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Abstract
Sediment in urban drainage systems can lead to a reduction in flow capacity and potentially to surcharge and overflow, but the ability to monitor sedimentation is limited. This study aimed to develop conductance-based sensing systems to characterise the multiphase depths and hydraulic properties of sediments in sewer pipes.
Firstly, a novel sensor based on conductance measurement has been developed and tested under a laboratory environment and validated by a finite-element model. The relative conductance is measured between pairs of adjacent electrodes to provide a conductance profile along the sensor length. A piecewise linear relationship between conductance and electrode length was derived and the interface positions between sediment, water, and air can be determined from the profile. The results demonstrated that the root mean square error of the model and the measured interface level are within 1.4% and 2.6% of sensor’s measurement range of 172 mm depth. An error distribution of interface height shows that all anticipated errors are within the resolution of the electrode length increments. Furthermore, it was found that the conductivity of the measured medium is proportional to the gradient of the linear relationship of conductance and electrode length. 
Secondly, a sensing system based on electrical impedance spectroscopy (EIS) has been developed as a method for characterising the grain size, porosity and hydraulic permeability of various sizes of glass beads and mixtures composed of sand or glass beads. The EIS involves applying an AC electrical signal to the sample and measuring the resulting voltage response, which is represented by the Bode plot and Nyquist plot. The Nyquist plot is fitted with the modified Randles circuit, a model that can be used to extract the electrical conductance of the test samples. The relationship between the electrical conductance and the hydraulic properties has been investigated, including a linear relationship between electrical conductance and grain size, and power law relationships between electrical conductance and porosity and permeability. Then a combined model is derived from the Kozeny-Carman equation, Archie’s Law and fitted parameters from this study, to predict the hydraulic permeabilities, which demonstrates a good agreement with the measured permeability. Considering the actual applications, the temperature dependence has been analysed so that temperature changes can be taken into account when interpreting the measured conductance. In addition, the relationship between the electrode spacing and measured electrical conductance is also characterised by the experiments and a recommendation has been proposed to help optimise the design of the sensor for future applications. 
These findings demonstrate the feasibility of two valuable sensing systems for the accurate quantification of multiphase depths and hydraulic properties in sewer systems. The low-cost and real-time measurements can improve the understanding of the sedimentation process and optimise its monitoring in the water industry. Further work should validate the sensing systems with real sediment samples, and field tests would be desirable. 
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[bookmark: _Toc118502315][bookmark: _Toc118717163]Background
Combined sewer overflows (CSOs) and Sediment is important and inevitable components of the sewer system, which affect the quality and safety of water resources as well as the overall functioning of the sewer system. Monitoring the CSOs and investigating the properties of sediment is a continuing concern within the scientific and industrial communities. CSOs occur when a combined sewer system becomes overwhelmed with water during heavy rainfall or snowmelt (Regueiro-Picallo et al., 2020). When this happens, the excess water and untreated sewage are discharged directly into nearby waterways, leading to potential contamination and public health concerns. CSOs can be a major source of bacteria, viruses, and other pollutants in water bodies. Sediment is another important consideration for sewer systems because it can accumulate in pipes and cause blockages, reducing the system's efficiency and increasing the risk of backups and overflows. Sediment resuspension is also the main source of pollution in the wet weather, which can come from a variety of sources, including not only wastewater but also stormwater runoff, construction activities, and erosion. 
Sewers function as collectors and transporters of wastewater and stormwater, but a significant proportion of sewer solids can settle and remain in sewer pipes, which can decrease the capacity of pipes as shown an example in Figure 1.1 and cause premature overflows, thereby causing an increase in maintenance and safety costs and bringing potential health and environment issues (Ashley et al., 2004). Monitoring sediment's physical properties, such as sediment depth, has a pivotal role in the industrial area to help avoid sewer pipe surcharges and optimise cleaning schedules. In the field of research, hydraulic properties, such as grain size, porosity and permeability, have been instrumental in the understanding of the sediment transport process (Kamann et al., 2007). Among them, sediment permeability is an important variable to understand sewer erosion, as it can determine how easily water can flow through the sediment. In sewer systems, sediment buildup can occur over time, leading to reduced flow capacity and increased flood risk. If the sediment is permeable, it can allow water to flow into the underlying soil, potentially causing subsidence or sinkhole formation. However, sediment permeability is still a relatively new variable which is being used in sewer sediment transport process.

 [image: Photos of a 6-inch main installed in 2013 and was 2/3 filled with sand in 2020. The use of regular- perforated drains in sandy loam soil was the cause of drain sedimentation ]
[bookmark: _Ref118697522][bookmark: _Toc134304131]Figure 1.1 A cross section picture of main drainage pipe, which was installed in 2013, sediment filled 2/3 of the pipe in 2020 (Ghane, 2022). 
For many years, acoustic-based techniques have dominated the field of sediment depth monitoring, which is advantaged in non-invasive, high accuracy, and wide coverage, however, the main challenges of this method are high cost and energy consumption and complicated manual operation during measurement (Thorne & Hanes, 2002, Bertrand-Krajewski, 2015, Lepot et al., 2017). In recent years, with the cost reduction, photogrammetric techniques and distributed temperature sensing (DTS) methods are more and more used in sewer sediment measurement. Imaging methods can provide high-resolution images of the sewer pipe interior, allowing for accurate identification of sediment accumulation and sediment erosion (Regueiro-Picallo et al., 2017, Noack et al., 2018, Bouratsis et al. (2013)). DTS is placed in the sewer pipe. Through analysing the temperature data to provide information on the location and thickness of sediment deposits in the sewer pipe (Regueiro-Picallo et al., 2022). The electrical conductance-based measurement is more and more applied in monitoring the sediment depth in the sewer system. The media in sewer pipes can be briefly divided into a solid phase (saturated granular media), a liquid phase and a gas phase, and arranged in order from bottom to top. The electrical conductivity between two adjacent media phases presents a significant difference. By measuring the change in electrical conductance at different depths, a new method can be developed for characterising the solid and liquid depth in sewer pipes. While some research has shown the feasibility of electrical conductance-based sensing systems in monitoring the sediment depth change, these methods have limitations in terms of high cost, complex operation, or limited measurement range, and no studies have been found to measure the multiphase depths simultaneously (Wang & Jiang, 2019, Li et al., 2005, Schlaberg et al., 2006). 
The hydraulic property of sewer sediment is another major subject of interest within the field of the sediment transport process. Many empirical models do not adequately capture sediment transport processes due to a lack of information about the sediment's hydraulic properties. However, conventional measurement methods usually take a long time and are sometimes imprecise, especially since some methods are challenging to use in field tests. Recently, there has been an increasing interest in using the electrical impedance spectroscopy (EIS) technique to characterise porous media, however, apply the EIS technique into sewer sediment is still rare. The EIS technique can measure the impedance (consisting of a real part, imaginary part, magnitude and phase angle) by applying an alternating electrical field. For the saturated porous media, the solution, particle size, pore size, pore shape, and internal structure can act as various electrical elements, such as resistors, double layer capacitors, diffusion impedance, etc., which can be reflected in the frequency dependence of impedance. By studying the relationship between the value of electrical elements and hydraulic properties of porous media (including grain size, porosity and permeability), a new method may develop to characterise sewer sediments in-situ. Although extensive research has tried to present the relationship between the EIS data and hydraulic properties, the detailed relationship function for sediments has not been established, and the EIS measurements are hard to implement in field tests. On the other hand, the existing electrical-hydraulic empirical models have not been validated for applicability to the EIS data. 
This study presents a novel application of electrical-based measurements in the monitoring of sediment depth and properties in sewer systems. The study first successfully measured multiphase depths using a single-frequency excitation sensor. The configuration of sensor is new, and it has the advantages in low-cost, long-term, and easy to operate method to measure the depth of solid and liquid phases without any calibration process. Then developed an electrochemical impedance spectroscopy (EIS) based measurement technique for the characterisation of sediment properties. The study involved measuring the impedance spectra of various materials with different grain sizes, porosities, and permeabilities, and deriving electrical-hydraulic models from the data. Additionally, the study advised the design of a sensor for real-world environmental applications, demonstrating the practicality and potential of the novel approach in sediment hydraulic properties measurements.
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The primary aim of this thesis is to develop novel sediment sensing systems behind a new class of cost-efficient and robust devices to realise long-term and real-time monitoring of sediment depth, sediment properties, and water depths in sewer pipes. This study is accordingly divided into two related parts: 
Aim 1: develop a sensing system for multiphase (sediment, water and air phases) depths characterisation based on electrical conductance measurement. 
Aim 2: develop a sensing system for sediment hydraulic properties (grain sizes, porosity and hydraulic permeability) characterisation by using the EIS technique. 
Objectives for Aim 1 are listed as follows:
· Develop the multi-electrode sediment sensor for pipe applications, based on Nichols (2004) design.
· Build the theoretical framework with electrical theory to establish a fundamental principle of the sensor for electrical conductance measurements of multiphase media.
· Build the finite element analysis (FEA) model for further verification of the theory.
· Establish a series of experiments to verify the feasibility of the sensor for multiphase depths measurement in the laboratory environment.
Objectives for Aim 2 are listed as follows:
· Develop a multi-electrode sediment sensor for the EIS test system to measure the frequency and impedance (real part, imaginary part, and phase angle)
· Analyse the Bode plot, Nyquist plot and develop an electrical equivalent circuit model.
· Develop the experimental setup and process to measure the hydraulic properties (porosity and hydraulic permeability) of various samples. 
· Develop an empirical model based on experimental results and the existing literature, to describe the relationship between grain size, porosity, hydraulic permeability, and electrical conductance.
· Investigate the effects of temperature considering practical applications.
· Produce a summary of suggestions for optimisation of sensor design based on experimental results.
[bookmark: _Toc118502317][bookmark: _Toc118717165]Thesis structure
The overall structure of this thesis takes the form of seven chapters. Chapter 1 briefly introduces the background of this research, and the aims and objectives that this study serves.
Chapter 2 contains a literature review, briefly introducing the background of sewer solids and their particle size range, porosity, and permeability. The existing sediment depth measurement methods are also presented. In addition, the fundamentals of the EIS technique are reported in the review, including electrical elements, equivalent circuit models for porous media, measurement electrode configurations and relevant applications.
Chapter 3 describes the methodology for multiphase depths and hydraulic property characterisation. For multiphase depth measurement, the design of the multi-electrode sensor is presented, and the theoretical analysis, experimental setup, and FEA model setup are presented. All the test facilities for the EIS and hydraulic property measurements are established in this chapter.
Chapter 4 compares the electrically measured and FEA modelled results of multiphase depths with the actual depths established in the laboratory. The sensor’s resolution is analysed based on the dimension of the sensor. The limitations of this sensor in practical applications are also discussed at the end of this chapter.
Chapter 5 and Chapter 6 follow a similar structure, which presents the EIS experimental results, including the Bode plot, Nyquist plot, each value of the electrical element in the equivalent circuit model, and the hydraulic property results, including grain size/mean grain size, porosity and hydraulic permeability. The relationships between electrical conductance and grain size, porosity, and hydraulic permeability are investigated, and an empirical model is derived. Considering that the design of the sensor may need to be optimised for different media in practical applications, the effects of electrode spacing distance are discussed in both chapters. The difference between chapters 5 and 6 is the test materials are different, which are one-size glass beads in chapter 5 and mixtures of sand and of glass beads in chapter 6. The effects of flow rate and temperature are also examined in chapter 5.
Chapter 7 discusses the main findings and problems encountered that can be drawn from the analysis and evaluation contained in Chapters 4, 5 and 6. On the basis of the research that has been conducted and presented, recommendations are made for practical applications and additional research.
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This chapter presents a study of the relevant literature on sewage solids, depth measurement systems, electrical impedance spectroscopy (EIS), and correlations between electrical and hydraulic properties. Knowledge of sewage solids is essential for future study on sediment characterisation. The types, particle sizes, porosity, and permeability of sewer solids, as well as the sedimentation process in sewer functions, are briefly described in Section 2.2. The current state of sediment depth measurement and monitoring techniques, as well as their measurement principles, advantages, and disadvantages for research and industrial applications, are evaluated in Section 2.3. Section 2.4 provides a summary of the literature on the interaction between the electrical and hydraulic characteristics of saturated porous media. Finally, based on the topics covered by the study in this thesis, Section 2.5 evaluates the fundamental concept, data analysis procedure, measurement system, and applications of the electrical impedance spectroscopy technology.
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The problem of sediments in sewers has existed since Rome's first sewage system was built in the sixth century BC (Ashley et al., 2004). There are three types of sewer system, sanitary sewer system, storm sewer system and combined sewer system, they are playing important roles for collecting rainwater and wastewater. The combined sewers are most common in urban area to collect both domestic wastewater and rainwater, and consequently prevent the flooding and protecting public health and environment (Banasiak et al., 2005). Since the end of the 19th century, solids in sewers have been intensively studied as human society grows and changes (Celestini et al., 2007). Sewer solids are made up of both organic and inorganic components. According to Beg et al. (2001), autochthonous organic matter, nitrogen and phosphorus components typically accumulate in sediments within the long-term drainage of industrial wastewater and municipal sewage (Wang et al, 2019). Moreover, mixed minerals would be deposited in the sewer system as a result of soil erosion and rock weathering. Figure 2.1 illustrates how Hvitved-Jacobsen & Ashley (2002) demonstrated that there are three different processes in a sewer pipe (Figure 2.1(b)): (i) wastewater suspension process; (ii) sediment process; and (iii) biofilm process. From there, three main types of solids in sewers are illustrated in Figure 2.1(a): (i) suspended solids and colloids; (ii) sewer sediments; and (iii) biofilm. Figure 2.2 also demonstrates several example pictures of sediment solids. Additionally, Crabtree (1989) classified sewage solids into five categories based on an examination of the places, characteristics, and origins of the deposits found inside the sewerage system, as shown in Table 2.1. 
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[bookmark: _Ref118500744][bookmark: _Toc134304132][bookmark: _heading=h.1ksv4uv]Figure 2.1 Diagrammatic illustration of the processes and occurrence of solids in sewers (Hvitved-Jacobsen & Ashley, 2002).
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[bookmark: _Ref118500748][bookmark: _Toc134304133]Figure 2.2 Sediment samples collected from storm sewer inlets near civil construction works (Almedeij, Ahmad and Alhumoud, 2010)
[bookmark: _Ref118496303][bookmark: _Toc118714949][bookmark: _Toc118717244][bookmark: _Toc118724792]Table 2.1 Five types of sediment and their properties for UK usage adapted from (Crabtree, 1989).
	Sediment type
	Description/Where found
	Wet bulk density ×103kg/m3
	Percentage particle size (mm)
Minimum-mean-maximum
	Percentage of total solids
	Percentage of Organic content

	
	
	
	Gravel
(2.0-50.0mm)
	Sand
(0.063-2.0mm)
	Silt and clay
(<0.063mm)
	
	

	A
	Coarse, loose, granular, predominantly mineral, material found in the inverts of pipes;
	1.72
	3-33-90
	3-61-87
	1-6-30
	73.4%
	7%

	B
	As type A but concreted by the addition of fat, bitumen, cement, etc. into a solid mass;
	-
	-
	-
	-
	-
	-

	C
	Mobile, fine grained deposits found in slack flow zones, either in isolation or above Type A material;
	1.17
	0-0-0
	5-55-71
	29-45-73
	27.0%
	50%

	D
	Organic pipe wall slimes and zoogloeal biofilms around the mean flow level;
	1.21
	1-6-20
	1-62-83
	17-32-52
	25.8%
	61%

	E
	Fine grained mineral and organic deposited found in storm sewage overflow (SSO) storage tanks;
	1.46
	4-9-80
	1-69-85
	1-22-80
	48.0%
	22%
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[bookmark: _Ref118500827][bookmark: _Toc134304134]Figure 2.3 Size characteristics from USDA and ISSS standards (Ashley et al., 2004)
[bookmark: _heading=h.2jxsxqh]The US Department of Agriculture (USDA) categorised particle size into gravel, sand, silt, and clay as the basis for the classification system used in the Table 2.1. The International Soil Science Society (ISSS), whose division of particle size into gravel, coarse sand, fine sand, silt, and clay is depicted in Figure 2.3, is the other size characteristic standard. Solids in the sewer system come in a variety of sizes, from micron to centimetre. The main particle sizes vary for various types of solids. The majority of the suspended solids are fine particles (diameter less than 100 µm), which made up between 66% and 85% of the total mass, and medium particle diameters range from 25 µm to 44 µm (Chebbo et al., 1995; Chebbo & Bachoc, 1992). The particle size for sewer sediment solids is usually a mixture of Type A and Type C in Table 2.1. Ashley et al. (2004) also summarised the sediment particle size ranges of French (Bachoc, 1992; Chebbo et al., 1990), Belgium (Verbanck, 1990; Verbanck et al., 1994) and the UK (Ashley et al., 2004) sites as shown in Table 2.1. As can be seen, the majority of sediment solids have particles between 0.2 and 20 mm in size. The biofilm solids in sewers are usually in form of slime attached to the inner wall of the sewer pipe, which is hard to descript its particle size (Hvitved-Jacobsen, Thorne & Hanes, 2002). Biofilm consists of inorganic and organic compounds (protein, carbohydrates, and humic substance) (Jiang et al., 2010). Additionally, the biofilm is not evenly distributed on the inner wall and is often only a few millimetres thick, which can raise the friction factor and slow the flow velocity in sewer pipes (Gutierrez et al., 2016). 
[bookmark: _Toc118714950][bookmark: _Toc118717245][bookmark: _Toc118724793]Table 2.2 particle size ranges and content ratio in different sewers and countries (Ashley et al., 2004)
	Country
	Sewer
	% of each particle size range (mm)

	
	
	<0.1
	0.1-0.2
	0.2-2
	2-20
	>20

	France
	Man-entry ‘upstream’ sewers
	2
	8-10
	23-60
	25-47
	7-18

	
	Trunk sewers
	4
	5-10
	38-55
	25-45
	8-10

	
	Interceptor sewer
	4.5
	35.5
	60

	Belgium
	Interceptor sewer
	3
	17
	78
	2
	NR

	
	All sewers in Brussels
	20
	30
	43
	9

	UK
	Interceptor sewer
	1-20
	1-21
	32-80
	65-20
	NR

	
	Trunk sewer
	1-8
	1
	18-41
	41-50
	NR



Although most of studies have focused on the solids particles in sewer sediment, the physical, chemical and biological processes are also influence the properties of sewer sediment. Sewer sediment follows a cycle that is dry weather deposition and storm weather erosion and transport. It is a complex system that can significantly affect the performance of sewer networks. To improve the sewer management and reduce the negative impact, it is important to understanding not only the type of sediment solids but also the internal physical, chemical and biological processes. 
[bookmark: _Toc118502322][bookmark: _Toc118717170]Sediment porosity and permeability
Sediment solid types and their range in particle size were covered in Section 2.2.1. The porosity and hydraulic permeability of sediment are two factors that are frequently discussed in the present literature on sediment transport models. The terms porosity and hydraulic permeability, together with their associated empirical models and effect factors , will be reviewed in this section.
Sediment porosity ( is defined as the ratio of voids volume () in samples divided by the total volume (, and it can also be calculated by particle () and bulk () density because directly measuring or observing voids volume is difficult. The formula for calculating porosity is represented as the following equation:
		Eq.  2-1
As sediment is an accumulation process, and a mixture of various particles, the porosity for different sediments can be changed in a range from 40% to 90%. Campisano et al. (2019) tested various sediment samples and found the bulk density of sediment is in a range between 2220 and 2532 kg/m3, and porosity is in a range of 40% to 42%. Liu et al. (2015) collected their coarse sediment samples from a mature gravity sanitary sewer in Sydney; the sediment bulk density was 1370kg/m3 with 96.7% porosity. Anschutz et al. (2012) measured an open channel sediment porosity profile in depth, the porosity varies from 70% to 80% at depth of around 8.5 cm to 0 cm with a mean bulk density of 2650 kg/m3. Due to the varying porosity of different sediment samples, the transport model usually lacks the real porosity information leading to the inaccuracy of simulation.
Permeability is to be used to define the ability of porous media to transport fluid and is also reported as the conductivity of porous media. It is often assessed in a laboratory setting using a constant head, falling head, or constant flux facility and Darcy's law (Darcy, 1856).
		Eq.  2-2
[bookmark: _Hlk118469466][bookmark: _Hlk118469480][bookmark: _Hlk118469492][bookmark: _Hlk118469508]Where  is the total discharge with unit ,  is hydraulic permeability with unit ,  is the cross-section area in units ,  is the gravity of the earth,  is the kinematic viscosity,  is the length of the sample, and  is the hydraulic head difference. The hydraulic performance of sediment in a circular pipe has been widely investigated, such as sediment roughness, hydraulic resistance to flow, however, the permeability of sediment is rarely applied in previous studies (Sterling & Knight, 2000). Sun et al. (2022) simulated the model to describe the backwater ratio in permeable blocked sediment. The permeability and porosity of sediment play an important role in their models to calculate the momentum loss of flow. The permeability also exhibits anisotropy, which means the permeability of porous media is different in different directions (Fisher, 2004). This led to the measurement of hydraulic permeability being difficult, especially for a field test. Permeability is highly related to other properties of porous media, such as particle types, particle size, porosity, pore shape, pore throat geometry and tortuosity (Wong et al., 1984). The permeability of porous media is usually calculated by a widely known empirical model – the Kozeny-Carman equation (Carman, 1997; Kozeny, 1927):
		Eq.  2-3
[bookmark: _Hlk118469530][bookmark: _Hlk118469563][bookmark: _Hlk118469575][bookmark: _Hlk118469587][bookmark: _Hlk118469597][bookmark: _Hlk118469608][bookmark: _Hlk118469622]Where  is sphericity (1 for perfect sphere),  is porosity, and  is particle diameter. Taylor (1948) also developed an empirical relationship of sediment permeability correlated with specific surface area (), void ratio (), mass density (),), and kinematic fluid viscosity () as shown in Eq. 2-4. Another two empirical relationships were found to describe the permeability of coarse-grained and fine-grained soils with grain size () and void ratio () are demonstrated in Eq. 2-5 and Eq. 2-6 respectively (Berilgen et al., 2006; Dolinar, 2009; Hazen, 2014; Mesri & Olson, 1971; Ren & Santamarina, 2018).  
[bookmark: _heading=h.1y810tw]		Eq.  2-4
[bookmark: _heading=h.4i7ojhp]		Eq.  2-5
[bookmark: _heading=h.2xcytpi]		Eq.  2-6
Over the past few years, there has been an increasing focus on the impact of permeability on sewer erosion in various studies. Over the past few years, there has been an increasing focus on the impact of permeability on sewer erosion in various studies. Winterwerp (2012) also found that the turbulent stresses on a sediment or soil can also be written as a function of permeability. Mohr et al. (2018) conducted experiments on the erosion behaviour of fine-grained reconstituted marine sediments and found that permeability was the hydraulic parameter that exhibited a correlation with observed erosion trends resulting from variations in the bulk properties of the sediments. Based on the above findings, Mohr et al. (2021) conducted a new model to predict the erosion threshold shear stress for fine-grained sediments.
In addition to the factors presented in the previous equations, the properties of sediment in real environment can also be influence by the cohesive sediments, organic matter content and sediment aging. Fine particles and organic matter are likely to form cohesive sediment or biofilm adhered to the internal wall or on the top of sediment surface. The property can vary due to the biological and chemical reactions. On the one hand, the microbial and organic matters can form cohesion and fill up the internal pores, resulting in a compact sediment with lower porosity and permeability. As sediment ages, it can become more compacted and less permeable, which reduces its capability to store and transport water. The accumulation of organic matter within aging sediment can exacerbate these effects by further increasing its cohesion and reducing its porosity. On the other hand, the microbial biodegradation and organic matter decomposition can generate gasses to form internal pores and pore path to loosen the sediment. This can result in an increase of sediment porosity and permeability. 

[bookmark: _Toc118502323][bookmark: _Toc118717171]Sedimentation transport process
The sediment transport in sewers is still a complicated phenomenon, which is influenced by many variables, such as sewerage types, solids material, size, shape, hydraulic properties, and flow velocities (Celestini et al., 2007). According to Ashley et al. (2004), the transport procedure for various types of solids can be broken down into the following three phases:
· Suspended transport of middle and small-size particles, generally at the same rate or slightly slower than the flow rate;
· Dissolved phase transport of very small particles, at the same rate as the flow rate and completely diluted inflow;
· Bed and near-bed transport, are characterised by middle and large-size particles, which move under the effect of higher flow conditions.
Several studies also created empirical models to simulate the sewer transfer process, As an illustration, numerous studies separated the sediment transport process into build-up and wash-off processes and created a number of simulation models, including SWMM, Mike Urban, MUSIC, etc. (Gorgoglione et al., 2019; McKenzie & Young, 2013; Vaze & Chiew, 2002). Hydraulic modelling based on De saint Venant-Exner equations and the hydrodynamic characteristics of flow to numerically model the sediment deposit process in one-dimensional flow scenarios (Campisano et al., 2013). Song et al. (2018) applied the CFD model to predict sedimentation in two-phase flow in sewers. However, most of the models' results exist big uncertainties in the real scenario and it is not possible to eliminate them due to the lack of parameters of solids and flows (Ebtehaj et al., 2020). To better understand the sedimentation transport process, study into long-term sediment monitoring is required. Sediment hydraulic characteristics and physical information can be useful data for models.
[bookmark: _Toc118502324][bookmark: _Toc118717172]Effect of sewer solids
Sediment deposition in sewers decreases the capacity of pipes and increases the risk of sewer overflows during high-flow events, while also influencing many physical, chemical and biological processes that can generate harmful gasses and corrode the inner pipe wall (Ashley, 2004; Bertrand-Krajewski, 2015; Jiang et al., 2015). Table 2.3 summarises the negative effects caused by sewer sediment (Hvitved-Jacobsen & Ashley, 2002). A large amount of sediment can reduce the capacity of sewer pipes and increase the risks and frequency of flooding. With the accumulation of sediment, the increasing hydraulic resistance will reduce the flow rate and solids' transporting capacity. Then the solids will further deposit and finally form a blockage in pipes. Biofilms and organic matters generate hydrogen sulfide and methane that cause security and public safety risks. If organic and inorganic solids escape from sewers, the environment, and human health will also be threatened. These problems can increase maintenance and safety costs and bring potential health and environmental issues. For example, in Nantes, 2500 tonnes of sediment deposits are removed from sewers annually because sewer sediment is seen as a primary factor in sewer overflows while increasing the risk of pipe damage (Riochet, 2008). Surveys such as that conducted by CIRIA (1987) have found that in the UK, there were more than 45% and 95% of sewer system surcharges in non-storm and storm periods respectively, and approximately £60 million was spent on sediment problems every year (Ashley et al., 2004). Hence, research into low-cost sediment monitoring is necessary to enable a real-time sediment management approach.
[bookmark: _Ref118496381][bookmark: _Toc118714951][bookmark: _Toc118717246][bookmark: _Toc118724794]Table 2.3 Outline of effects caused by sewer solids (Hvitved-Jacobsen & Ashley, 2002)
	Effect by sediment
	Description of solids cause

	Reduction in hydraulic capacity, increase in surcharging, flooding
	Deposition of solids in inverts, permanent or semi-permanent

	Blockage
	Deposition in inverts, build-up on walls (progressive or sudden)

	Premature operation of Combined sewer overflows (CSOs)
	As above (downstream of CSO)

	Enhanced pollutant washout from CSOs
	All types of solids, and associated pollutants during wet weather

	Gases, odours, explosions
	Generated from biological degradation in bed deposits (hydrogen sulphide, methane and other odorous substances) 

	Sewer corrosion
	As above, in most atmosphere

	Pump impeller abrasion
	Inorganic solids in flow (typically washed through system in wet weather)

	Screen blockage and damage
	Large solids (inorganic and organic)

	Shock loads to treatment plants
	Foul flushes and bed erosion, releasing both solids and associated pollutants

	Rodents (rats)
	Source of food (organic solids)

	Health risks to sewer workers
	Increased hazards, infections: gases (asphyxiation, toxicity), rodents (disease transmission)
Access and maintenance problems increased by solids presence.

	Fat and grease deposits - can reduce capacity or get washed out in “lump”
	Build up on sewer walls, particularly around ambient surface levels, can also develop into balls.



Sediment resuspension is a significant contributor to pollution within sewer systems, particularly during storm events, as the increased flow within combined sewer systems can cause sediment to become resuspended. Sediment accumulation is common in areas with low flow rates and under dry weather. Sediment within sewer systems can contain a variety of particles and pollutants. When resuspended, 80% of pollutants can be released into the sewer flow, which can result in increasing the risk of blockages downstream and pollutant the receiving water bodies (Banasiak et al., 2005). Additionally, the resuspended sediment can increase turbidity, which can affect the effectiveness of treatment process and performance of monitoring equipment and hinder the effective management of sewer systems. Therefore, it is imperative to thoroughly characterize the properties of sediment and implement regular cleaning procedures to mitigate the negative effects of sediment resuspension in sewer systems (Regueiro-Pocallo et al., 2020).
[bookmark: _Ref118495100][bookmark: _Toc118502325][bookmark: _Toc118717173]Sensing system for sediment depth measurements
Continuously monitoring sediment depth has practical significance as it can provide sediment depth information to improve the understanding of the sediment transport process in the research area and optimise the sediment cleansing schedules in the industrial area. The measurements of sediment depth in sewers have been attempted since the 1990s (Lepot et al., 2017; Lorenzen et al., 1992). Then several previous attempts have addressed the measurement of sediment and flow based on various principles. This section will introduce some existing sensing systems to measure the depth of sediments.
[bookmark: _Toc118502326][bookmark: _Toc118717174]Acoustic based technology
Acoustic technology is one of the most common methods for measuring the morphology of sediment deposits in large-scale sewers. Thorne & Hanes (2002) reported that the acoustic measurement method usually emits a high frequency (around 0.5-5 MHz) pulsed sound wave from a height of one or two metres from the sediment bed. Then the sound wave will partially reflect by the suspended solids and be significantly reflected back by the sediment bed. Through the analysis of sound wave intensity and time history, a profile of flow suspended phase and sediment level can be calculated. Recently Bertrand-Krajewski (2015) developed a floating acoustic measurement device coupled to a laser meter to 180° scanning the sewer pipes. Lepot et al. (2017) also designed a 360° rotating sonar device consisting of sonar, motor and pitch and roll sensors to scan the sewer pipe cross-section profile and determine the water-sediment interface. Their sonar devices demonstrate firstly an accurate water-sediment interface (±1 cm precision for the Bertrand-Krajewski device, and less than 4% relative standard uncertainty for the Lepot et al device); secondly quick measurement within two seconds; thirdly the response signal demonstrated different for different types of sediment material (sand, gravels and stones) in a laboratory environment. However, when devices float on a liquid surface, calibration is necessary at the beginning of the measurement. Then the position of devices changes during measurement and hence reduces the accuracy. The measurement results can also be obstructed by low water levels and water waves. Finally, a series of acoustic measurement systems usually includes several component devices and need multiple operators to cooperate, which means high cost and energy consumption and complicated manual operation during measurement.
[bookmark: _Toc118502327][bookmark: _Toc118717175]Electrical based technology
Electrical-based techniques are also widely used for multiphase measurements. Some sensing methods based on the sediment material’s electrical properties have been developed for the quantitative monitoring of coastal, fluvial, or sewer environments. Wang & Jiang (2019) placed vertically distributed multi-anode sediment microbial fuel cells (SMFC) in a water-sediment interface for real-time monitoring of the sediment height as shown in Figure 2.4. The array anodes span from below the water-sediment interface to above the interface, while a cathode is within the water phase as shown in Figure 2.4. The height of each anode is fixed during the setup. When an anode is below the water-sediment interface, all voltage would increase to 40mV, and otherwise, the voltage is 0. Each anode is paired sequentially with the cathode to determine which anodes are below the sediment interface. While the sensor configuration for the sewer system was not specified by the researchers, the anode is square-shaped with dimensions of  and the experiment container measures 34 cm in width and 23 cm in height (Wang & Jiang, 2019). This sensor is suitable for use in the environment contains microbes and organic matters, such as open channels, lake sediment, sewer pipes that have a diameter larger than 34 cm. However, the measurement range of the sediment height is limited (6 cm) and the water level cannot be determined. The other limitation of this method is that it is binary (40 mV or 0), which means that it can only detect which anodes are nearest to the sediment interface but cannot determine the actual interface height. Thus, the resolution of the sensor depends on anode spacing.
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[bookmark: _Ref118500834][bookmark: _Toc134304135]Figure 2.4 Schematic and picture of vertically distributed multi-anodes SMFC (Wang & Jiang, 2019)
[bookmark: _heading=h.49x2ik5]Reference electrode
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[bookmark: _Ref118500846][bookmark: _Toc134304136][bookmark: _heading=h.2p2csry]Figure 2.5 Sketch of the experimental tank with locations of the electrodes (de Rooij et al., 1999)
In addition to SMFC methods, Ridd (1992) proposed for coastal applications a thin rod with ring electrodes that can monitor the sedimentation process based on the difference in electrical conductivity of seawater and saturated sediment. The resolution of this sensor is limited to the electrode spacing. De Rooij et al. (1999) developed a device consisting of an array of electrodes on the base of the tank, connected via the filled water to a reference electrode located within the fluid as shown in Figure 2.5. Changes in the depth of sediment between the reference and bed electrodes caused a change in reference resistance. Although the result is accurate, the instrument required precise calibration for a given water depth and conductivity of the medium, and any fluctuation in either of these parameters would significantly affect the accuracy of the readings. Hence the application of this sensor in real environment is still limited. Jansen et al. (2005) developed and tested a mobile device that measured the resistivity of marine sediments and lake sediment, with the help of pressure sensors, could estimate the deposit depth; however, its complexity rendered it unsuitable for small-scale applications. Tollefsen & Hammer (1998) and Li et al. (2005) used capacitance to measure sediment concentrations in water and multiphase flows (water, gas, and oil), respectively. Although both studies reported high accuracy, the applications do not provide meaningful insights into sedimentation processes because the formulation at the heart of the sensing process relied on multiple parameters not easily measured in sewer flows, such as flow salt content and soil types. Besides, a calibration process is necessary for these methods because the performance is not fixed for different test materials.
Some methods also use electrical resistance tomography to develop a visual representation of sediment behaviour with sewers, Schlaberg et al. (2006) used a U-shaped sensor array to measure the concentration and deposition of suspended sediment based on the conductivity of the medium. Layers with different conductivity can be detected, but the sensitivity of the U-shaped sensor is not uniform, which leads to anomalies in the resulting tomographic image. During the experiment, the researchers placed the sensor inside a rectangular container. As the precision of the sensor increases in the future study, it has the potential to be implemented in an open channel of water and even be adapted to fit within a circular sewer pipes. Electrical capacitance tomography and electrical resistance tomography are used to detect interfaces in other relevant areas, such as gas-solid fluidised beds (Wang & Yang, 2020), measuring the particle concentration within moving suspensions (Schlaberg et al., 2006), and imaging the distribution of different conductive media (Deabes et al., 2019). However, tomography technology is relatively computationally expensive and sensitive to the setup, and also has high power requirements that can render it impractical for a remote field device (Goncharsky et al., 2016).
Although there are many studies have demonstrated the various methods to measure the sediment depth and water-sediment interface, low-cost and long-term techniques for in situ real-time management of sewer deposits remain limited. 
Other methods
Sediment measurement is a critical aspect of monitoring sewer systems and identifying potential issues such as blockages and sediment accumulation. In addition to acoustic-based methods and electrical based methods, other approaches, such as the traditional manual measurement, imaging techniques and DTS, have also been used to measure sediment deposition in sewer systems.
The manual method for measuring sediment depth is usually estimated roughly using sediment level stave in a manhole or the selected sample points (Bertrand-krajewski & Gibello, 2018). While this method is relatively simple and cost-effective, it is also subject to high levels of variability due to differences in the operator's interpretation and measurement techniques. Furthermore, hand-rule measurements are limited to measuring the sediment thickness at discrete points, which can make it difficult to obtain a complete picture of sediment deposition along the length of the sewer pipe. 
Imaging techniques, such as laser profilometry (Regueiro-Picallo et al., 2017) and photogrammetric methods (Noack et at., 2018) have also been used to measure sediment deposition in sewer pipes. Laser profilometry is a non-invasive technique that works by using a laser to scan the surface of the sewer pipe and generate a 3D profile of the sediment layer. Noack et al. (2018) used a photogrammetry method to measure the erosion rate of cohesive sediments, or cohesive/non-cohesive sediment mixtures according to the displacement of laser light points.
DTS is also a non-invasive monitoring technique that involves using fibre optic cables to measure temperature changes in the sewer pipe. Regueiro-Picallo et al. (2022) demonstrated the feasibility of monitoring sediment deposits through temperature measurements and heat transfer analysis by calibrating a 1D heat transfer model with experimental data. Rui et al. (2018) examined the heat transfer properties from a heat source to the surrounding sediment, which was used to estimate the thickness of the sediment overburden and can be applied to other materials. 
In summary, hand-rule measurements, imaging techniques, and DTS have all been used to measure sediment deposition in sewer systems. While these techniques have their advantages, they also have limitations and may not be suitable for all monitoring scenarios. As such, it is important to carefully evaluate the advantages and limitations of each approach and select the most appropriate method for the specific monitoring application.
[bookmark: _Ref118495106][bookmark: _Ref118495517][bookmark: _Ref118495564][bookmark: _Ref118495728][bookmark: _Toc118502328][bookmark: _Toc118717176]Sediment electrical and hydraulic properties: relationships and measurement methods 
As introduced in Section 2.2, sediment properties, such as particle size, porosity, and permeability, also play important roles in simulating the sediment transport model, and help to prevent sewage surcharging and overflow. There are several traditional methods to measure sediment properties such as the pump test (Slater & Lesmes, 2002) or slug test (Butler, 2019). However, these conventional methods are time-consuming and costly, and most of them are not appropriate for field measurement. Electrical conductance is an important parameter that can enable an analysis of the structure and properties of porous media. Hence, electrical conductivity can be used to estimate the hydraulic properties of the sediment, as the sediment is usually submerged under wastewater and electrical conductance is highly correlated with water volume in a porous material. Furthermore, the electrical conductance of sediment can also help to investigate the pollutants from an environment monitoring perspective (Li et al., 2016). However, the studies for specific sewer sediment are still limited. This section will widely review existing relationship models between electrical conductance and grain size, porosity and permeability for porous media, such as glass beads, sediment, soil and rocks. The electrical conductance measurement method will also be evaluated.
[bookmark: _Hlk118469705]Archie’s equation is the earliest known and most used empirical equation to describe the relationship between electrical conductivity () and porosity (), which also defined the Formation Factor based on the physical properties of rock as shown in Eq. 2-8 (Archie, 1942).
		Eq.  2-7
[bookmark: _heading=h.3o7alnk]		Eq.  2-8
[bookmark: _Hlk118469720][bookmark: _Hlk118469735][bookmark: _Hlk118469749]Where  and  are the electrical conductivity of the sample and solution respectively,  is porosity,  is the water saturation, n is the saturation exponent,  is the empirical constant and m is the cementation exponent, which is correlated to tortuosity. The value of coefficient  and m are hard to be measured directly and vary for different test materials, which is usually derived from the experiment data as summarised in Table 2.4. It can be seen that for different test materials and test methods, the value of  and m can be changed in a wide range, from 0.004 to 78.0 for coefficient , and 0.39 to 5.67 for coefficient m (Cai et al., 2017).
[bookmark: _Ref118496397][bookmark: _Toc118714952][bookmark: _Toc118717247][bookmark: _Toc118724795]Table 2.4 The ranges of values proposed for empirical parameter and cementation exponent m in
sandstones and carbonates (Cai et al., 2017).
	Lithology
	m
	
	References

	Sandstone
	1.64-2.23
	0.47-1.8
	(Hill & Milburn, 2003)

	
	1.3-2.15
	0.62-1.65
	(Carothers, 1968)

	
	0.57-1.85
	1.0-4.0
	(Porter & Carothers, 1971)

	
	1.2-2.21
	0.48-4.31
	(Timur et al., 1972)

	
	0.02-5.67
	0.004-17.7
	(Gómez-Rivero, 1977)

	Carbonates
	1.64-2.10
	0.73-2.3
	(Hill & Milburn, 2003)

	
	1.78-2.38
	0.45-1.25
	(Carothers, 1968)

	
	0.39-2.63
	0.33-78.0
	(Gómez-Rivero, 1977)

	
	1.7-2.3
	0.35-0.8
	(Schön, 2011)



After Archie’s law, various studies have explored the relationships between electrical conductivity and porosity from theoretical analysis and numerical simulations. For example, the bound model assumes the total electrical conductivity is a weighted average of multiple conducting phases and their volume ratios (Guéguen & Palciauskas, 1994). The pore network model is a numerical simulation method to calculate the electric field distribution in pore space (Kirkby et al., 2016; Tsakiroglou & Fleury, 1999; Xiao et al., 2008). There are also lots of theoretical electrical conductivity transport models based on microscopic conservation laws. Theoretical models usually correlated with pore networks (Tang et al., 2015), tortuosity (Ghanbarian et al., 2013; Winsauer & Shearin, 1952), percolation theory (Ghanbarian et al., 2014), critical path analysis (Katz & Thompson, 1987) etc. Together these electrical and porosity models provide important insights into how porosity affects the electrical conductivity of porous media from geometrical and interfacial perspectives (Friedman, 2005). However, the major limitation of these electrical models is that they apply to a certain pore geometry of a certain porous media. It is still necessary to develop a more generic model, which includes more physical characteristics to describe in detail the relationship between electrical conductivity and porosity, and then it can be simplified for specific applications. (Ren & Santamarina, 2018).
[bookmark: _Hlk118469784]A power law relationship between electrical conductivity ( and hydraulic permeability () has been widely investigated as shown in Eq. 2-9: 
[bookmark: _heading=h.ihv636]		Eq.  2-9
where a is the proportional constant and b is the exponent constant. Knight & Endres (2005) found that the relationship between  and  depends on the mechanism of electrical conduction. In porous media, if the electrical conductivity depends largely on ionic conduction through the pore fluid, such as clay-free sand and silt (Huntley, 1986), the connectivity of the pore space is the main factor to influence the relationship of  and . That means  is proportional to. In contrast, if the electrical conductivity is primarily due to surface conditions in a system, the amount of surface area oppositely affects  and . This means as surface area increases, for example, due to an increase in clay content,  will increase and  will decrease (Kosinski & Kelly, 1981; Mawer et al., 2015). Although a direct or inverse power law relationship between and  can be derived, a consistent model for the relationship between  and  does not exist (Purvance & Andricevic, 2000). The range for coefficient b in Eq. 2-9 also varies for different materials. For clay-free porous media, the value of b is in a range from 1 to 5 (Walsh & Brace, 1984; Wong et al., 1984), and for material containing clay where surface conduction dominates the value of b can be decreased to -7 (Purvance & Andricevic, 2000). Revil (2002) derived a model to predict the hydraulic permeability with Formation Factor and grain size as shown in Eq. 2-10
[bookmark: _heading=h.32hioqz]		Eq.  2-10
Where  for coarse granular material (Revil, 2002), and  can increase to 24 for low permeable samples (Revil & Cathles, 1999). Revil’s model demonstrates a good agreement with Spangenberg et al. (1998)’s experiment data. As the Formation Factor used in Eq. 2-10 is calculated from the porosity (, however, in real applications, the formation factor calculated by measuring the total electrical conductivity and the solution electrical conductivity will not be a reliable predictor of permeability in the model.  
There are various approaches have been taken to measure the electrical conductivity of porous media. At the earliest, Archie (1942) used a DC method to derive the relationship between electrical conductivity and the physical properties of rocks. Börner et al. (1996) proposed a single-frequency AC method, also known as induced polarisation (IP), to predict  of saturated clean sandstone and unconsolidated sediments. As for porous media, like sediment, the dominant electrical properties vary with the change in frequency. A frequency-domain performed induced polarisation, called spectral induced polarisation (SIP), has been widely studied and correlated with porous media characteristics, such as the average pore throat diameters (Kruschwitz et al., 2016), grain size distribution (Lesmes & Frye, 2001), permeability (Binley et al., 2005), porosity and specific internal surface (Kemna et al., 2012). 
[bookmark: _Ref118495117][bookmark: _Ref118495331][bookmark: _Toc118502329][bookmark: _Toc118717177]Electrical impedance spectroscopy (EIS)
EIS is a versatile technique to measure the electrical properties of a material under a defined frequency range (Mei et al., 2018) which is widely used to characterise the performance of electrical energy storage devices, such as fuel cells and electrochemical batteries. EIS is a sensitive method for examining interfacial phenomena and is therefore appropriate for studying the electrical properties of solid-liquid interfaces, electrode surface, and tested materials. The objective of EIS in sewer sediment properties measurement is to provide a non-invasive method for characterising the hydraulic properties of sewer sediment, such as grain size, porosity, and permeability. This section will provide an overview of the EIS technique's theory and the common methods to analyse EIS data (Afsarimanesh et al., 2019). The sensing system and applications of EIS in porous media will also be reviewed in this section.
[bookmark: _Toc118502330][bookmark: _Toc118717178]Theory
In the EIS technique, the impedance of the test system is usually evaluated as a function of frequency and the current through the test system is measured by applying an AC excitation (Sun et al., 2022). If an AC excitation voltage signal () applied to the system, then the response signal is an alternating current signal () as shown in Figure 2.6, and the function of voltage and current can be written as:
[bookmark: bookmark=id.2grqrue][bookmark: _Hlk118469841]		Eq.  2-11
		Eq.  2-12
[bookmark: _Hlk118469939][bookmark: _Hlk118469954]Where  and  are the amplitude of the excitation voltage signal and the amplitude of the response current signal respectively,  is the angular frequency and  is the phase shift. The electrical impedance () is defined as a combination of resistance and reactivity in an AC circuit, which can be calculated by Ohm’s Law as below:
		Eq.  2-13
[bookmark: _Hlk118469978][bookmark: _Hlk118470003]Where  is the magnitude of impedance. With Euler’s relationship,  (where ), the impedance can be expressed as a complex function in terms of  and as shown below:
		Eq.  2-14 
Then the impedance can be expressed as the real part and imaginary part as shown below:
		Eq.  2-15
		Eq.  2-16
The phase angle and magnitude of impedance can be expressed as 
		Eq.  2-17
		Eq.  2-18
[image: ]
[bookmark: _Ref118500855][bookmark: _Toc134304137]Figure 2.6 Sinusoidal voltage excitation and current response
[bookmark: _heading=h.vx1227]As conducted by R. Wang et al. (2022), the advantages of applying the EIS approach in a porous medium were as follows:
· The EIS testing technology is simple and practical and can be applied to on-site tests, and the process is real-time and cost-effective, which can be used to monitor the change of inner structures.
· The dimensional effect related to sample size is eliminated by the EIS technique because it theoretically does not require sample geometry.
· For porous media, such as sediment, soil and cement, there is no need for sample preparation before tests.
· EIS is a non-destructive technique for test samples.
[bookmark: _Toc118502331][bookmark: _Toc118717179]Bode plot, Nyquist plot, and equivalent electrical circuit model
1.1.1.1. [bookmark: _Toc118502332]Bode plot and Nyquist plot
A Bode plot displays the impedance magnitude and phase shift as a function of frequency on a logarithmic scale. Figure 2.7 demonstrates a typical Bode plot of a paralleled RC circuit. The changes in impedance and phase angle with frequency are demonstrated on Bode plot. A Bode plot includes information on the frequency, magnitude, real part, imaginary part, and phase shift of impedance. While a Bode plot is useful for analysing the behaviour of a single electrical component, it may not be as effective for monitoring changes in a dynamic system.  
[image: ]
[bookmark: _Ref118500865][bookmark: _Toc134304138]Figure 2.7 Bode plot and Nyquist plot of a paralleled RC circuit.
[bookmark: _heading=h.4f1mdlm]For a more informative measuring system, Nyquist plots are more popular. If the real part of the impedance is plotted on the X-axis and the imaginary part is plotted on the Y-axis over a wide frequency range, a Nyquist plot can be drawn. Figure 2.7 shows a typical Nyquist plot of a paralleled RC circuit. Each point on the Nyquist plot represents an impedance measured under a single frequency, but the actual frequency value is not shown in the Nyquist plot. However, the Nyquist plot is more practical in the analysis of EIS data because the characteristic shapes of impedance spectra can give researchers an estimation of the intrinsic electrical properties of the measuring system. Different combinations of electrical elements can demonstrate different shapes on Nyquist plot. Hence, the Nyquist plot is a preferred option to investigate the EIS data. If more frequency information is needed, it needs to be analysed in conjunction with the Bode plot.
1.1.1.2. [bookmark: _Ref118495477][bookmark: _Ref118495529][bookmark: _Ref118495551][bookmark: _Toc118502333]Equivalent electrical circuit elements
As mentioned, the shape of a Nyquist plot implies the combination of circuit elements. It is common to analyse impedance spectra by fitting them to an equivalent circuit model, which consists of common electrical elements (resistors, capacitors, and inductors) and equivalent circuit elements (Warburg impedance, constant phase element) connected in series or parallel. There are some circuit elements based on the physical electrochemistry process, such as electrolyte resistance, double layer capacitance, charge transfer resistance, polarisation resistance and coating capacitance, which have been widely researched and directly used in the equivalent circuit model to describe relevant materials or systems.
· Resistors
A resistor is one of the simplest electrical circuit elements. The impedance for a resistor ( with resistance  can be expressed as below:
[bookmark: bookmark=id.19c6y18]		Eq.  2-19
		Eq.  2-20
		Eq.  2-21
		Eq.  2-22
Where  is the total impedance of a resistor,  and  are the real part and imaginary part of impedance respectively,  is the phase shift angle. As the imaginary part of impedance () and phase angle of a resistor () are equal to 0 for all frequencies, the Nyquist plot for a resistor is a simple point on  axis as shown in Figure 2.8.
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描述已自动生成]
[bookmark: _Ref118500878][bookmark: _Toc134304139][bookmark: _heading=h.3tbugp1]Figure 2.8 Nyquist plot of a resistance
· Capacitors
Capacitors are used to store electrical energy in the form of an electric field. Pure capacitors only have reactive impedance and zero resistance. The impedance for a capacitor  with capacitance C can be expressed as below:
		Eq.  2-23	
		Eq.  2-24	
		Eq.  2-25	
		Eq.  2-26	
Where  is the total impedance of a capacitor,  and  are the real part and imaginary part of impedance respectively,  is the phase shift angle. Capacitors are used to cause the current to lag the exciting voltage by -90 degrees. the impedance of capacitors is a series of vertically aligned points on the Nyquist plot; with the increase of frequency, the magnitude of capacitor impedance decreases as shown in Figure 2.9.
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描述已自动生成]
[bookmark: _Ref118500887][bookmark: _Toc134304140]Figure 2.9 Nyquist plot of a capacitor
· [bookmark: _heading=h.28h4qwu]Inductors
Similarly, inductors are used to temporarily store electrical energy in the form of a magnetic field, and they are used to lead the response current by 90 degrees. The impedance of an inductor ( with inductance L can be expressed as below:
		Eq.  2-27
		Eq.  2-28
		Eq.  2-29
		Eq.  2-30
Where  is the total impedance of a capacitor,  and  are the real part and imaginary part of impedance respectively,  is the phase shift angle. The Nyquist plot for inductors is also a series of vertically aligned points, the difference is as frequency increases, the magnitude of inductor impedance increases as shown in Figure 2.10.
[image: 图片包含 示意图
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[bookmark: _Ref118500894][bookmark: _Toc134304141]Figure 2.10 Nyquist plot of an inductor
· [bookmark: _heading=h.nmf14n]Diffusion and Warburg impedance
Diffusion phenomena commonly exist in electroactive materials and electrolytic solutions between the interface of solid electrodes and solutions (Freger, 2005; Huang, 2018). Warburg impedance is the equivalent circuit element to model the semi-infinite linear diffusion process, which means the diffusion in the solution diffused over a larger planar electrode in one direction. In a real diffusion process, it does not have enough time to reach a steady state, thus the Warburg impedance for semi-infinite linear diffusion is the most applied model in EIS analysis. The equation of Warburg impedance  can be expressed as below:
		Eq.  2-31
Where  is the Warburg coefficient, with units of , the equation of  are shown below:
[bookmark: bookmark=id.37m2jsg]		Eq.  2-32 
Where  is temperature, n is the number of electrons involved,  is the Faradays constant,  is the surface area of the electrode,  and  represent the diffusion coefficients of the oxidant and reductant respectively, and   and  are the bulk concentrations for the species oxidant and reductant respectively. The Nyquist plot of Warburg impedance for semi-infinite linear diffusion is a 45° line in the low-frequency region, as shown in Figure 2.11 (a).

(a)
(a)

[bookmark: _Ref118500901][bookmark: _Toc134304142]Figure 2.11 Nyquist plot of Warburg impedance (a) semi-infinite linear diffusion;(b) finite length Warburg (FLW) and finite space Warburg (FSW) (Lacery, 2016)
[bookmark: _heading=h.1mrcu09]The other type of diffusion is finite diffusion, which means that the diffusion area is limited. It includes finite length Warburg (or short Warburg) and finite space Warburg (or open Warburg). The equations are expressed below:
		Eq.  2-33
	     	Eq.  2-34
Where  and  are impedance of short Warburg and open Warburg,  is the Nernst diffusion layer thickness and D is the average value of the diffusion coefficients of the diffusing species. The Nyquist plots of Warburg impedances for finite diffusion have been shown in Figure 2.11(b).
· Constant phase element (CPE)
In real experiments, an electric double layer can be generated when the electrode or solids contact with the solution (Yang et al., 2022). Due to the contamination and surface roughness at their interfaces, the electric double layer cannot be represented by an ideal capacitor. CPE is an equivalent circuit element to describe the complex impedance formed at the interface between electrode and electrolyte or solid/liquid interface. The impedance of CPE can be expressed as below:
		Eq.  2-35
Where Q is a constant containing the electric double-layer capacitance with the unit of , and (-90×n)° is the constant phase. The value of n is in the range of 0 to 1. For n=1, the CPE represent a pure capacitance, and when n=0, the CPE is considered as a pure resistor. The Nyquist plot of CPE is a straight line with a phase of (-90×n)° as shown in Figure 2.12 (a). Figure 2.12 (b) is the Nyquist plot of CPE paralleled to a resistor. 
(a)
(b)

[bookmark: _Ref118500914][bookmark: _Toc134304143]Figure 2.12 Nyquist plot of (a) constant phase element; (b) constant phase element parallel to a resistor(Lacery, 2016)
· [bookmark: _heading=h.46r0co2]Solution resistance and charge transfer resistance
As part of this study focuses on the EIS measurement of saturated porous media (sediments), the solution resistance and charge transfer resistance are introduced and discussed here. The solution resistance and charge transfer resistance are not simple resistors in test systems, which are generated due to the conducted solution and electrochemical reactions. The temperature, variety of ions, ionic quantity, and shape of the area where the current was transported all affect solution resistance, thus the impedance of solution resistance can be written as below:
		Eq.  2-36
where  is the solution resistivity, which is also equal to the reciprocal of solution conductivity,  and  are the length of current flow path and area carrying current respectively. The solution resistance is a common component in the equivalent electrical circuit of electrochemical cells. For the research on porous media, the solution resistance is also an important indicator of the pore ratio and water content of porous media (Li et al., 2016; Song, 2000).
Charge transfer resistance is generated due to the migration of ions or electrons between the solution and solids/electrodes interface resulting in a Faradic reaction. The equation of charge transfer resistance can be written as below:
		Eq.  2-37
Where R is the gas constant, T is temperature, n is the number of electrons involved, F is the Faraday constant and  is exchange current density. In a charge transform process, some ions or electrons could be accumulated on the surface of the solid and form a double-layer capacitor, hence in the equivalent electrical circuit of porous media, a charge transfer resistor is usually parallel to a double-layer capacitor. 
It is hard to directly measure or calculate the solution resistance and charge transfer resistance in a system; it is usually through fitting impedance spectra by equivalent circuit models to determine the value of them and investigate the physical and electrical properties of the system.
1.1.1.3. [bookmark: _Ref118495537][bookmark: _Toc118502334]Equivalent electrical circuit models for porous media
The equivalent electrical circuit model is the combination of circuit elements in various connection methods, which is used to interpret the electrical information in Nyquist plot. By fitting impedance spectra with the equivalent circuit, the value of each circuit component can be determined. Further information such as microstructure, particle size, pore size and water content, can be characterised from the correlated circuit components. It should be noted that the equivalent circuit model is based on the shape of Nyquist plot, hence the same Nyquist plot can be fitted to various equivalent circuits, even for the same equivalent circuit, the component in the circuit can also be given different physical meanings (Wang et al., 2022; Watson & Orazem, 2020). 
Several equivalent circuits have been proposed to simulate the porous media. For example, the circuit consisting of a resistor series to a parallel RC circuit , as shown in Figure 2.13 inner circuit, is commonly used to model the one-arc Nyquist plot. However, the meaning of each component in an equivalent circuit is contested. The meaning of  can be an offset resistance (Song, 2000), a series sum of solid and liquid resistance (Gu et al., 1992), or a high frequency resistance (Hwang, 2012). Gu et al. (1995) also argue the value of  is negatively proportional to the pore solution's concentration of ions and porosity. As for  and , they can be interpreted as the resistance and capacitance of bulk material (Christensen et al., 1994; Song, 2000; Wang et al, 2022) or the resistance and capacitance of solid-liquid interface (Gu et al., 1995; Hwang, 2012), which is also correlated to the pore structure (Ford et al., 1995).

[bookmark: _Ref118500927][bookmark: _Toc134304144]Figure 2.13 Nyquist plot of  circuit (Pine Research Instrumentation (2016))

[bookmark: _Ref118500937][bookmark: _Toc134304145]Figure 2.14 Nyquist plot of  circuit(Pine Research Instrumentation (2016))
[bookmark: _heading=h.3l18frh]For Nyquist plots with two arcs, some researchers used a circuit of the series combination of two parallel RC models ( to analyse the porous media as shown in Figure 2.14. Song (2000) thought that  and  are represent the responses of bulk and pore of porous media respectively, Li et al. (2016) defined  and  as the charge transfer resistance and capacitance on the anode and cathode respectively. Sometimes the arcs at high frequency were not observed due to the limitation of experimental instruments, however, some researchers found that one more RC circuit connected in series gives a better fit to their impedance spectra. Hence, the selection of an equivalent circuit model is not only dependent on the shape of the Nyquist plot but also based on the researchers' experience and understanding of the measurement system. 
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[bookmark: _Ref118500948][bookmark: _Toc134304146]Figure 2.15 Conductive path models of concrete microstructure. a) Model from Macphee et al. (1997); b) Model from Song (2000).
[bookmark: _heading=h.206ipza][image: ]
[bookmark: _Ref118500967][bookmark: _Toc134304147]Figure 2.16 Equivalent circuits of the conductive path. (a) Macphee et al. (1997); (b) Song (2000).
[bookmark: _heading=h.4k668n3][bookmark: bookmark=id.2zbgiuw]Cormack et al. (1998), MacPhee et al. (1996), Macphee et al. (1997) and Song (2000) proposed equivalent circuits based on their understanding of the microstructure in porous media, called the conductive path model. Figure 2.15 (a) demonstrates Macphee et al. (1997)’s model of concrete consisting of four types of conductive paths: (i) CP: connected pore path filled with a solution; (ii) BP: disconnected pore path; (iii) hydration products in cementation process; (iv) insulated cement particles. The equivalent circuit based on four conductive paths is also exhibited in Figure 2.16 (a). It can be seen that Macphee et al. (1997)’s circuit contains many resistances and capacitances, making it difficult to determine and distinguish the value of each component from the Nyquist plots. Song (2000) simplified the microstructure of concrete and considered three conductive paths as shown in Figure 2.15 (b): (i) CCP: continue conductive path; (ii) DCP: discontinue conductive path; (iii) ICP: insulating path. Compared with Macphee et al. (1997)’s circuit, Song (2000)’s equivalent circuit eliminated the insignificant resistances and capacitances. He considered all the conductive paths and conductive points as pure resistors, and the discontinue point and insulators were represented as capacitors as shown in Figure 2.16 (b). In addition, Song (2000) also converted his circuit into  and  circuits and discussed the correspondence between , , , ,  and , , , . However, their research remains narrow in focus dealing only with the electrical parameters of microstructures; physical parameters such as length of conductive path or geometry of conductive points, that can provide insight into how microstructure in the porous media influences the electrical parameter of EIS, were not involved. 
[bookmark: _heading=h.1egqt2p][image: 图示
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[bookmark: _Ref118500996][bookmark: _Toc134304148]Figure 2.17(a)Nyquist plot of Randles circuit; (b) the corresponding Randles circuit.(Khan & Song, 2020)
In a real experiment, due to the limitations of experiment precision and dispersion phenomena in porous media, the Nyquist plot does not demonstrate one or two arcs. Randles-type equivalent circuit can be applied to simulate the Nyquist plot, consisting of an arc and a straight line as shown in Figure 2.17 (Dong et al., 2021; Randles, 1947; Watson & Orazem, 2020). The Randles circuit is composed of a resistor (representing the solution resistance,  or  stands for the capacitor or constant phase element, which models the double layer capacitance, and a charge transfer resistance ( in parallel with a  or  stands for the Warburg impedance or CPE corresponding to the diffusion phenomena. The  represents the electron transfer kinetics at the electrode-electrolyte interface, and the  or  model the diffusion processes in the bulk of the electrolyte, which is used to simulate the angled straight line in the Nyquist plot. Randles circuits are widely used for a semi-infinite diffusion-controlled faradaic reaction to a planar electrode. (Kadan-Jamal et al., 2020) also used the Randles circuit to model the impedance spectra at low-frequency range (<10 MHz) where the impedance is dominated by solid/liquid interface. Husain et al. (2017) used Randles circuit to monitor the hydration behaviour of the cement paste. Except for the common circuit models mentioned above, some researchers also established their circuit models to describe the test system. For example, (Dong et al., 2021) developed a three-level equivalent circuit to fit three degrees of cementation for soil-rock mixtures. 
In EIS, a small sinusoidal perturbation is applied to the system, and the resulting signal response is measured. The impedance of the system is then obtained by taking the ratio of the voltage and current responses. By varying the frequency of the perturbation, a frequency-dependent impedance spectrum can be obtained. This spectrum can be fitted to the Randles circuit, to extract information about the properties of the electrochemical system, such as the solution resistance, double layer capacitance, charge transfer resistance, and diffusion coefficient. 
[bookmark: _Toc118502335][bookmark: _Toc118717180]EIS sensing system
The sensing system to measure the electrical impedance can be divided into three types: two electrodes, three electrodes and four electrodes as shown in Figure 2.18.
(a)
(b)
(c)

[bookmark: _Ref118501004][bookmark: _Toc134304149]Figure 2.18 Schematic illustrations of electrode configurations (a) two-electrode system; (b) three-electrode system; and (c) four-electrode system.(Metrohm Autolab,2019)
· [bookmark: _heading=h.2dlolyb]Two-electrode system
The two-electrode system is the simplest configuration, consisting of a working electrode (WE), and a counter electrode (CE) as shown in Figure 2.18 (a). When using a two-electrode system, a potential excitation is applied to two electrodes and a current response () is measured between them, hence the total impedance () between reference electrode lead (RE) and sense lead (S) can be measured, which also includes the contact impedance between electrodes and samples. The equation of impedance can be written as below:
		Eq.  2-38
[bookmark: bookmark=id.sqyw64]Where  and  are the voltages at the working electrode and count electrode. The two-electrode system has the advantage of being easy to set up, but the effect of interface impedance cannot be neglected.
· Three-electrode system
Three-electrode system is the most common configuration, which includes the third reference electrode (RE) close to the working electrode (WE) Figure 2.18 (b). After being given the excitation potential between WE and CE, the current can flow through the test system. The potential between WE and RE can be measured to investigate the specific reaction at the positive electrode, which is widely applied in the electrochemical experiment. 
· Four-electrode system
Four-electrode systems are the most appropriate method to measure the impedance of the sample. As shown in Figure 2.18 (c), except for WE and CE, there are two electrodes (reference electrode (RE) and sensing electrodes (S)) placed in the test sample. After the current flow between WE and CE, the potential can be measured between RE and S to calculate the impedance and eliminate the effects of electrode/sample interface impedance. 
For porous materials such as sediments, soils, rocks and concrete, researchers generally recommend using the two-electrode configuration (Ford et al., 1995; Hsieh et al., 1996, 1997; Xie et al., 1996) which have the advantages of (i) easily arranging (Wang et al., 2022); (ii) can provide reliable results for low conductivity samples (Xie et al., 1996); (iii) fewer influencing factors (only electrode/sample interface impedance) (Ford et al., 1995; Hsieh et al., 1997); (iv) the measurement results are easy to analyse. As three-electrode and four-electrode configurations measure the potential between RE and S, the influence of the voltage divider could be introduced and also the influence of instrument impedance and reference electrode needs to be considered. In addition, although more electrodes configuration can obtain more accurate results, the measurement and interpretation process is more complex, especially for a porous material, the microstructure model needs to be re-analysed (Grossi & Riccò, 2017). Figure 2.19 provides examples for two-electrode and four-electrode measurement circuits.
[image: Figure 6]
[bookmark: _Ref118501046][bookmark: _Toc134304150][bookmark: _heading=h.3cqmetx]Figure 2.19 Circuit plots of porous media. (a) two-point measurement; (b) four-point measurement ( Wang et al., 2020)
[bookmark: _Toc118502336][bookmark: _Toc118717181]Applications in porous media
EIS is a powerful and non-destructive approach that has been extensively used in the analysis of electrochemical, biological, and corrosion mechanism fields to expose the interface phenomena, charge transfer process, and internal structural characteristics of test samples. The electrical meaning of each component, as well as many electrical circuit models employed in porous media, have been introduced in the section above. Several researchers have looked at the application of EIS in porous media thus far, correlating the electrical parameters recorded with the physical and hydraulic characteristics.
Li et al. (2016) used the EIS technique to measure the electrical conductivity of soil with various water contents. An  circuit model was applied in their study to fit the Nyquist plot, and  represented the electrical resistance of soils. Then the electrical conductivity can be calculated from the geometry of the sample. A linear relationship between the water content and electrical conductivity was founded. Cooper et al. (2017) reported the effects of pore geometry on diffusion impedance (Warburg impedance), stating that the narrowing/broadening of pore cross-section could lead to the phase of diffusion line larger/smaller than 45° in the Nyquist plot (a Warburg impedance is represented as a phase of 45°). They also indicated that the decrease/increase in porosity of sphere packs with open/closed boundaries demonstrated different diffusion impedance, as shown in Figure 2.20. Dong et al. (2021) compared the real and imaginary part of impedance to the water content and soil-rock ratio. They found a negative power law relationship (with a negative exponent number) and a negative linear relationship, respectively. Raheem et al (2017) tried to use  to model the treated and untreated ultra-soft clay soil and concluded that, with the increase of bentonite ratio in soil, the value of  decreases. For lime/polymer-treated soil,  decreases as the ratio of lime/polymer increases. These experiments conclusively show that there is a relationship between EIS electrical parameters and hydraulic characteristics, but they did not provide a precise relational expression.
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[bookmark: _Ref118501055][bookmark: _Toc134304151][bookmark: _heading=h.4bvk7pj]Figure 2.20 Simulated impedance spectra for a synthetic packing of spherical particles with porosity linearly increasing (blue lines) or decreasing (red lines) from bottom to top. The top boundary can be either open (solid lines) or closed (dashed lines). The inset shows the distribution of relaxation times for the cases with open boundaries (Cooper et al., 2017)

[bookmark: _Toc118502337][bookmark: _Toc118717182]Discussion
This review has examined the existing literature and current theories regarding the types and properties, transport process and effects of sediment solids, the current sediment depth measurement methods based on the acoustic and electric principles, and the foundations and applications of the EIS technique.
Researchers have extensively investigated the particle range for each of the five major types of sediment identified by the literature study. Additionally, it was found that regional differences in the content and accumulation of the sediment, which is essential knowledge for sediment management. The measures of porosity and permeability are frequently used to analyse the transport of sediment. However, many transport models lack the necessary parameter since they are challenging to quantify in field tests, which causes the simulation results to be inaccurate. This chapter also provided a conclusion regarding the effects of sediment. In light of all of this information, it is important to keep an eye on the depth, porosity, and permeability of sediment in sewers in order to optimise transport modelling, manage sediment, and prevent sediment from having a detrimental impact.
The majority of systems employ an acoustic technique to identify the physical characteristics of the sewer network in order to determine depth. However, the acoustic approach is more appropriate for big-scale sewers and typically requires a large instrument, high expense, and complex operation. As electrical conductivity is highly associated with the void volume and water content of the studied system, methods based on it are being used more frequently in porous media. The available researches lack field testing and have range restrictions, and electrical conductivity-based sensing techniques are rarely employed for sewer monitoring. In conclusion, an investigation of the physical and hydraulic characteristics of sewage sediments can be made possible by an electrical conductivity-based sensing system, but finding a method for measurement that is inexpensive, real-time monitoring, and simple to use is important for sewer sediments.
The correlations between electrical conductivity and hydraulic characteristics are also significant to examine if a sensing system is based on electrical conductivity measurement. In this chapter, a number of theoretical and empirical models to describe the relationship between electrical conductivity and hydraulic properties have been summarised. These models provide the foundations for this study's investigation of the relationship between the characteristics of sediment and its inherent electrical conductivity (or conductance). The model based on the sensing system given in this study was built in the following chapters in addition to the existing relationships.
Numerous researchers have utilised the EIS approach to examine the electrical conductivities of porous media, which has inspired researchers to investigate the viability of the EIS methodology in sewer sediments. This chapter looked at the fundamental principle, common electrical element, selection of equivalent circuits, EIS measuring electrode configuration, and applications. According to the review of the literature, despite the fact that several studies use the EIS technique to study the straightforward relationship between electrical properties and hydraulic processes, no studies have been done using the EIS technique to study the porosity and permeability of sewer sediments and produce comprehensive models. The study can offer a complete research procedure for the use of the EIS technique for characterising the hydraulic properties of sediments, including the measurement of electrical parameters and the creation of electric-hydraulic models.


[bookmark: _Toc118502338][bookmark: _Toc118717183]Methodology
[bookmark: _Toc118502339][bookmark: _Toc118717184]Introduction
The previous literature has discussed the potential for conductance-based methods to characterise sediment depth and hydraulic properties. The overall theory and methodology of direct measurement and the EIS measurement of electrical conductance are covered in this chapter. For the two primary experiments in this study, this chapter is divided into two main sections. Section 3.2 describes the conductance based sensing system for multiphase depth measurements, which consist of fomular based theoretical analysis, finite-element analysis (FEA), experiment setup, and test materials. The objective is to demonstrate how to estimate depth in a circular pipe using a conductance sensor with various electrode lengths. The experimental setup and test materials for both the measurement of hydraulic properties and EIS data are covered in Section 3.3, which is aiming to investigate the application of the EIS technique in hydraulic properties measurements including grain size, porosity and hydraulic permeability.
[bookmark: _Ref118495275][bookmark: _Toc118502340][bookmark: _Toc118717185]Multiphase depth measurements
[bookmark: _Ref118495380][bookmark: _Toc118502341][bookmark: _Toc118717186]Sensor architecture
The structure of the sensor is based on a design by Nichols (2014), which can quantify the depths of water and sediment simultaneously. As shown in Figure 3.1, the sensor consists of 32 parallel tinned copper electrodes placed on an insulated polymer substrate. The electrodes decrease in length linearly from electrode 1 to electrode 32. In Figure 3.1 (a), L represents the length of the longest electrode, w is the width of each electrode, and 𝑑 and 𝑙 are the edge-to-edge distance between electrodes and the length difference between two adjacent electrodes, respectively. In this paper, because the sensor is considered to be applied in a circular sewer pipe that contains different heights of media, the substrate of the sensor is flexible so that it can be curved to match to the internal wall of a circular pipe section and the electrodes are exposed to the media on the inside of the pipe, as shown in Figure 3.1  (b).
(a)
(b)

[bookmark: _Ref118501068][bookmark: _Toc134304152]Figure 3.1 (a) Schematic drawing of the conductive sensor; (b) 3D view of the arrangement of the sensor and media in a circular pipe.
[bookmark: _heading=h.34g0dwd][bookmark: _Ref118495309][bookmark: _Ref118495319][bookmark: _Ref118495388][bookmark: _Ref118495413][bookmark: _Toc118502342][bookmark: _Toc118717187]Theory
[bookmark: _heading=h.43ky6rz]The theoretical principle behind the sensor is the relationship between the electric field generated between two electrodes and the environment surrounding those electrodes. Hence, it depends upon the inherent electrical properties of the local media, the sensor geometry, and the excitation method. As a first approximation, the media in a sewer pipe or open drainage channel can be divided into three phases: air, water, and saturated sediment. These three media have a significant difference in electrical conductivity. The conductivity of tap water is in the range of 50 to 80 mS/m (Chetpattananondh et al., 2014), while the air can be considered as an insulating material with negligible conductivity. Saturated sediment has a conductivity lower than that of water and the conductivity depends upon its porosity and permeability (Bai et al., 2013).
The sensor functions by determining the conductance between every two adjacent electrodes, i.e., electrode pairs. As shown in Figure 3.2,  is the electric field generated by the electrodes. The recipient electrode connects to the earth, which leads to an electric charge movement, i.e., a current is generated between the electrodes.  represents the current density in a 2D scenario. However, due to the thickness of the electrodes being much smaller than the width, each electrode pair can also be assumed to approximate to two parallel plate capacitors as shown in Figure 3.2 (b). An electrical fringing field is also generated between the anode and cathode, whereby the field extends into the measured medium for a short distance, from the top surface of the electrodes. Since the electrode shape does not change, this effect can be considered as a constant factor increasing the apparent conductivity of any medium. According to Ohm’s law, , when a fixed voltage  is applied across two electrodes and the current  between them is measured, the conductance  is proportional to the current. Conductance is proportional to the area of the conducting medium  and has an inverse relation with the distance between the electrodes For the proposed sensor, the area of the conducting media  is equal to the product of the extension of the differential electrode’s length  and thickness , which is perpendicular to the paper as shown in Figure 3.2 (a). In this study, it is difficult to measure the area  due to the fringing field, but must be proportional to , which is known during the design process. Simultaneously, the medium is assumed to be homogeneous, i.e., the fringing electric field is uniform along the electrode. Hence, the conductance  is still proportional to the conductivity  multiplied by the electrode’s length  as follows:
		Eq.  3-1
(a)
(b)

[bookmark: _Ref118501234][bookmark: _Toc134304153]Figure 3.2 Generic section of a typical configuration of pairs of probes. (b) Operating principal evolution from the parallel capacitor to flat capacitor.
[bookmark: _heading=h.xvir7l]In this study, the application is considered in a sewer pipe containing three layers of media: sediment, water, and air. The media in the sewer pipe can be considered as five phases along the length of the electrode array, as the sensor runs down one sidewall and up to the opposite side as shown in Figure 3.3 (b). To simplify the analytical theory, the conductivity of each medium is considered fixed and homogeneous. Hence, the conductance of the sensor submerged in the five-phase media is expressed as:
		Eq.  3-2
[bookmark: _heading=h.3hv69ve]where , , and are the electric conductivity of air, water, and sediment;,, , , and  are the electrode lengths in air 1, water 1, sediment, water 2, and air 2 as labelled in Figure 3.3.  This is a piecewise equation as follows:
[bookmark: _heading=h.1x0gk37]Eq.  3-3
which shows that the determined conductance  and the electrode length  have a linear relationship for each sub-domain of Eq. 3-3 (i.e., for each medium), and the gradient of each line is proportional to the conductivity of the medium. The conductance is measured from each pair of adjacent electrodes. According to Eq. 3-3, the length and conductance of each electrode pair are plotted as shown in Figure 3.4. Lines 1, 2, 3, 4, and 5 correspond to air 1, water 1, sediment, water 2, and air 2 respectively, and points A, B, C, and D match the interfaces. The height of the water layer and the height of the sediment layer can thus be determined from the interface points A, B, C, and D. 
(b)
(a)

[bookmark: _Ref118501266][bookmark: _Toc134304154]Figure 3.3(a) cross-section view of the sensor attached to the pipe inner wall; (b) five-phase media along the sensor
[bookmark: _heading=h.4h042r0][image: 图片包含 地图
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[bookmark: _Ref118501288][bookmark: _Toc134304155]Figure 3.4 Linear piecewise relationship between conductance and increasing length
[bookmark: _heading=h.2w5ecyt]In this study, a MATLAB algorithm was developed based on Optimal Piecewise Linear Regression Analysis (OPLRA) and a Fuzzy Piecewise Linear Regression (FPLR) method to determine the best linear fitting equation as attached in Appendix A. The FPLR method builds upon the concepts of fuzzy sets to yield a possibility model, which instead of being a single segmented function describing the desired behaviour, actually yields a segmented region of possibility bounded from below and above by two optimal solutions determined by a Mixed Binary Integer Programming (Yu et al., 2001). The OPLRA method uses linear programming to find the set of segmented linear functions that yields the lowest absolute error in a piecewise linear regression (Yang et al., 2016). After collecting all 31 conductance results from 31 electrode pairs, the algorithm allocates them to several groups in order and performs linear regression to each group. The number of groups depends on the number of segments in the piecewise function. Because there is no prior information regarding the partitions and their probability, it is assumed that all possible partitions that could be obtained by distributing the number of points into the number of groups with the same probability. The linear regression is solved using a polynomial, i.e., least square fit. The algorithm performs linear regressions to all possible groups and calculates the standard deviations of the points in each segment. Finally, the group with the minimum average of standard deviations of all segments was selected. 
The intersections of adjacent segments can be determined from the slope and intersect values of the regression lines. To prevent the procedure from forming degenerate groups, each group must contain at least two data points. The computed intersections should lie between the endpoint of the previous segment and the first point of the following segment.
To obtain the piecewise fitting line, the values of conductance associated with each pair of electrodes must be related to a specific length. Since the electrode lengths in a given electrode pair are different, each electrode pair is identified with the average length of the two electrodes.
Since the sensor is attached to the inner pipe wall, the positions of intersection points are on the circle’s circumference. The depth (h) of each phase can be determined using the following equation:
[bookmark: _heading=h.1baon6m]		Eq.  3-4
where  is the arc length between the sensor’s starting point (point A in Figure 3.3 (a)) and the circle’s top point (point  in Figure 3.3 (a));  is the position of the intersection point along the electrodes (i.e. the location of intersection point on the electrode length axis in Figure 3.4; and  is the pipe radius. Because the sensor was manually fixed to the pipe surface, the distance length between points  and is known. 
For an angled sediment layer, if the two intersect point depths  are determined by using (4), the mean sediment depth  and rotation angle ) can be determined by using Eq. 3-5 and Eq. 3-6:
[bookmark: _heading=h.3vac5uf][bookmark: _Hlk118470286]		Eq.  3-5
[bookmark: _heading=h.2afmg28]		Eq.  3-6
Because the length of each electrode is known from the design process, through determining the linear fitting equation of each sub-line in the piecewise equation, the position of the intersection points can be found. This process requires no calibration.
[bookmark: _Ref118495399][bookmark: _Toc118502343][bookmark: _Toc118717188]Parameters for Physical Experiments and Parallel Simulations
In multiphase depth measurements, both the experiment and FEA model are used to assess the feasibility and reliability of the sensor in a circular pipe, and the model is then extended to enable an in-depth quantification of minimum expected measurement error (under ideal conditions). In this experiment, the length of the longest electrode () of the sensor is 540 mm, and the length difference between two adjacent electrodes () is 15 mm. The width of each electrode () is 2 mm, and the separation between adjacent electrodes () is 0.54 mm. A transparent acrylic circular pipe with a 95 mm internal diameter () was used to represent a sewer pipe section. This is within the range of typical sewer pipe diameters in the UK (HM Government, 2017). The longest electrode was designed to cover around 90% of the pipe’s inner circumference and, thus, the sensor can measure a maximum depth of 172 mm in this case. This length was chosen to simplify the installation and leave space at the top of the pipe for access to set up the experimental conditions. In future embodiments, the sensor electrodes could span the entire circumference. 
A range of different scenarios were examined with various depths of water and sediment. Table 3.1 shows the setup of each test, which was replicated in both the experiment and the corresponding finite-element-analysis (FEA) simulations. The tests included three kinds of scenarios for the pipe contents: (i) water and air; (ii) water, horizontal sediment and air; and (iii) water, angled sediment and air. Angled sediments were chosen because in practice the sediment surface is not always horizontal. It is worth noting that for different scenarios in the pipe, the number of linear segments would be changed in the piecewise plot. For example, if the pipe contains water and air, there would be 3 segments in the piecewise function.
[bookmark: _Ref118496415][bookmark: _Toc118714953][bookmark: _Toc118717248][bookmark: _Toc118724796]Table 3.1 Summary of tests conducted related to the depths of water and sediment, and the rotation angle
	Test Code
	Water Depth (mm)
	Sediment Depth (mm)
	Rotation Angle (degrees)
	Sediment depth/Pipe diameter 

	W1
	134
	-
	-
	

	W2
	95
	-
	-
	

	W3
	47
	-
	-
	

	S1
	133
	23
	0
	0.24

	S2
	135
	60
	0
	0.63

	S3
	133
	90
	0
	0.95

	S4
	94
	70
	0
	0.74

	S5
	94
	40
	0
	0.42

	S6
	95
	25
	0
	0.26

	S7
	48
	25
	0
	0.26

	S8
	47
	10
	0
	0.11

	S9
	48
	5
	0
	0.05

	SA1
	137
	56
	15
	0.59

	SA2
	95
	13
	28
	0.14

	SA3
	47
	23
	8
	0.24

	SA4
	85
	75
	38
	0.79



[bookmark: _Toc118502344][bookmark: _Toc118717189]Experiment setup and sample material
For the physical experiments, the sensor was fabricated using flexible PCB as shown in Figure 3.5 (a) and was attached to the inner surface of the transparent pipe section, matching the dimensions described in the previous section as shown in Figure 3.5 (b) and Figure 3.5 (c). The length between the sensor’s starting point and the pipe’s top point (i.e., the value of  in Eq. 3-4) was 45 mm. The lab temperature was maintained at 20°C.
(a)
(c)
(b)

[bookmark: _Ref118501360][bookmark: _Toc134304156]Figure 3.5 Configuration of sensor and circular pipe used for the experiments: (a) the sensor; (b) the experiment configuration; (c) the sensor attached to the pipe’s inner wall.
[bookmark: _heading=h.48pi1tg]In the experiment, the sensor was excited by a bipolar square wave of 8 kHz frequency and 1 V peak amplitude. For this frequency, the corresponding phase angle is around zero, thus, the output signal could proportional to the sample conductivity (Pedro et al, 2008) This excitation signal was generated by a circuit comprising an oscillator (Analog Devices Inc. LTC1799 series standard clock oscillator) and amplifiers (Analog Devices AD8643 amplifier), which adjusted a 0-5 V square wave into ±1 V square wave as shown in Figure 3.6. The detailed circuit is attached in Appendix B.  
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[bookmark: _Ref118501382][bookmark: _Toc134304157]Figure 3.6 Waveform change from 0-5 V square wave to ±1 V square wave
[bookmark: _heading=h.2nusc19]In the measuring circuit, the excitation signal was sent through a multiplexer referred to here as muxA (Analog Devices ADG1606 multiplexer) to one of the electrodes numbered 1, 3, 5…29, 3, while a second multiplexer (muxB) was connected to one of the electrodes numbered 2, 4, 6…30, 32 as a receiver and connected to ground as shown in Figure 3.7. During the first data collection cycle, the measuring circuit recorded the output square wave from electrode pairs 1–2, 3–4, 5–6…31–32. Then, the second data collection cycle collected the output square wave from electrode pairs 3–2, 5–4, 7–6 up to 31–30. The measurement continually alternated between these two collection cycles. Through a series of inverter, rectifier, filter, and gain circuits, the mean of the absolute value of the current waveform was determined as shown in Appendix B. Ten cycles (1.25 ms) of the output wave were measured for each electrode pair. Collecting data from all 31 electrode pairs can be completed within 0.04 s, meaning that data are collected much faster than the time scale of hydraulic or morphological changes in sewer systems. Finally, the determined average value for each electrode pair was collected from the LabView program. In order to determine the depth of air, water and sediment phase, the value of each electrode pair are plotted with the corresponding electrode length as shown in Figure 3.4, and use the Matlab code in Appendex A to determine the interface position. 

[bookmark: _Ref118501391][bookmark: _Toc134304158][bookmark: _heading=h.1302m92]Figure 3.7 schematic diagrams of ADG1606 muxA and muxB
In the experiment, tap water and saturated sand were used to emulate the media in the sewer pipe. The sand size used in experimental testing was 1.18-2.36 mm (DB Group, n.d.). The conductivity of saturated sand is variable as it depends on the properties such as packing density, porosity, permeability, and tortuosity, so it was measured directly using a HANNA HI991300 waterproof pH (potential of hydrogen), EC (electrical conductivity), TDS (total dissolved solids), and temperature meter.
During the experimental test, the depths of water and sediment were set according to Table 3.1. For the experiments including sediment, water was added first up to the height equal to the required sediment depth; then, the sediment was poured into the pipe until it reached the expected sediment depth. The sediment was gently levelled by hand using a flat scraper to ensure it was level and at the right depth and was left submerged in the water for at least 30 minutes to ensure that the sediment was fully saturated. Finally, the remaining water was added up to the required water depth, being sure not to disturb the sediment.
It should be noted that the surface of the sediment could not be made perfectly flat. Since the principle of the sensor is to capture the changing points at the pipe perimeter, these points in particular were carefully adjusted to ensure that the sediment-water interface fell close to the points of the perimeter corresponding to the defined sediment depth, within an estimated error of ±1 mm.
[bookmark: _Toc118502345][bookmark: _Toc118717190]FEA model
FEA can provide an accurate and effective analysis of the analytical theory and validation of experimental results. In the study, FEA was carried out using COMSOL Multiphysics software (COMSOL Inc., Burlington, CO, USA), which is a finite element analysis and solver software package for various physics and engineering applications, especially suited to coupled phenomena. For the electrical sediment sensor, the AC/DC module of COMSOL was chosen for the analysis, which simulated the sensor’s performance under an ideal environment with 20°C temperature and at 1 atmosphere pressure. In this model, COMSOL solves a current conservation equation based on Ohm’s law, used to compute electric field, current, and potential distributions in conducting media.
Figure 3.8 shows a meshed 3D finite element model of the sensor created by using COMSOL. The 3D model was consistent with the experimental setup and used the same geometry as the experimental sensor. The electrical conductivity and relative permittivity of the media used in the model have been summarised in Table 3.2, which were measured by the HANNA HI991300 EC meter and METER Group 5TE meter, respectively. In an electrode pair, the longer electrode served as the exciting electrode, which is supplied with a peak amplitude of 1 V, 8 kHz sine wave. The shorter electrode is a receiver for current measurement and is grounded. The model recorded the output from COMSOL one electrode pair after another, and the other electrodes were disconnected. After solving all 31 electrode pairs, the RMS value of the current wave was determined, then transferred to conductance according to Ohm’s Law and plotted. Once the conductance of each electrode pair was obtained, the data analysis method was the same as for the experiment tests described in Section 3.2.2.
[image: 图片包含 游戏机
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[bookmark: _Ref118501402][bookmark: _Toc134304159]Figure 3.8 Meshed 3D model of the conductance sensor in COMSOL
[bookmark: _heading=h.2250f4o][bookmark: _Ref118496433][bookmark: _Toc118714954][bookmark: _Toc118717249][bookmark: _Toc118724797]Table 3.2 The electrical properties of materials used in FEA model
	Material
	Electrical conductivity(S/m)
	Relative permittivity

	Copper
	5.87
	-

	Water
	0.0284
	81

	Saturated sand (sediment)
	0.0129
	16

	Air
	1
	1



Figure 3.9 shows the calculated electric potential and electric field distributions of one electrode pair. As can be seen, the electric field arrow is from the exciting electrode to receiving electrode and across the media above the electrodes, which also corresponds to the operating principle described in section 3.2.2. 
(a)
(b)

[bookmark: _Ref118501411][bookmark: _Toc134304160]Figure 3.9 Electric field vectors and electric potential distribution for one electrode pair of the sensor calculated by COMSOL Multiphysics: (a) 3D view of electric potential distribution for the model; (b) cross section electric field vectors and electric potential distribution of one electrode pair.
[bookmark: _heading=h.319y80a][bookmark: _Ref118495286][bookmark: _Ref118495426][bookmark: _Toc118502346][bookmark: _Toc118717191]EIS technique and hydraulic properties measurements
[bookmark: _Ref118495657][bookmark: _Toc118502347][bookmark: _Toc118717192]Sensor structure and test materials
The sensor used in the EIS test consisted of four parallel copper electrodes placed on a flexible insulated polymer substrate. The electrodes were 2mm in width and 276mm long with a 2mm spacing distance between two adjacent electrodes as shown in Figure 3.10. Like the sensor applied in the multiphase depth experiment test, the sensor was fabricated by the PCB technique, and the electrodes were treated with immersion gold to prevent corrosion. It should be noted that despite implementing anti-corrosion treatments, corrosion and abrasion of sensors are inevitably with frequent use and over time, especially the sensor in this test is exposed to a water environment and physical wear and tear from test materials. These issues can impact the accuracy of test results, hence it is important to keep the sensor dry and clean after testing. For prolonged use, it may be beneficial to utilise anti-corrosion materials in actual applications.
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[bookmark: _Ref118501419][bookmark: _Toc134304161]Figure 3.10 sensor’s structure and dimensions
[bookmark: _heading=h.2fk6b3p]Two different types of sample materials were adopted for the EIS test. The first experiment used 20°C tap water and ten different sizes of glass beads (from Glass Sphere, s.r.o Company) to create systems with various well-defined porous and hydraulic properties. Figure 3.11 shows pictures of ten different sizes of glass beads. Each test measures a homogeneous mixture of a single size of glass beads. The spherical samples can help to eliminate the influence of grain shape. All the samples were pre-washed with tap water before tests to remove possible impurities from the sample. 
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[bookmark: _Ref118501428][bookmark: _Toc134304162]Figure 3.11 Pictures of glass beads samples
[bookmark: _heading=h.upglbi]For the second experiment, two kinds of test materials were used: a mixture of sand with different volume proportions, and a mixture of glass beads. Figure 3.12 shows pictures of the test materials. The sand mixture consists of two different sizes: Fraction A in the size range of 1.18-2.36 mm and Fraction E in the 90-150 µm range. The compact bulk densities are 1620 kg/m3 and 1510 kg/m3 respectively (DB Group, n.d.). The volume ratios of Fraction A sand to Fraction E sand used in this study were: 100:0; 75:25; 50:50; 25:75; and 0:100. The proportion of different sized beads used in the glass beads mixture was based on the size distribution of solids from Marsalek (1984), which are compared in Figure 3.13 (a); the probability density plot is shown in Figure 3.13 (b).
[bookmark: _heading=h.3ep43zb][image: 图片包含 食物
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[bookmark: _Ref118501436][bookmark: _Toc134304163][bookmark: _heading=h.1tuee74]Figure 3.12 Picture of test materials: sand mixtures and glass beads mixture
(b)
(a)

[bookmark: _Ref118501444][bookmark: _Toc134304164][bookmark: _heading=h.4du1wux][bookmark: _heading=h.2szc72q]Figure 3.13 (a) grain size distribution of glass beads mixture; (b) probability density plot
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[bookmark: _Ref118501472][bookmark: _Toc134304165]Figure 3.14 HESKA stand mixer
[bookmark: _heading=h.184mhaj]Before the testing, all materials were washed with tap water and air dried for 2 days. Each sample, which was around 1.5 L, was then homogeneously mixed for five minutes using a stand mixer as shown in Figure 3.14. Some experiments use a ribbon mixer to mix samples (Dias et al, 2004), due to the small amount of sample and the limitations of instrument in the lab, a stand mixer was selected in this experiment. 
[bookmark: _Toc118502348][bookmark: _Toc118717193]Measurement of hydraulic properties 
1.1.1.4. [bookmark: _Toc118502349]Porosity
The porosity () is defined as the ratio of pore volume () to the bulk volume (). In this study, the porosity of glass beads with various diameters was calculated using the saturation method. Figure 3.15 shows pictures of the cylinder container used in this test, the diameter of the cylinder is 88mm, and the height is 250mm. The air dried glass beads were poured into the dry and clean cylinder container, then the entire container was shaken up and down 10 times and side by side 10 times to settle the particles and confirm the height of the sample no longer decreases and remains constant. Bulk volume can be calculated by the height of samples () and the radius of the cylinder container (). The weight of 1L of tap water was measured at 20°C to calculate the density of water (). The water was poured into the container until the water level was as close to the surface level of the glass beads as possible as shown in Figure 3.15 (c). With human measurement, the water level did not exceed the highest part of the glass beads by 1mm. Pore volume was calculated from the water density () and the weight of added water (). The porosity of samples was measured before each test and then was calculated by the following equation: 
[bookmark: _heading=h.meukdy]	Porosity: 	Eq.  3-7
To prevent changes in the packing of samples during subsequent tests, the glass beads were gently held in place by using the press pad on the lid as shown in Figure 3.15 (b). The porosity of samples was measured before each reproduced test. 
[bookmark: _heading=h.36ei31r](a)
(c)
(b)

[bookmark: _Ref118501482][bookmark: _Toc134304166][bookmark: _heading=h.1ljsd9k]Figure 3.15 Pictures of cylinder container and lid with press pad (a) empty cylinder container; (b) lid with press pad; (c) assembled cylinder container with glass beads sample.
1.1.1.5. [bookmark: _Toc118502350]Hydraulic permeability
After the porosity measurement, the sample was sealed for the next hydraulic permeability measurement. It was measured by the constant head permeability test facility as shown in Figure 3.16. The facility is composed of an upper water reservoir, a bottom water tank, piezometers, and a cylinder container. The hydraulic permeability can be calculated by using Darcy’s law:
	Hydraulic permeability: 	Eq.  3-8
where  is the cross-section area of the cylinder container, is the height difference on the piezometer tubes (head loss across the sample),  is the height of the sample, which is 110mm in this test, and  is the volumetric flow rate of liquid through the sample. 

[bookmark: _Ref118501511][bookmark: _Toc134304167]Figure 3.16 Darcy test constant head facility with recirculating system
In order to investigate the influence of water flow rate on measured impedance, the permeability tests for the ten different sizes of glass bead consisted of both dynamic tests and static tests. Dynamic tests involved water flowing through the sample from top to bottom with different flow rates (1 L/min, 0.6 L/min and 0.2 L/min). Considering the experimental setup for the dynamic test, the temperature of water in the tap can vary. Therefore, a recirculating system was designed to keep the water at room temperature i.e., 20±1°C. The recirculating system used a pump in the bottom water tank, which can pump the water up to the upper water reservoir as shown in Figure 3.16. Static electrical tests are with water-saturated samples but with no water flowing through the samples. 
As for the sand and glass bead mixture tests, the existing facility cannot manage very fine sand mixtures flowing at 0.2 L/min since the maximum height of the constant head facility is 1.5 m, which cannot provide enough pressure. All samples were evaluated with water flowing through the samples from top to bottom without any control in the flow rate for each sample. The flow rate for 100% Fraction E is around 0.046 L/min, which is significantly lower than 0.2 L/min. The flow rate for other samples is in the range of 0.1 L/min to 1.5 L/min.
[bookmark: _Toc118502351][bookmark: _Toc118717194]EIS measurement
The background of the EIS test has been described in section 2.5. In this experiment, the sensor was mounted to the centre depth of the cylinder container, as shown in Figure 3.15 (a), for simultaneous measurement of electrical and hydraulic properties. As a result, the sensor's substrate was curved to adhere to the inner wall of the cylinder container and provide electrode access to the measured samples from only one side as shown in Figure 3.17, and the other side was insulated by the substrate. For the EIS test, two electrodes were used at a time to measure the frequency-dependent impedance. A sinusoidal AC voltage with 2V peak amplitude and frequency range from  Hz to  Hz  incrementing by a ratio of 10, was applied to the excitation electrode (electrode no.1 as labelled in Figure 3.10), and the other, as the sensing electrode, was connected to the ground individually in order to realise the measurement with different electrode spacing distances. All the other idle electrodes were not connected to the circuit. The selection of signal configuration for EIS testing depends on the specific research question being investigated. The current study employed a constant peak potential with varying frequency, which is useful for assessing media impedance. The frequency range was determined based on Keddam et al., (1997) research, which found that the key Nyquist Plot loops for a cement paste occur around  Hz. Furthermore, preliminary testing indicated that a frequency range of  Hz to  Hz was sufficient for conducting EIS analysis with minimal time and power consumption. 
Similar to the theory of multiphase depth measurements, when an AC excitation is applied to the electrodes, the electric field penetrates the sample materials from the excitation electrode to the sensing electrode (measured for three different pitch lengths), which contains impedance information of sample materials. The intensity of the output signal is influenced by the spacing distance between the excitation and sensing electrodes; thus, the output signal was recorded from three electrode pairs: Electrode No. 1&2, No. 1&3, and No. 1&4 as labelled in Figure 3.10. Figure 3.17 shows a simplified representation of the fringing electric field generated between electrode pairs. It can be seen that the longer pitch length causes penetration depth to increase but the field’s strength to decrease.
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[bookmark: _Ref118501535][bookmark: _Toc134304168]Figure 3.17 Fringing electric field for different electrode spacing distances.
[bookmark: _heading=h.3jtnz0s][bookmark: _Hlk118470344]This sensing electrode selection process was controlled by relays and Arduino as shown in Figure 3.18. An AC circuit with a series reference resistor () was used to measure the impedance between electrodes as shown in Figure 3.19(b). The signal was generated and recorded by an oscilloscope with a built-in wave generator (BK Precision 2567). The impedance can be calculated by Ohm’s law through derivation:
[bookmark: _heading=h.1yyy98l]	Total impedance: 	Eq.  3-9
where  is the input voltage signal, and  is the output voltage signal between two electrodes.  and  were the peak amplitudes in this study. The response current () can be calculated from the reference resistor (). 
In order to verify the stability of EIS measurements, each size of the glass bead was subjected to three repeatability tests, where the sample was kept in the container and the EIS measurement process repeated. Furthermore, there were three reproducibility tests, where the sample was poured out and refilled again before the EIS measurement was performed again. 
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[bookmark: _Ref118501567][bookmark: _Toc134304169]Figure 3.18 EIS test instrument: oscilloscope, relays, and Arduino
[bookmark: _heading=h.4iylrwe](a)
(b)

[bookmark: _Ref118501573][bookmark: _Toc134304170]Figure 3.19 (a) Schematic of the potential and current waveform, and phase shift; (b) EIS data measurement circuit
Fitting an EIS instrument into a real sewer requires careful consideration of various factors, including the environment, installation methods, maintenance, and data transmission. Accessibility for installation, calibration and maintenance should be a concern when choosing a location. Additionally, replacing the traditional wave generator and oscilloscope with an EIS chip based on Analog devices can provide a more compact and efficient solution. Powering the instrument with a battery or connecting it to a main power source can further optimise its performance. Since the sediment in sewers changes slowly, the measurement period could be around one week or longer, and the data can be stored on a SD memory card or transmitted via Bluetooth or WIFI. It is crucial to consider the insulation of all electrical instruments in the moist sewer environment.
[bookmark: _heading=h.2y3w247][bookmark: _Toc118502352][bookmark: _Toc118717195]Data collection and analysis
The input and output sinusoidal wave signals were measured by the oscilloscope at each frequency and recorded by MATLAB with the Instrument Control Toolbox. Each measurement contained 3 cycles of the sinusoidal wave with 7 thousand data points. Then the data of the excitation signal and response signal were fitted by the sinusoidal function in MATLAB Curve Fitting Toolbox, which gave the value of peak amplitude of input and output voltage ( and ), and the phase angle. Finally, the total impedance at each frequency can be determined with Eq. 3-9, and the real and imaginary impedance can be determined by phase angle. 
Once the real and imaginary impedance values are calculated for each frequency, the Nyquist plot can be created by plotting the real impedance on the x-axis and the imaginary impedance on the y-axis. To accurately fit the Nyquist plot, it is important to choose an appropriate equivalent circuit composed of various electrical elements. In this study, the software ZSimpWin was utilized to determine the value of each electrical element in the equivalent circuit, based on the shape of the Nyquist plot. Figure 3.20 flow chart demonstrated the entire analysis process.
[image: ]
[bookmark: _Toc134304171]Figure 3.20 EIS data analysis and convert process.
The EIS measurement aims to establish the electrical conductance of the media and subsequently establish a correlation between electrical conductance and hydraulic permeability. Therefore, in the EIS test using glass beads, it is essential to first validate the measured hydraulic properties using the well-established Kozeny-Carman equation, including glass beads size, porosity, and hydraulic permeability. It is also necessary to choose the appropriate electrical element that represents the electric conductance by comparing its value variation with the glass beads size. The relationship between electrical conductance and hydraulic permeability can be determined by leveraging Archie's Law, and this is described in Chapter 5. In the EIS test utilizing sand and simulated sediment, each pair of hydraulic properties is compared, and the relationship between electrical conductance and each hydraulic property is outlined. These relationships help fine-tune the model coefficients to suit the test material for this study, which described in Chapter 6. The entire analysis process is elucidated in Figure 3.21.[bookmark: _Toc134304172]Figure 3.21 EIS method for characterising hydraulic properties flow chat, (a) glass beads tests; (b) sand and simulated sediment test
(a)
(b)

As mentioned before, the temperature is a significant influence when measuring electrical conductance. In the EIS test, the temperature of the water was also recorded during tests by using Arduino and DS18B20 temperature digital thermal probe sensors. For the dynamic test, because the cylinder container is sealed, two temperature sensors were used to measure the temperature of the upper water reservoir and bottom water tank as shown in Figure 3.16. For the static test, one temperature sensor was put into the cylinder container to measure the temperature of the water in the upper layer so that the packing structure of the lower sample would not be affected as shown in Figure 3.22.
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[bookmark: _Ref118501594][bookmark: _Toc134304173]Figure 3.22 static test temperature sensor arrangement
[bookmark: _heading=h.3x8tuzt][bookmark: _Toc118502353][bookmark: _Toc118717196]Summary
This chapter describes the methodology for the multiphase depth measurement and the EIS tests for hydraulic property measurements. A novel sediment sensor has been designed and constructed to allow electrical conductance measurements of various sample materials in the laboratory environment. 
The theoretical analysis, experimental setup, and FEA model setup for the multiphase depth measurement have been presented in this chapter. The novel sediment sensor with 32 varying-length electrodes was attached to a 95 mm inner diameter transparent vessel and tap water and 1.18-2.36 mm sand have been used to simulate the sewer pipe and saturated sediments in the experiment. An electrical conductance measurement circuit has been developed which is capable of collecting data from 31 electrode pairs within 0.04 seconds. The electrical properties of water and saturated sand were also characterised by electrical conductivity and relative permittivity meters as the input for the FEA model.
For the EIS tests, a four-electrode sediment sensor has been developed to measure the impedance spectra of samples, which is also designed to investigate the influence of electrode spacing distance in the EIS measurement. A measurement system has been devised, whereby an oscilloscope with a wave generator is used to generate and measure the excitation and response signals, an Arduino is directed at controlling the electrode connection, and the impedance information is recorded and analysed by MATLAB software. The temperature is a concern in the experiment; thus, a recirculating flow system and temperature recording system are proposed to maintain and monitor the temperature respectively. Ten sizes of glass beads, sand mixtures and glass bead mixtures have been used to generate different structures and hydraulic properties in samples, which can present different grain sizes, hydraulic permeabilities and porosities. The experimental setup for hydraulic property measurements is also included in this chapter.



[bookmark: _Toc118502354][bookmark: _Toc118717197]Conductance-based Interface Detection for Multiphase Pipe Flow
[bookmark: _Toc118502355][bookmark: _Toc118717198]Introduction
As described in Chapter 2, sediment deposition in sewers can decrease the capacity of pipes and increases the risk of sewer overflows. Low-cost and long-term sediment monitoring is necessary to understand the sedimentation process and enable real-time management approaches. In this chapter, an experimental and finite element analysis (FEA) model are presented for demonstrating a novel multi-electrode sensor based on electrical conductance measurements for monitoring the depths of sediment and water level in a sewer pipe. The experimental and FEA model measured depth results are demonstrated in section 4.2, and also compared with the real measured and set depth. The change of electrical conductance slope with different materials are analysed in section 4.3. Finally, Section 4.4 discusses the sensor’s measurement resolutions and limitations.
[bookmark: _Ref118495341][bookmark: _Toc118502356][bookmark: _Toc118717199]Results and discussion
[bookmark: _Toc118502357][bookmark: _Toc118717200]Depth measurement results
Following the main aim of this study, to affix the sensor in a pipe environment and measure the depths of water and sediment, it is necessary to compare the depths obtained by the sensor and the model with the actual experiment and model setup. As mentioned in section 3.2.1, the sensor is attached to the inner wall of the pipe, thus only two interface points along the sensor can be detected for each interface. With mean depth defined as the average height of the left and right interface points, the results and error from the model and the sensor measurements have been compared with the actual depths in Table 4.1 and Table 4.2. Since the sand level is not horizontal in the rotated tests (test codes SA1, SA2, SA3), the depths of the left and right points of the sediment surface are used for validation. As mentioned in section 3.2.2, the intersection points of two adjacent lines on the conductance versus probe length plot represent the interface position between two different media in the pipe. Due to the sensor being attached to the pipe’s inner wall, the probe length corresponds to the perimeter position around the pipe. Once the sensor’s starting position is known, it is a geometric problem to transform the perimeter positions of intersection points into a vertical depth. Figure 4.1 demonstrates the fitting results, determined interface, and the experiment setup of three representative examples, a water only test (W2), a water and sediment test (S1), and a rotated sediment test (SA1). The interfaces are plotted in a circle to represent the setup scenarios.


[bookmark: _Ref118496446][bookmark: _Toc118714955][bookmark: _Toc118717250][bookmark: _Toc118724798]Table 4.1 Depth results summary of water only tests and water-sediment tests.
	Test Code
	Water Depth (mm)
	Sediment Depth (mm)

	
	Actual
	COMSOL Modelling
	Model Error
	Sensor
Measured
	Measured Error
	Actual
	COMSOL Modelling
	Model Error
	Sensor
Measured
	Measured Error

	W1
	134
	139.26
	5
	139.35
	5
	-
	-
	
	-
	

	W2
	95
	92.75
	2
	93.99
	1
	-
	-
	
	-
	

	W3
	47
	44.71
	2
	46.99
	<1
	-
	-
	
	-
	

	S1
	133
	132.33
	<1
	138.28
	5
	23
	22.34
	<1
	28.72
	6

	S2
	135
	130.97
	4
	141.07
	6
	60
	59.83
	<1
	55.31
	5

	S3
	133
	133.58
	<1
	139.28
	6
	90
	93.02
	3
	85.89
	4

	S4
	94
	92.67
	1
	99.90
	6
	70
	68.73
	1
	75.92
	6

	S5
	94
	89.64
	4
	95.77
	2
	40
	36.27
	4
	35.45
	5

	S6
	95
	89.56
	5
	93.91
	1
	25
	23.05
	2
	17.37
	8

	S7
	48
	47.63
	<1
	48.61
	<1
	25
	24.82
	<1
	21.74
	3

	S8
	47
	45.96
	1
	47.24
	<1
	10
	8.72
	1
	5.99
	4

	S9
	48
	46.50
	1
	46.04
	2
	5
	1.95
	3
	1.84
	3


[bookmark: _Ref118496451][bookmark: _Toc118714956][bookmark: _Toc118717251][bookmark: _Toc118724799]Table 4.2 Depth results summary of rotated sediment tests
	Test Code
	Water Depth (mm)

	
	Actual
	COMSOL Modelling
	Model Error
	Sensor
Measured
	Measured Error

	SA1
	137
	136.04
	<1
	138.59
	2

	SA2
	95
	93.91
	1
	93.63
	1

	SA3
	47
	46.64
	<1
	46.55
	<1

	Test Code
	Sediment Depth(left) (mm)

	
	Actual
	COMSOL Modelling
	Model Error
	Sensor
Measured
	Measured Error

	SA1
	79
	73.07
	6
	87.16
	8

	SA2
	2
	3.04
	1
	0.22
	2

	SA3
	33
	33.74
	<1
	36.34
	3

	Test Code
	Sediment Depth(right) (mm)

	
	Actual
	COMSOL Modelling
	Model Error
	Sensor
Measured
	Measured Error

	SA1
	35
	33.15
	2
	27.35
	7

	SA2
	31
	28.67
	2
	13.81
	17

	SA3
	15
	13.80
	1
	15.19
	<1



Table 4.1 and Table 4.2 compare the calculated depths of model and sensor measurements with the actual set-up depth. The root-mean-square error from the model is 3 mm and 2 mm for water level and sediment level respectively, and the root mean square error of the sensor’s measurement is 2 mm and 5 mm for water depth and sediment depth, respectively. In other words, the root mean square error of model and experiment are within 1.4% and 2.6% of the sensor’s measurement range (i.e., the pipe diameter 190mm) and within 18% and 33% of the electrode tip spacing (15 mm). This shows that the water level measurements demonstrate a higher accuracy than sediment level measurements in the physical experiment and model. The sediment error is greater for the experiment with a bigger root mean square error, though this is likely attributable to the inevitable variability and uncertainty in actual sediment level, which is ±1mm at the pipe walls, as described in section 3.2.3, and the interface is also not perfectly planar.
(a)
(b)
(c)

[bookmark: _Ref118501603][bookmark: _Toc134304174]Figure 4.1 Test W2, S1, and SA1: (a) the fitting results of these three tests (blue line: COMSOL modelling results; red line: sensor’s measurement results); (b) the calculated depths demonstrated in the circle; (c) photograph of the setup in the experiment.
[bookmark: _heading=h.3oy7u29]The error of the sensor can be influenced by the resolution of the sensor, namely the length of the stepwise increase of electrode length, which is 15 mm for this sensor. Thus, an error within the resolution of the sensor (±7.5 mm) may be considered acceptable i.e., the interface point on the circumference should be detected to the nearest electrode tip or better. Furthermore, as the sensor was installed within a circular pipe, this perimeter error translates to a smaller depth error near the crown and invert of the pipe (similar in principle to an inclined manometer). Hence, the acceptance range is the height difference between the two electrodes closest to the interface. Figure 4.2 shows a plot displaying the actual depth vs. the modelled and sensor-measured depth, and the red area is the acceptance range based on the sensor’s physical resolution. It was found that all the model results were within the sensor’s resolution area, and there were just four experimental results outside of the red area. The 1:1 reference line in the plot indicates the ideal response. 
[image: ]
[bookmark: _Ref118501616][bookmark: _Toc134304175]Figure 4.2 Model and sensor measured results with acceptance range.
[bookmark: _heading=h.243i4a2][bookmark: _Toc118502358][bookmark: _Toc118717201]Sensor’s resolution analysis
To gain a deeper understanding of the accuracy of the sensor, a circular pipe with a fully surrounding electrode array was modelled as shown in Figure 4.3 The model includes 40 electrodes with a 15 mm length difference between adjacent electrodes (the same resolution as used in the previous model and experiment). Figure 4.3 shows the actual depth versus the model calculated depth, and the red area represents the sensor’s resolution area. In the model, the level of water was increased from 5mm to 190 mm in 5 mm increments. Then the water was held at 190 mm and the level of sediment was increased from 5 to 190 mm in 5 mm increments. From the figure, most points are seen to be within the red acceptance area, with only 6 points outside the red area. The root-mean-square error of water depth and sediment depth are 2 mm and 3 mm, respectively. The error of water depth and sediment depth is 1.1% and 1.8% of the sensor’s measurement range, i.e., the diameter of the pipe. Meanwhile, the error of water depth and sediment is 13.4% and 22.5% of the electrode’s length difference, respectively. It was found that the root mean square error in sediment depth is higher than the error (1.37 mm) in water depth. This is because the electrical properties of sediment and water have a significantly smaller difference than that of air and water. This leads to the intersection being less pronounced, and thus, influences the classification of points by the multiple linear regression algorithm. 
(a)
(b)

[bookmark: _Ref118501628][bookmark: _Toc134304176]Figure 4.3(a) Electrodes fully surround 3D model; (b) Model results with acceptance range
[bookmark: _heading=h.338fx5o][bookmark: _Ref118495349][bookmark: _Toc118502359][bookmark: _Toc118717202]Slope and electrical conductivity
According to the theoretical equations in 3.2.2, the electrical field crosses through the top surface of the electrode pairs, and thus the gradient of each segment referred to Figure 4.1 (a) is proportional to the electrical conductivity of the media. Table 4.3 summarises the mean gradients of each medium in the model and experiment, across all the scenarios describes in Table 3.1, and compares them with the measured conductivity values. It was found that the mean gradient of air is close to zero as expected, which is negligible. As for the model, the mean gradients for water and sediment are 17% and 15% larger than the meter measured water and sediment conductivities, respectively. The sensor measured mean gradients of water and sediment are 17% and 27% smaller than the EC meter measured water and sediment conductivities. As mentioned in section 3.2.2, due to the influence of the fringing electric field, the calculated conductivity is only expected to be proportional to the media conductivity. From the Table 4.3, the scaling factor has been calculated. The ratio of actual conductivity and model calculated conductivity in water and sediment are similar, which provides a good basis of the theoretical prediction. The ratio of actual conductivity and experiment calculated conductivity are slightly different for water and sediment, which can result from the non-uniform electrical properties of the media, especially for the saturated sand. From the piecewise plot in Figure 4.1, for media like water and saturated sediment, which have a difference in electrical conductivity, the sensor can demonstrate this difference in gradients. Hence, in addition to interface monitoring, this sensor can be put forward for monitoring changes in composition that affect conductivity, for example salinity of the medium, sediment compaction, or microbial activity.
[bookmark: _Ref118496484][bookmark: _Toc118714957][bookmark: _Toc118717252][bookmark: _Toc118724800]Table 4.3 Model and sensor measured gradient. The actual conductivity is measured by electrical conductivity meter
	
	Actual conductivity (µS/cm)
	Model conductivity
(µS/cm)
	Sensor measured conductivity
(µS/cm)
	Actual: model
	Actual: sensor measured

	Air
	0
	4
	8
	-
	-

	Water
	280
	330
	230
	1:1.18
	1:0.82

	Sediment
	130
	150
	95
	1:1.15
	1:0.73



[bookmark: _Toc118502360][bookmark: _Toc118717203]Limitations
The sensor shows good performance in measuring the depth of two and three phases of media, but limitations must be considered for some specific practical scenarios. Figure 4.4 shows a scenario where the sediment is only partially immersed in the water; the remainder is above the water surface, which might be happened at pipe bends. In Figure 4.4 (c), the red line and black line represent the sensor measured interface and actual interface, respectively. It was found that the sensor can only detect three interface points: P1, P2, and P3 in Figure 4.4 (c). Because the electrical conductivity of non-immersed sediment was non-uniform (being drier further from the water), the interface between immersed sediment and non-immersed sediment was not clear, which caused the left point of the water surface to be difficult to detect. In addition, the demarcation point between sediment and air (P3) has a large error in this scenario, because the dry sediment had a similar conductivity to air. The water surface was assumed to be horizontal in Figure 4.4 (c), so that the one interface point for air-water is sufficient to draw the water level. Since the theory of the sensor is based on measuring the different conductivities of media, when two media have very similar conductivity or the media is heterogeneous, the sensor might not detect the interface accurately. Nonetheless, with intelligent interpretation of the data, useful information is still obtained; for example, water level, flow cross sectional area, and that there is emergent sediment, are all distinguishable characteristics.
(a)
(b)



P1
P2
P3
(c)

[bookmark: _Ref118501675][bookmark: _Toc134304177]Figure 4.4 Sensor-measured results of partially emergent sediment scenario: (a) experiment setup picture; (b) plot of sensor’s output conductance vs. probe length; (c) plot results of water and sediment surface.
[bookmark: _heading=h.wnyagw]In practical implementation under dynamic conditions, the levels of sediment and water may not be perfectly planar, as shown in Figure 4.5 (a). The non-uniform interfaces may lead to different interface levels at different positions across the electrode array; therefore, the measured conductance of each electrode pair could be bigger or smaller than what would be measured with flat interfaces, as shown in Figure 4.5 (b). This could influence the detection of interface heights; however, the linear regression process can help to eliminate some of this error. Furthermore, the PCB manufacturing technique can enable electrodes to be very thin and closely spaced, such that variability across the sensor is minimised. In addition, some interfaces (particularly the interface between air and water) may influence over time due to flow turbulence, which may affect the measurement results. In this study, the data collection from all electrodes can be completed within 0.04 s, meaning an effective sampling frequency of 25 Hz. This frequency could easily be increased for dynamic applications but, nonetheless, turbulent flow surfaces are known to be dominated by frequencies below 10 Hz (Gabreil et al., 2018; Horoshenkov et al., 2013, 2016; Nichols, 2015; Nichols et al., 2016; Nichols & Rubinato, 2016), so the temporal fluctuation can be accurately captured with the sensor in its current form. In the real application, the presence of organic matters in the sewer sediment cannot be ignored. Although the organic matters are non-conducting materiel, the chemical and biological reaction of organic matters can improve the capacity of water holding, nutrient, organic carbon and ions content in sediment, which can improve the electrical conductivity of sediment. The study utilized a sensor that detects the interface based on the difference in electrical conductance between water and sediment. Although the presence of organic matter can cause a slight increase in the electrical conductance of sediment, the difference in conductance between water and sediment remains greater. Therefore, the presence of organic matter is not expected to significantly impact the accuracy of the interface measurement.
(a)
(b)

[bookmark: _Ref118501721][bookmark: _Toc134304178]Figure 4.5(a) Five phase media along the sensor with non-planar interfaces; (b) Linear piecewise relationship between conductance and increasing length for non-planer interfaces scenario.
[bookmark: _heading=h.3gnlt4p]These limitations are relatively minor, especially given the simplicity of the sensor’s structure and application. The sensitivity of the sensor could be improved by optimising the design, for example, decreasing the electrode width, spacing and length difference. In addition, intelligent approaches such as machine learning could help to interpret ambiguous data objectively and autonomously.
[bookmark: _Toc118502361][bookmark: _Toc118717204]Summary
In this study, a sensor based on conductance has been developed to simultaneously measure the depths of water and sediment in a circular pipe and provide instantaneous monitoring of the interface levels without any calibration process. A theoretical framework was developed and validated. A linear relationship between electrical conductance and electrode length has been observed, and the piecewise-linear relationship has been measured and modelled with multiphase media. Most of the results are within the maximum expected error based on the sensor’s resolution. The root-mean-square error of COMSOL modelling and sensor measured interface height is within 18% and 33% of the electrode length difference, which is also within 1.4% and 2.6% of sensor’s measurement range, respectively. Furthermore, the experimental and modelled results show that the slope of each sub-line, corresponding to different phases, is positively correlated with the electrical conductivity of the measured media and could be used to monitor changes in conductivity. The sensor is best suited to measuring multiphase flows with media that are homogeneous and have appreciably different conductivities. Some limitations have been identified, but these could be overcome by intelligent interpretation of the data, perhaps through a machine learning approach. Ultimately, this sensor provides a new opportunity for low-cost, minimally invasive, and minimally obstructive monitoring of multiphase flows in sewer pipes and other similar applications.

[bookmark: _Toc118502362][bookmark: _Toc118717205]Electrical impedance spectroscopy (EIS) method for characterising hydraulic properties of single-sized glass beads
[bookmark: _Toc118502363][bookmark: _Toc118717206]Introduction
The experiment reported in Chapter 4 validates the feasibility of the sediment conductance sensor to measure the heights of air, water, and sediment in sewer pipes. For a deep understanding of the properties of the sediment, this chapter will investigate the relationship between electrical conductance and hydraulic properties by using a four-electrode sensor based on EIS methods. 
The purpose of this study is to explore the correlation between electrical and hydraulic properties. The experimental setup and procedures for measuring hydraulic properties and EIS has been firstly introduced in section 3.3. The hydraulic properties of 10 glass beads with varying sizes were tested, and the Kozeny-Carman model was employed to verify the results as outlined in section 5.2. 
In section 5.3, the analysis of the Bode plot, Nyquist plot, equivalent electrical circuit and fitting process of impedance spectra are demonstrated. Subsequently, the outcomes of the EIS test were analysed, and an appropriate equivalent circuit was selected for further examination. 
The relationship between electrical conductance, glass bead sizes, and hydraulic permeability is derived in section 5.4. The interface conductance was chosen as the parameter for studying the relationship between electrical and hydraulic properties by comparing the trends in glass bead size and four electrical elements. Furthermore, a model that relates hydraulic permeability to the formation factor was derived by introducing it as an additional parameter. 
The impact of temperature and electrode spacing distance on the measurement of electrical conductance is discussed in sections 5.5 and 5.6, respectively. These findings provide a foundation for future research on the correlation between electrical and hydraulic properties. 
[bookmark: _Ref118495434][bookmark: _Ref118495663][bookmark: _Toc118502364][bookmark: _Toc118717207]Hydraulic Properties Results
[bookmark: _Ref118496512][bookmark: _Toc118714958][bookmark: _Toc118717253][bookmark: _Toc118724801]Table 5.1 Measured hydraulic properties summary
	Glass beads diameter
(mm)
	Hydraulic permeability
(mm2)
	Permeability Standard deviation
(mm2)
	Porosity
(%)
	Porosity standard deviation
(%)

	[bookmark: _heading=h.2981zbj]5.0
	1.48×10-2
	8.64×10-4
	38.22
	0.63

	4.5
	1.10×10-2
	7.75×10-4
	38.18
	1.10

	4.0
	7.06×10-3
	5.14×10-4
	38.27
	0.69

	3.5
	5.53×10-3
	6.73×10-4
	37.35
	1.14

	3.0
	4.45×10-3
	3.54×10-4
	37.62
	0.45

	2.5
	4.10×10-3
	3.60×10-4
	37.71
	0.66

	2.0
	3.39×10-3
	1.42×10-4
	37.65
	0.59

	1.5
	1.72×10-3
	1.18×10-4
	37.53
	1.56

	1.0
	1.15×10-3
	3.62×10-5
	37.21
	0.78

	0.5
	3.19×10-4
	2.01×10-5
	36.43
	0.53



The mean measured hydraulic permeability and porosity of each glass bead size have been listed with standard deviation uncertainty in Table 5.1. The hydraulic permeability is calculated by Darcy’s law, which shows an increase as the glass beads' diameter increases. As for the porosity, the measurement results are within the range of 36% to 39%, which agrees with the range of random sphere packing porosity (36%-44%) (Rose, 1993). Theoretically, for a sphere diameter larger than 100µm, the porosity of random packing of single-sized spheres should be independent of the sphere diameter (Glover, 2000). However, in this test, the porosity demonstrates a slight decrease as the diameter of glass beads decreases. It is possible that the variation is caused by the manufacture tolerance of the glass spheres and various arrangements of glass beads due to random packing. The range for 1.0mm and 0.5mm glass beads is 1.0-1.3mm and 0.43-0.57mm respectively, and for all other sizes, there is a ±0.1mm tolerance in diameter. In addition, As the glass sphere gets smaller, manufacturing errors lead to a reduction in sphericity. The different size mixture and deformation from a spherical shape will cause glass beads to fill each other’s pore space and lead to a porosity decrease (Dias et al., 2004). 
After collecting all hydraulic parameters, it is necessary to confirm that the relationship between glass beads sizes and measured porosity and hydraulic permeability is valid. The Kozeny-Carman equation is a well-known model to relate the permeability to grain size and porosity, which can help to check the validity of measured hydraulic properties. For granular porous media with a uniform sphere, the Kozeny-Carman equation can be written as follows:
	Hydraulic permeability: 	Eq.  5-1
Where  is the hydraulic permeability,  is sphere diameter and  is porosity.
[image: ]
[bookmark: _Ref118501754][bookmark: _Toc134304179]Figure 5.1 Comparison between the measured hydraulic permeability and Kozeny-Carman model
[bookmark: _heading=h.odc9jc]
Figure 5.1 demonstrates the comparison between the measured hydraulic permeability and the Kozeny-Carman model calculated permeability. It can be seen that the measured permeability for larger glass beads shows a lower value compared with the Kozeny-Carman model. The fitting process was carried out in OriginPro 2021 software, which is based on the power allometric equation with Levenberg–Marquardt literation algorithm. The fitting result shows a power law relationship with a 1.51 exponent, which is less than the exponent in the Kozeny-Carman model. Several factors may result in a biased permeability by using constant head facilities, which have been compiled by previous research. For the facility used in this study, because the outlet tube is directly connected to the porous sample from the bottom centre of the cylinder container and has a diameter of about one-fifth of the cylinder container diameter, it may only a fraction of the water connection path contributes to the final medium’s permeability (Koch et al., 2012; Revil & Cathles, 1999). In addition, highly permeable materials with a high flow rate may result in a non-laminar flow between pores and in the outlet tube i.e., turbulent flow, which allows water's internal frictional forces or interfacial drag force to dissipate energy and increase the resistance of tube walls (Nijp et al., 2017).
[bookmark: _Ref118495441][bookmark: _Ref118495676][bookmark: _Toc118502365][bookmark: _Toc118717208]Electrical Conductance (Parameters) Results
[bookmark: _Toc118502366][bookmark: _Toc118717209]Bode plot 
The Bode plots, including magnitude and phase plots as shown in APPENDIX C, which shows the evolution of total impedance corresponding to the glass beads' diameter range from 5.0mm to 0.5mm with different flow rates (static test, 1L/min, 0.6L/min and 0.2L/min) and electrode spacing (electrode no. 1&2 (2mm), no. 1&3 (6mm), no.1&4 (10mm)). All curves of glass bead tests exhibited a similar shape and trend: the total impedance value decreased with the frequency increasing, a reasonably flat region within the frequency range of 10 kHz to 20 kHz and finally all the curves fall. The impedance curves demonstrate a slight decrease in the low-frequency area, which is likely because of the reducing impedance of contact resistance of the electrode (Raheem et al., 2017; Umezawa et al., 2021). 
An example presented in Figure 5.2 compared the effects of glass bead size, electrode spacing distance, and flow rate on impedance changes. The results showed that increasing the diameter of the glass beads led to a decrease in total impedance, while increasing the electrode spacing distance resulted in an increase in total impedance. However, changes in flow rate did not have a significant effect on impedance change. Although the Bode plot provided insight into impedance changes with frequency and the impact of the three factors, it was challenging to extract specific resistance or capacitance values.Glass beads diameter decrease
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[bookmark: _Toc134304180]Figure 5.2 Bode plot for EIS test with different glass beads diameters, flow rates and electrode pairs
[bookmark: _heading=h.2mn7vak][bookmark: _Toc118502367][bookmark: _Toc118717210]Nyquist plot
A Nyquist plot is the most common way to represent the EIS spectra, which plots a sample’s real impedance on the x-axis, the negative imaginary part on the y-axis, with the frequency decreasing from left to right on the curve. Averaged Nyquist plots of EIS measurement for each size of glass bead at different flow rates are shown in Figure 5.2 and Figure 5.3 with different electrode spacing. Each Nyquist plot compares the results measured with different flow rates, including the static test (0 L/min) and flow rates of 1 L/min, 0.6 L/min and 0.2 L/min. The shape of the Nyquist plot does not change significantly at these three flow rates. In this system, water, as the only conductor, dominated the impedance spectra measurement. Because the mobility of ions in water is about the speed of light, which is much larger than the flow rate, meanwhile, no other electrolytes were coming into the recirculating system, and the electrical properties of water were stable during the test. However, a slight variation in shape the Nyquist plot is still demonstrated between different flow rates, for example, the shapes of semi-circle in the Nyquist plots for glass beads diameter 4.5 mm. This could be due to the glass beads near the electrodes packing differently, which is tested again in the reproducibility tests below. It is also possible that, as the experiment progressed, the electrode surfaces became less smooth and therefore introduced a dispersion effect into the impedance spectra. In realistic sewer pipe applications, different sewer pipe dimensions can have different minimum flow rate design standards, which will not significantly influence the physical basis of the sensor as the electrical conductivity is independent of the flow rate.
In addition, a comparison of the Nyquist plots obtained at varying electrode spacing distances indicates that the width of the semicircle at high frequency expands with an increase in electrode spacing distance. The impact of electrode spacing distance will be explored in section 5.6.
Figure 5.4 compares the change of the Nyquist plot with the size of glass beads. In this experiment, three repeatability experiments and three reproducibility experiments were performed for the EIS test. The averaged Nyquist plot means plotting the averaged impedance real parts and imaginary parts of all repeats and reproduced tests at each frequency. From the figures, all tests demonstrate similar behaviour on the Nyquist plot, which is approximated by a straight line at an angle varying between 10° to 15° in the low-frequency range and a semicircle in the high-frequency range. In general, the semicircle correlates to the charge transfer and the straight line represents the diffusion area due to the charge accumulation at the electrode surface as introduced in section 2.5.2.2 (Mortadi et al., 2020). The increase in high frequency semicircle diameter is observed to correspond with a decrease in glass bead size, as depicted in Figure 5.5.
Each experiment's three repeatability and three reproducibility tests were averaged, and the standard deviations are listed in Table 5.2. In addition, measurements with long electrode spacing distances exhibited comparably high errors. This is because, in this experiment, the planer electrode pairs created the fringing electric field and penetrated through the samples. The penetration depth rises as the electrode spacing distance increases, while the field strength falls (Afsarimanesh et al., 2019). At the weak field strength area, the measurement noise can have a negligible impact, which was discussed in section 5.6. However, the maximum coefficient of variation  of all tests is 5%, which is the percentage ratio of the standard deviation to the mean value, indicating that the experiment showed good reproducibility.
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[bookmark: _Ref118714964][bookmark: _Toc134304181]Figure 5.3 Nyquist plot for glass beads diameters from 3.0 mm to 5.0 mm, flow rates and electrode pairs
[image: 图片包含 物体, 钟表

描述已自动生成]
[image: ]
[image: ]
[image: ]
[image: ]
[bookmark: _Ref118501782][bookmark: _Toc134304182]Figure 5.4 Nyquist plot for glass beads diameters from 0.5 mm to 2.5 mm, flow rates and electrode pairs
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[bookmark: _Ref118501791][bookmark: _Toc134304183]Figure 5.5 Nyquist plot comparison between ten sizes glass beads, measured with electrode No.1&2
[bookmark: _heading=h.20xfydz][bookmark: _Ref118496523][bookmark: _Toc118714959][bookmark: _Toc118717254][bookmark: _Toc118724802]Table 5.2 Standard deviation for repeated and reproduced tests
	Glass beads diameter
	Repeatability test

	
	Electrode No.1&2
	Electrode No.1&3
	Electrode No.1&4

	
	Real
	Imag
	Real
	Imag
	Real
	Imag

	5.0mm
	5.05%
	6.70%
	1.74%
	3.44%
	3.03%
	4.95%

	4.5mm
	4.79%
	7.40%
	3.74%
	6.50%
	3.56%
	6.01%

	4.0mm
	5.41%
	6.50%
	3.74%
	5.30%
	3.82%
	5.92%

	3.5mm
	0.93%
	1.94%
	3.20%
	5.02%
	3.61%
	6.43%

	3.0mm
	6.28%
	11.03%
	7.59%
	13.39%
	8.06%
	12.93%

	2.5mm
	7.09%
	5.32%
	6.76%
	5.86%
	5.23%
	5.48%

	2.0mm
	4.68%
	8.72%
	4.72%
	6.33%
	3.19%
	5.58%

	1.5mm
	10.27%
	11.05%
	10.28%
	11.44%
	8.93%
	8.35%

	1.0mm
	3.34%
	5.65%
	4.25%
	5.77%
	4.64%
	5.52%

	0.5mm
	8.02%
	15.46%
	7.51%
	15.35%
	6.73%
	14.78%

	Glass beads diameter
	Reproducibility test

	
	Electrode No.1&2
	Electrode No.1&3
	Electrode No.1&4

	
	Real
	Imag
	Real
	Imag
	Real
	Imag

	5.0mm
	4.38%
	7.13%
	5.05%
	7.35%
	4.62%
	10.57%

	4.5mm
	9.86%
	8.20%
	7.11%
	7.06%
	7.51%
	13.76%

	4.0mm
	4.47%
	5.72%
	3.12%
	7.49%
	3.41%
	11.46%

	3.5mm
	7.11%
	11.59%
	8.49%
	7.56%
	6.11%
	12.73%

	3.0mm
	5.50%
	8.56%
	5.39%
	7.23%
	7.17%
	17.53%

	2.5mm
	12.52%
	6.25%
	7.42%
	6.90%
	6.61%
	10.46%

	2.0mm
	5.12%
	7.63%
	5.36%
	7.20%
	4.49%
	10.35%

	1.5mm
	8.60%
	10.51%
	8.24%
	6.76%
	8.69%
	14.47%

	1.0mm
	8.91%
	11.08%
	8.91%
	7.55%
	9.24%
	10.18%

	0.5mm
	5.34%
	11.34%
	5.84%
	7.08%
	5.12%
	16.64%



Equivalent Electrical Circuit Models
To interpret the EIS data, fitting an equivalent electrical circuit model is an appropriate way to understand the data. Since different circuit elements, such as resistors, capacitors, inductors, and constant phase elements (CPE), have different relations to the real and imaginary parts of impedance, the data can be represented as a combination of these circuit elements in series and parallel, and the electrical information of the system can be modelled. However, it is possible to fit impedance spectra data to multiple different equivalent electrical circuits, which requires researchers to choose the most appropriate circuit according to the electrical mechanism of the material being studied. 
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[bookmark: _Ref118501809][bookmark: _Toc134304184]Figure 5.6 Modified Randles equivalent electrical circuit
[bookmark: _heading=h.1f7o1he][bookmark: _Hlk118470420]The saturated glass beads system has similar characteristics to other porous media such as sand, rocks, concrete and soil with electrolytes in the pores. As reviewed in section 2.4, several researchers have proposed a number of equivalent electrical circuit models to simulate these porous systems. Song (2000) has proposed a theoretical equivalent model to describe the dielectric porous system regarding the microstructure. The total impedance can be described as a parallel combination of three types of pathways: (1) continuous conductive paths formed entirely by pore connections; (2) discontinuous conductive paths with the pore channels occluded by glass beads; (3) “insulator” conductive paths that are wholly connected by glass beads. Due to the limitations of frequency range (from 10 Hz to 10 MHz) and accuracy of measurement equipment, a modified Randles equivalent electrical circuit was proposed to fit measured impedance spectra data as shown in Figure 5.5, which consisted of a solution resistance () in series with a parallel interface constant phase element () and resistance (), and a diffusion constant phase element () series to . The following equation shows the circuit's overall impedance:
	Total impedance: 	Eq.  5-2
 represents an active electrolyte resistance, which is the total resistance of water-filled pores in both continuous and discontinuous paths near the electrode pairs. Paralleled  and  demonstrate the double layer capacitor and resistor formed on the solid-liquid-solid interface and charge transfer resistance in the pores and pore paths within the sample.  replaced capacitor to compensate for dissociation of ions at the solid-liquid interface and the dispersion influence due to non-uniform surfaces (Sindhuja et al., 2016). In actual measurements, the “diffusion effect” and “dispersion effect” as mentioned in section 2.5.2.2 cannot be neglected and are also reflected in the Nyquist plot, i.e. infinite linear part in the low-frequency region and the centre of the semi-circle below the impedance real part axis as shown in Figure 5.6 the Nyquist plot of CPE parallel to a resistor, the semi-circle is rotated (1-n)·90° clockwise and the centre of the semi-circle lies below the impedance real part axis (Z’ axis). Therefore, ion transport or diffusion phenomena near the electrodes are appreciable in the low-frequency range which can be modelled as  series to  (Kadan-Jamal et al., 2020; Sekar & Ramasamy, 2013). 
[image: Nyquist plot for a ZARC]
[bookmark: _Ref118501822][bookmark: _Toc134304185][bookmark: _heading=h.3z7bk57]Figure 5.7 the Nyquist plot of CPE parallel to a resistor, the semi-circle is rotated (1-n)·90° clockwise and the centre of the semi-circle lies below the impedance real part axis (Z’ axis)
The fitted Randles circuit parameters are very useful in the field of EIS as they provide valuable information about the test media. Figure 5.7 shows the results of fitting the impedance spectra data with the modified model using the Zsimpwin software. The evaluated electrical parameters of each electrical circuit model are summarised in Table 5.3. 
[image: ]
[bookmark: _Ref118501839][bookmark: _Toc134304186][bookmark: _heading=h.2eclud0]Figure 5.8 Equivalent circuit fitting results for electrode pair No.1&2
[bookmark: _Ref118496530][bookmark: _Toc118714960][bookmark: _Toc118717255][bookmark: _Toc118724803]Table 5.3 Electrical element value summary of Modified Randle circuit
	Glass beads diameter
(mm)
	 (Ω)
	

	
	 (Ω)
	
	

	5.0mm
	55.32
	1.10E-09
	0.88
	235
	0.000859
	0.13

	4.5mm
	57.29
	1.17E-09
	0.88
	239.2
	0.000785
	0.13

	4.0mm
	40.49
	1.25E-09
	0.84
	264
	0.000789
	0.11

	3.5mm
	49.41
	1.15E-09
	0.84
	303.8
	0.000796
	0.11

	3.0mm
	47.11
	1.30E-09
	0.84
	310.5
	0.000788
	0.11

	2.5mm
	46.75
	1.20E-09
	0.83
	335.2
	0.000736
	0.1

	2.0mm
	47.49
	1.15E-09
	0.82
	360.8
	0.000799
	0.09

	1.5mm
	49.05
	2.32E-09
	0.8
	387.6
	5.84E-04
	0.1

	1.0mm
	40.02
	2.69E-09
	0.8
	420.9
	0.000505
	0.1

	0.5mm
	40.34
	2.09E-09
	0.83
	439.6
	0.00051
	0.095



[bookmark: _Ref118495449][bookmark: _Ref118495700][bookmark: _Toc118502369][bookmark: _Toc118717212]Electrical-Hydraulic relationship 
[bookmark: bookmark=id.1smtxgf]This section will focus on the analysis of the relationship between glass beads size, hydraulic permeability and electrical properties. Because the porosity of glass beads does not vary significantly with sphere size, it will not be discussed in this chapter. 
In section 5.3.3, the Randle circuit was used to fit the Nyquist plot and four electrical parameters have been derived. These parameters were then compared with the size of glass beads, and the parameter that showed the most significant changes was chosen in section 5.4.1. Section 5.4.2 involves comparing the chosen electrical parameter with hydraulic permeability by introducing the formation factor (F). 
 As reviewed in section 2.5.2.3, the electrical-hydraulic relationship in this study is best described using the equivalent circuit consisted of resistors and CPEs. Electrical conductivity is a parameter commonly used in electro-hydraulic models. However, from equation 3-1 the conductivity () can be calculated from the conductance (), cross-section area () and the length () of the conductor. In contrast to other electrical conductivity studies, it is difficult to measure the exact cross-section area of the sample as the cross-section area should be perpendicular to the electric field lines, for the fringing electric field in this study, this cross-section area is hard to be measured or calculated. Therefore, conductance analysis is carried out for the following sections rather than electrical conductivity. The electrical conductance of a saturated volume of glass beads is the reciprocal of resistance and can be calculated from:
	Electrical conductivity: 	Eq.  5-3
	Electrical conductance: 	Eq.  5-4
     Since CPEs are the equivalent circuit model component to represent an imperfect capacitor for model fitting, which is difficult to translate to capacitance value in this circuit model, then only a simple comparison between CPE value (Q) and glass beads size will be presented in the following section.
[bookmark: _Toc118502370][bookmark: _Toc118717213]The relationship between electrical conductance and glass beads diameters
The relationships between the four electrical parameters and the glass beads' diameters are shown in Figure 5.8. According to the figures, the linear fitting result between solution conductance and glass bead diameter (Figure 5.8 (a)) is not as good as the fitting results of interface conductance and glass bead diameter.  With the glass beads’ diameter increase, the solution conductance deceases. The solution conductance was considered as the conductance of pores filled with solution near the electrode pairs. This trend can be caused by the fact that smaller glass beads will produce more continuous pore paths near the electrode pairs area, which can be considered as a series of parallel resistors and lead to a smaller total solution resistance, i.e., larger solution conductance. However, larger glass beads can produce larger pores and larger solution conductance, which counteracted the overall decrease in solution conductance to some extent and therefore the linear fitting results was not ideal, with smaller coefficient of determination (R2=0.42).
As the diameter of the glass beads increases, the value of interface conductance (Figure 5.8 (b))  rises linearly, which corresponds to the change in width of the first semicircle in the Nyquist diagram. Different to the solution conductance, the interface conductance was dominated by the pores and pore paths within the samples rather than limited to the electrode pair area, which means that larger glass beads contain larger pores and shorter and wider pore paths lead to larger conductance, thus, the positive linear relationship between interface conductance and glass beads diameter is significant. However, there are some outlier points shown on the Figure 5.8 (b) such as the data for 3.5 mm glass beads diameter, which can be caused by the random packing. Even though the glass beads have a regular shape and were packed with same way, the pores and pore paths were randomly distributed in samples, which lead to the deviation. 
As for the  and , which are the double layer impedance formed on solid-liquid-solid interface, and diffusion impedance, the thickness of the produced double-layer capacitor and diffusion layer should decrease as the diameter of the glass beads decreases. The equations of the capacitance of diffusion element impedance are shown below:
	Capacitance:	Eq.  5-5
	Diffusion element impedance: 	Eq.  5-6
[bookmark: _Hlk118470576][bookmark: _Hlk118470596]where  is the electric constant, A is the area of double layer plates overlap, d is the separation distance of two plates,  is the admittance,  is the thickness of the diffusion layer,  is the diffusion coefficient, j is the imaginary unit and  is the angular frequency. These two equations predict that as the diameter of the glass beads increases, the  should drop and  should grow. These trends are also seen in Figure 5.8 (c) and (d). However, the R2 value for  and  are 0.62 and 0.75 repspectively, which are lower than the R2 for interface conductance and glass beads diameter fitting result. According to Figure 5.8 (c),  for glass beads with a diameter of less than 2.0 mm is higher than the  value for glass beads with a diameter of more than 2.0 mm, which may be related to the electrode spacing distance. Because electrode no. 1 and electrode no. 2 are spaced apart by 2 mm, distributions of glass beads larger than 2.0 mm may not have been consistent along the electrode pair. However, because the CPE is the equivalent circuit component to represent an imperfect capacitor for model fitting, the value of the CPE is not the same as capacitance. It is also challenging to convert to a capacitance value in this electrical circuit as discussed in section 2.5.2.2.
According to these four fitting figures (Figure 5.8 (a), (b), (c), and (d)), the electrical parameter that is most appropriate for the following investigation about the electrical-hydraulic relationships is the interface conductance, which is the main factor influencing the width change to the Nyquist plot semicircle and also has the best linear fitting to glass bead diameters.

[image: ]
[bookmark: _Ref118501855][bookmark: _Toc134304187]Figure 5.9 Linear relationships fitting between glass beads diameter and (a) solution conductance; (b) interface conductance; (c) interface CPE; and (d) diffusion CPE.
[bookmark: _heading=h.2rrrqc1][bookmark: _Ref118495711][bookmark: _Ref118495738][bookmark: _Toc118502371][bookmark: _Toc118717214]The relationship between electrical conductance and hydraulic permeability
In this study, one-sized glass beads provide a clean system: the porosity is similar, the grain size can be specified, and the regular spherical shape of glass beads controls the geometric influence. The diameter of the glass beads significantly affects the hydraulic permeability. The power-law relationship between permeability and electrical conductance is compatible with the empirical model summarised in the section 2.4 as seen in Figure 5.9. The fitted exponent value is 3.42, which is comparable to empirical models for a saturated clay-free environment with an exponent range of 1 to 5 (Walsh & Brace, 1984; Wong et al., 1984). The value of  is 0.94 and the calculated mean squared error (MSE) is of hydraulic permeability is , which provides an estimate of the error associated with the power law equation. The potential sources of error in the relationship between conductance and permeability could be due to the sample size and measurement error of electrical conductance and hydraulic permeability. The test conducted in this study consisted of only 10 data points. Increasing the sample size may reduce the impact of outliers and enhance the accuracy of the power law equation. In section 5.2, it was explained that the use of constant head facility and highly permeable test material may introduce measurement errors to the hydraulic permeability measurements. EIS measurements can also be affected by measurement error arising from external electronic equipment and electrical interference, which can lead to fluctuations in the measured impedance values and, consequently, affect the fitted electrical conductance.
[image: ]
[bookmark: _Ref118501910][bookmark: _Toc134304188]Figure 5.10 Power law relationship between interface conductance and hydraulic permeability
[bookmark: _heading=h.3qwpj7n]Another way to investigate these data is to introduce the formation factor, which is the ratio of a sample’s total electrical conductivity to its fluid conductivity as given in Eq. 5-7. Eq. 5-8. This uses Archie's Law, and can also be used to describe the link between formation factor and porosity. In this equation, m is called the cementation factor, which is usually equal to 1.5 for spherical grains (Revil, 2002; Sen & Cohen, 1981), and  is a constant correlated to the tortuosity factor and saturation.
[bookmark: _heading=h.261ztfg]	Formation factor:	Eq.  5-7
[bookmark: _heading=h.l7a3n9]	Archie’s Law:  	Eq.  5-8
Since it took the conductivity of the electrolyte into account, the formation factor is typically discovered in studies of the relationship between electrical conductivity and hydraulic properties. Since conductance is inversely related to conductivity in this study and cross section area is difficult to measure, conductance was substituted for conductivity in the Eq. 5-7. As illustrated in Figure 5.10, the fluid electrical conductance was also assessed using the EIS approach and obtained from the Nyquist plot and a modified Randles circuit. The electrical conductivity of the fitting is 0.0054 S. The following relationship between hydraulic permeability, formation factor, and grain size may be determined by combining Archie's Law and Kozeny-Carman equations:
		Eq.  5-9
The linear fitting result presented in Figure 5.1 is used to replace the exponent of d as 1.51. α is a constant that correlates to Archie's law's tortuosity factor. From the measured hydraulic permeability, the value of α can be calculated as 0.013, the equation may be rewritten as follows:
		Eq.  5-10
Figure 5.11 also demonstrates the comparison between the measured permeability and calculated permeability. In realistic applications, this sensor can be applied to predict the hydraulic permeability in a sewer pipe with the above equation, which will be verified in Chapter 6.
         [image: ]
[bookmark: _Ref118501922][bookmark: _Toc134304189]Figure 5.11 Equivalent electrical circuit fit for pure water test with electrode No.1&2
[bookmark: _heading=h.356xmb2]       [image: ]
[bookmark: _Ref118501944][bookmark: _Toc134304190]Figure 5.12 Comparison between measured permeability and model calculated permeability

[bookmark: _Ref118495458][bookmark: _Toc118502372][bookmark: _Toc118717215]Effect of temperature
Temperature has important influence during electrical conductance measurements. In field applications, the temperature of measured systems can be varied, thus temperature compensation is necessary. As illustrated in Figure 5.12, a heating tube was placed in the bottom water tank to heat the water from 21°C to 35°C for the temperature test in this study. A temperature sensor was used to track the temperature change throughout the measurement in the bottom and top water tanks. The electrical conductance was then determined using EIS methods and derived from the Nyquist plot and the modified Randles circuit. To confirm the impact of glass bead sizes, saturated samples of 5.0mm, 4.0mm, 3.0mm, 2.0mm, and 1.0mm glass beads were measured. A reference test with tap water was also conducted.

[bookmark: _Ref118501953][bookmark: _Toc134304191]Figure 5.13 Temperature tests facilities (a) Aquarium heater with 500W power (b) assemble the heater into the bottom water tank
[bookmark: _heading=h.2jh5peh][image: ]
[bookmark: _Ref118501964][bookmark: _Toc134304192]Figure 5.14 Pure water and glass beads linear fit for temperature correction. Temperature range is from 21°C to 35°C with 1°C temperature interval
[bookmark: _heading=h.ymfzma]The results of the linear fitting between the measured electrical conductivity and the temperature for experiments of tap water and five different sizes of glass beads are shown in Figure 5.13. The table next to the graphic includes a summary of the findings of the linear fitting. It is apparent that heating increased the electrical conductivity. The concentration and mobility of free ions in water can both rise with rising water temperature and, consequently, increase electrical conductivity. The slope and intercept values in the tap water test were the highest; the slope and intercept values appeared to decrease as the size of the glass beads decreased.
As shown in Figure 5.14, coefficient (intercept) and coefficient  (slope) are expressed as functions of glass bead size using linear regressions. Coefficient  shows a good linear connection with R2 equal to 0.97. This relationship between the size of glass beads and interface conductivity resembles that shown in Figure 5.8 (b). However, the intercept value can be regarded as the electrical conductance at 0°C. Since ice doesn't contain any free mobile ions, which has a low electrical conductivity, then this linear relationship only within the range of measurement. The slope (coefficient b) fitting result is not as good as coefficient a. The electrical conductance change for a 1°C temperature change is the slope's value. As shown in Figure 5.15, it can be seen that the slope of the water test is much higher than the slope of the glass beads test. As a result, it is possible to assume that, in a system, the amount of water may primarily affect how the slope value changes. In addition, even though the amount of water in a system is similar due to the similar porosity, because the size, quantity, and pore paths of different-sized glass beads vary, the observed conductance varies with temperature.
[image: ]
[bookmark: _Ref118501972][bookmark: _Toc134304193][bookmark: _heading=h.3im3ia3]Figure 5.15 Coefficient  and  as a function of glass beads diameters
             
[bookmark: _Ref118501989][bookmark: _Toc134304194]Figure 5.16 Comparison of the variation of coefficient b for different porosities
Using the temperature coefficient of variation (), is another method of analysing the impact of temperature. This parameter is defined as the percentage change in electrical conductance for a given reference temperature for a 1°C temperature change (Barron & Ashton, 2013; Ramos et al., 2008). In this investigation, a reference temperature of 20°C was chosen. For saturated porous media, such as rocks and sediments, the electrical conductance mainly depends on the interface electrical conductance around the grain surface. Regarding porous media, the linear temperature conductance relationship is still valid (Hayashi, 2004; Hayley et al., 2007; Sen & Goode, 1992).  Conductance measured at any temperature other than the reference temperature (20°C) can be converted to conductance at the reference temperature by the following equation:
	Electrical conductance at 20°C: 	Eq.  5-11
Where  and  are the electrical conductance at T°C and 20°C respectively. The temperature for the glass bead and pure water testing was summarised in Table 5.4, and it was also compared to the porosity. The temperature coefficient for water is 2.13%/°C, which is very close to the standard temperature coefficient for water, which is around 2%/°C (Barron & Ashton, 2013). Hence, this kind of sensor seems to be sensitive to changes in temperature and can properly respond to measurements of electrical conductance. Regarding the glass beads test, the temperature coefficient is relatively dispersed in the range from 1.4%/°C to 2.05%/°C. Figure 5.16 fitted the average temperature coefficient for the six different samples based on (6.14), which is equal to 1.74%/°C. One explanation could account for this interesting phenomenon. Glass beads and water have different thermal conductivities, 0.62 W/mK and 1.09 W/mK, respectively. This will result in varying rates of heat transfer and, as a result, a non-uniform change in temperature inside the cylinder container. As the diameter of the glass beads increased, this influence grew more apparent. Even if the temperature of the top and bottom water tanks was checked during the test, the uneven distribution of temperature in the container can cause experiment errors.
[bookmark: _Ref118496541][bookmark: _Toc118714961][bookmark: _Toc118717256][bookmark: _Toc118724804]Table 5.4 Electrical conductance at 20°C and temperature coefficient for glass beads tests and pure water test
	Glass beads size
(mm)
	Electrical conductance at 20°C (S)
	Temperature coefficient (%/°C at 20°C)

	water (0)
	0.00510
	2.13

	5
	0.00426
	1.40

	4
	0.00379
	1.45

	3
	0.00312
	1.62

	2
	0.00265
	2.05

	1
	0.00238
	1.76



[image: ]
[bookmark: _Ref118501999][bookmark: _Toc134304195]Figure 5.17 Electrical conductance and temperature relationship of 6 samples with a linear model fit
[bookmark: _heading=h.2wwbldi]In practical field applications, once the system temperature and temperature coefficient were known, the electrical conductance at 20°C could be calculated by using Eq. 5-11, and the hydraulic permeability could be derived from the above electrical-hydraulic model since it was based on the electrical conductance measured under 20°C.



[bookmark: _Ref118495466][bookmark: _Ref118495491][bookmark: _Toc118502373][bookmark: _Toc118717216]Effect of electrode spacing distance
It is necessary to assess the impact of separation distance on the measurement of electrical conductance because as electrode spacing distance grows, the electrical field's penetration depth increases and the field weakens. In the test, glass beads ranging in size from 0.5 mm to 5 mm were used to assess the electrode conductance of electrodes no. 1&2, no. 1&3, and no. 1&4, where the separation distances are 2mm, 6mm, and 10mm, respectively.
The interface conductance against glass bead size and spacing distance curves are shown in Figure 5.17 and Figure 5.18, respectively. Three distinct spacing distances are shown in Figure 5.17 with a linear fluctuation, although the slopes are not the same. When the size of the glass beads changes, the electrical conductance measured at a 2 mm spacing distance will vary more because the sensitivity of the interface electrical conductance is higher at smaller spacing distances. The electrical conductance of glass beads larger than 3mm measured at a 2 mm spacing distance changes quite erratically, especially for glass beads between 4.5 mm and 5.0 mm. This is due to the uneven distribution of the large glass balls on the 2mm spacing distance as illustrated in Figure 5.19. For electrode no. 1&3, the diameters of all the beads are smaller than the spacing distance of 6 mm, which yields a better linear fitting result with a 0.98 R2 value. The change in electrical conductance for various sizes of glass beads at a spacing distance of 10 mm is insignificant due to the weak electric field strength, and the linear fitting result is inferior with an R2 value of 0.78.
Considering the results of these three spacing distances, comparing the spacing distances of 6 mm and 10 mm shows that the electrode sensitivity increases with decreasing spacing distance, and a higher sensitivity will demonstrate a better linear fit result. However, by comparing the 2mm and 6mm spacing distances, it can be seen that the smaller spacing distance is not always better. It is also necessary to comprehensively consider the relationship between the particle size of the measured sample and the spacing distance. From the 2mm spacing distance tests, glass beads larger than 3mm show inconsistent linear variation with glass spheres smaller than 3mm due to uneven distribution, while glass spheres smaller than 3mm show a good linear variation. Hence, for the consideration of practical applications, it is recommended that the electrode spacing should be approximately 1.5 times the particle size of the sample tested. The effects of the spacing distance will be further discussed in the next chapter, thereby, refining the recommendations on the design of the sensor.


[image: ]
[bookmark: _Ref118502015][bookmark: _Toc134304196]Figure 5.18 Linear relationships fitting between glass beads diameter and interface conductance for three different electrode pairs.
[bookmark: _heading=h.3w19e94][image: ]
[bookmark: _Ref118502032][bookmark: _Toc134304197]Figure 5.19 Electrical conductance versus spacing distance for 10 different glass beads sizes
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[bookmark: _Ref118502040][bookmark: _Toc134304198]Figure 5.20 a 2D distribution for 5mm and 1mm glass beads on the electrode pairs with 2mm spacing distance.
Summary
The chapter has investigated the relationship between the electrical properties and hydraulic properties of saturated glass beads systems by using the novel sediment sensor based on the EIS method. Firstly, the measured hydraulic properties were verified by comparing them to the well known Kozeny-Carman model and showed a smaller exponent value. The possible reasons have been analysed, which may be due to the limitation of the experimental facility and the water’s internal frictional forces or interfacial drag force. Secondly, the effects of flow rate on the Bode plot and Nyquist plot have been presented. From the results, the flow rate ranged between 0.2 L/min and 1.0 L/min, which did not show a significant influence on the EIS measurement results. Thirdly, a linear and a power law relationship between interface electrical conductance and grain size and hydraulic permeability have been presented. In contrast to interface conductance, the other electrical components (solution conductance, interface impedance and diffusion impedance) showed a less significant relationship to grain size. In addition, a combined model of hydraulic permeability, grain size and formation factor was derived based on the Kozeny-Carman model and Archie’s law and will be refined in the next chapter. Then, the influence of temperature was discussed, and the average temperature compensation factor corresponding to 20°C has been founded, which is 1.74%/°C. Finally, by comparing the measurement results of 2 mm, 6mm and 10mm spacing distance, a design recommendation for the sensor’s spacing distance was proposed, that is, the electrode spacing distance should be 1.5 times the measured particle size. These findings in this chapter provide evidence that the EIS-based sensing system with two planar electrodes configuration is sensitive to monitoring the change of grain size and hydraulic permeability in a pipe.

[bookmark: _Toc118502375][bookmark: _Toc118717218][bookmark: _Toc118502376][bookmark: _Toc118717219]Electrical impedance spectroscopy method for sand and simulated sediment
Introduction
The novel sediment sensor based on the EIS measurement method has been initially verified in the previous chapter by testing different sizes of glass beads. However, in practical applications, the shape of real sediment will not be a regular sphere and will not consist of a single-size particle. In this chapter, the EIS measurement method will be applied to more natural materials. The experimental results of a series of sand mixtures based on EIS measurements are investigated. Since sand mixed in different volume proportions can produce different porosities, the influence of porosity will be discussed which was not covered in the previous chapter. Meanwhile, the relationship between electrical properties and average grain size and hydraulic permeability is also analysed in this chapter for mixture samples. The measurement results of hydraulic properties are demonstrated in section 6.2, and the analysis of the Bode plot, Nyquist plot, equivalent electrical circuit and fitting process of impedance spectra are presented in section 6.3. In section 6.4, the relationships between electrical and hydraulic properties are analysed and the model proposed in Chapter 5 between hydraulic permeability, formation factor and grain size is verified with mixture samples. Moreover, the effects of electrode spacing distance are discussed in section 6.5, and section 6.6 discussed the actual application of proposed sensing system. 
[bookmark: _Ref118495611][bookmark: _Toc118502377][bookmark: _Toc118717220]Hydraulic Properties Results
Table 6.1 summarises the porosities and hydraulic permeabilities of the 6 test samples and the test codes. The average grain size of the glass bead mixture is calculated by the Folk and Ward Formula as shown below (Folk & Ward, 1957): 
		Eq.  6-1
Where d is the average grain size of the glass beads mixture, and , , and  are the particle diameter at 16%, 50% and 84% of the sample by weight. For the Mixture A and Mixture E samples, due to the manufacture tolerance, their grain size being in small ranges, the average grain sizes were chosen as the average value of the maximum size and minimum size in the ranges.
Because the sand mix samples only contained two different sizes, using the Folk and Walker Formula (which is designed for a broad distribution) will lead to unrepresentative estimates. Therefore, the average grain sizes of the sand mixtures were calculated by the weighted average value as shown in the following equation:
		Eq.  6-2
Where  and  are the volume percentage ratio of sand Fraction A and sand Fraction E, and  and  are the average sizes of sand Fraction A and Fraction E.
[bookmark: _Ref118496553][bookmark: _Toc118714962][bookmark: _Toc118717257][bookmark: _Toc118724805]Table 6.1 Hydraulic properties summary
	Test code
	Volume ratio
	Average grain size
(mm)
	Porosity (%)
	Hydraulic permeability (mm2)

	Mixture A
	100% Fraction A sand
	1.77
	36.63
	1.24×10-3

	Mixture B
	75% Fraction A + 25% Fraction E
	1.36
	34.44
	3.23×10-4

	Mixture C
	50% Fraction A + 50% Fraction E
	0.95
	32.15
	1.00×10-4

	Mixture D
	25% Fraction A + 75% Fraction E
	0.53
	28.54
	1.66×10-5

	Mixture E
	100% Fraction E sand
	0.12
	25.55
	3.90×10-6

	Glass beads mixture
	Glass beads mixture
	0.42
	24.10
	4.11×10-5



The relationships between porosity, permeability and average grain size are plotted in Figure 6.1, where the data of sand mixtures and the glass beads mixture are represented in black squares and red stars respectively. From Figure 6.1 (a), the relationship between porosity and permeability demonstrates a power-law relationship, which is also consistent with the general empirical model (Zheng et al., 2015). David et al. (1994) and Ghabezloo et al. (2009) surmised that the exponent was in the range of 1.1 to 25.4 for various geomaterials. The exponent value fitted in this study was 16.97, which is a large value in this range, thus a small change in porosity will lead to a big change in permeability. However, this power-law model can only give a simple relationship between porosity and permeability, because the porosity is dependent on the pore number and pore size, whereas the permeability is controlled by the throat size in the porous structure. None of these parameters is reflected in the power-law model.
The relationship between average grain size and porosity is plotted in Figure 6.1 (b). The fitting results of sand mixtures demonstrate a good  linear relationship, with a 0.99 coefficient of determination () for sand samples. This indicates that this method of mixing two different sizes of sand in a certain ratio can generate samples with a proportional variation in porosity. One possible reason is that the two types of sand differ greatly in size (around 14 times). When they are mixed in a certain proportion, the finer sand gradually fills the pores between the coarse sand, thus, resulting in a proportional change in the overall porosity. The point for the glass bead mixture in Figure 6.1 (b) doesn’t follow the trend, and the blue dashed line in Figure 6.1 (b) demonstrates a good linear fit result () with six sample points.      As the glass bead sample is a mixture of eight different sizes of glass spheres as introduced in section 3.3.1, the change of porosity did not conform to the pattern of sand mixtures. 
In addition, glass mixture and sand are two different types of materials, and they demonstrate different properties when it comes to porosity and average particle size. The average particle size of glass mixture is 0.42mm, which falls between sand mixture D and E. However, the change of porosity did not conform to the pattern of sand mixtures, which is lower than Fraction E sand. Glass beads have a more rounded shape and a smoother surface compared to sand particles. Sand particles are usually angular and have a rough surface which allows them to form interlocks and create internal pore spaces. These effects lead to a higher porosity for sand mixtures. However, the pores in a glass beads mixture depend on the particle size and packing method. This results in a less predictable porosity-size relationship in glass beads mixture compared to sand.
The relationship between average grain size and permeability was also fitted by a power-law relationship as shown in Figure 6.1 (c). However, compared to the fit result in Section 5.2, the exponent in this test was significantly larger than the one-sized glass beads test as shown in Figure 6.1(c) blue dash line. Since the mixture samples consisted of various shapes and sizes of particles, the fine particles can fill the pores between larger particles and change the shape of the throat size. The permeability of mixture samples is hence smaller than the permeability calculated by the one-sized regular shaped glass beads fitted model. Therefore, for all samples, the average grain size and permeability are consistent with the power law relationship; however, the composition and shape of the material affect the parameters in the power law function. 
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[bookmark: _Ref118502058][bookmark: _Toc134304199]Figure 6.1 The relationships between (a) porosity and permeability; (b) average grain size and porosity; (c) average grain size and permeability with fitted lines/curves, equations and R2. The red star in the plots represents the data of glass beads mixture.
As indicated, a simple model to describe the relationship between each two of these three hydraulic properties is not sufficient. The Kozeny-Carman equation can be a better way to connect all hydraulic properties: porosity, permeability and average grain size. Figure 6.2 shows the comparison between measured permeability and Kozeny-Carman-calculated permeability. All six data points are distributed around the 1:1 reference line, and the measured permeability agrees with the Kozeny-Carman model with mean square error. This comparison shows that the hydraulic properties measured in the experiment are consistent with the empirical model, demonstrating the reliability of the experimental results.
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[bookmark: _Ref118502139][bookmark: _Toc134304200]Figure 6.2 Comparison between measured permeability and Kozeny-Carmen-calculated permeability.
[bookmark: _heading=h.i17xr6][bookmark: _Ref118495624][bookmark: _Toc118502378][bookmark: _Toc118717221]Electrical Conductance Results
Similar to Section 5.3, this section is aiming to show the EIS measurement results of sand mixtures and the glass bead mixture, which include Bode plots, Nyquist plots, the equivalent circuit model and the value of each element in it. 
[bookmark: _Toc118502379][bookmark: _Toc118717222]Bode plot 
The Bode plot from different sand mixtures and the glass bead mixture are shown in Figure 6.3. This includes the impedance magnitude and phase change with frequency in the range from 10 Hz to 10 MHz. For sand mixtures at frequencies lower than 1 MHz, the impedance magnitudes increase with fine sand (Fraction E sand) volume ratio increase. For higher frequency (from 1 MHz to 10 MHz), the impedance magnitudes do not demonstrate a significant difference for the samples with different volume ratio. The impedance magnitude spectra of the glass bead mixture are similar to those of the sample Mixture D sand. From the hydraulic side, these two samples had similar average grain sizes (0.53mm for Mixture D; 0.42mm for glass beads mixture) and porosities (28.54% for Mixture D; 24.10% for glass beads mixture) which implies there is a relationship between hydraulic properties and electrical impedance. 
(a)
(b)

[bookmark: _Ref118502091][bookmark: _Toc134304201]Figure 6.3 EIS measurement Bode plot for six samples: (a) Impedance magnitude; (b) Impedance Phase plot.
Figure 6.3 (b) shows the phase angles for all six samples. It can be seen from the plots that the change in phase angle does not change significantly with the mixture sample changes, except at a high-frequency range (around 5 MHz to 10 MHz). In an electrical circuit, circuit components such as inductors and capacitors can induce a phase shift. In this case, double-layer capacitors may be formed at the interface between water and particles and between water and electrodes. However, the change of the capacitance is very small between samples, and the measurement precision of the instrument is not enough to detect minor variations, so the samples did not exhibit significant variations in phase angles. 
[bookmark: _Toc118502380][bookmark: _Toc118717223]Nyquist plot and equivalent circuit fitting
The Nyquist plot measured using different electrode pairs (electrode no.1&2, no.1&3, no.1&4 as labelled in Figure 3.10) with varying spacing distances is illustrated in Figure 6.4. For each plot, six Nyquist plots are shown corresponding to six mixture samples. The real and imaginary parts of impedance are correlated to the frequency in the range from 10 Hz to 10 MHz, where the frequency increases from right to left in the plot. Similar to the one-sized glass beads test, all the Nyquist plots show a similar shape, which can be divided into two sections: a depressed semicircle in a high-frequency range (around 12 kHz to 10 MHz) and a straight line with a clamp angle smaller than 45° to the real impedance axis in a low-frequency range (around 10 Hz to 12 kHz). For sand mixtures, with an increase in the volume ratio of fine sand (Fraction E sand), the width of the arc increases. It is also apparent that with the increase of electrode spacing distance, the width of the left arc increases.
[bookmark: _heading=h.vgdtq7][image: ]
[bookmark: _Toc134304202][bookmark: _heading=h.3fg1ce0]Figure 6.4 Comparison of Nyquist plot with the change of mixtures
As the shape of the Nyquist plot in this test is similar to the shape of the one-sized glass beads test, the modified Randles circuit, shown in Figure 6.5, can be applied as a uniform model to derive the EIS results. The impedance of the modified Randles circuit can be expressed by the following equation, which has been given in section 5.3.3:
	Total impedance: 	Eq.  6-3
[image: 图片包含 图形用户界面

描述已自动生成]
[bookmark: _Ref118502198][bookmark: _Toc134304203]Figure 6.5 Equivalent electrical circuit model: Modified Randles Circuit
Figure 6.6 shows the fitted Nyquist plot produced using the ZSimpWin software. Compared to the fitting results, the experiment data for some samples show smaller imaginary impedance in the frequency range of 100 kHz to 1 MHz. A possible reason is that due to the effect of electrode corrosion, the modified Randles circuits cannot accurately model the internal electrical characteristics of samples. As the experiment progressed, corrosion of the electrode surface occurred due to repeated filling samples, immersion in water, and scratching. Although the immersion gold process is used to prevent corrosion of the electrodes, corrosion is still inevitable for copper electrodes. The corrosion process can be simplified into the dissolution reaction and passivation reaction as shown below (Sun et al., 2022):
[bookmark: _Hlk133793912]Dissolution reaction: 
Passivation reaction: 
After dissolution reaction,   will be dissolved into the solution, and the passivation reaction will generate a passive film on the electrode surface, which might lead to a slight deformation of the Nyquist plot.
The fitted electrical parameters of the equivalent circuit are shown in Table 6.2. The solution resistance  is smaller than the interface resistance . Moreover, unlike the single glass bead samples in Chapter 5, the value of  does not exhibit a linear decrease with increasing mean particle size in the case of sand mixtures. One possible reason is that smaller particles tend to settle at the bottom under the influence of the water flow, leading to a non-uniform particle distribution and pore structure around the electrode measurement area. On the other hand, the non-uniform particle distribution can affect the amount of ions dissolved in solution, which can further affect the value. As a result, a non-linear relationship between the  and average particle size is observed. For the sand mixtures, an increase in the volume ratio of fine sand led to a significant increase in interface resistance, which was then applied to the further analysis.
[bookmark: _Ref118496569][bookmark: _Toc118714963][bookmark: _Toc118717258][bookmark: _Toc118724806]Table 6.2 The value of electrical circuits elements for six samples
	
	 (Ω)
	 (S·sn)
	
	 (Ω)
	 (S·sn)
	

	Mixture A
	28.61
	
	0.78
	479.8
	
	0.18

	Mixture B
	37.45
	
	0.75
	566.3
	
	0.15

	Mixture C
	41.34
	
	0.75
	651.4
	
	0.14

	Mixture D
	28.02
	
	0.75
	812.8
	
	0.15

	Mixture E
	6.758
	
	0.75
	921.6
	
	0.15

	Glass beads mixture
	26.35
	
	0.75
	811.4
	
	0.15
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[bookmark: _Ref118502205][bookmark: _Toc134304204]Figure 6.6 Comparison between EIS measured Nyquist plot and Modified Rundles circuit fitted Nyquist plot


[bookmark: _heading=h.2tq9fhf][bookmark: _Ref118495631][bookmark: _Toc118502381][bookmark: _Toc118717224]Electrical-Hydraulic Relationship
Similar to section 5.4, this section is focused on the relationship between electrical conductance, average grain sizes, porosity and hydraulic permeability, which are calculated or measured from previous sections. In the mono-size glass beads experiment, the relationship between electrical conductance and porosity was not discussed as the porosity did not differ significantly between samples. This relationship will be presented in this section to complement the study of the electrical-hydraulic relationship. In addition, this section continues the study of combined models from section 5.4.2 to predict the hydraulic permeability.
Because there is no significant trend in other electrical parameters between the samples, the interface resistance has been selected for comparison with hydraulic properties. Similar to the relationships in Chapter 5, the interface electrical conductance (), which is the reciprocal of the interface resistance, represents the electrical conductivity of the samples. was compared with the average grain sizes, porosities and permeabilities as shown in Figure 6.7. Figure 6.7 (a) shows the linear relationship between the average grain size and the electrical conductance. From the fitted equation, the fitted slope ( S/mm) of this test is larger than the slope of the one-sized glass beads test ( S/mm). One of the possible reasons for the large fitted slope is that the method used here to find the average grain size underestimated the grain size of each sample. The other possible reason might be the measured electrical conductance was larger than the real electrical conductance due to the sample impure and surface conductance for finer sand. The sand used in this test is a natural material, when it was saturated with tap water, various impurities such as fine clay, salt and copper ions by electrode corrosion. On the other hand, fine clay could increase the particle surface area, and salt and copper ions would dissolve into the solvent causing an increase in interface conductance. For various sand mixtures, the content of fine clay and the amount of dissolution may vary, finer sand could have more clay content and dissolve more impurities into the electrolyte (Mawer et al., 2015). As a result, in addition to the effect of grain size, the increase in impurity content in samples also lead to an increase in electrical conductance, which ultimately caused the fitted slope of mixture samples to be greater than the one-size glass beads test.
From Figure 6.8 (b), the relationship between porosity and electrical conductance demonstrates a power-law relationship with the exponent value of 1.53. This value is called the cementation exponent in Archie’s Law as shown in Eq. 6-4. In Archie’s research, the cementation exponent was usually in the range of 1.8 to 2.0 for sandstone (Archie, 1942). Sen & Cohen (1981) demonstrated that the cementation factor is 1.5 for spherical particles. The exponent value measured in this test is within the range of 1.5 to 2.0. 
[bookmark: _heading=h.3sv78d1]	Archie’s law: 	Eq.  6-4
[bookmark: _heading=h.280hiku]	Formation factor:	Eq.  6-5
Where  and  are the electrical conductivity of total material and solution respectively,  is tortuosity parameter,  is porosity,  is cementation factor,  is water saturation, (which is equal to 1 for the full saturated scenario), and  is saturation factor.
Figure 6.7 (c) shows the power law relationship between permeability and electrical conductance, which is similar to the one-sized glass bead tests. The difference is the exponent value for the mixture samples test is 7.57. From the Chapter 2 literature review (section 2.4), most empirical models with exponent values are within the range of 1 to 5. The exponent value in this test is more than twice the exponent value of one sized glass beads (3.42). Figure 6.7 (c) also represents the power law fitted results by using a 3.42 exponent (green line). It can be seen that the difference between the two power-law functions can be due to the measured conductivity being larger or the measured hydraulic permeability being small. As explained above, impurities in the sand mixture samples can cause the electrical conductance to be higher than that measured with clean glass beads samples. The reason for the low measured hydraulic permeability may be due to potential non-uniform particle through the sample from top to bottom. If finer particles are able to move they will gradually move towards the bottom of the cylinder container. Nevertheless, this reasoning cannot explain the deviation of the Mixture A, Mixture E and glass beads mixture from the green fitted curve. Since hydraulic permeability is influenced by a series of elements, such as pore numbers, pore sizes, and pore path shape and size, directly using the power-law equation to describe the relationship between electrical conductance and hydraulic permeability may not be sufficient. 
(a)
(b)
(c)

[bookmark: _Ref118502216][bookmark: _Toc134304205]Figure 6.7 The relationship between (a) average grain size and electrical conductance; (b) porosity and electrical conductance; (c) electrical conductance and permeability
[bookmark: _heading=h.n5rssn]The relationship between permeability, formation factor, grain size and cementation factor has been derived from the one-sized glass beads test in section 5.4.2, the function is shown below:
[bookmark: _heading=h.375fbgg]		Eq.  6-6
where k is hydraulic permeability,  is the parameter correlated to the tortuosity, d is grain size, F is the formation factor, and m is the cementation factor. The formation factor is the ratio of solution electrical conductance to total electrical conductance (Eq. 6-5). The cementation factor has been calculated from the relationship between porosity and electrical conductance, which is 1.53 in this test. Figure 6.8 compares the measured permeability and the permeability calculated with Eq. 6-6. The calculated value of  for this test is 4.35. It can be seen that the measured permeability and calculated permeability were in good agreement (R2=0.99). However, the value of  for the mixture test and one-sized glass bead tests are different. As  is affected by the tortuosity of the test sample, the particle mixed with different sizes will influence the tortuosity to become larger or smaller (Sobieski & Lipiński, 2017). The flow may find a short way to reduce the tortuosity or bypass larger particles to increase path length and increase the tortuosity. Hence further investigation into the influence of tortuosity is needed to improve the accuracy of the model. 
Overall, the model proposed in this study is a combination of Archie’s Law, Kozeny-Carman equation and experimentally fitted parameters, which can be used to describe the relationships between electrical conductance and multiple hydraulic properties (permeability, porosity and grain size). The measured permeability for the two sets of test materials presented in Chapters 5 and 6 showed good agreement with the model exhibiting high R2 values. The parameter related to the tortuosity in the model still needs further research. 


[bookmark: _Ref118502248][bookmark: _Toc134304206]Figure 6.8 Comparison between the measured permeability and model calculated permeability
[bookmark: _heading=h.1maplo9][bookmark: _Ref118495638][bookmark: _Toc118502382][bookmark: _Toc118717225]Effect of Electrode Spacing Distance
In this section 6.5, the effect of electrode spacing for the natural material and simulated sediment was discussed to improve the understanding of the design parameters of the sensor. Figure 6.9 demonstrates the relationships between electrical conductance and average grain size and spacing distance, which exhibit similar trends to the one-sized glass bead tests. The fitted slope and  value of the mixture samples were larger than those of the one-sized glass bead tests for the three different electrode spacing distances. This can be contributed to the fact that the maximum average sand size is 1.77 mm which is less than the minimum spacing distance of 2 mm. This could also be due to the impurity of the sand mixture leading to more ions dissolving into the water, resulting in a higher solution conductance than the solution conductance of a one-size glass bead sample. The large slope indicates a greater variation in electrical conductance as grain size changes, which means that the sensor has higher sensitivity to the grain size change. From Figure 6.9 (a) , it can be seen that the slope between electrical conductance and the average grain size decreased as the electrode spacing distance increased, which means that the greater the spacing, the less obvious the change in conductivity with particle size. Hence, it can be conducted that the sensor’s sensitivity for grain size change decreased with the electrode spacing distance increase. 
Figure 6.9 (b) compares the fitted slopes of mixture samples and one-size glass bead samples, which exhibit a consistent rate of change ( S/) with the spacing distance for the two sets of tests. It should be note that the in the unit means that the conductance varies per mm in grain size and per mm in spacing distance. If the fitted slope is considered to represent the sensitivity of the sensor, then it is clear from the Figure 6.9 (b) that the rate of change in sensitivity is only related to the spacing distance and not to the test material. However, the interception points with spacing distance axis are different for different tests; they are around 11 mm and 13.5 mm for the one-size glass bead test and mixture test respectively. This means that for a one-size glass bead, the conductance measured by the sensor does not change for a change in grain size at a spacing distance of 11 mm, which is the maximum electrode spacing distance for sensor’s design. For a sand mixture, this value is 13.5 mm. As mentioned above, this may be due to differences in the solution conductance. Since the sensitivity of the sensor decreases in the ratio of  S/ with increasing spacing distance, the maximum electrode spacing for different samples can be calculated by a preliminary test. It means the sensitivity of a sample can first be measured at a typical spacing distance (for example 2 mm) and the maximum spacing distance applicable to that sample can be obtained from the rate of change in sensitivity ( S/). The following equations can describe the calculation process:
		Eq.  6-7
[bookmark: _heading=h.2lfnejv]		Eq.  6-8
Where  is the measured sensitivity of sample corresponding to  spacing distance in a preliminary test, and  is the intercept when spacing distance equal to zero, which can be calculated from the preliminary test. Then the maximum spacing distance  can be calculated when sensitivity equal to zero by using Eq. 6-8
Both the one-size glass bead test (Chapter 5) and the mixtures test found that the smaller the electrode spacing distance, the higher the sensitivity of the sensor. Chapter 5 also has provided a recommendation for the design of the sensor, which is that the electrode spacing distance () should be larger or equal to 1.5 times the grain size () of the sample to be measured. From the mixture test, the maximum spacing distance is depending on the properties of the test material and can be obtained by a preliminary test. This determines the upper and lower limits of the electrode separation distance in the sensor design as shown below: 
[bookmark: _heading=h.10kxoro]		Eq.  6-9
[bookmark: _heading=h.3kkl7fh]Overall, these findings suggests that in real applications, the electrode spacing distance should be within the range described in Eq. 6-9, and designers should select the smallest achievable spacing distance within that range based on practical manufacturing capabilities and costs.
(a)
(b)
(c)

[bookmark: _Ref118502266][bookmark: _Toc134304207]Figure 6.9  Comparison of conductance versus average grain size between different electrode spacings.Figure . Comparison of conductance versus average grain size between different electrode spacing

[bookmark: _Ref118495644][bookmark: _Toc118502383][bookmark: _Toc118717226]Discussion
In this experiment, the electrical conductance of test materials was measured from EIS methods, which demonstrated significant sensitivity to the change in average grain size, porosity, and permeability. The relationships between each of them were also found. However, it was also found that several parameters in the relationship were representative of different test materials. Further verification experiment is needed for real sediment. In the actual applications, this novel sediment sensor can be applied to understand how the sediment properties change in sewer pipes by monitoring the change of electrical conductance. For example, the sensor can be installed at regular intervals along the sewer pipe. If there is a very small electrical conductance anywhere, it may indicate a small porosity or permeability. The sewer pipe may be blocked here or may need to be cleaned. In addition, if porosity and permeability can be monitored, then the accumulation process and compaction of sediments can be investigated. In this experiment, the EIS spectra were measured with an oscilloscope, for the frequency range from 10 Hz to 10 MHz; the total measurement time is 10 minutes. Compared to the rate of change of hydraulic properties in the sewer, this method can realise real-time monitoring. Moreover, the sensor used for multiphase depths measurement (Chapter 4) has similar configurations to the sensor used in this experiment, the difference in sensor structure is that multiphase depths measurement uses a pair of electrodes with different lengths, while the sensor used in this experiment uses a pair of electrodes with the same length. Hence, it is possible to combine these two sensing systems together by applying the EIS technique to the multiphase depth sensor, then it can be used to measure multiphase levels and conduct EIS measurements. However, in this study, since the EIS was not used in this experiment to test the multiphase media, the combination needs to be verified by further experiments. Two sub-circuits to represent the water phases may need to be derived and connected in series based on the current modified Randles circuit. 
On the other hand, this two-electrode configuration sensor based on EIS measurements can be used for further research to investigate how the hydraulic properties change with other electrical parameters, such as permittivity (Loewer et al., 2017). A better understanding of the internal structure of materials and their influence on electrical properties through analysis of EIS spectra and equivalent circuit models could result in a new form of sensing technology for water infrastructure. Finally, the sensor also has the advantage of being easy to manufacture and install, which is valuable to be applied in industry monitoring and sediment transport investigation. 
When using EIS to test sand mixtures, it is also important to consider the potential effects of impurities on the accuracy and precision of the results. Impurities can have a range of effects on the electrode conductance of the sand mixture and sediment, including changes in conductivity, polarization, and interfacial impedance. This can make it difficult to accurately determine the hydraulic properties from the electrical conductance measurement, especially in some real environments that are aggressive or subject to electrode corrosion and abrasion by sediment transport. In addition, non-uniform particle size distribution (PSD) can lead to changes in the packing method and interparticle contacts, which can affect the electrical conductance results of the media. This can introduce errors to the determination of the grain size and the characterization of media hydraulic properties.
To mitigate the corrosion and abrasion effects from impurities on EIS measurement of sand mixture and sediment, it should be careful when select the electrode material. For the media with non-uniformly PSD, it is worth comparing the EIS measurement results with other methods before applying the sensor in real environment, such as sieving or sedimentation analysis, to ensure the accuracy, repeatability, and reproducibility. 
[bookmark: _Toc118502384][bookmark: _Toc118717227]Summary
This chapter followed the experimental approach from Chapter 5 to investigate the relationship between electrical conductance and hydraulic properties of sand mixtures and a glass bead mixture designed to simulate sewer sediment. A linear relationship between electrical conductance and average grain size, and a power relationship between electrical conductance, porosity and permeability have been found. A combined model of Archie’s Law, Kozeny Carmen equation and fitted parameters was verified to predict permeability. However, a tortuosity related parameter is representative of different materials, which needs to be analysed in future research. The effect of electrode spacing distance was discussed and provided recommendations for the design of sensors in practical applications. Finally, this chapter discusses how sensors of this kind can be used in industry. 

[bookmark: _Toc118502385]

[bookmark: _Toc118717228]Conclusion and Future work
In this thesis, the aim was to develop sensing systems to monitor the multiphase depths and sediment hydraulic properties in sewer pipes. The research was carried out in two main parts: the sensing system based on the electrical conductance measurement to determine the sediment and water depth in a circular pipe, and the sensing system based on the EIS measurement to investigate the electrical-hydraulic relationships for different sediment materials. This chapter summarises the main findings, recommended future work, and potential practical applications.
[bookmark: _Toc118502386][bookmark: _Toc118717229]Summary of findings
For the measurement of the multiphase depths, a sensing system based on electrical conductance has been developed to simultaneously measure the depths of water and sediment in a circular pipe and provide instantaneous monitoring of the interface levels without any calibration process. Firstly, A theoretical framework was developed based on Ohm’s law, and then a COMSOL model and laboratory experiment were built to assess the accuracy of this sensing system. It was found that because the conductivity of sand, water and air is different, different media demonstrated linear relationships to electrode length with different gradients, which resulting in a piecewise line consisted of several "sub-lines" Most of the results are within the maximum expected error based on the sensor’s resolution. The root mean square error of COMSOL modelling and sensor-measured interface height are within 18% and 33% of the electrode length difference, which is also within 1.4% and 2.6% of the sensor’s measurement range respectively. Furthermore, the experimental and modelled results show that the slope of each sub-line is positively correlated with the electrical conductivity of the measured media, which can be further analysed to monitor the changes in the composition of sediment and wastewater.
The hydraulic properties characterisation includes two types of samples. The sensing system based on the EIS measurements has been developed to investigate the relationship between the electrical properties and hydraulic properties, and was first applied to ten sizes of saturated glass beads. The measured hydraulic properties were verified by comparing them to the well-known Kozeny-Carman model, which showed a smaller exponent value corresponding to grain sizes. The possible reasons have been analysed, which may be due to the limitation of the experimental facility and the water’s internal frictional forces or interfacial drag force. The Bode plot and Nyquist plot were measured from the EIS test, and the Nyquist plot was fitted with equivalent circuit to determine the electrical parameters of measured samples. The change in shape of the Bode and Nyquist plots with flow rate, grain size and hydraulic have been presented, which are the three main hydraulic parameters measured in this test. An equivalent circuit, modified Randles circuit, that represents the electrical behaviour of the system was designed by fitting the impedance spectra. From the results, the flow rate ranged between 0.2 L/min and 1.0 L/min, which did not show a significant influence on the EIS measurement results. A linear relationship between interface electrical conductance and grain size has been found, while a power law relationship between interface electrical conductance and hydraulic permeability has been presented. In contrast to interface conductance, the other electrical components (solution conductance, interface, and diffusion constant phase element) showed a less significant relationship to grain size. Additionally, the influence of temperature was discussed, and the average temperature coefficient corresponding to 20°C has been founded to help compare conductance at the same temperature, which is 1.74%/°C. 
For the test with sand mixtures and a glass beads mixture, the samples created various average grain sizes, porosities and permeabilities, they are in a range from 0.12 mm to 1.77 mm, 24.10% to 36.63%, and 3.90×10-6 mm2 to 1.24×10-3 mm2, respectively. A linear relationship between electrical conductance and average grain sizes, and a power law relationship between electrical conductance, porosity and permeability have been founded. The relationships between electrical conductance and permeability were compared to the correlations from one-sized glass beads tests, which demonstrate a larger exponent value in the power law functions. The possible reason could be the impurities in the sand mixtures, and the movement of finer particles. However, since the permeability is influenced by a series of elements such as pore size, pore shape, pore path shape, a simple power-law relationship is hard to accurately predict hydraulic permeability in the actual practices. Then a combined model of electrical conductance, grain size, porosity and permeability was derived. The glass beads mixture used to represent the grain size distribution of real sediment demonstrated a good fitting result to the combined model. 
[bookmark: _Toc118502387][bookmark: _Toc118717230]Practical application considerations
The sensing systems presented in this thesis have the potential to provide a new opportunity for low-cost, long-term, minimally invasive and minimally obstructive monitoring of sewer sediment. The sensor is designed to be attached to the inner wall of the sewer pipe, which can be potentially applied to sewer systems, drainage systems for transport infrastructure, and other similar applications.
The multiphase depth sensing system takes advantage of low manufacturing costs and real-time monitoring. The present study established the feasibility of this sensing system for measuring multiphase flows with media that are homogeneous and have appreciably different conductivities, such as sediment and wastewater, wastewater and air, oil and water, etc. The resolution of the sensor has been discussed, in the practical implications, the resolution of the sensor can be adjusted by adjusting the electrode length difference as required. However, as the sensor derives the depths by measuring the two contact points of the interface on the sensor, the sensor has limitations in measuring the actual interface profile. Chapter 4 discussed two possible scenarios. For the sediment only partially immersed in water, the sensor can still give information about the water level, flow cross-sectional area, and emergent sediment level. The other scenario is that the sediment surface is not flat, which may lead to inaccurate measurement results. However, for the un-flat sediment surface in axial direction, the measurement accuracy can be increased by adjusting the sensor design, and through intelligent approaches such as machine learning to interpret ambiguous data.
The practical implication for the hydraulic properties measurement sensing system was discussed in Chapter 5 and Chapter 6. The feasibility of the sensing system and the accompanying combined model is verified, which can be applied to estimate the hydraulic permeability in sewer pipes by monitoring the change of electrical conductance. As recommended, the sensor can be mounted in sewer pipes at a regular distance to monitor the whole sewer system. It can also be placed to the positions where sediment properties are likely to accumulate, such as low-flow areas or bends in the pipe. When a very small electrical conductance occurs anywhere in the pipes with liquid, it can indicate a small porosity or permeability, thereby there may be a blockage, or the pipe may need to be cleaned. 
In the experiment, EIS measurements were carried out using an oscilloscope and Matlab software. However, for practical applications, it is necessary to build an integrated device that is independent of hardware and software. The signal generator is a crucial component that produces a signal within the range of ±1V voltage and 10Hz to 10MHz frequency. Meeting the high-frequency requirement is challenging and may require significant costs and time investment to develop a suitable device. Among potential options, the PicoScope 5000 series is a viable alternative as it satisfies the frequency requirement and has a compact design. This device can be battery-powered and can also measure and record the output signal by using PicoLog data logging software. Alternatively, a wired or wireless data logger can be considered that can store data locally to an SD memory card or transmit it using Bluetooth or WIFI to a remote server for analysis. Developing an integrated equipment that combines EIS technology and can be effectively fitted to a sewer system is challenging. Some preliminary design ideas were presented, however, thorough investigations and testing of such a system will need to be conducted in the future.
Sediment properties can evolve over time due to a variety of factors, including changes in sediment source, deposition rate and flowrate, as well as the effects of contaminations and consolidation. Firstly, the average grain size of sediment can change over time due to the changes in sediment source, deposition rate and flowrate and direction, for example during the experiment in Chapter 6, with the direction of the flow, finer sand is more likely to be deposited on the bottom. Secondly, the composition of sediment can also change over time due to the changes in the source of sediment, as well as the effects of contaminations. Finally, over time, sediment can undergo consolidation due to compaction or cementation, which can result in changes in sediment porosity and permeability. By monitoring the change in electrical properties of sediment using EIS, it can give insights into the temporal evolution of sediment structure and composition. 
[bookmark: _Toc118502388]The most important consideration in this study for practical applications is the electrode spacing distance of the sensor design. From the test, the design of the electrode spacing distance should be depending on the grain size of the measured materials. Too small an electrode spacing distance results in an uneven distribution of particles across the electrode pair, while a larger electrode spacing distance leads to a weaker electric field and less accurate sensors. According to the findings, the electrode spacing is recommended to be at least 1.5 times the size of the particles being measured. The maximum spacing distance is depending on the properties of the test material and can be obtained by a preliminary test. According to these findings, the electrode spacing distance in practical applications should fall within the range shown in Eq. 6–9, and designers should choose the minimum feasible spacing distance within this range in consideration of manufacturing costs and capabilities.
These two sensing systems, multiphase depths measurement and hydraulic properties measurement, can be combined to realise both measurements. For example, the total impedance at 8 kHz can be extracted for multiphase depth measurements by the same way described in Chapter 4, and the impedance spectra in frequency range from 10 Hz to 10 MHz can be used to conduct EIS measurement and then fitted with a new equivalent circuit model.
In addition to apply these two sensing systems to the sewer pipe, they can also be fitted to a gully pot, which is an important component connected to a sewer pipe to help collect wastewater and prevent blockages. The design of sensor should be optimised for use in the gully pot environment to withstand the corrosive and abrasive effects of wastewater and sediment transport. The multiphase depths measurement sensor can be vertically attached to the inner wall of the gully pot to monitor the depth of sediment and wastewater. The hydraulic properties measurement sensor should be horizontally attached to the inner wall along the circumference of the gully pot. The position of the sensor should be near the bottom to monitor the changes in sediment properties. 
These two sensing systems could help to identify the overcharge and blockage issues in the sewer system. Furthermore, as the hydraulic properties measurement sensor is based on the EIS technique to collect the electrical information. It can also be placed in the middle of the gully pot to track the changes in the electrical properties of the wastewater. This can help to identify the environmental issues or the pollution, which can be further investigated in the next step.
Electrochemical Impedance Spectroscopy (EIS) is a powerful technique for monitoring and characterizing electrochemical processes. When applied to sewer systems, it can provide valuable information about the condition of the pipes and the effectiveness of any treatments or maintenance activities.

[bookmark: _Toc118717231]Further work
These findings from the present study provide the following insights for future investigations. 
[bookmark: _Toc118502389][bookmark: _Toc118717232]Further experiment
(1) For the multiphase depths’ measurement, the study should be repeated using real sediment samples for better verification of the proposed sensing system.
(2) For characterisation of hydraulic properties, the constant head facility could be improved to mitigate the influence of water internal friction force on hydraulic permeability measurements. Further experiments with the other sample materials, such as glass beads with wider range of diameter and actual sediment sample, could be carried out to optimise the experimental process and validate the combined model for hydraulic permeability prediction.. Firstly, although the repeatability of each experiment was checked three times, the internal structure of the sample may change each time. Hence, porous materials with fixed structures can be used to determine the stability of the sensor test results. Secondly, it is proposed that the other kinds of porous media and real sediment samples should be tested to further validate the combined model. Thirdly, the range of grain size, porosity and permeability tested in this study was still limited; further investigation and experimentation into a broader range of hydraulic properties is recommended to confirm the sensing system’s range of application.
(3) In the EIS test, the frequency range was between 10 Hz and 10 MHz; a larger range of frequencies can be attempted to generate a more complete Nyquist plot and produce a more precise equivalent circuit model. 
(4) According to the discussion about the electrode spacing distance, a recommendation about the design of the sensor’s geometry has been provided. However, since the experiment only compared three different spacing distances (2mm, 6mm and 10mm), and the range of grain size is from 0.5 mm to 5 mm, the generalisability of the design recommendation is subject to certain limitations. Further research is required to determine how the electrode spacing distance affects the measurement accuracy based on the grain size. It is suggested to conduct more tests using single-size glass beads with various electrode spacing distances, such as 1 mm, 2 mm, 3 mm, 4 mm and 5 mm, and the grain size should in a range from 0.5 times to 3 times the electrode spacing distance. As the linear relationship between grain size and electrical conductance has been proved in this study and the other empirical models, by analysing the linear relationship between grain size and conductivity at each electrode spacing distance, it may be found that this linear relationship is not consistent or exhibits a discrete distribution when the grain size is larger than a certain range. From this, the maximum grain size that can be measured at the electrode spacing distance can be summarised. In other words, the smallest electrode spacing distance for a given grain size can be obtained.
[bookmark: _Toc118502390][bookmark: _Toc118717233]Further analysis
(1) For the multiphase depth characterisation, further analysis needs to be done to fully understand the relationship between the electrical conductance and the slope of each sub-line. For example, by testing materials with different conductance to observe the change in slope, and then deduce the relationship between the two. This analysis can help to monitor the electrical conductance change in sediment and provide useful information about its components and pollutants from the environmental perspective.
(2) The research about hydraulic permeability prediction established a combined model to measure the hydraulic permeability from the grain size and porosity and electrical conductance, which is a model derived from Archie’s law, Kozeny-Carman equation and fitted parameters from the experiment. More information about the sample's internal structure, such as tortuosity, pore size, and pore shape, would help to establish a greater degree of accuracy on this empirical model to measure permeability, and these other properties could perhaps also be detected.
(3) The present EIS measurement analysed the shapes of the Bode plot, Nyquist plot, and the value of each electrical element in the modified Randles circuit. Further analysis of the other electrical parameters of EIS data, such as phase angle, relaxation frequency and induced polarisation, should be carried out to extend the understanding of how the change in hydraulic properties is reflected in the EIS data.
(4) The current EIS measurement uses a two-electrode configuration, as introduced in Chapter 2; three- and four-electrode configurations can eliminate impedance due to unsmooth electrode surfaces, which is suggested to improve the measurement accuracy and focus on the solution resistance and solid-liquid interface resistance. 
(5) As described in section 6.6, multiphase depths and hydraulic properties measurements system systems can be combined to realise both measurements in one system by applying the EIS technique to the multiphase depth sensor. Further experiments are necessary to test this sensing system with multiphase and analysis the impedance spectra. A new equivalent circuit model may be developed based on the current modified Randles circuit, connected with two sub-circuits in series to represent the water phases. Depths information can be conducted by using the method in Chapter 4 and extracted impedance at 8 kHz. The electrical properties of the sediment and liquid phase can be calculated from the new equivalent circuit.
(5) In both tests, the sensor electrode was directly contacted with the test sample, and the corrosion phenomena on the metal surface would be raised with the use. The issue of electrode corrosion is an intriguing one which could be usefully explored in further research.
[bookmark: _Toc118502391][bookmark: _Toc118717234]Field validation
(1) The tested multiphase media is stable in a circular pipe without any water flow, but this does not simulate the scenario in a real sewer pipe. Further research should test the multiphase media with a dynamic flow, and a field test should be conducted, which could usefully explore the performance of the sensing system in practical applications.
(2) For hydraulic properties characterisation, continued efforts are needed to make the EIS test more accessible to field tests. Follow-up field tests are also required to verify the feasibility of this sensing system in real practice.
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% This function finds the combinatorial Piecewise Linear Regression of a
% dataset, provided that the number of segments is known but the locations
% cannot be inferred with confidence.
% This function uses the principle of homoscedasticity as a basis to
% stablish the best fit in terms of likelihood. Therefore, in general, if
% the number of segments is G, and the dimension of the dataset is N
% (number of samples), then the program finds all the possible
% combinations of G segments that could be obtained from a total of N
% points. As it is a linear regression problem, a minimum of two points per
% segment is required to perform the regression.
function [Dist,alpha,betha,R_2,STDEV,BP,Final] = Combinatorial_PLinearRegression_V2(X,Yr)
% We start with a cluster of points representing N samples.
% Y = Remove_Outliers_LSR(X,Yr) % approximate values that are way off the trend line.
Y = Yr;
% Y is the set of dependent values with the outliers linearly approximated
% to within the cluster.
% To generate the number of possible distributions of N values forming G
% groups, and moreover knowing that a linear regression requires at least 2
% points, The Combinatory_Optimised() function is executed, which generates
% The number of combinations of N values in G groups, with the conditions
% that each group must have at least Ni number of points in each segment or
% group.
Ni = 2; Nf = length(X); G = 3; N = length(X); n = G;  
Dist = Combinatory_Optimised(Ni,Nf,G,N);
% Dist is the matrix containing all the possible distribution of the N points
% of the sample into G groups, and each distribution is a row, thus it has
% 8 columns.
[dim,~] = size(Dist); % dim: number of distributions
% alpha: matrix that contains, for each distribution, the slope of the
% linear regression for each group. alpha(distribution,segment).
% betha: matrix that contains, for each distribution, the intersect of the
% linear regression for each group. betha(distribution,segment).
alpha = zeros(dim,n); betha = zeros(dim,n);
% R_2: matrix that contains, for each distribution, the value of the
% coefficient of determination of the linear regression for each group. R_2(distribution,segment)
% STDEV: matrix that contains, for each distribution, the value of the
% standard deviation of the linear regression for each group. STDEV(distribution, segment)
R_2 = zeros(dim,n); STDEV = zeros(dim,n);
% BP: matrix that contais, for each distribution, the values of the found
% changepoints, i.e. intersection of adjacent regression lines.
% BP(distribution, changepoint), naturally, changepoints = segments - 1
BP = zeros(dim,n-1);
% R_2_avg: column vector containing, for each distribution, the average of
% the coefficients of determination for the G segments in each distribution
% STDEV_avg: column vector containing, for each distribution, the average
% of the standard deviations for the G segments in each distribution.
R_2_avg = zeros(dim,1); STDEV_avg = zeros(dim,1);
% The matrix Interval is designed so that it stores in the first row the
% initial points of each of the G segments, and in the second row the 
% final points of each of the G segments.
Interval = zeros(2,n);
% The following loop performs a least squares linear regression (thereby
% imposing homoscedasticity) on each segment G, for each distribution 
% The relevant values of each regression are stored in corresponding
% entries in the matrices alpha(), betha(), R_2(), STDEV(); and computes
% the change-points as the intersection of the regression lines between
% adjacent segments.
for row = 1 : 1 : dim
Interval(1,1) = 1; Interval(2,1) = Dist(row,1);
for j = 2 : 1 : n
Interval(1,j) = local_sum(Dist(row,1:(j-1))) + 1;
Interval(2,j) = local_sum(Dist(row,1:j));
end
for j = 1 : 1 : n
[alpha(row,j),betha(row,j),R_2(row,j),STDEV(row,j)] = Least_Squares(X(Interval(1,j):Interval(2,j),1),Y(Interval(1,j):Interval(2,j),1));
end
for j = 1 : 1 : n - 1
BP(row,j) = (betha(row,j) - betha(row,j+1))/(alpha(row,j+1) - alpha(row,j));
end
end
% After all parameters calculated through the regression are stored for
% each distribution, in the corresponding matrices (i.e. alpha, betha, R_2,
% STDEV and BP), the average of the coefficient of determination R_2 and
% the average of the standard deviation STDEV, are calculated for all
% segments of each distribution. The averages are stored in the
% corresponding entry of the column vectors R_2_avg and STDEV_avg.
for i = 1 : 1 : dim
R_2_avg(i,1) = average(R_2(i,:));
STDEV_avg(i,1) = average(STDEV(i,:));
end
% From This line down, the condition X(Fj) <= BPj <= X(Ij+1) is imposed
% This conditions, in plain words, means that for all distributions, only
% those in which the all changepoints are within the interval formed by the end
% point and initial point of the previous and next segments are considered.
% To avoid the case in which this conditions is not found and thus a
% solution is no longer sought, a conditional is placed here, in which, if
% the referred condition related to change-points is true (i.e.
% interpolations within the referred interval were found) then it searches
% for the best fitting solution amongst those also complying with the
% referred condition. If, on the other hand, no change-points complying
% with the condition were found, the code seeks for a solution anyway.
% Either way, the final (optimal) solution will be the one yielding the
% minimum average standard deviation (min STDEV_avg)
% the column vector Bool serves as a flag indicator, which function is to
% indicate, obviously, which distributions comply with the condition
% imposed above.
Bool = ones(dim,1);
for row = 1 : 1 : dim
Interval(1,1) = 1; Interval(2,1) = Dist(row,1);
for j = 2 : 1 : n
Interval (1,j) = local_sum(Dist(row,1:(j-1))) + 1;
Interval (2,j) = local_sum(Dist(row,1:j));
end
for j = 1 : 1 : n - 1
if (BP(row,j) >= X(Interval(2,j))) && (BP(row,j) <= X(Interval(1,j+1)))
Bool(row,1) = Bool(row,1)*1;
else
Bool(row,1) = Bool(row,1)*0;
end
end
end
% The variable opt counts the number of distributions that comply with the
% condition stated above.
opt = local_sum(Bool);
if opt == 0
% this is the case in which no distributions complying with the mentioned
% criteria were found.
[~,index] = min(STDEV_avg);
Final = [Dist(index,:);alpha(index,:);betha(index,:);R_2(index,:);STDEV(index,:);0,BP(index,:)];
Interval(1,1) = 1; Interval(2,1) = Dist(index,1);
for j = 2 : 1 : n
Interval(1,j) = local_sum(Dist(index,1:(j-1))) + 1;
Interval(2,j) = local_sum(Dist(index,1:j));
end
figure(1);
plot (X,Y,'bo')
hold on 
for j = 1 : 1 : n
a = alpha(index,j);
b = betha(index,j);
fplot(@(x) (a*(x))+b,[X(Interval(1,j),1)-15,X(Interval(2,j),1)+15],'k')
end
title('Combinatorial Regression')
xlabel('Independent Variable Xi (/)')
ylabel('Dependent Variable Yi (/)')
hold off
figure(2);
circle_plot(190,BP(index,:))
else
% this is the case in which there are indeed distributions where the
% interfaces are exactly in the space between adjacent segments.
OPBP = zeros(opt,n-1); OPDist = zeros(opt,n); OPR_2 = zeros(opt,n);
OPalpha = zeros(opt,n); OPbetha = zeros(opt,n); OPSTDEV = zeros(opt,n);
OPR_2_avg = zeros(opt,1); OPSTDEV_avg = zeros(opt,1); temp = 0;
for i = 1 : 1 : dim
if Bool(i,1) == 1
temp = temp + 1;
OPBP(temp,:) = BP(i,:); OPDist(temp,:) = Dist(i,:); OPR_2(temp,:) = R_2(i,:);
OPalpha(temp,:) = alpha(i,:); OPbetha(temp,:) = betha(i,:); OPSTDEV(temp,:) = STDEV(i,:);
OPR_2_avg(temp,1) = average(OPR_2(temp,:)); OPSTDEV_avg(temp,1) = average(OPSTDEV(temp,:));
end
end
[~,index] = min(OPSTDEV_avg);
Final = [OPDist(index,:);OPalpha(index,:);OPbetha(index,:);OPR_2(index,:);OPSTDEV(index,:);0,OPBP(index,:)];
Interval(1,1) = 1; Interval(2,1) = OPDist(index,1);
for j = 2 : 1 : n
Interval(1,j) = local_sum(OPDist(index,1:(j-1))) + 1;
Interval(2,j) = local_sum(OPDist(index,1:j));
end
% Plotting routine
figure(1);
plot (X,Y,'bo')
hold on 
for j = 1 : 1 : n
a = OPalpha(index,j);
b = OPbetha(index,j);
fplot(@(x) (a*(x))+b,[X(Interval(1,j),1)-15,X(Interval(2,j),1)+15],'k')
end
title('Optimal Combinatorial Regression')
xlabel('Independent Variable Xi (/)')
ylabel('Dependent Variable Yi (/)')
hold off
figure(2);
circle_plot(190,OPBP(index,:))
end


% The function Combinatory_Optimised() finds the number of partitions
% (distributions) that could be obtained from N points in G segments (groups),
% considering that each segment must have at least Ni points. As the
% explanation could be not clear enough, it could be better understood by
% imagining the analogic situation of having N distinct objects and the
% task in hand is to find the total number of ways in which those N objects
% could be stored in G boxes, with the conditions that there should always
% be at least Ni objects on each box.
function Comb = Combinatory_Optimised(Ni,Nf,G,N)
total = (Nf - Ni + 1)^G;
ind = ones(1,G).*Ni;
count = 0;
for i = 1 : 1 : total
if local_sum(ind) == N, count = count + 1; end
ind(1,G) = ind(1,G) + 1;
for j = G : -1 : 2
if ind(1,j) > Nf
if ind(1,j - 1) > Nf
ind(1,j) = Ni;
else
ind(1,j - 1) = ind(1,j - 1) + 1;
ind(1,j) = Ni;
end
end
end
end
Comb = zeros(count,G);
ind = ones(1,G).*Ni;
count = 0;
for i = 1 : 1 : total
if local_sum(ind) == N
count = count + 1;
Comb(count,:) = ind;
end
ind(1,G) = ind(1,G) + 1;
for j = G : -1 : 2
if ind(1,j) > Nf
if ind(1,j - 1) > Nf
ind(1,j) = Ni;
else
ind(1,j - 1) = ind(1,j - 1) + 1;
ind(1,j) = Ni;
end
end
end
end


%this function returns the sum of all elements within a unidimensional
%array
function sum = local_sum(array)
dom = length(array);
sum = 0;
for i = 1 : 1 : dom
sum = sum + array(i);
end

% The function Least_Squares calculates a linear regression through the
% cluster of points X,Y input. The regression is solved using a degree-one
% polinomial, i.e. a least squares fit.
% alpha is the slope of the regression line
% betha is the intersect of the regression line
% R_2 is the coefficient of determination of the regression
% STDEV is the total standard deviation assuming the mean to be the
% regression value for each point of the sample.
function [alpha,betha,R_2,STDEV] = Least_Squares(X,Y)
[rX,cX] = size(X);
[rY,cY] = size(Y);
if (rX > 1 && rY > 1) && (cX == 1 && cY ==1)
n = length(X);
XY = X.*Y;
X2 = X.*X;
SX = local_sum(X);
SY = local_sum(Y);
SXY = local_sum(XY);
SX2 = local_sum(X2);
alpha = ((n*SXY) - (SX*SY))/((n*SX2) - (SX^2));
betha = ((SX*SXY) - (SX2*SY))/((SX^2) - (n*SX2));
Y_m = SY/n;
Y_R = zeros(n,1);
for i = 1 : 1 : n
Y_R(i,1) = (alpha*X(i,1)) + betha;
end
SSE = 0;
for i = 1 : 1 : n
SSE = SSE + ((Y(i,1) - Y_R(i,1))^2);
end
SSTO = 0;
for i = 1 : 1 : n
SSTO = SSTO + ((Y(i,1) - Y_m)^2);
end
if SSTO == 0
STDEV = sqrt(SSE/n);
R_2 = 1;
else
STDEV = sqrt(SSE/n);
R_2 = 1 - ((n*(STDEV^2))/SSTO);
end
else
disp('data set must have corresponding dimensions, and both must be column vectors')
end

function avg = average(array)
n = length(array);
s = 0;
for i = 1 : 1 : n
s = s + array(i);
end
avg = s/n;


function Y_S = Remove_Outliers_LSR(X,Y)
[alpha,betha,~,STDEV] = Least_Squares(X,Y);
n = length(X);
Y_R = zeros(n,1);
for i = 1 : 1 : n, Y_R(i,1) = (alpha*X(i,1)) + betha; end
LIM_STDEV = 2*STDEV;
Y_U = zeros(n,1);
Y_L = zeros(n,1);
Y_S = zeros(n,1);
for i = 1 : 1 : n
Y_U(i,1) = Y_R(i,1) + LIM_STDEV;
Y_L(i,1) = Y_R(i,1) - LIM_STDEV;
end
plot(X,Y,'ko',X,Y_U,'b',X,Y_L,'b');
if Y(1,1) > Y_U(1,1) || Y(1,1) < Y_L(1,1)
j = 1 + 1;
while Y(j,1) > Y_U(j,1) || Y(j,1) < Y_L(j,1)
j = j + 1;
end
yp = Y(1,1);
yf = Y(j,1);
xp = X(1,1);
xf = X(j,1);
Y_S(1,1) = (yf*(X(j,1) - xp)/(xf - xp)) + (yp*(xf - X(j,1))/(xf - xp));
Y(1,1) = Y_S(1,1);
end
if Y(n,1) > Y_U(n,1) || Y(n,1) < Y_L(n,1)
j = n - 1;
while Y(j,1) > Y_U(j,1) || Y(j,1) < Y_L(j,1)
j = j - 1;
end
yp = Y(j,1);
yf = Y(n,1);
xp = X(j,1);
xf = X(n,1);
Y_S(n,1) = (yf*(X(j,1) - xp)/(xf - xp)) + (yp*(xf - X(j,1))/(xf - xp));
Y(n,1) = Y_S(n,1);
end
for i = 2 : 1 : n - 1
if Y(i,1) > Y_U(i,1) || Y(i,1) < Y_L(i,1)         
j = i - 1;
while (Y(j,1) > Y_U(j,1) || Y(j,1) < Y_L(j,1)) && j > 1
j = j - 1;
end
yp = Y(j,1);
xp = X(j,1);
j = i + 1;
while (Y(j,1) > Y_U(j,1) || Y(j,1) < Y_L(j,1)) && j < n
j = j + 1;
end
yf = Y(j,1);
xf = X(j,1);
Y_S(i,1) = (yf*(X(i,1) - xp)/(xf - xp)) + (yp*(xf - X(i,1))/(xf - xp));
else
Y_S(i,1) = Y(i,1);
end
end
plot(X,Y,'b')
hold on
plot(X,Y_S,'r',X,Y_L,'c',X,Y_U,'c')
title('Remove Outliers Graph')
xlabel('Independent Variable Xi (/)')
ylabel('Dependent Variable Yi (/)')
legend('Original Plot','Filtered plot','Lower Limit','Upper Limit')
hold off




function circle_plot(D,BP)
n = length(BP);
if mod(n,2) == 0
p = n/2;
else
p = (n - 1)/2;
end
X = zeros((D*2)+1,1); Yu = X; Yd = X;
for i = 1 : 1 : length(X)
X(i) = (-D/2) + (i-1)*(1/2);
Yu(i) = (D/2) + sqrt(((D^2)/4) - (X(i)^2));
Yd(i) = (D/2) - sqrt(((D^2)/4) - (X(i)^2));
end
Points = zeros(2*p,2);
for i = 1 : 1 : p
Points((2*i)-1,1) = (D/2)*cos((pi/2) - ((2*BP(i))/D));
Points((2*i)-1,2) = (D/2)*cos((pi/2) - ((2*BP(n-i+1))/D));
Points(2*i,1) = (D/2)*(1 + sin((pi/2) - ((2*BP(i))/D)));
Points(2*i,2) = (D/2)*(1 + sin((pi/2) - ((2*BP(n-i+1))/D)));
end
plot(X,Yu,'k',X,Yd,'k')
hold on
for i = 1 : 1 : p
plot(Points((2*i)-1,:),Points(2*i,:),'b')
text(Points((2*i)-1,1),Points(2*i,1),strcat('(P=',num2str(BP(i)),')'))
text(Points((2*i)-1,2),Points(2*i,2),strcat('(P=',num2str(BP(n-i+1)),')'))
end
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APPENDIX C - Bode plot for EIS test with different glass beads diameters, flow rates and electrode pairs
Glass beads diameter decrease
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