be estimated using the relationship 

(Taylor, 1997): 

exp I

dC
σ = σ

dI
                                                                                                                       (5.2) 

Where expσ is the error in concentration due to noise in pixel intensity values, 
dC

dI
is the slope 

of the concentration-intensity relationship, Iσ is the standard deviation of light intensity in the 

calibration image. 

 

The total error for the calibration is estimated by adding both the errors in quadrature 

(Taylor, 1997): 

2 2

exptotal calibσ =                                                                                                             (5.3) 

Both the errors have been estimated in order to assess the reliability of the method and to 

quantify the error associated with the measurements. Table 5.1 summarises the errors computed 

in the IA technique for the calibration images. 

Table 5.1: Error analysis results for the IA method 

 

 

Error type Concentration of dyed saltwater solution (g/L) 

0 7 14 21 28 35 

Estimated concentration 

σcalib 

σexp 

σtotal 

0.32 

0.18 

8.39 

8.39 

6.3 

0.4 

8.58 

8.58 

14.23 

0.13 

8.86 

8.86 

21.44 

0.25 

9.36 

9.36 

28.4 

0.23 

10.02 

10.02 

34.48 

0.3 

10.9 

10.9 

TH-2606_136104019



Chapter 5                  Quantification of concentration profiles in the laboratory 

flow tank experiments using image analysis 

 

81 

 

5.2.3 Experimental procedure 

A series of saltwater intrusion experiments have been carried out in a laboratory-scale flow 

tank model (Figure 5.1). All the laboratory-scale experiments were recorded at various time 

intervals using a Nikon digital camera. A digital timer is used to record the experimental timing. 

The left bottom corner of the porous media chamber was considered as the origin to record 

experimental images. 

Prior to each laboratory experiment, the porous chamber of the flow tank was filled with 

clear glass beads to simulate a coastal unconfined aquifer. The glass beads were tamped under 

fully saturated conditions to avoid air entrapment within the aquifer. The glass beads were 

packed to a height of 30.5 cm in layers of about 5 cm and carefully compacted within the flow 

tank to achieve a homogenous packing condition after each layer was complete. After filling the 

aquifer, the entire system was initially flushed with tap water at a constant rate from the overhead 

freshwater reservoir through a fixed hydraulic head gradient. This hydraulic gradient was large 

enough to transmit fresh water through the system toward the saltwater chamber. The freshwater 

and saltwater heads in the respective chambers were measured from the bottom of the flow tank. 

The system was then allowed to continue until it reaches a steady-state flow. After the freshwater 

flow stabilized, the in situ method similar to that applied by Goswami and Clement (2007) was 

adopted to estimate the hydraulic conductivity of the porous media. The average value was 

determined to be 0.251 cm/s. 

After a steady-state flow was established, the saltwater chamber was then fed quickly with 

the red-dyed saltwater solution from the overhead saltwater reservoir through the bottom to 

replace freshwater, and once the saltwater attained a constant level, the saltwater began to intrude 

the entirely freshwater aquifer. The saltwater intrusion process was then allowed to progress 

through the system until an equilibrium saltwater wedge position was obtained. As the saltwater 

intrusion process advanced, the intruding wedge was captured through digital images at different 

times. All the laboratory-scale experiments were performed after the establishment of the steady-

state saltwater wedge. 

5.3 Laboratory-scale experiments 

A series of saltwater intrusion experiments have been conducted in a laboratory-scale flow 

tank model. The detailed description of all the laboratory-scale experiments has been presented 

in Chapter 3. 
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5.4 Calculation of toe length and width of the mixing zone 

Toe length (TL) and width of the mixing zone (WMZ) are the typical parameters used to 

define a saltwater intrusion wedge. As reported, TL can be defined as the distance between the 

seaward boundary and whereas the 50% saltwater concentration isoline intersects the bottom 

boundary of the aquifer (Robinson et al., 2015, 2016). Also, WMZ is defined as the average of 

the vertical distance between 25% and 75% saltwater concentration isolines in the range between 

0.2×(TL) and 0.8×(TL). A reference diagram for how intrusion parameters are calculated is 

shown in Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Reference diagram for analyzed the intrusion parameters 

 

However, to estimate the TL and WMZ, the most typical concentration isolines are isolated, 

and other isolines are considered as noise and ignored. The concentration isolines are calculated 

using the following rules (Robinson et al., 2015): 

 The concentration isoline needs to have a z coordinate at the bottom boundary of the 

aquifer domain. The concentration isoline must intersect the bottom boundary as this is 

how TL is computed. 

  The concentration isoline must have an x coordinate at the saltwater boundary. The most 

typical concentration isoline must initiate at the saltwater boundary and should be present 

along the entire saltwater wedge. 

  Unless x coordinate present at the saltwater boundary, the longest spanning isoline turns 

into the most representative isoline. 

Figure 5.3: Reference diagram for analyzed the intrusion parameters 
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When the concentration isolines are located, the TL is defined as where the 50% 

concentration isoline intersects the bottom boundary of the aquifer domain. Also, the WMZ is 

computed by sampling across the 25% and 75% concentration isolines and estimating the 

locations of corresponding x coordinates. Once these corresponding x coordinates fall within the 

range of 0.2×(TL) and 0.8×(TL), the difference in z coordinates is determined and averaged 

across the entire wedge, thus providing the final value for WMZ. 

5.5 Results and Discussions 

5.5.1 Pumping of freshwater 

This laboratory-scale experiment has been carried out to investigate the effect of pumping 

on the saltwater intrusion dynamics in a coastal unconfined aquifer. The height of water levels 

on the freshwater and saltwater boundary was set to 28.2 and 27.3 cm, respectively, yielding a 

head difference of 0.9 cm in this experiment. The steady-state saltwater intrusion wedge was 

achieved in about 30 min. The concentration color map image at the steady-state for the pumping 

of freshwater experiment is presented in Figure 5.4. 

 

Figure 5.4: Steady-state concentration distribution profiles for the pumping of freshwater 

experiment 

 

At the steady-state, the toe length (TL) and width of the mixing zone (WMZ) are calculated 

as 8.5 and 3.5 cm, respectively. The transient experimental TL and WMZ results are shown in 

Figure 5.5 and compared with the numerically simulated results. The details of the numerical 

simulation and results are presented in Chapter 4. 
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Figure 5.5: Comparison of transient experimental and numerical results for the pumping of 

the freshwater experiment of (a) TL and (b) WMZ 

 

As expected, after the initiation of pumping, the saltwater wedge advances through the 

system towards the freshwater boundary and results in an increase in TL and WMZ. This could 

be seen in Figure 5.5. With the pumping, the freshwater pressure head decreasing within the 

system that induces a landward movement of the saltwater intrusion wedge. As can be seen in 

Figure 5.4, the non-uniformity of the saltwater wedge has been observed. It may be due to the 

non-uniformity of the packing of the porous media within the flow tank. 

 

5.5.2 Injection of freshwater 

This experiment was conducted to examine the effects of freshwater injection on the 

saltwater wedge in unconfined coastal aquifer systems. The height of water levels on the 

freshwater and saltwater boundary was set as similar to the previous experiment. In this 

experiment, the steady-state saltwater intrusion wedge was reached after about 38 min. The 

concentration color map image at the steady-state is shown in Figure 5.6. 

 

Figure 5.6: Steady-state concentration profiles for the injection of freshwater experiment
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The steady-state TL and WMZ have been computed as 9 and 4.8 cm, respectively. The 

comparison of experimental and numerical results of transient TL and WMZ is presented in 

Figure 5.7. 

  

 

 

   

  

 

 

 

 

Figure 5.7: Comparison of transient experimental and numerical results for the injection of the 

freshwater experiment of (a) TL and (b) WMZ 

 

As expected, upon application of the injection pump, the saltwater wedge starts to recede 

through the system towards the saltwater boundary. It results in a decrease in TL and WMZ 

(Figure 5.7). With the injection of freshwater, the freshwater pressure head increasing within the 

system that induces a seaward movement of the saltwater intrusion wedge and drives the toe 

further towards the coastline. This study demonstrates that the injection of freshwater as a 

hydraulic barrier can be used for preventing the saltwater intrusion towards the inland side. 

 

5.5.3 Flow barrier experiment 

The purpose of this experiment is to assess the efficiency of bentonite clay slurry on 

controlling the saltwater intrusion problem. In general, the construction of subsurface flow 

barriers is one of the most extensively used engineering countermeasures to prevent or mitigate 

this problem in coastal aquifers. However, the constant heads of 28.3 and 27.3 cm were fixed on 

the freshwater and the saltwater boundary, respectively, in this laboratory-scale experiment. As 

noted, the steady-state saltwater intrusion wedge is obtained in about 28 min. Figure 5.8 presents 

the concentration color map image at the steady-state for the flow barrier experiment. 
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Figure 5.8: Steady-state concentration distributions profile for the flow barrier experiment 

  

 

Figure 5.9: Comparison of transient experimental and numerical results for the flow barrier 

experiment of (a) TL and (b) WMZ 

 

The comparison of experimental and numerical results of transient TL and WMZ is shown 

in Figure 5.9. At the steady-state, both toe length (TL) and width of the mixing zone (WMZ) are 

estimated as 6 cm. In this experiment, the extraction pump was initiated within the system after 

establishing the steady-state saltwater wedge. Upon application of pumping, the saltwater wedge 

advances through the system towards the landward side. As a result of this, TL and WMZ have 

slightly increased in the experiment, similar to that observed in numerical simulation. It has been 

found in the experimental result [Figure 5.9(a)] that TL of the wedge was remaining the same as 

before after barrier implementation. Although the slight extension has been observed towards 

the flow barrier in the simulation result, it did not pass through the barrier. Therefore, it reveals 

that there is no further movement of the saltwater wedge through the barrier towards the 

freshwater aquifer. As could be seen in Figure 5.9(b), WMZ has gradually been decreased after 

the barrier implementation. This is observed in both the experimental and simulation results. The 

present study shows that physical barriers created by bentonite clay slurry can be employed for 

preventing the movement of the saltwater wedge towards the inland side. 
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5.5.4 Contaminant transport above a saltwater wedge 

This experiment was performed to explore the contaminant transport processes occurring 

above the saltwater wedge in a coastal groundwater aquifer. The main objective of this 

experiment is only to determine the saltwater concentration distributions profile in the laboratory 

aquifer domain. In the present study, the contaminant concentration has not been taken into 

consideration for the analysis. The overflow outlet pipes were adjusted to maintain constant 

heads of 28.2 and 27.3 cm on the freshwater and saltwater boundary, respectively, in this 

experiment. This hydraulic gradient allowed to transmit freshwater towards the saltwater 

boundary. The steady-state saltwater intrusion wedge was achieved after about 37 min. 

 

Figure 5.10: Steady-state concentration distributions profile for the contaminant transport 

above a saltwater wedge experiment 

 

The concentration color map image prepared using the IA technique at the steady-state for 

the contaminant transport above a saltwater wedge experiment is shown in Figure 5.10. At the 

steady-state condition, both toe length (TL) and width of the mixing zone (WMZ) have been 

computed and found to be 12.7 and 3.5 cm, respectively. The comparison of numerical 

predictions with transient experimental TL and WMZ results for contaminant transport above 

the saltwater wedge experiment is presented, as shown in Figure 5.11. 
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Figure 5.11: Comparison of numerical predictions with transient experimental results for 

contaminant transport above the saltwater wedge experiment of (a) TL and (b) WMZ 

 

It could see in Figure 5.11, the TL and WMZ gradually increase before reaching the steady-

state condition. After establishing the steady-state condition, both TL and WMZ remained 

constant throughout the experiment, as similar to that observed in the numerical simulation. 

 

5.5.5 Contaminant transport above a saltwater wedge under the pumping 

condition 

  This laboratory experiment was designed to study the effects of pumping on the 

contaminant migration patterns occurring above the saltwater interface. The height of water 

levels on freshwater and saltwater side were fixed to 28.2 cm and 27.3 cm, respectively as used 

in the previous experiment. The steady-state saltwater intrusion wedge was achieved in about 40 

min. The concentration color map image prepared using the IA technique at the steady-state for 

the contaminant transport above a saltwater wedge under the pumping condition experiment is 

presented in Figure 5.12. 

 

Figure 5.12: Steady-state concentration distributions profile for the contaminant transport 

above a saltwater wedge under the pumping condition experiment 
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Analysis of the steady-state results indicates that the TL and WMZ were approximately 11.5 

and 3.3 cm in the experiment, whereas in the numerical simulation, it was 10.8 and 2.8 cm, 

respectively. The transient experimental TL and WMZ for the contaminant transport above a 

saltwater wedge under pumping condition experiment compare with numerical predictions is 

presented in Figure 5.13. 

  

 

 

 

 

 

 

 

 

 

 

 

Similar to the previous experimental cases, upon application of the pump, the saltwater 

intrusion wedge starts to advance through the system towards the freshwater boundary. As the 

initiation of pumping establishes a transient flow pattern that leads to a lowering in the water 

table within the system, and consequently, the wedge moves further landward direction. Both 

TL and WMZ has increased due to pumping in both experiment and simulated results. 

 

5.5.6 Contaminant transport on a saltwater wedge 

This laboratory-scale experiment was undertaken to simulate the contaminant transport 

patterns occurring on a saltwater wedge present in an unconfined coastal aquifer. However, the 

constant heads of 28.2 and 27.5 cm were set on the freshwater and saltwater boundary, 

respectively, in this experiment. As observed, the steady-state saltwater intrusion wedge is 

achieved at about 34 min. Figure 5.14 represents the concentration color map image at the steady-

state condition for the contaminant transport on a saltwater wedge experiment. 
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contaminant transport above a saltwater wedge under the pumping condition experiment of 
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Figure 5.14: Concentration color map image at the steady-state condition for the 

contaminant transport on a saltwater wedge experiment 

 

At the steady-state condition, both toe length (TL) and width of the mixing zone (WMZ) 

have been calculated and found to be 13 and 4 cm, respectively. Figure 5.15 compares the 

transient TL and WMZ numerical results predicted by the simulation model against experimental 

data for contaminant transport on a saltwater wedge experiment. 

  

 

Figure 5.15: Comparison of transient numerical results predicted by the simulation model 

with experimental data for contaminant transport on a saltwater wedge experiment of (a) TL 

and (b) WMZ 

 

As could be seen in Figure 5.15, TL and WMZ gradually increase before attainment of the 

steady-state. It can also see in the numerical result (Figure 5.15) that both TL and WMZ were 

remaining constant after it reached the steady-state condition. This agrees well with the 

experimental result. 
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5.5.7 Contaminant transport on a saltwater wedge under pumping condition 

This experiment aims to study the effects of pumping on the behavior of contaminant 

transport processes occurring on the saltwater interface. This laboratory-scale experiment was 

performed immediately after the completion of the previous experiment. The pump was then 

initiated within the system, and the subsequent migration patterns of saltwater intrusion wedge 

were observed. This experiment was continued until 16 min from the beginning of the 

experiment. The results shown in Figure 5.16 compare the transient TL and WMZ numerical 

results predicted by the simulation model against the experimental data for contaminant transport 

on a saltwater wedge under the pumping condition experiment. 

  

 

Figure 5.16: Comparison of transient numerical results predicted by the simulation model 

against experimental data for contaminant transport on a saltwater wedge under the pumping 

condition experiment of (a) TL and (b) WMZ 

 

As expected, upon initiation of the pumping, the saltwater wedge further advances into the 

aquifer and thus increasing to TL and WMZ. This could be observed in Figure 5.16. With the 

application of pumping, the freshwater pressure head is decreasing within the aquifer that 

induces a landward movement of the saltwater intrusion wedge. 
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the experiment. The concentration color map image at the steady-state for the horizontal clay 

lens experiment is shown in Figure 5.17. 

  

Figure 5.17: Steady-state concentration distributions profile for the horizontal clay lens 

experiment 

  

As could be seen in Figure 5.17, there are two saltwater intrusion wedge develops, one at 

the base of the aquifer, and the other one above the clay lens. Because of the presence of a 

horizontal stratified layer, it was observed that in addition to the formation of the usual saltwater 

wedge, there was an additional wedge formed on top of the clay lens. In order to calculate TL 

and WMZ, only the lower saltwater intrusion wedge has been considered. At the steady-state 

condition, TL and WMZ have been estimated to be 11.8 and 3.9 cm, respectively, in the 

experiment, as compared to 12 and 4.2 cm, in the simulation. 

 

Figure 5.18: Comparison of transient simulated results with experimental data for 

horizontal clay lens experiment of (a) TL and (b) WMZ 

 

The comparison of transient TL and WMZ simulated results with experimental data for 

horizontal clay lens experiment is presented in Figure 5.18. Similar to the previous experiment, 
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upon application of the pumping, both the saltwater intrusion wedges advance rapidly through 

the system towards the freshwater boundary. As the initiation of pumping establishes a transient 

flow pattern that leads to a depleting in the water table within the system, and as a result of this, 

the wedges move towards the landward direction. Therefore, an increasing pattern of TL and 

WMZ has been observed in both the laboratory and numerical experiments. 

 

5.5.9 Contaminant transport with horizontal clay lens 

This experiment was performed to investigate the behavior of contaminant migration 

patterns under the influence of a horizontal clay lens in an unconfined coastal aquifer. This 

laboratory-scale experiment was continued from the previous experiment. After completing the 

previous experiment, the extraction pump was then stopped, and the tracer slug was injected into 

the aquifer. However, the main focus of this experiment is to estimate the saltwater concentration 

distributions profile within the aquifer using the IA technique. The contaminant concentration 

has not also been taken into consideration in this experiment. The transient TL and WMZ 

numerical predictions are compared against the observed data for contaminant transport with a 

horizontal clay lens experiment in Figure 5.19. 

  

 

Figure 5.19: Comparison of transient numerical predictions with experimental results for 

contaminant transport with a horizontal clay lens experiment of (a) TL and (b) WMZ 

 

As can be seen in Figure 5.19, TL was almost the same in different time intervals. A slight 

variation has been observed in transient TL. Similarly, a slight deviation of transient WMZ has 

also been observed in both laboratory and numerical experiments. 
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5.6 Summary and Conclusions 

Saltwater intrusion (SI) into coastal aquifers is the most widespread groundwater 

contamination problem that has become a considerable prominent concern around the globe. 

Therefore, the study on saltwater intrusion processes in coastal aquifers is tending to be of 

increasing interest worldwide with the growing populations and rapid development of coastal 

regions. The overall aim of this study is to determine the solute concentrations in laboratory-

scale flow tank experiments. An image analysis (IA) technique has been presented in the present 

study that can efficiently measure the salt concentration distributions profile in a laboratory-scale 

aquifer model. In this effort, a series of saltwater intrusion experiments have been carried out in 

a laboratory-scale flow tank model, and the IA technique has been applied to all the laboratory-

scale experimental cases in estimating the salt concentration distributions. A statistics-based 

error analysis method is undertaken to assess the reliability of the method and to quantify the 

error associated with the measurements. Moreover, the typical saltwater intrusion parameters 

such as the toe length (TL) and width of the mixing zone (WMZ) have been computed using the 

IA technique, and results are compared with the numerical predictions. The IA technique is 

capable of tracking both spatial and temporal variations in a saltwater wedge in laboratory-scale 

experiments. 

However, the calibration technique in order to establish the relationship between light 

intensity and dyed saltwater concentration have been reported, and this relationship presents a 

non-linear behavior at high concentrations that is in good agreement with the results 

demonstrated in the published literature. 

Furthermore, experimental results indicate that a more significant increase in the TL and 

WMZ has been observed after the initiation of pumping within the aquifer as similar to that found 

in numerical simulations. Because of pumping, the freshwater pressure head is decreasing within 

the system that induces a landward movement of the saltwater intrusion wedge. As expected, 

upon application of the injection pump, the saltwater wedge starts to recede through the system 

towards the saltwater boundary and results in a decrease in TL and WMZ. The steady-state 

experimental results demonstrate that TL and WMZ gradually increase before the attainment of 

the steady-state. After establishing the steady-state condition, both TL and WMZ remained 

constant throughout the experiment. This agrees well with the simulated results. 
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This study shows the IA technique could be effectively used for quantification of the solute 

concentration distributions profile in laboratory-scale flow tank experiments. The presented IA 

technique is non-invasive and of relatively lower cost as compared to the other methods. 
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CHAPTER 6 
 

Development of Management Strategy to control 

Saltwater Intrusion 

6.1 Introduction 

Coastal regions are considered to be the most vulnerable areas around the world, as almost 

half of the world’s population dwells within 100 km of the shoreline (Dose et al., 2014) and rely 

on freshwater aquifers for their survival. However, coastal aquifers play a pivotal role all over 

the world due to the availability as well as the high quality of groundwater resources they 

provide. Nevertheless, the quality and quantity of groundwater resources of most of these 

aquifers are deteriorating extensively because of saltwater intrusion. Saltwater intrusion is 

already emerged as a common groundwater contamination problem often exacerbated by 

overexploitation of coastal aquifers. The overexploitation of coastal aquifers is thus inevitable to 

meet the ever-increasing demands for freshwater in coastal regions as it not only leads to 

increasing salinity levels in coastal aquifers, thus making it unsuitable for human utilization but 

also further restricts future exploitation of coastal aquifers. Furthermore, it also adversely affects 

the social and economic developments of coastal communities. Once the aquifer gets highly 

contaminated by saltwater intrusion, its restoration is challenging and expensive to remediate the 

saltwater intruded coastal aquifers. Therefore, efficient planning and management strategies 

should be implemented in coastal aquifer systems to protect them and for continued utilization 

of groundwater resources on a sustainable basis under the threat of saltwater intrusion. 

  The deterioration of groundwater quality from saltwater intrusion in most of the coastal 

areas around the world has motivated the researchers to emphasize controlling saltwater intrusion 

and develop the most effective management strategies to mitigate the problem. The issue is not 

only to protect the groundwater resources for the human being, but also the remediation strategy 

should be a cost-efficient one. However, several management strategies have been proposed to 

prevent or mitigate saltwater intrusion problems and to secure groundwater reserves in coastal 

aquifers (Todd, 1959; Dam, 1999; Oude Essink, 2001) over the past decades. As reported, the 

earlier controlling methods have some limitations (Abd-Elhamid and Javadi, 2008). Most of 

these approaches are too expensive, and some of them are not applicable in some instances. The 

effective strategy to control saltwater intrusion is so far not developed that could efficiently 

manage this problem in coastal and island environments. As such, a reliable and cost-effective 
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strategy is, therefore, required for mitigating the problems and protecting coastal groundwater 

resources from further contamination by saltwater intrusion. 

In the present study, an effort has been made to investigate the effect of a groundwater 

circulation well (GCW) on controlling saltwater intrusion in coastal aquifers using both 

experimental and numerical approaches. The main focus of this study is not only to cease the 

further migration of saltwater wedge towards inland but also to extract partially some percentage 

of water for human needs. The details of the laboratory experiment and numerical simulation 

have been presented in the following sections.   

6.2 Experimental Approach 

6.2.1 Laboratory Setup 

A laboratory-scale experiment was conducted in a two-dimensional rectangular flow tank 

model with internal dimensions of length 55.6 cm, width 6.8 cm, and a total height of 40 cm, 

representing a homogenous and unconfined coastal aquifer (Figure 6.1). 

 

Figure 6.1: Schematic diagram of the laboratory setup 

 

The experimental aquifer model was made using 6 mm thick glass sheets so that the 

experiment could be distinctly observed. As shown in Figure 6.1, the flow tank model is divided 

into three distinct sections, and the middle section represents the porous media (the unconfined 
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aquifer). The middle section of the flow tank was filled with clear glass beads under fully 

saturated conditions to simulate an unconfined coastal aquifer. The other two side sections were 

used for maintaining constant water heads at the boundary across the flow tank. The left and 

right side sections were used to feed freshwater and saltwater, representing the inland and coastal 

boundary, respectively. The hydraulic head at both the side chambers was controlled by 

vertically adjusted overflow outlets. Both freshwater and saltwater were supplied at constant 

flow rates into the respective chambers from two overhead reservoirs throughout the experiment. 

Both the side chambers are each 5.3 cm long, and each is separated from the porous media 

chamber by perforated Plexiglas sheet of thickness 7 mm. That allows water to flow from side 

chambers to the porous media chamber. The latter was wrapped by 500-micron fine stainless-

steel mesh screens to hinder the passage of porous material from the porous media chamber to 

the side ones. 

 

6.2.2 Materials Used 

Commercially available glass beads, commonly used for road marking, were chosen to 

represent the aquifer material in the experiment (Figure 6.2). In particular, glass beads have been 

widely used to serve as the porous media as used by various researchers in their research work 

(Volker et al., 2002; Zhang et al., 2002; Goswami and Clement, 2007; Abarca and Clement, 

2009; Luyun et al., 2009, 2011; Chang and Clement, 2012, 2013, etc.) and thereby the clear glass 

beads have been used to represent the aquifer material in the present study. 

 

Figure 6.2: Sample of glass beads used in the study 

 The samples of glass beads were sieved to determine their grain-size distributions (Figure 

6.3), and the median grain size (D50) was estimated to be 0.57 mm. A uniformity coefficient 

(D60/D10) was also determined as 1.78, indicating that the grain size distribution of the glass 
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beads is relatively uniform (Simmons et al., 2002). The granulometric properties of aquifer 

material are listed in Table 6.1. 

 

Figure 6.3: Grain size distributions of glass beads used in the present study 

 

Table 6.1: Error analysis results for the IA method 

Parameter Value 

D10, mm 0.359 

D30, mm 0.488 

D50, mm 0.575 

D60, mm 0.642 

Cu (= D60/D10)  

Cc {= (D30)2/D10×D60} 

1.788 

1.033 

 

The saltwater solution was prepared before the laboratory experiment by dissolving 35 g of 

commercial salt (NaCl) in 1 L of tap water at a concentration of 35 g/L. Many researchers have 

previously been used food color as a dye tracer in variable-density flow tank studies (e.g., Zhang 

et al., 2002; Goswami and Clement, 2007; Luyun et al., 2009, 2011; Goswami et al., 2012; Kuan 

et al., 2012; Chang and Clement, 2013; Oz et al., 2014), and has the benefits of non-sorbing, 

very cheap and non-reactive. Therefore, 3.125 ml of red food color in a liter of the saltwater 

solution, yielding an effective concentration of 3.125 ml/L, was added to visualize the 

freshwater-saltwater mixing zone. Tap water was used as a freshwater source throughout the 

experiment. The density of both the freshwater and dyed saltwater was found to be 0.997 g/cm3 

and 1.025 g/cm3, respectively, as estimated with a specific gravity hydrometer 
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(G8030@JAPSINR). The addition of red food color dye did not produce any measurable change 

in the density of the saltwater solution (Chang and Clement, 2013; Oz et al., 2014). The 

laboratory-scale experiment was performed at room temperature of 270C. 

In addition, prior to the laboratory experiment, both the extraction and injection screens in 

the GCW were made of a 500-micron stainless-steel mesh of length of 2 cm. The internal 

diameter of the extraction/injection screens is 3 cm each.  Both the screens are isolated with a 

separable plate provided in between the impermeable casing. This isolation of screens does not 

allow the accumulated water at the lower screen of the well to move upward. Hence, a small 

pinhole is provided in the separation plate through which the pump is connected either to extract 

the water from the lower section of the well or to inject in the lower section of the well. The 

diameter of the augured hole provided in the separation plate is 0.3 mm. The impermeable casing 

is constructed by a PVC pipe of the length of 7 cm. In this study, a 12V micropump having a 

maximum discharge rate of 7 cm3/s has been used for extraction or injection. 

 

Figure 6.4: Groundwater circulation well (GCW) used in the present study 

6.2.3 Experimental Procedures 

The laboratory-scale experiment was recorded at various intervals using a Nikon digital 

camera. A digital timer is used to record the experimental timing. The right bottom corner of the 

porous chamber was considered as the origin to record experimental observations. The recorded 

images were cropped and presented at a suitable scale to provide better visualization. 

Prior to the laboratory experiment, the groundwater circulation well (GCW) was initially 

emplaced in the middle of the porous media chamber within the flow tank. It allowed for starting 

the GCW at any phase of the experiment without disturbing the aquifer media. The GCW was 

located at x = 22.5 cm, and y = 3.4 cm from the saltwater boundary and had a height of 12 cm 

(i.e., z = 12) from the bottom boundary of the flow tank. After placing the GCW, the porous 
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section of the flow tank was filled with clear glass beads to simulate an unconfined coastal 

aquifer. The glass beads were packed under fully saturated conditions to avoid entrapment of air 

bubbles within the porous media. The glass beads were packed to a height of 20 cm in layers of 

about 5 cm within the flow tank. Each of the layers was prudently compacted to satisfy a 

homogenous condition. After filling the porous media chamber, the entire system was initially 

flushed with tap water at a constant rate from the overhead freshwater reservoir. The overflow 

outlets were adjusted to maintain a constant head of 15.5 cm and 14.5 cm in the freshwater and 

saltwater chamber, respectively, yielding a head difference of 1 cm. These head values were 

estimated from the bottom of the flow tank. This hydraulic gradient allowed to transmit 

freshwater through the system towards the saltwater boundary. The system was then allowed to 

continue until it reaches a steady-state flow. After a steady freshwater flow established, a similar 

procedure to that used by Goswami and Clement (2007) was employed to determine the 

hydraulic conductivity of the porous media, and the average value was found to be 0.172 cm/s. 

The porosity of the porous media was calculated using the volumetric method and yielded an 

average value of 0.43. Table 6.2 presents the geometrical and hydraulic properties of porous 

media. 

Table 6.2: Properties of the porous media 

Parameter Value 

Average grain size, mm 0.57 

Average bulk density, g/cm3 1.443 

Specific gravity 2.49 

Average hydraulic conductivity, cm/s 0.172 

Porosity 0.43 

 

After establishing a steady-state flow, the red-dyed saltwater solution was then introduced 

quickly from the overhead saltwater reservoir into the saltwater chamber to replace freshwater. 

Once the saltwater reached a constant level, the saltwater intrusion process was initiated. The 

system was then allowed to progress for some time until the steady-state saltwater wedge was 

achieved. As the saltwater intrusion process advanced, the location of the toe of the intruding 

wedge was determined and captured through digital images at different times. After the 

establishment of the steady-state wedge, the extraction of water from the aquifer was initiated 

for 5 min at the rate of 1.25 cm3/sec, and the subsequent migration pattern of saltwater intrusion 

wedge was observed. The GCW was then introduced within the system after 5 min of extraction, 

and the entire system was allowed to continue until the end of the experiment. 
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6.3 Laboratory-scale experiment: Results and Discussions 

The laboratory-scale experiment has been performed to investigate the effect of a 

groundwater circulation well (GCW) on controlling saltwater intrusion in unconfined coastal 

aquifers. Figure 6.5 represents the transport patterns of saltwater intrusion wedge in the flow 

tank. The photographs were taken at 5, 15, 32, and 47 min after starting the experiment. The 

color image taken from the flow tank experiment at the steady-state (SS) is shown in Figure 

6.5(d). The steady-state saltwater wedge was achieved after about 47 min. At the steady-state 

condition, the toe of the saltwater wedge was located at 8.75 cm from the coastline, and the 

elevation of the wedge at the saltwater boundary (at x = 0) was 11 cm. 

 

Figure 6.5: Transport patterns of saltwater intrusion wedge at (a) 5 min, (b) 15 min, (c) 32 

min, and (d) 47 min 

 

After reached the steady-state saltwater wedge, the extraction pump was started at a rate of 

1.25 cm3/s, and the subsequent migration pattern of the saltwater intrusion wedge was observed. 

 

Figure 6.6: The experimental result after 5 min of extraction over the steady-state position 

at 47 min 

To observe the better effect of the GCW on the saltwater intrusion dynamics, the extraction 

pump has initially been used within the aquifer. The time of beginning the extraction pump was 

noted as 47 min. As could be seen in Figure 6.6, after the extraction pump was initiated, the 

saltwater wedge rapidly advanced through the system towards the freshwater boundary. From 
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the experimental data, it can be observed that a considerable mixing of saltwater and freshwater 

flows during the intrusion period. The mixing takes place due to the advection occurs as a result 

of pumping. 

The GCW was then initiated within the system at 52 min and continued till 2 hrs 40 min. 

After starting the GCW, it can be observed that the position of the wedge is shifted towards the 

seaward boundary, and the groundwater circulation well (GCW) has been acting as a hydraulic 

barrier (Figure 6.7). The toe of the saltwater wedge was measured as 6.5 cm from the coastline 

at 2 hrs 40 min. 

 

Figure 6.7: Effect of GCW on the saltwater wedge at (a) 1 hr 50 min, and (b) 2 hrs 40 min 

 

For a better understanding of the phenomenon, a GCW system with partial extraction was 

employed to push the saltwater intrusion wedge towards the saltwater boundary. For better 

visualization of the movement of recirculated water, food color (blue) dye was injected on the 

lower screen of GCW with 10% partial extraction through the injection pump. The time of 

injection of blue-colored dye was recorded as 2 hrs 45 min. The observational results are 

presented in Figure 6.8. The toe of the saltwater wedge was measured at 3 hrs 17 min as 7.56 cm 

from the coastline. 

 

Figure 6.8: Experimental results for 10% partial extraction at (a) 2 hrs 45 min, and (b) 3 

hrs 17 min 

 

It can be seen in Figure 6.8, the blue color plume initially formed a circulation cell due to 

the presence of an extraction pump at the upper screen and then moved towards the seaward 

boundary. It was also seen that as it approached closer to the interface, it moved over the 

freshwater-saltwater interface, and eventually, the plume discharged at the saltwater chamber. It 
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proves that even after partial extraction of water, there was no further migration of saltwater 

wedge towards the well. Hence, GCW can act as a hydraulic barrier in controlling saltwater 

intrusion in coastal aquifers. Simultaneously, some water can be extracted from the aquifer 

through the well for different domestic, agricultural, or industrial needs. 

6.4 Numerical Approach 

The variable-density flow and transport model FEMWATER (Lin et al., 1997) is adopted 

to simulate the flow and transport processes for the laboratory-scale experiment conducted in 

this study. It is a three-dimensional finite-element model that can simulate the density-dependent 

flow and mass transport through saturated-unsaturated porous media. The detailed description 

of the governing equations for flow and transport processes is already presented in Chapter 4. 

The main goal of the simulation was to evaluate the consistency of the experimental result with 

the numerical prediction. Once the numerical model is validated, the model can be used for 

creating different saltwater intrusion management scenarios using GCW. The details of the 

numerical simulation model have been presented in the following sections. 

6.4.1 Description of the Model 

The numerical description of the experimental setup involves a rectangular domain of 45 

cm × 20 cm, as shown in Figure 6.9. The entire model domain was split into 7749 nodes and 

12800 elements with ∆x = 1.125 cm, ∆y = 0.85 cm and ∆z = 1 cm. 

 

Figure 6.9: Computation domain and boundary conditions used in the numerical model 

The left and right side boundaries of the model were assigned as the inland and coastal 

boundary, respectively. Hydrostatic pressure boundary conditions were applied on the left-side 

boundary (C = 0%) and to the right-side boundary (C = 100%). A concentration of 35 g/L was 

used for the saltwater boundary. The constant head of 15.5 cm was set on the freshwater 

boundary while that was fixed at 14.5 cm on the saltwater boundary, yielding a head difference 

of 1 cm for the entire numerical simulation. The base of the domain was bounded by an 
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impervious boundary. No flow boundary conditions were specified at the top, the front and the 

backside of the computational domain. 

The initial condition used in the model was that of a totally freshwater aquifer. The 

freshwater and saltwater boundary conditions were assigned upon the system, and the system 

was allowed to reach the steady-state condition. The value of time step Δt was set at 60 s in the 

simulation. 

To simulate a GCW in the model, two wells have been used to represent extraction/ injection 

at the same location in a horizontal direction. The location of both extraction and injection wells 

center was at x = 22.5 cm and y = 3.4 cm but in different model layers. Also, the flow rate of the 

extracted water is given as the negative (-) value as well as it is given as the positive (+) value 

for the injection. The longitudinal dispersivity ( La ) was estimated using the method described 

in Xu and Eckstein (1995), and the transverse dispersivity ( Ta ) was assumed to be 1/10 of the 

longitudinal dispersivity (Goswami and Clement, 2007). The longitudinal dispersivity and 

transverse dispersivity values were assigned to be 7 cm and 0.7 cm, respectively. The density of 

freshwater and saltwater was set into the numerical model to be 0.997 g/cm3 and 1.025 g/cm3, 

respectively. The other numerical parameters used in this study are listed in Table 6.3. All other 

parameters were fixed at the default values in the FEMWATER. 

Table 6.3: Parameters of Numerical Simulation 

Parameter Value Source 

Bulk density 1.443 g/cm3 Measured 

Hydraulic conductivity 0.172 cm/s Measured 

Pumping rate 1.25 cm3/s Measured 

Molecular diffusion coefficient 1×10-5 cm2/s Freeze and Cherry (1979) 

Porosity 0.43 Measured 

6.5 Numerical Simulation: Results and Discussions 

The numerical model has been built up to simulate the flow and transport processes for the 

experimental setup, and simulations have been carried out to verify the physical phenomenon of 

saltwater intrusion dynamics under the effect of a groundwater circulation well (GCW). In this 

section, the experimental results are compared against numerical predictions. 

The experimental results indicate that there is further movement of the saltwater wedge 

towards the well due to the extraction of water. Even though recirculating the freshwater by using 

the GCW, the saltwater wedge was subsidized and pushed towards the saltwater boundary to 

achieve a new steady state. At the steady-state condition, the toe of the saltwater wedge was 8.75 
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cm in the physical model, whereas in the numerical simulation, it was 8.98 cm. Later, a new 

steady-state wedge position was achieved at 6.5 cm and 6.75 cm, respectively, in the laboratory 

experiment and numerical simulation using the GCW. Also, partial extraction of 10% was 

recirculated as such the toe of the saltwater wedge has shifted to 7.56 cm and 7.88 cm 

respectively in the laboratory experiment and numerical simulation. The comparison of the 

numerical and experimental results shows that the numerical prediction is in good agreement 

with the experimental results (Figure 6.10). 

 

Figure 6.10: Comparison of numerical and experimental results for (a) Steady State, (b) 5 

min extraction, (c) GCW with 0% partial extraction and (d) GCW with 10% partial extraction 

 

It can be observed from Figure 6.10 that due to the presence of groundwater circulation well 

(GCW), the saltwater intrusion wedge has been pushed toward the coast, and the groundwater 

circulation well has been acted as a hydraulic barrier. 

Prior to the development of reverse circulation flow GCW, a standard flow GCW was 

modeled with extraction at lower screen and injection at the upper screen, keeping the same 

parameters as it was considered in the physical model. Figure 6.11 shows the simulation result 

for the steady-state condition. 
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Figure 6.11: Simulation result for steady-state (SS) condition 

 

To evaluate the effect of partial extraction from the GCW on the saltwater intrusion wedge, 

a numerical simulation has been conducted with different partial extraction between 0% to 50%. 

The simulation results of this scenario are presented, as shown in Figure 6.12. 

       

Figure 6.12: Standard flow GCW for (a) 0% partial extraction, (b) 10% partial extraction, 

(c) 20% partial extraction, (d) 30% partial extraction, (e) 40% partial extraction and (f) 50% 

partial extraction 

 

From the simulation results, it was found that for most of the cases of partial extraction (0%-

50%), the saltwater intrusion wedge migrated near the GCW.  It may be observed from Figure 

6.12 that the saltwater wedge is moving towards the inland side with an increase in the partial 

extraction rate. However, the wedge has not touched the GCW. As such, proper care has to be 

taken if it is necessary to go for a partial extraction from the well. 

The results of the new steady-state (SS) saltwater wedge position of Standard flow for 

different percentages of partial extraction are compared with the initial steady-state (SS) 

saltwater wedge in Figure 6.13. 
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Figure 6.13: Comparison of the new steady-state wedge position of Standard flow for 

different percentages of partial extraction with the initial steady-state wedge 

 

As could be seen in Figure 6.12, the saltwater intrusion wedge migrates to near the GCW 

for most of the cases of partial extractions (0%-50%).  Therefore, it has been decided not to 

choose standard flow GCW for further analysis in this study. Hence, reverse circulation flow 

GCW was selected for both the physical experiment and numerical simulation model. 

6.6 Scenarios Development 

To obtain the optimal percentage of the partial extraction, different scenarios have 

numerically been developed, and the model was simulated for all the scenarios. Firstly, it was 

developed for 0%, 10%,  20%, 30%, 40%, 50% of partial extractions with different screen 

lengths. Also, scenarios for different anisotropy values and different discharges for recirculation 

were developed. Table 6.4 and Table 6.5 shows the different scenarios developed in this study. 

The optimal percentage of extraction and screen length are finally obtained by conducting a 

thorough analysis of these scenarios. The detailed analysis of these scenarios has been presented 

in the following sections. 

Table 6.4: Scenarios developed for different screen length 

 Scenarios Partial extractions (for Q = 1.25 cm3/s and Kx/Kz = 1) 

0% 10% 20% 30% 40% 50% 

Scenario 1 Screen length 3 cm, Distance between screens 9 cm 

Scenario 2  Screen length 4 cm, Distance between screens 8 cm 

Scenario 3 Screen length 5 cm, Distance between screens 7 cm 

Scenario 4     Screen length 6 cm, Distance between screens 6 cm 
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Table 6.5: Scenarios developed for different discharge and anisotropy value 

 Scenarios Partial extractions (for screen length 4 cm and 

distance between screens of 8 cm) 

0% 10% 20% 30% 40% 50% 

Scenario 5 Discharge (Q = 0.625 cm3/s), Anisotropy (Kx/Kz = 1) 

Scenario 6     Discharge (Q = 1.25 cm3/s), Anisotropy (Kx/Kz = 2) 

Scenario 7 Discharge (Q = 0.625 cm3/s), Anisotropy (Kx/Kz = 4) 

 

6.6.1 Scenario 1 

As demonstrated above, scenario 1 represents the case of upper and lower screens length as 

2 cm and 1 cm with a spacing of 9 cm. The model was simulated for different percentages of 

partial extraction with discharge (Q = 1.25 cm3/s) and anisotropy (Kx/Kz = 1). The total 

simulation time was 4 hrs. Figure 6.14 represents the simulation result for the initial steady-state 

condition, and the initial steady-state saltwater wedge was at 8.67 cm from the saltwater 

boundary. From the analysis, it was observed that the new steady-state wedge positions were 

established at 6.27, 7.74, 8.49, 9.32, 11.71, 13.83, and 15.9 cm respectively, for  0%, 10%, 20%, 

30%, 40%, and 50% partial extraction. The numerical simulation results are displayed in Figure 

6.15. Hence, it is cleared that if the partial extraction is nearly below or equal to 15%, the 

horizontal extents of the new steady-state wedge position are under the initial steady-state 

position. Therefore, at least 15-20% of water can be extracted from GCW without preventing the 

initial steady-state. It is cleared that there is no problem in extracting 30% of the water from the 

GCW since the location of GCW is 22.5 cm from the coastline. Figure 6.16 shows the partial 

extraction possible under the initial steady-state wedge position for a 3 cm screen length. 

 

Figure 6.14: Simulation result for initial steady-state (SS) condition 
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Figure 6.15: Reverse GCW with 3 cm screen for (a) 0% partial extraction, (b) 10% partial 

extraction, (c) 20% partial extraction, (d) 30% partial extraction, (e) 40% partial extraction and 

(f) 50% partial extraction 

 

Figure 6.16: Graph showing the partial extraction possible under the initial steady-state 

wedge position for 3 cm screen length 

 

6.6.2 Scenario 2 

In this scenario, the impact of screen length and distance between the screens has been 

examined on the behavior of the saltwater intrusion wedge pattern. In this effort, the model was 

simulated by considering the upper and lower screen's length of 2 cm and the spacing between 

the screens of 8 cm. The other parameters, such as discharge and anisotropy value, was kept 

constant as it was considered in scenario 1. The total simulated time was 4 hrs. The new steady-

state saltwater wedge position was observed at 6.37, 7.76, 8.93, 9.31, 11.7, 13.97 and 16.1 cm 

for the partial extraction of 0%, 10%, 20%, 30%, 40% and 50%, respectively as shown in Figure 

6.17. As mentioned above, the initial steady-state wedge position was at 8.67 cm from the 

coastline. Nevertheless, the horizontal extent of the new steady-state wedge position exceeds the 

initial one for 15% partial extraction. Thus, it has become clear from the analysis that when the 

partial extraction is in between 10-15%, there is a possibility to reach its initial steady-state 

condition. 
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Figure 6.17: Graph showing the partial extraction possible under the initial steady-state 

wedge position for 4 cm screen length 

 

6.6.3 Scenario 3 

In this scenario, the screen length of upper and lower sections is kept as 3 cm and 2 cm, 

respectively, with a spacing of 7 cm. The other parameters, such as discharge and anisotropy 

value, was kept constant as it was considered in scenario 1. Once the model is simulated for a 

period of 4 hrs, it is perceived that the new steady-state wedge position has slightly deviated as 

it was observed in scenario 2. The new steady-state position was found to be as 6.44, 7.74, 8.72, 

9.32, 11.55, 13.97, and 16.13 cm, respectively for partial extraction of 0%, 10%, 20%, 30%, 

40%, and 50%. The observational results are shown in Figure 6.18. 

 

Figure 6.18: Graph showing the partial extraction possible under the initial steady-state 

wedge position for 5 cm screen length 

 

6.6.4 Scenario 4 

In this scenario, the model was simulated by considering the length of each upper and lower 

screens 3 cm with spacing in between of 6 cm. The other parameters, such as discharge and 

anisotropy value, was kept constant as it was considered in scenario 1. From the simulation 
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results, it is observed that the new steady-state position of the saltwater intrusion wedge was 

almost similar, as it was seen in scenario 3 (Figure 6.19). 

 

Figure 6.19: Graph showing the partial extraction possible under the initial steady-state 

wedge position for 6 cm screen length 

 

From the above four scenarios, it could be concluded that if the screen length is smaller and 

non-uniform with upper screen length greater than lower screen length, most of the new saltwater 

steady-state wedge position is under the initial one. Moreover, more amount of water can be 

extracted from GCW through partial extraction to satisfy different human needs in coastal zones. 

 

6.6.5 Scenario 5 

Scenario 5 demonstrates the case of screen length of 4 cm, and the distance between the 

screens of 8 cm with discharge (Q = 0.625 cm3/sec). The model was simulated for different 

percentages of partial extraction with an anisotropy value of 1 (Kx/Kz = 1). The initial steady-

state result for this scenario is shown in Figure 6.20. The results for steady-state wedge position 

for different partial extractions are as follows 8.16, 8.95, 9.8, 10.81, 11.96, and 13.32 cm 

corresponding to 0%, 10%, 20%, 30%, 40%, and 50% (Figure 6.21 and Figure 6.22). Though 

the steady-state wedge position for the 0% is comparatively higher than the above four scenarios, 

even 50% of water can be partially extracted from GCW. There is no significant horizontal 

movement of the saltwater intrusion wedge. The range of fluctuation of the migration wedge is 

limited to 5 cm, whereas, in the case of the above four scenarios, it was found to be approximately 

10 cm. Hence, it could be suggested that as a coastal area having less population with little 

requirement of water, a low discharge of GCW can be established to mitigate the saltwater 

intrusion problem. At the same time, partial extraction up to 20% can likely be possible. 
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Figure 6.20: Simulation result for initial steady-state (SS) condition 

 

Figure 6.21: Reverse GCW with discharge, Q = 0.625 cm3/sec for (a) 0% partial 

extraction, (b) 10% partial extraction, (c) 20% partial extraction, (d) 30% partial extraction, (e) 

40% partial extraction and (f) 50% partial extraction 

 

Figure 6.22: Graph showing the partial extraction possible under initial steady-state wedge 

position for Q = 0.625 cm3/sec 

 

6.6.6 Scenario 6 

In this scenario, anisotropy value (Kx/Kz) was considered to be 2, keeping as the discharge 

of 1.25 cm3/sec and screen length 4 cm. The initial steady-state wedge position was achieved at 

7.07 cm from the coastal boundary, and the result is presented in Figure 6.23. For the different 

partial extractions of 0%, 10%, 20%, 30%, 40% and 50%, the new steady-state wedge positions 

were 3.98, 4.4, 5.1, 6.7, 8.83 and 11.01 cm, respectively. Figure 6.24 represents the simulation 

results for the partial extractions of 0%, 10%, 20%, 30%, 40%, and 50%. It could be inferred 

from the results that the horizontal extent of the saltwater intrusion wedge is limited to 11 cm 
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from the seaward boundary, which is comparatively smaller than the other scenarios. Hence, 

nearly 30-35% of partial extraction could be possible. In a practical situation, this scenario is 

efficient in providing a large amount of discharge in terms of partial extraction from GCW to a 

well-developed coastal area. Figure 6.25 shows the partial extraction possible under the initial 

steady-state wedge position for Q = 1.25 cm3/sec and Kx/Kz = 2. 

 

Figure 6.23: Simulation result for the steady-state condition 

 

Figure 6.24: Reverse GCW with discharge, Q = 1.25 cm3/sec and Kx/Kz = 2 for (a) 0% 

partial extraction, (b) 10% partial extraction, (c) 20% partial extraction, (d) 30% partial 

extraction, (e) 40% partial extraction and (f) 50% partial extraction 

 

Figure 6.25: Graph showing the partial extraction possible under initial steady-state wedge 

position for Q = 1.25 cm3/sec and Kx/Kz = 2 

 

6.6.7 Scenario 7 

The situation with anisotropy value as assumed to be 4 and a discharge value of 0.625 
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be 4 cm, and the distance between the screens as 8 cm. In this case, the initial steady-state wedge 

position was observed at 5.63 cm, and the steady-state simulation result is shown in Figure 6.26. 

The new steady-state wedge position for 0%, 10%, 20%, 30%, 40%, and 50% partial extractions 

was found to be 5.16, 5.52, 5.18, 4.73, 4.4 and 5.09 cm, respectively. Numerical simulation 

results of new steady-state wedge position for 0%, 10%, 20%, 30%, 40%, and 50% partial 

extraction is presented in Figure 6.27. Figure 6.28 represents the partial extraction possible under 

initial steady-state wedge position for Q = 0.625 cm3/sec and Kx/Kz = 4. 

 

Figure 6.26: Simulation result for the steady-state condition 

 

Figure 6.27: Reverse GCW with discharge, Q = 0.625 cm3/sec and Kx/Kz = 4 for (a) 0% 

partial extraction, (b) 10% partial extraction, (c) 20% partial extraction, (d) 30% partial 

extraction, (e) 40% partial extraction and (f) 50% partial extraction 

 

Figure 6.28: Graph showing the partial extraction possible under initial steady-state wedge 

position for Q = 0.625 cm3/sec and Kx/Kz = 4 
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Therefore, it could be interpreted from the above results that there is hardly any change in 

the pattern and behavior of the steady-state wedge position. The fluctuation of the horizontal 

extent of the saltwater wedge is in the range of 1 cm. It could be achieved by up to 50% partial 

extraction from GCW. 

6.7 Summary and Conclusions 

The control of saltwater intrusion is a common environmental problem worldwide 

encountered in coastal groundwater hydrology. The issue is not only to protect the groundwater 

resources for the human being, but also the remediation strategy should be a cost-efficient one. 

As such, a reliable and cost-effective strategy is, therefore, required for mitigating the problems 

and protecting coastal groundwater resources from further contamination by saltwater intrusion 

in coastal and island environments. In this study, an effort has been made to investigate the 

behavior of saltwater intrusion dynamics under the effect of a groundwater circulation well 

(GCW) using both the experimental and numerical approaches. The physical experiment has 

successfully been conducted in a laboratory-scale flow tank model under constant water head 

boundary conditions. A numerical model has been built up to simulate the flow and transport 

processes for the experimental setup, and simulations have been carried out to further study the 

dynamics of saltwater intrusion with different scenarios under a GCW. 

The experimental results show that a considerable mixing of saltwater and freshwater flows 

is observed during the initial intrude period. After starting the extraction pump, the saltwater 

wedge starts rapidly to advance towards the inland. The evaluation of the results also indicates 

that the position of the wedge is shifted towards the coastline as GCW is initiated in the system. 

Hence, GCW can act as a hydraulic barrier for controlling saltwater intrusion in coastal aquifer 

systems.    

However, for all the developed scenarios, it is seen that the initial steady-state wedge 

position is pushed at least 15% towards the seaward boundary. Hence, no further saltwater 

intrusion is possible around the sphere of influence of the well. Furthermore, the simulation 

results suggest that almost 30% partial extraction is likely to be possible from the GCW if screen 

length is smaller and non-uniform. That is because to pass the same amount of water through a 

smaller screen area. The increase in the recirculating water velocity near the lower screen 

location leads to the rise in elliptical circulation cell influence in a downward direction. 

Moreover, a comparatively more amount of water can also be extracted to meet different 

domestic, agricultural, or industrial needs in coastal zones. 
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The purpose of the present study is not only to cease the further migration of saltwater wedge 

towards inland but also to extract some percentages of water for human needs partially. 

Simultaneous abstracting of water from the GCW also proves to be effective in mitigating the 

saltwater intrusion problem in coastal aquifers. Except for 50%, partial extraction in scenarios 

1-4, every case is suitable and efficient for continuously extracting water up to 40%. Out of all 

the above-developed scenarios, scenario 6 shows the optimal condition as approximately 40% 

of partial extraction can be achieved, without crossing the initial steady-state wedge position. 

The present study reveals the GCW with partial extraction can effectively mitigate the saltwater 

intrusion problem in coastal regions and could be considered as one of the most efficient 

management strategies for controlling the problem. Moreover, this strategy is very cost-effective, 

has a less environmental impact, and could be employed for sustainable development of water 

resources in coastal zones. 
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CHAPTER 7 
 

Summary, Conclusions, and Recommendations for 

Future work 

7.1 Summary  

Saltwater intrusion (SI) into coastal aquifers is the most widespread groundwater 

contamination problem that has become a considerable prominent concern faced by water 

resource planners worldwide as it not only leads to the depletion of available water resources but 

also adversely affects the social and economic developments of coastal communities. Coastal 

aquifers play a vital role all over the world due to the availability as well as the high quality of 

groundwater resources they provide. In the last few decades, with the growing global population 

and the tendency of people to live in the coastal areas, the demand for freshwater has been 

accelerating at an alarming rate and also has increased excessive groundwater pumping to satisfy 

their daily water requirements for coastal communities. The indiscriminate and overexploitation 

of coastal aquifers has led to SI problems and consequently deteriorates groundwater quality in 

coastal subsurface systems. Moreover, catastrophic events such as tsunamis, hurricanes, and 

droughts could result in severe saltwater intrusion into coastal aquifers. The interest in better 

understanding the mechanism of saltwater intrusion processes in coastal aquifers is, therefore, 

garnering increased attention worldwide in the past few years. In particular, physical models are 

valuable and efficient research tools to understand as well as visualize the processes and also for 

verifying the analytical and numerical models. In the present study, a series of physical 

experiments have been carried out in a laboratory-scale aquifer model to develop a better 

scientific understanding of the dynamics of saltwater intrusion processes in coastal aquifers. 

Furthermore, the density-dependent flow and transport simulation model FEMWATER is used 

to simulate the flow and transport processes for the experimental setup, and simulations have 

been conducted to verify the observed phenomena for all the physical experiments. The main 

goal of these simulations was to evaluate the consistency of the experimental results with the 

numerical predictions and to explain the experimental results better. 

In addition, image analysis (IA) techniques have widely been employed to quantify the 

spatial and temporal concentration distribution profiles in laboratory-scale flow tank 

experiments. In this study, the IA technique is used to measure the saltwater concentration field 

in the laboratory-scale aquifer model domain. A statistics-based error analysis method is also 
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undertaken to assess the reliability of the method and to quantify the error associated with the 

measurements. As the toe length (TL) and width of the mixing zone (WMZ) are the typical 

parameters used to define a saltwater intrusion wedge, therefore, these parameters have been 

calculated using the IA technique for all the laboratory-scale experimental cases, and results are 

compared with the numerical predictions. 

Groundwater circulation well (GCW) is one of the most promising in-situ remedial 

techniques of groundwater. In this work, an effort has been made to investigate the behavior of 

saltwater intrusion dynamics under a GCW with partial extraction of water using both 

experimental and numerical approaches. The main focus is not only to cease the further migration 

of saltwater wedge towards inland but also to extract some percentage of water partially for 

human needs. As such, different scenarios have numerically been developed, and the model was 

simulated for all the scenarios in order to obtain the optimal percentage of the partial extraction. 

7.2 Conclusions 

The following conclusions can be drawn from the present study. 

 

 Investigation of the dynamics of saltwater intrusion processes in an unconfined coastal 

aquifer using laboratory and numerical approaches 

The overall goal of this work is to perform physical and numerical experiments with 

regard to develop a better scientific understanding of the dynamics of saltwater intrusion 

processes in a coastal unconfined aquifer. In this effort, a series of physical experiments 

have been carried out in a laboratory-scale aquifer model to have a better understanding 

of the dynamics of this phenomenon under different scenarios. The variable-density flow 

and transport model FEMWATER is used to simulate the flow and transport processes 

for the experimental setup on the same scale, and simulations have been carried out to 

verify the observed phenomena for all the physical experiments. The main goal of these 

simulations was to evaluate the consistency of the experimental results with the 

numerical predictions and to explain the experimental results better. It has been found 

that the numerical predictions are in good agreement with all the experimental results. 

An investigation has successfully been conducted to assess the efficiency of bentonite 

clay slurry on controlling the SI problem in the present study. The results reveal that there 

is no further movement of the saltwater intrusion wedge towards the inland side after 

implementation of the barrier. The research also suggests that the physical barrier created 

by bentonite slurry can be employed for preventing the movement of saltwater intrusion 
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in coastal aquifer systems. Further, the effect of pumping on the saltwater intrusion 

dynamics has been studied, and results show that the saltwater interface rapidly advances 

through the system towards the freshwater aquifer after the application of pumping. Also, 

the influence of the injection of the freshwater on the dynamics of saltwater intrusion 

processes has been investigated in this study. The evaluation of the results suggests that 

the saltwater wedge gradually recede through the system towards the saltwater boundary 

upon injection of freshwater and could be concluded the injection of freshwater as a 

hydraulic barrier can be used in impeding saltwater intrusion in coastal aquifers. 

The saltwater diffusion zone present within the coastal aquifer system plays a significant 

role in the transport and fate of contaminants. This study examines the behavior of 

contaminant transport patterns in saltwater intruded aquifer with and without pumping 

conditions. The results demonstrate that the contaminant travels upward towards the 

seaward boundary when it approaches the saltwater intrusion wedge and then exits 

around the coastline. It is a remarkable observation that the contaminant plume does not 

travel further seaward through the saltwater intrusion wedge. Upon installation of a 

pump, the wedge advances rapidly into the freshwater system, and the contaminant plume 

is also drawn along with the wedge towards the pump location. It has been observed that 

the contaminant plume did not follow the ideal circular flow path. Due to the effect of 

advection, the circular plume forms an elongated shape as it approaches the saltwater 

wedge. Moreover, the behavior of contaminant plume under the influence of a horizontal 

clay lens has also been investigated, and it has been observed that there are two saltwater 

intrusion wedges develop, one at the base of the aquifer, and the other one above the clay 

lens. The results also indicate that the contaminant plume travels vertically along with 

the saltwater wedge towards the seaward boundary. The findings from the present study 

would be useful to understand better the saltwater intrusion processes occurring in a 

coastal unconfined aquifer. 

 

 Quantification of concentration distributions profile in the laboratory-scale flow tank 

experiments using an image analysis technique 

An image analysis technique has been employed to determine the solute concentrations 

in laboratory-scale flow tank experiments. The main focus of this study is to quantify the 

spatial and temporal concentration distributions profile of dyed saltwater flowing through 
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the laboratory aquifer model. The presented IA technique is capable of tracking both 

spatial and temporal variations in a saltwater wedge in laboratory-scale experiments. 

The calibration technique in order to establish the relationship between light intensity 

and dyed saltwater concentration has been reported. The relationship shows non-linear 

behavior at high concentrations that is in good agreement with the results demonstrated 

in the published literature. 

Furthermore, experimental results indicate that a more significant increase in the TL and 

WMZ has been observed after the initiation of pumping within the aquifer as similar to 

that found in numerical simulations. Because of pumping, the freshwater pressure head 

is decreasing within the system that induces a landward movement of the saltwater 

intrusion wedge. As expected, upon application of the injection pump, the saltwater 

wedge starts to recede through the system towards the saltwater boundary and results in 

a decrease in TL and WMZ. The steady-state experimental results demonstrate that TL 

and WMZ gradually increase before attainment of the steady-state, and after establishing 

the steady-state, both TL and WMZ remained constant throughout the experiment. This 

agrees well with the simulated results. 

This study shows the IA technique could be effectively used for quantification of the 

solute concentration distributions profile in laboratory-scale flow tank experiments. The 

presented IA technique is non-invasive and of relatively lower cost as compared to the 

other methods. 

 

 Development of a management strategy to control saltwater intrusion in coastal 

aquifer systems 

In the present study, an effort has been made to investigate the effect of a groundwater 

circulation well (GCW) on controlling saltwater intrusion in coastal aquifers using both 

experimental and numerical approaches. The physical experiment has successfully been 

conducted in a laboratory-scale flow tank model under constant water head boundary 

conditions. A numerical model has been built up to simulate the flow and transport 

processes for the experimental setup, and simulations have been carried out to study 

further the dynamics of saltwater intrusion with different scenarios under a GCW. 

The experimental results show that a considerable mixing of saltwater and freshwater 

flows is observed during the initial intrude period. After the application of pumping, the 

saltwater wedge advances rapidly towards the inland side. The evaluation of the results 
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also indicates that the position of the wedge is shifted towards the coastline as GCW is 

initiated in the system. Hence, GCW can act as a hydraulic barrier for controlling 

saltwater intrusion in coastal aquifer systems. 

However, for all the developed scenarios, it has been observed that the initial steady-state 

wedge position is pushed at least 15% towards the seaward boundary. Hence, no further 

saltwater intrusion is possible around the sphere of influence of the well. Furthermore, 

the evaluation of the results suggests that almost 30% partial extraction is likely to be 

possible if the screen length of GCW is shorter and non-uniform. That is because to pass 

the same amount of water through a smaller screen area. The increase in the recirculating 

water velocity near the lower screen location leads to the rise in elliptical circulation cell 

influence in a downward direction. Moreover, a comparatively more amount of water can 

also be extracted to meet different domestic, agricultural, or industrial needs in coastal 

zones. 

The purpose of the present study is not only to cease the further migration of saltwater 

wedge towards inland but also to abstract partially some percentages of water for human 

needs. Simultaneous extracting of water from GCW also proves to be effective in 

mitigating the saltwater intrusion problem. Except for 50% partial extraction in scenarios 

1-4, every case is suitable and efficient for continuously extracting water up to 40%. Out 

of all the generated scenarios, scenario 6 shows the optimal condition as approximately 

40% of partial extraction can be achieved, without crossing the initial steady-state wedge 

position. The present study reveals the GCW with partial abstraction can effectively 

mitigate the saltwater intrusion problem in coastal regions and could be considered as 

one of the most efficient management strategies for controlling the problem. Moreover, 

this strategy is very cost-effective, has a less environmental impact, and could be 

employed for sustainable development of water resources in coastal zones. 

7.3 Recommendations for future work 

Based on the concepts established in this thesis, the following research efforts can be 

accomplished for future work: 

 

 In this study, laboratory and numerical experiments have been carried out to investigate 

the dynamics of saltwater intrusion processes in unconfined coastal aquifers under 

homogeneous conditions. However, future studies can be conducted to study the 
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saltwater intrusion processes in coastal groundwater aquifers under confined and 

heterogeneous conditions.   

 The present study is mainly based on laboratory, and numerical experimental results 

could be verified in the field study impacted by climate change effects. 

 This study examines the behavior of contaminant transport patterns in saltwater intruded 

aquifer without tidal fluctuations. Future research needs to be carried out to investigate 

the contaminant transport patterns in coastal aquifers subject to tidal fluctuations. 

 In the present study, bentonite clay slurry has been employed as a subsurface barrier in 

controlling the saltwater intrusion problem in coastal aquifers. The efficacy of different 

materials (e.g., cement slurry), as well as their locations to prevent or mitigate the 

problem in coastal aquifer systems that could be investigated. 

 The light reflection technique has been employed to determine the spatial and temporal 

salt concentration distributions profile in laboratory-scale flow tank experiments. 

Moreover, the light transmission technique could be used in quantifying the salt 

concentration distributions profile in laboratory-scale saltwater intrusion experiments. 

 Groundwater circulation well (GCW) has been used in controlling saltwater intrusion 

problems in coastal aquifers in the present study. However, the GCW was located in the 

middle of the aquifer in this study. The effects of variation of the GCW location on the 

dynamics of saltwater intrusion processes in coastal subsurface systems could be 

examined. 
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