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ABSTRACT 

This thesis presents a laboratory investigation focusing on the use of expanded shale as a filter 

media in bioswales. Bioswales are known for their effectiveness in improving water quality by 

removing pollutants such as total suspended solids (TSS) and turbidity. While conventional filter 

media with rocks, sand, and mulches have been utilized in bioswales to enhance infiltration 

capacity, the potential of expanded shale as an engineered media has not been thoroughly assessed 

and documented. 

The study conducted a series of thirty experiments involving three different flow conditions to 

mimic typical Best Management Practices (BMP) applications. The primary focus was on 

investigating the efficiency of the swale constructed with expanded shale in removing TSS and 

turbidity, which are key indicators of stormwater pollutants. 

The experiments were carried out in a rectangular flume measuring 15 feet in length and 4 feet 

wide, filled with expanded shale media with thicknesses of 6 inches and 4 inches. The study 

presented the performance of two different types of expanded shale with varying gradations, fine 

and coarse sizes. Additionally, the impact of influent concentration on the expanded shale media's 

effectiveness was examined, and two scenarios representing bioswales with and without an 

underdrain system were studied. 

The results demonstrated that expanded shale was highly effective in removing both TSS and 

turbidity under all tested conditions. The mean weighted average removal efficiency of TSS was 

found to be 42%, 43%, and 68% for the middle section of the channel, overflow, and infiltered 

flow, respectively, with a range of 20% to 75%, 19% to 75%, and 55% to 82%. Similarly, mean 

weighted turbidity removal was 17%, 15%, and 40% for the middle section, overflow, and 

infiltered flow, respectively, with a range of -4% to 43%, -7% to 49%, and 22% to 61%. 
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Approximately 42% of TSS and 17% of turbidity removal occurred within the first half of the flow 

length. 

Due to the sedimentation process, coarser particles were observed to settle along the flow length 

of the flume. However, the particle gradation of the suspended sediment remained constant with 

time at a specific sampling location. 

Overall, the results indicated that greater filter media thickness, coarser expanded shale materials, 

and lower inflow rates consistently resulted in higher removal efficiency. Moreover, the influent 

concentration did not significantly impact the treatment efficiency of the expanded shale media. 

This study highlights the promising potential of expanded shale as an effective filter media in 

bioswales for enhancing water quality by removing pollutants such as TSS and turbidity. 
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CHAPTER 1 

INTRODUCTION 

 

 

 

1.1 Background and Motivation 

Water quality is a critical issue for both human health and the environment. Runoff from urban 

areas can carry pollutants such as sediment, nutrients, and bacteria into waterways, where they can 

degrade water quality and harm aquatic life. Bioswales are Best Management Practices (BMPs) 

that can intercept and filter the runoff before it reaches waterways through filtration, adsorption, 

and plant uptake. They are a cost-effective and sustainable way to improve water quality and 

provide other benefits, such as stormwater management. 

The infiltration rate of a bioswale is the rate at which water can move through the provided soil 

media. The infiltration rate is vital in designing infiltration BMPs because it determines how much 

pollutants can be removed by the infiltration process. The soil media in a bioswale can affect the 

infiltration rate in several ways. The soil type, the amount of organic matter in the soil, its 

gradation, and the moisture content of the soil can all affect the infiltration rate.  

Bioswales are a promising tool for improving water quality. Laboratory experiments on bioswales 

can help us better understand how they work and how they can be used to achieve the best results. 

Several factors, such as soil properties, flow rate, filter media thickness, and influent concentration, 

affect the performance of bioswale. By understanding the factors that affect the pollutant removal 

efficiency of bioswales, we can design bioswales that are more effective at filtering stormwater 

runoff and improving water quality.  
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Also, bioswales' practice has limitations, such as area requirements and depth restrictions for the 

water quality flow. Even though expanded shale has not been exclusively used for its effectiveness 

in improving water quality in bioswales, it has been used as an amendment to promote drainage 

properties of soil (Mechleb et al. 2014) and aeration to plant roots (Sloan et al. 2010), and as a 

filler in filtering medium for enhancing efficiency for phosphorus removal (Forbes et al. 2004). 

Hence, this study focused on evaluating a hypothesis that the expanded shale, as a soil media in 

bioswales, would promote infiltration. The improved infiltration rate and the expanded shale 

adsorbing capacity will contribute to higher pollutant removal efficiency.  

1.2 Research Objective 

The research objective of this thesis is to: 

a) Evaluate the effectiveness of expanded shale as the filter media of bioswales in removing 

sediment from stormwater runoff. 

b) Evaluate the effect of the thickness of soil media on removal efficiency.  

c) Investigate the effect of inflow rate on removing TSS and turbidity from stormwater 

runoff. 

d) Investigate the influent sediment concentration effects on the TSS and turbidity removal 

efficiency of expanded shale media. 

e) Investigate the effect of underdrain systems on the TSS and turbidity removal. 

f) Compare the obtained efficiencies with other bioswales practices. 

1.3 Thesis Organization 

The thesis is organized into several chapters to comprehensively explore the research topic. The 

structure of the thesis is outlined as follows: 
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Chapter 1: Introduction 

 In this chapter, the research topic is introduced, along with its motivation and objectives. The 

significance of the research and the rationale for utilizing expanded shale in bioswales are 

discussed, providing a clear context for the study. 

Chapter 2: Literature Review 

This chapter conducts an in-depth review of the existing literature on various aspects related to the 

research, including stormwater pollutants, best management practices, bioswales, and expanded 

shale. It specifically presents the properties and past applications of expanded shale, serving as a 

foundation for the subsequent chapters. 

Chapter 3: Experimental Setup and Procedures 

This chapter presents a comprehensive description of the experiment setup and the specific 

procedures employed in the research. It provides detailed information on the materials and 

scenarios utilized, as well as the standards adhered to in conducting various tests. 

Chapter 4: Results and Analysis 

The core of the thesis is presented in this chapter, where the study's findings are depicted, 

interpreted, evaluated, and analyzed. The results of the experiments are thoroughly discussed, 

allowing for a comprehensive understanding of the outcomes. 

Chapter 5: Conclusion and Future Research  

The final chapter serves as a summary of the research undertaken, emphasizing the key findings 

and their implications. Additionally, this chapter provides suggestions for future research 

endeavors, thereby inspiring further exploration in the field.
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 Introduction 

This chapter provides an overview of literature on stormwater control measures and associated 

best management practices. It discusses different stormwater pollutants and their implication in 

receiving waterbodies. The review focuses on introducing expanded shale, its performance, and 

the need for utilizing expanded shale in stormwater management practices. 

2.2 Urban Landscape   

With highly populated areas and paved ground surfaces, artificial flow paths and streambeds in the 

urban landscape have been altering the natural hydrologic systems (Sun et al. 2019). Urbanization 

has changed the natural hydrology of large to small watersheds by introducing new hydrological, 

ecological, and environmental-related mechanisms that affect water quality (Yang et al. 2021). 

McGrane (2016) showed that urban surfaces have accelerated the mobilization of pollutants due 

to increased surface runoff and hydraulic efficiency of artificial channels. An increased runoff will 

cause more pollutants accumulation in receiving water during storm events due to rainfall and 

snowfall. 

2.3 Problems in Urban Landscape  

With the increase in urbanization, hydrologic modifications like dam construction, river 

channelization, and flow diversion cause environmental problems from eutrophication to flooding. 

Problems involving sediments, nutrients, and pathogens are not only issues associated with 

urbanization but also involves hydrologic time shifts in terms of hydrologic perspective (Pringle 
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2000). Stormwater quantity and quality are both concerns associated with problems caused by 

urbanization (Akan and Houghtalen 2003).  

Similarly, source interaction phenomena such as vehicles releasing pollutants into the atmosphere 

may later deposit on the paved surface, and this may involve the same pollutant to be considered 

in two diverse sources of pollutants, such as brake-induced dust particles and tire dust. Both 

sources contain heavy metals and sediment. Hence, it is not easy to identify the source of 

pollutants. Further, this source identification of pollutants is complicated by phenomena such as 

suspension and re-suspension (Thorpe and Harrison 2008). These are the various associated 

phenomena that make it challenging to study the effect of urbanization and disentangle the 

pollutant sources (EPA 2017a).  

Due to the increased industrial activities, natural gases and particles move into the atmosphere by 

pollen, microorganisms, and wind-blown debris are later combined or sometimes converted into 

complex urban pollutants such as aerosols and trace gasses. Similarly, heavy metals generated 

from vehicle abrasion, oil spillage, construction site debris, and acid rain-induced corrosion are 

familiar sources of pollutants in urban catchments when washed or carried by rainwater 

(Brinkmann 1985). Water quality parameters such as total suspended solids (TSS), chemical 

oxygen demand (COD), pH, heavy metals, nitrates, and phosphate are found to be considered for 

urban stormwater runoff quality assessment (Björklund et al. 2018; Lee et al. 2007; Zhang et al. 

2021).  

2.4 First-Flush  

The first-flush refers to the runoff initially generated from a surface during precipitation. The 

number of pollutants present in the initial runoff, or "first-flush" is influenced by the interval 

between rainfall events, with longer dry intervals leading to higher pollutant levels (Wang et al. 



6 
 

2022). A comprehensive study on first-flush in urban catchments found that a significant portion 

of pollutant mass was present in the initial portion of runoff volume (Dang et al. 2023); however, 

the characteristics of first-flush, including flow and concentration, varied widely across different 

sites and climates (Maniquiz-Redillas et al. 2022). Water quality parameters, namely suspended 

solids, COD, total phosphorus, heavy metals, and total nitrogen were mainly considered to study 

the first-flush in stormwater runoff (Lee et al. 2002; Maniquiz-Redillas et al. 2022; Zhang et al. 

2021). These studies found that the stormwater treatment targeted for first-flush could trap many 

pollutants.  

The US Department of Agriculture (USDA 2020) also indicated that the initial runoff from a site 

tends to be the most contaminated, and treatment of the initial runoff, i.e., first-flush, is sufficient 

to address the water quality issues. If the runoff contains harmful substances, extra treatment 

methods might be required, and it is equally important to acknowledge the impact of peak flow 

and volume.  

2.5 Pollutants Origin and Indicator Pollutants 

Urban areas, due to reduced perviousness, have been a source of non-point source pollutants. 

Pollutants of natural origin and anthropogenic sources are often found to be the major contributors 

to urban water. Often pollutant in stormwater comes in various forms primarily due to various 

sources (Akan and Houghtalen 2003).  

Solids generally originate from washing off sediment deposited from construction or agricultural 

sites over impervious layers. Nutrients such as phosphorus and nitrogen cause unwanted algae 

growth and increase the demand for dissolved oxygen in receiving water streams. Organic carbon 

sources such as litter, debris, and animal waste are also additional sources for depleting the 
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dissolved oxygen of receiving water bodies. Also, hydrocarbons and trace metals are toxic 

pollutants from oil spillage and automobiles (EPA 2017b) 

A solid form of pollutant refers to all sorts of solid particulate matter that may be freely floating, 

suspended, or dissolved solids. Solid particles that included dissolved and suspended solids were 

solely found to account for 72% of pollutants in stormwater runoff (Xiao and McPherson 2011). 

In many cases, solids act as a medium to carry other pollutants, such as metals, gases, and 

microorganisms, which may be attached to the solid particles. They are generally soil particles 

from construction sites, debris, floating particles, and sometimes trash that comes along the way 

of flowing water. Suspended solids limit light penetration and function as a carrier for other 

pollutants that harm aquatic ecosystems (iSWM 2014 a). Hence, suspended sediment is a primary 

indicator pollutant of stormwater runoff (Akan and Houghtalen 2003, iSWM 2014 a).  

2.6 History of Stormwater Management Practices 

Before the early 70s, stormwater management practices were only considered in terms of 

conveyance (Bertrand-Krajewski 2021). Conventional stormwater infrastructure or gray 

infrastructure management is quickly bypassing the stormwater away from urban areas (EPA 

2023a). These practices did not consider the treatment aspect of runoff. The concept of 

disconnecting the imperviousness of the land uses, retaining, detaining, and infiltrating stormwater 

was realized over time to achieve the natural water balance best (Bertrand-Krajewski 2021; 

Fletcher et al. 2015). 

In 1998, D’Arcy developed the concept of a sustainable urban drainage system (SUDS). The 

SUDS triangle comprises three corners of the integrated approach: water quality, water quantity, 

and underlying habitat. This concept has been used since then, particularly in European countries 
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(Fletcher et al. 2015). Similarly, in the U.S., the BMP (best management practice) term is used for 

pollution-preventing mechanisms for stormwater under Pollution Prevention Act. 

2.7 Best Management Practices (BMPs)  

Stormwater runoff is water flowing overland or over impervious surfaces such as highways or 

parking lots because of limited infiltration into the groundwater. Due to snow and rainfall events, 

runoff from various municipal sewer systems and highway pavements is eventually discharged to 

local waterbodies (Akan and Houghtalen 2003; EPA 2023b). The nature of this runoff may be a 

mixture of complex organic and inorganic compounds and usually acts as a source of suspended 

and dissolved solids, heavy metals, and various microorganisms (USGS 2023). The introduction 

of such sediments into receiving waters leads to siltation, which causes a negative impact on the 

aquatic ecosystem (EPA 1999a). 

Stormwater management can be recognized as a necessary measure to curtail the potential effects 

of runoff generated from urbanized areas. Stormwater quantity and quality have significant 

impacts on the environment as they are interlinked with urbanization (Akan and Houghtalen 2003; 

Walsh et al. 2005). Due to the increase in imperviousness, hydrological changes that limit the 

baseflow and groundwater recharge from the urban streams and stream flooding events becoming 

more frequent and peak flow intensity fluctuating at an unprecedented rate after the storm event. 

Hence, to address the adverse consequence of such impacts of stormwater on the urban 

environment; riverbank erosion control, flow control, and flood mitigation are the goals of BMPs 

such as vegetated swales and infiltration trenches (Bertrand-Krajewski 2021).   

Stormwater best management practices began in the United States in the early 1990s, prompted by 

the legal obligation to address the need for stormwater quality control. Nowadays, safeguarding 

the habitats, mitigating floods, enhancing water quality in receiving water systems, preserving 
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water resources, and protecting public health can be the positive outcomes that one could expect 

from effective management of stormwater runoff (EPA 2014). BMPs are broadly classified 

practices for representing physical, chemical, structural, or managerial measures or all that may 

incorporate more than one practice. They are practices employed to reduce or prevent stormwater 

pollution by controlling the volume, timing, and quality of stormwater runoff (EPA 2014). Hence, 

BMPs are found to be implemented to decrease peak flow or peak volume based on their 

implication. 

2.8 Need of BMPs 

The conventional sewer network that was constructed solely for hydraulic control is now being 

supplemented by additional local requirements and diversified objectives. These objectives 

commonly incorporate flooding mitigation, urban ecology, public health, water quality, etc., 

(Bertrand-Krajewski 2021). Conventional stormwater control methods based on flow control, i.e., 

collect peak flow, provide local drainage and convey the flow safely to receiving water. Also, they 

are only capable of reducing peak timing and runoff rate but not reducing stormwater volume. So, 

in addition to the conventional control, reducing the stormwater volume is needed. In practice, 

BMPs incorporating on-site infiltration are required and they can be constructed in smaller 

footprints than conventional treatment systems like detention ponds (Brander et al. 2004). Flow 

control measures such as bioretention, constructed wetlands, flow separators, vegetative swales, 

and porous pavement are most practiced. These practices alter the flow characteristics and treat 

water by the combined phenomenon of sedimentation, infiltration, adsorption, plant uptake, etc. 

(Caltrans 2012; EPA 1999a).  
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2.9 Application of BMPs 

The EPA (1999a) recognized stormwater pollution as a contributing factor to the poor water 

quality of the nation’s waterbodies. After the recognition by EPA, BMPs have been included and 

regulated in design manuals for practicing engineers across the U.S. The effectiveness of any 

BMP’s implementation should be based on holistic management approaches such as costs and its 

effectiveness in an overall system rather than individual BMPs applications only (EPA 2022). For 

example, flood control is an objective that the BMPs could be considered while they are designed 

for pollution reduction (Caltrans 2012). In some cases, BMPs are also used to decrease the adverse 

impacts of post-construction runoff (Osouli et al. 2017).  

If the specific site requirement is to promote natural movement and enhance infiltration while 

maintaining the aesthetic aspect in addition to the primary goal of improving water quality, 

infiltration BMP techniques could be implemented (EPA 2022). Likewise, when there is limited 

infiltration in case of a low infiltration rate of native soils and high groundwater table, bioretention-

based BMPs are feasible (Riverside County 2020). Such bioretention techniques rely on 

evaporation for flow reduction and prolonged infiltration for flow reduction.  

Barret et al. (1998) showed that an effective treatment system was required to meet design 

standards, which typically require first-flush to be considered for stormwater runoff treatment; 

however, for highway runoff, the study suggested considering constant pollutant concentration for 

a single storm event. Several studies also suggested that BMPs, which often target to treat the first-

flush are subject to an opportunity to treat the high concentrations of different pollutants such as 

total suspended solids (TSS), chemical oxygen demand (COD), biological oxygen demand (BOD), 

turbidity, heavy metals, and nutrients (Lee et al. 2002; Maniquiz-Redillas et al. 2022; Zhang et al. 

2021). 
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2.10 Types of BMPs  

The BMPs are classified based on geometric properties and on the goal of practice. These 

classifications are discussed in the following sections. 

2.10.1 Geometric Properties 

BMPs can be classified according to their physical characteristics and design elements. These 

properties are mainly related to the specific structural features of the practice. As per EPA (2014), 

BMPs are classified into point, linear, and area BMPs.  

Point BMPs:  

Practices that collect and treat upstream water at a specific location by the combination of 

detention, infiltration, sedimentation, and conversion of pollutants across the infrastructure are 

point BMPs. Constructed wetlands, infiltration basins, etc., are examples of point BMPs. 

Linear BMPs:  

Streams or channels that allow pollutants to filtrate across the channel, infiltrate through porous 

media, be consumed by vegetation, and preserve the aesthetic value of the location are linear 

BMPs. Grass swale, wet swale, and vegetated filter strips are such examples. 

Area BMPs:  

Practices involving land management measures to meet the water quality and quantity criteria by 

altering the perviousness of the existing surface and involving pollutant controls are area BMPs. 

Green roofs and permeable pavements are common area BMPs in practice. 

2.10.2 Goal of BMPs 

BMP practices can be designed based on the goal for which it is intended. There are three different 

classifications, including flow control, pollutant source control, and treatment control BMPs 

(Riverside County 2020, EPA 1999a). 
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Flow Control BMPs:  

The increased stormwater runoff because of urbanization will collect a higher portion of sediments 

and hence, attach nutrients and metals along with it. Similarly, due to increased flow, the chances 

of eroding banks and beds of streams due to higher velocity also threaten the receiving water. To 

address these concerns, flow control BMPs are designed to effectively control the runoff volume 

and peak timing of the stormwater runoff. Hence, to reduce the chances of collecting pollutants 

and eroding banks, they can limit the stormwater runoff generated by enhancing the infiltration 

and providing some storage for incoming water on-site. Detention basins, rain barrels, vegetated 

filter strips, and infiltration wells are typical examples of such BMPs, which can be designed based 

on the flow control principle. 

Pollutant Source Control BMPs: 

Pollutant source control BMPs target pollutant removal before they are washed by stormwater 

runoff. They are standard practices that aim to reduce runoff pollutants, specifically by 

nonstructural measures. They involve public participation and awareness by limiting and 

controlling the extent of current practices such as chemical usage, identification, and regulating 

sanitary behaviors within the vicinity affecting urban runoff. Sweeping impervious surfaces, 

limiting the use of pesticides and herbicides, proper disposal of waste, and public awareness falls 

under the pollutant-source control BMPs.  
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Treatment Control BMPs:  

BMPs that treat/capture the contaminants to address the detrimental effect of stormwater runoff 

over receiving waterbodies by the combined action of physical process, chemical process, and 

biological processes are treatment control BMPs. Normally, for such BMPs there is a target 

concentration or amount of pollutants that is considered safe to dispose into the natural water 

streams. They may incorporate one or many pollutant removal mechanisms to achieve the goal, 

such as sedimentation, flotation, filtration, infiltration, adsorption, plant uptake, and chemical 

reaction.  

2.10.3 Low Impact Developments BMPs 

Low Impact Developments (LID) or green infrastructure (GI) are practices that intend to reduce 

the runoff volume of stormwater and restore it or construct natural processes for controlling water 

quality and the surrounding habitat/ecosystem within the watershed or ecosystem (EPA 2012; 

Eckart et al. 2017; Riverside County 2020). LID BMPs are only those that are effective in on-site 

treating stormwater through natural processes such as infiltration, biological retention, and 

evapotranspiration. LID features are the natural or engineered media used to reduce runoff 

promoting infiltration under Water Quality Management Plan (WQMP). WQMP includes the on-

site retention of runoff volume, pollutant reduction based on their types, and specific BMPs that 

could address the relevant pollutants (Riverside County 2020). 

Stormwater treatment methods such as bioretention, biofiltration, and rain gardens are the most 

desired water treatments that incorporate both infiltration and biofiltration LID BMPs.  
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2.11 Selection of BMPs 

When the rainfall falls over the ground, it may collect sediments, chemicals, nutrients such as 

pesticides and fertilizers, oils, and various human and animal waste that falls on its route. Hence, 

the selection of the BMPs is governed by the nature of the pollutants in the flowing water. Based 

on the nature of the pollutants, several BMPs have their significance depending on sediment sizes, 

pollutant types, incoming pollutant concentrations, and end goal (Ekka et al. 2021).  

Broadly, based on the site constraints, the selection of treatment BMPs can also be influenced by 

the space availability and site conditions. For example, for limited space, bioretention systems are 

preferred over grassed channels for urban sites. Similarly, site conditions such as groundwater 

level, native soil properties, topography, and working head also influence the selection of BMPs 

(Clar et al. 2004).  

2.12 Treatment Phenomena in BMPs 

Various phenomena such as sedimentation, flotation, filtration, infiltration, sorption, nutrient 

uptake, biological conversion, and degradation of chemical compounds can be the governing 

mechanisms for determining the efficiency of pollutant control BMP (Caltrans 2012). They are 

summarized in Table 2.1.  

Table 2.1: Various treatment mechanisms in BMPs (Ekka and Hunt 2020) 

Phenomenon Descriptions 

Sedimentation Settlement of the particles at the bottom of the channel due to gravity 

Infiltration Movement of water percolating through the soil media promoting recharge and flow reduction 

Sorption The combined chemical process of absorption and adsorption. Absorption is caused due to 

sediment trapped in the porous surface of soil media; similarly, adsorption is due to physical-

chemical interactions. They may include dissolved or particulate matter. Ion exchange and 

interlocking of particles are common 

Filtration They are gross filtration which is caused due to trapping of particles by vegetation blocking 

the particle flow direction. 

Biological 

interaction 

They may be phenomena such as nitrification, denitrification, plant uptake, or any chemical 

reaction involving ion exchange 
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Flow control BMPs such as bioswales, infiltration wells, and vegetated filter strips also function 

as treatment control BMPs. Various BMPs with their treatment phenomena are summarized in 

Table 2.2, illustrating the basic description of underlying phenomena for pollutant reduction. 

Table 2.2: Summary of various BMPs and their treatment phenomena (NCDOT 2014) 

BMPs  Descriptions Treatment Phenomena 

Biofiltration Systems Consists of sand or mulches as a filter 

media, provided with underdrain without 

soil amendment to drain once infiltrated 

Filtration, Adsorption, nutrient 

uptake, assimilation 

Enhanced biofiltration 

system with 

underdrain 

Biofiltration basins with impervious base/ 

with amended soil, drained once 

infiltrated, under-drain provided 

Filtration, Adsorption, nutrient 

uptake, Assimilation, Ponding-

induced settlement 

Filter strips* 
Sloped vegetated land with/without 

amended soils 

Infiltration, Sedimentation, 

Adsorption, Filtration 

Dry detention 

basins/Retention 

basins 

Shallow depressions typically with dual 

outlet, i.e., orifice and weir outlets, 

permanent pool of water 

Ponding-induced settling, 

infiltration, Biological uptake, 

Chemical reaction 

Wet detention basins 

Captures and temporarily stores runoff 

volume, permanent pool of water 

Ponding-induced settling, 

Sedimentation, Biological 

uptake, Filtration 

Infiltration systems 

Captures the runoff and infiltrates the 

water gradually, no under-drain system 

Natural Filtration, 

Sedimentation, Adsorption, 

Biological uptake, Dilution 

Wet swales 

Depression with vegetated strip over 

natural soil, no under-drain provided, near 

or at water-table level, the soil may be 

amended 

Vegetation uptake, Adsorption, 

Sedimentation, Infiltration 

Dry swales/ 

Bioswales 

Vegetated channels may or may not be 

with check dams and under-drains 

Infiltration, Vegetation uptake, 

Sorption, Sedimentation 

* Cannot meet 80% TSS reduction performance goal (iSWMM 2006, iSWM 2015) 

2.13 Biofiltration Swales/Bioswales 

Bioswales are primarily wide, open channels of shallow depth and are constructed using native 

soils/engineered media to convey runoff generated during storm events. Bioswales can be used as 

an alternative or as a supplemental treatment method for traditional stormwater management 

systems. Bioswales collect water from impervious surfaces like paved parking lots, highways, and 

rooftops and partially absorb and carry runoff directly to sewer conveyance infrastructure (NRCS 

2005). 
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Likewise, biofiltration swales are designed to infiltrate the water into the surrounding soils and can 

be constructed over the native soils/amended media. The required media properties can be 

determined using the gradation curve of the soil. If the existing soil has a particle size of d10 > 0.02 

mm and d20> 0.06 mm, it indicates slow filtration rates and require soil amendment (Caltrans 

2020). Filtration and infiltration are the main contributors to pollutant removal in bioswales. They 

can be employed for water quality flow, flood control, or both (Caltrans 2012).  

Several measures can be implemented in bioswales to handle the designed discharge to be released 

from the system. Such measures may include amending the infiltration rates of soil, altering the 

flow path length, providing underdrain for enhanced infiltration, or implementing all these 

measure together. Depending on their function, there are two categories of bioswales: wet swales 

and dry swales (Ekka and Hunt 2020). Schematics of these bioswales are presented in Figure 2.1 

and Figure 2.2.  

Wet swales function as a wetland with shallow groundwater level and native vegetation. The 

groundwater level in wet swales is near/at the swale level, so vegetation requires no or less 

irrigation frequency. Filtration within thick vegetation, sedimentation due to flatter slopes, and 

nutrient uptake mass due to biomass are the governing processes in wet swales for water treatment 

(NPDES 2021). Because of the large area requirements and mosquito breeding possibilities, wet 

swales are not suitable for urban landscapes (EPA 2021; Nuamah et al. 2020). 

On the other hand, dry swales, also be referred to as grassed swales, typically have vegetation over 

engineered/soil media that promote capturing of pollutants by slowing down flow and increasing 

the chances of settlement and adsorption (Mustaffa et al. 2016). Dry swales typically have an 

underdrain that facilitates draining such that the ponding time is at most 48 hours. Dry swales are 

designed to keep the bottom of the channel at least 2 ft above the groundwater level (EPA 2021).  
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Thus, it can also be designed additionally as a structure that acts as a groundwater recharge facility. 

Another advantage of dry swales over wet swales is that dry swales can handle hotspot runoff from 

point sources, preventing groundwater contamination (EPA 2021). Underdrains and check dams 

can be added as per inflow quantity and downstream peak flow desired.  

 

Figure 2.1: A typical cross-section of wet swales (Ekka and Hunt 2020) 

 

 

Figure 2.2: A typical cross-section of dry swales (Ekka and Hunt 2020) 
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2.14 The Efficiency of Bioswale/Bioretention Systems 

Typically, infiltration in any BMPs is inter-related to soil properties of engineered, subsurface 

materials (native soil where the BMPs is intended to be placed), and filler materials (Minnesota 

Pollution Control Agency 2017). An example of each engineered media and filler materials are 

expanded shale, and clay/sand being mixed with an engineered media, respectively. 

The efficiency of BMPs is highly related to the runoff volume reduction (Brown and Hunt 2012; 

Stagge et al. 2012; Wang et al. 2019) and the type of pollutants being considered.  Sometimes the 

treatment system acts as a source of pollutants of certain kinds, such as total nitrogen (Liu et al. 

2017). Irrespective of the pollutant sizes, infiltration promotes additional capturing of the 

pollutants in addition to settlement and sedimentation (Clark and Acomb 2008). Also, the 

infiltration rate of the coarser soil is higher than the finer soil particles. However, other factors 

affecting infiltration such as bulk density and soil layering, should also be considered for 

stormwater infiltration system (Minnesota Pollution Control Agency 2017). 

Bioswales typically have higher efficiency in treating particulate contaminants, whereas the 

treatment of dissolved contaminants is less efficient. Moreover, wet swales were found to be most 

effective for reducing nitrogen and heavy metals from the influents (Ekka et al. 2021). Hunt et al. 

(2006) found that the Phosphorus index (P-index) of the soil media is inversely proportional to 

phosphorus removal; similarly, organic content and hydraulic conductivity were found to be 

influencing the total nitrogen removal efficiency. Kim et al. (2003) found evidence that 70-80% 

of total nitrogen removal efficiency was obtained when the engineered mix was used as a soil 

media in a bioretention system.  

Additionally, King County (1995) conducted 39 swale surveys, out of which only 32 swales were 

considered for the study. The study considered swales’ functionality, drainage area, and land use, 
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and observed that 40% of TSS and 17% of total phosphorus removal were obtained in existing 

good or fair conditions. The same study demonstrated that if all the swales were in good condition 

as they were initially designed, 83% and 33% of overall removal efficiency could be achieved for 

TSS and total phosphorus. More information on treatment efficiency in other studies is 

summarized in Table 2.3.  

A comparative study on permeable pavement and bioswale conducted by Seters et al. (2006) found 

that bioswales were more than 50% more effective than the conventional treatment asphalt systems 

in reducing the common heavy metals (zinc and lead); however, the concentration of the nutrient 

was higher in the effluent. 

Also, Fardel et al. (2019) conducted an extensive review of 59 swales-related studies and 

determined a correlation among TSS, total trace metals, total nitrogen, and total phosphorus. TSS 

and total trace metals (copper, zinc, cadmium, and lead) were highly correlated. Swales had a 

median reduction efficiency of 56% for TSS and 62% for the total trace metals. More than 44% 

reduction was seen on dissolved trace metals, and only a 30% maximum median reduction was 

observed for nutrients (total nitrogen and total phosphorus).  
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Table 2.3: Summary of the effectiveness of different BMPs in reducing major pollutants 
Reference Runoff 

Volume 

Reduction 

(%) 

TSS 

(%) 

Total 

Phosphorus 

(%) 

Total 

Nitrogen 

(%) 

Metals 

(%) 

Bacteria 

(%) 

No of 

observations 

Remarks 

(King County 

1995) 
- 

40- 

83 
17 - - - 33 

Swales 

(Stagge et al. 

2012) 
55-60 

44-

83 
(-49.2) – 68.7 

(-25.6) – 

85.6 

18-

92.6 
- - 

Dry swale  

(Lead, 

copper, zinc, 

and 

cadmium) 

(Hunt et al. 

2008) 
96.5 60 31 32.2 

31.4-

59.5 
69-71 23** 

Bioretention 

Cell 

(Brown and 

Hunt, 2011) 
67 58 -10 58 - - 161 

Bioretention 

(Xiao and 

McPherson 

2011) 

88.8 95 - 97 87 - - Bioswale 

(Brown and 

Hunt 2012) 
 92 72 80 - - 42 Bioretention 

(Knight et al. 

2013) 
23 75 35 30 - - 30 

Bioswale 

(Anderson et 

al. 2016) 
83-97 81 - - 81 - - 

Bioswale 

(Wang et al. 

2019) 
- 80 67 51 90-94 - 182 

Data 

analysis 

based on the 

previous 

database 

(Fardel et al. 

2019) 
- 56 30 62 - 59 Bioswale* 

(Purvis, 

2018) 
 10 - - - 59-65 - 

Bioswale- 

overflow 

(Purvis, 

2018) 
 88 - - - 55-75 - 

Bioswale-

underdrain 

(EPA, 2021)  87 5-83 46-84 88-90 - - 
Grassed 

swale 

*  TN and TP studied as nutrients   

** Number of tests or observations varies for different contaminants 

 

2.15 Applicability and Suitability of Bioswales 

Technological, economic, and institutional considerations such as technique, costs, and area of 

interest should be considered while analyzing the applicability of BMPs (EPA 2016). Bioswales 

need to be site-specific and designed based on target pollutants (Ekka et al. 2021; Jamil and Davis 

2012). The applicability of the swales can be determined based on the different goals of pollutant 

removal, flow control, erosion control, and groundwater recharge.  
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USDA (2020), under erosion and sedimentation provisions, recommends an acceptable flow rate 

and discharging volume based on underlying soil properties within the range of local regulations. 

However, if there are not any local regulatory bodies, a 2-year, 24-hour predevelopment rainfall is 

mandated for peak flow and runoff volume. Similarly, EPA (2021) recommends a 2-year, 24-hour 

storm to be considered for water quality treatment and a 10-year, 24-hour storm for flood control 

BMP swales.  

2.16 Design of Bioswales 

All the swales are project specific depending upon incoming pollutants and flow. Also, bioswales 

applications are watershed-specific based on drainage area configuration and desired results in 

addition to the area available, site slope, and the nature of inflow pollutants. Also, a combination 

of BMPs is occasionally used to meet the water quality requirements for treatment swales (iSWM 

2014 b). 

Bioswales, infiltration ditches, and vegetated land strips are typical examples of linear BMPs. As 

this literature review centers on the implementation of dry swales as one of the treatment practices, 

this section is primarily focused on exploring dry swale design principles derived from existing 

literature and design guidelines. 

Similar to the design and implementation of any BMPs, the study by Gong et al. (2019) found that 

rainfall characteristics, dry period, influent loads, and imperviousness of the drainage area affect 

the pollutant removal efficiency of grassed swales. The site-specific constraints which can 

influence the selection and designing of the swale are catchment area, the slope of the terrain, 

imperviousness, media depths, groundwater level, land use, geometric configuration 

required/desired, channel depth, longitudinal slope, flow velocity, shear stress and outflow 

requirements for BMPs application (Ekka et al. 2021). 
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 Flow rate is the governing factor for determining the hydraulic performance of swales (Hunt et al. 

2016). In general practice, 2-year, 24-hour storm is recommended for water quality, and 20-year, 

24- hour or 100-year, 24-hour storm peak flow for peak flow management is recommended in the 

design manual of different agencies and authorities (e.g., iSWMM 2009; King County 1995). For 

water quality volumes calculation, the first 1-inch of rainfall should be considered (Illinois 

Tollway 2018: Caltrans 2012). However, iSWM 2015 considers 1.5-inches of rainfall for water 

quality volume for treatment bioswales representing 85th percentile of all storm events.  

The flow rate subjected to bioswales should account for 80%-95% of the stormwater runoff (Hunt 

et al. 2020). A wet swale can be designed to receive stormwater from a larger drainage area of 1-

5 acres. A dry swale is suitable for drainage areas less than 0.5 acres and does not require any 

pretreatment (EPA 2021). Flow regulation also determines the maximum amount of runoff that 

can be subjected to bioswales design.  

The infiltration rate, Manning’s roughness, longitudinal slope, and flow velocity are factors 

affecting runoff volume and depth of the stormwater runoff. Stormwater runoff depends on 

abstraction, land use, and land topography within the contributing area (Zeiringer et al. 2018). 

Also, unless alternative flow bypassing is arranged, the maximum runoff coming from a 

contributing area can be considered a bioswale capacity (Caltrans 2012). The iSWM (2014a) 

allows the NRCS TR-55 method to be used for calculating discharge volume, whereas Caltrans 

(2012) suggests using the rational formula to calculate the runoff entering the bioswale.  

2.16.1 Soil Properties of Underlying Media 

Many studies have reported that infiltration and hydraulic conductivity greatly influence the degree 

of treatment capability of BMPs (Brown and Hunt 2012; Wang et al. 2019; EPA 2021). The soil 

should permit water infiltration, such that the swale is drained within 48 hours. The soil infiltration 
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can be enhanced by providing an underdrain and sometimes by increasing the depth of the standing 

water (Zeiringer et al. 2018). If the native soil is highly permeable, underdrain may not be 

necessary; however, the soil may be amended to obtain desired hydraulic conductivity and 

permeability (Clark and Acomb 2008). Soil can be amended with highly porous materials to 

promote quick drainage and enhance the infiltration rate. Likewise, soil with a coarser fraction is 

desired as they can hold more moisture during drought, and soils with a higher fine-particle fraction 

are likely to reduce infiltration by clogging the depressed surface and eventually decreasing 

infiltration (Ekka et al. 2021). Hence, gravel and sand-mixed gravel are used in practice, which 

have comparatively high hydraulic conductivity and are more likely to prevent clogging. 

USDA (2020) suggests that the saturated hydraulic conductivity of the infiltrating soils should be 

at least 0.5 cm per hour (0.2 inch/hr), and stored water during peak events shall be drained within 

72 hours. In general, if the media has an infiltration rate of at least 1.27 cm per hour (0.5 inch/hr), 

bioswales can be designed without an underdrain, and underdrain is optional when the infiltration 

rate of underlying soil is ≥ 0.2 inch/hr. Nevertheless, for both cases, 72 hours of drainage time 

should be maintained as in any infiltration system (EPA 1999a; The City of San Diego n.d.). 

Therefore, precautions should be taken during the construction of bioswale such that soil 

compaction is avoided.  

Also, soil containing any amendment, irrespective of its nature (organic or inorganic), is found to 

increase hydraulic conductivity and retain more water, resulting in vegetation growth and hence 

enhancing efficiency in removing pollutants (Anderson et al. 2017; Ekka et al. 2021).  

2.16.2 Swale Geometry 

Channel geometry changes the hydraulic efficiency and alters the flow depth and velocity even for 

the same incoming flow. As a rule of thumb, it is suggested that the maximum surface area of the 
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swale can be as high as 1% of the drainage area (Clark and Acomb 2008; EPA 1999b). Based on 

the land availability and aesthetic importance, bioswales geometric design is flexible. Since 

recommended flow depth for water quality is capped at 6 inches or equal to the vegetation height, 

to have less flow depth, trapezoidal channel provide higher wetted perimeter and also they are less 

sensitive to the side slopes (Ekka et al. 2021). Trapezoidal channels are more often used in practice 

because of the clogging and construction difficulty of V-shaped and parabolic channels.  

Also, the trapezoidal channel with 2 to 6 ft of bottom width and a slope of 3H:1V is suggested. Li 

et al. (2016) studied the pollutant removal efficiency of bioswales by keeping the surface loading 

rate and volume loading rate equal to study the effect of swale width. The study found a 5% to 

47% increase in chemical oxygen demand removal efficiency when the width was increased by 

50%. Lastly, in the case of swales with check dams, the flow depth cannot be greater than one-half 

of the total channel depth (Caltrans, 2012).  

2.16.3 Longitudinal Slope  

The slope of any channel governs the flow velocity. Milder slope ranging from 1% to 2% is desired 

for bioswales. In any case, the slope cannot be more than 6% or any threshold slope, that is, if 

present, causes bank scouring for a 10-year storm event for 6 inches of flow depth (StormwaterPA 

2006). In such cases, check dams are recommended to slow down the flow velocity, promote 

infiltration and increase the hydraulic residence time, and eventually increase the efficiency of the 

purposed bioswale. Proper underdrain can be introduced in the bioswale to limit the standing water 

level during its operation if the slope is less than 1%. In general, a less flat swale configuration 

needs more length and vice versa. 
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2.16.4 Design Flow 

BMPs are designed based on more frequent, less intense storm duration, i.e., 2-year; 24-hour storm 

for water quality purposes. Similarly, for peak flow conveyance, infrequent storm intensities are 

considered (100-year or 25-year storms). Since bioswales are to be designed both for water quality 

flow and for peak flow during extreme events, the depth of flow may exceed 6 inches unless bypass 

arrangements are provided within the swale configuration (Caltrans 2012). Increasing the depth of 

flow could promote infiltration that would increase efficiency, but the depth of water in swales is 

limited to 6 inches or vegetation height for water quality flow. If bypass arrangements are present, 

they can be routed to enter nearby conventional treatment systems, such as detention basins and 

underground storage systems (iSWMM 2009). 

In addition, flow rates are limited to 5 cfs for swales (EPA 1999b). Also, based on the type of soil, 

the incoming velocity should not erode the channel. A velocity of 3.5 to 5 ft/s is permitted for 

sands, silts, or their mixture, and a higher velocity of 4.5 to 6 ft/s for clay mix soils, depending on 

the kind of vegetation they may have (NCDEQ 2017). Without vegetation, designers should take 

a maximum flow velocity of 1 ft/s for swales without vegetation for water quality purposes and 4 

ft/s for highway-generated runoff (Caltrans, 2012). 

Flow depth and velocity can be calculated using Manning’s equation (Eq. 2.1) by considering 

roughness coefficient (n) value of 0.2 to 0.3 for water quality flow and 0.05 for peak events.  

 𝑣 =
𝑄

𝐴
=

1.49

𝑛
𝐴 𝑅2/3 𝑆0.5                                                                         (2.1) 

where v is flow velocity (ft/s), A is cross-section area of the swale channel (ft2), Q is flow rate 

(cfs), n is Manning’s roughness coefficient, R is hydraulic radius of the channel (ft), and S is 

longitudinal slope of the channel. 
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In some extreme cases, when flow velocity as high as 4 ft/s must be dealt with, a geofabric may 

be used to cover engineered media/soil to prevent erosion of the underlying soil (Caltrans 2012).  

2.16.5 Hydraulic Residence Time  

Hydraulic residence time (HRT) is the average duration that the flow remains within the swale. 

The minimum time for water treatment design is 5 min (Caltrans 2012). It is calculated numerically 

by dividing the inflow volume by the flow rate.  

𝐻𝑅𝑇 =
𝑉

𝑄
× 60 =  

𝐿

𝑣
× 60                                                                                 (2.2) 

where V is volume (ft3), Q is flow rate (cfs), L is the swale length (ft), v is flow velocity (ft/s), and 

60 is used as unit conversion to calculate HRT in minutes.  

If an HRT lower than 5 min is obtained, then channel length is extended, or width can be altered, 

to lower the velocity. Lower velocity can also be achieved by flattening the channel slope. 

Likewise, the inter-relationship formula (Eq. 2.3) must be satisfied to meet the water quality flow 

requirement. If not, the design procedure is repeated for different configurations (Caltrans 2012). 

If none of the calculations meets the following criterion, the BMP cannot be considered as a 

treatment BMP; however, it can be taken as a pollutant control BMP. 

𝐻𝑅𝑇×60

𝑦𝑊𝑄𝐹 × 𝑣𝑊𝑄𝐹
≥ 1300                     (2.3) 

where, HRT is hydraulic residence time (min), 𝑦𝑊𝑄𝐹 is depth for water quality flow (ft), and  𝑣𝑊𝑄𝐹 

is velocity for water quality flow (ft/s), and 60 is unit conversion factor. 

2.16.6 Check Dams  

Check dams are small flow structures with a maximum height of 2 ft that can be constructed to 

hold the concentrated flow in bioswales. A check dam functions to trap sediment and heavy metal 
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particles, remove nutrients and chemicals, control peak flow, and enhance infiltration for 

stormwater runoff (Ekka et al. 2021; Stagge et al. 2012; Winston et al. 2019). Check dams may be 

of stones or rock structures located near the downstream end of the swale length. Check dams 

increase the hydraulic residence time and  accelerate the processes such as absorption and nutrient 

uptake. Since the settlement of the particles will be more with higher hydraulic retention time, 

check dams promote pollutant removal. They can be installed perpendicular to the flow every 20 

ft in a case when the channel slope exceeds 5% or when erosional velocity is to be avoided. The 

slope between any two check dams should be within 2% (The City of San Diego n.d.). However, 

the spacing between two check dams in case of water quality flow treatment should be at least 50 

ft (iSWMM  2009; King County, 1995, EPA 1999b).  

TSS removal efficiency was higher when check dams were installed perpendicular to the length of 

the grass swale (Deletic and Fletcher 2006). However, the study conducted by Stagge et al. (2012) 

on bioswales showed opposite results, which might be due to re-suspension or surface erosion of 

the channel during extreme events with high influent concentration. Interestingly, contrasting all 

the findings, Jamil and Davis (2012) concluded that addition of check dams had no impact on the 

TSS removal efficiency. Introducing check dams to existing swales improved runoff volume 

reduction by 17%; despite this, clogging and surface irregularities were reported to be higher after 

the construction of check dams. Hence the optimum design of check dams and maintenance was 

highlighted by Winston et al. (2019).  

2.16.7 Shear Stress 

Shear stress is the force per unit area that is exerted by water on the channel surface. The applied 

shear stress is a function of the flow of water, the weight of the water, as well as the slope of the 

bioswale. Applied shear stress can be calculated based on the following equation (Chaudhry 2022): 
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  τ = γ R S         (2.4) 

where, τ is average shear stress (lb/ft2), γ is specific weight of water (lb/ft3), R is hydraulic radius 

of the channel (ft), and S is slope of the bioswale.  

Also, the permissible shear stress is the maximum stress exerted by the flowing water without 

causing erosion or damage to the channel. For a stable channel, applied shear stress should always 

be less than permissible shear stress. Permissible shear stress is dependent on the existing 

vegetation and properties of the underlying soil.  

2.16.8 Swale Length 

The maximum possible length is desired along with the flow route (Caltrans 2012). Increasing the 

length of the channel increases the settling phenomenon. Length should be enough to promote 

settlement within the swale, and this is governed by the hydraulic residence time.  

The swale length can be determined by two different approaches. One method that determines the 

required length of the channel based on the hydraulic residence time (HRT) (Eq. 2.2) which is a 

site-based design. The second method uses the Aberdeen equation based on the mean sediment 

size of the influent. 

Design based on HRT (Site-based Design) 

This method involves the following steps:  

i) First, the design volume of stormwater needs to be evaluated for WQF or peak flow. 

ii)  Using Manning’s equation, flow velocity is calculated for considered WQF.  

iii) This velocity, along with the available swale length, is used for HRT calculation.  

iv) The calculated HRT is checked with a minimum HRT of 5 minutes.  
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If the calculated HRT value does not satisfy the minimum required criteria, length, width, or slope 

are altered, and the new HRT is checked with the inter-relationship formula (Eq. 2.3). Sometimes, 

the installment of a check dam may be purposed to meet such criteria.  

Design based on the Aberdeen Equation (Sediment-settling Based Design) 

The approach involves the following steps: 

i) The properties of the target sediment, such as mean particle size (ds) and density of sediment 

particle (ρs) are determined. 

ii) The design volume is calculated based on the application of the bioswale.  

iii) Using sediment properties, settling velocity (Vs) is calculated using stokes law (Eq 2.5). 

Vs = 
𝑔

18 𝜇
(𝜌𝑠 − 𝜌𝑤) 𝑑𝑠

2                   (2.5) 

iv) The obtained settling velocity is used to calculate the “Fall Number” (𝑁𝑓). Available length 

is used in (Eq 2.6). 

𝑁𝑓 =  
𝐿  𝑉𝑠

𝑦 𝑣
         (2.6) 

where, L is swale length (m), Vs is settling velocity (ft/s), y is flow depth (ft), and v is flow 

velocity (ft/s) 

v) Finally, the treatment removal efficiency by settling (𝑇𝑟𝑠) is calculated using (Eq 2.7).  

𝑇𝑟𝑠(%) =  
𝑁𝑓

0.69

(𝑁𝑓
0.69+4.95)

 × 100                          (2.7) 

The process is repeated if the target removal efficiency is not met by increasing the length of the 

swale. If the length is limited, then the width, slope, and incoming flow can be altered to obtain 

desired removal efficiency.  

 

 



30 
 

2.17 Limitation of Bioswale Applications 

There is always a challenge in treating contaminants due to the limited space available at non-point 

pollution sources such as highway pavement and urbanized areas. Grassed swales are only 

sometimes suitable for urban landscapes since they need vast pervious areas (EPA 1999b). Grassed 

swales can lower the peak concentration to some degree, but they are not effective in reducing 

contaminants' load (StormwaterPA 2006). Also, swales were only found effective either for 

particles larger than 6-15 microns or sediment-bound particles and were unable to treat dissolved 

solids, nitrogen, and chlorine (Hunt et al. 2020). So, an effective hydraulic design is necessary for 

the proper functioning of the structure and purification near the source, which is challenging.  

In many cases, the use of check dams in swales may retard the flow and improve the sediment 

removal efficiency to meet water quality flow, it decreases the hydraulic capacity of the system, 

and dams could make the flow turbulence downstream of the check dam (EPA 2021).  

Similarly, bioswales are not suitable for landscapes with steeper slopes, and if they are constructed 

for larger areas exceeding 10 acres, they can only function efficiently if special provisions are 

implemented to increase the flow (StormwaterPA 2006). 

Although bioswales may be able to meet several such water treatment requirements, the limitation 

of water quality flow to be within 6 inches of depth or sometimes within the vegetation height has 

faced area limitations in construction and implementation. This has limited the potential usage of 

the treatment BMPs.  
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The recommended removal threshold rate for TSS and phosphorus is 85%, whereas a 50% 

reduction is targeted for Nitrogen for water quality flow control. This removal is obtained in 

infiltrated runoff (StormwaterPA 2006). Hence, maximizing the infiltration within the swale is 

expected to increase the overall efficiency of bioswales. This expectation could be addressed by 

enhancing the infiltration of existing soil with materials such as sand, gravel and engineered media 

such as expanded shale. A study is required to explore the incorporation of expanded shale with 

high conductivity and transmissivity, aiming to enhance the rapid drainage of standing water and 

ultimately improve overall efficiency. 

2.18 Expanded Shale 

Expanded shale is an aggregate made from clay or shale heated (>1100 oC) in a rotary kiln until it 

is light and porous. It has high strength, is angular in shape, and is chemically inert with porous 

space, which makes it behave as a good candidate for light-weight aggregate filters (Mechleb et 

al. 2014).  

It can be of various sizes based on particle size distribution. For example, North American rotary 

kiln plants commercially produce three expanded shale classes, i.e., 20-5 mm, 13-5 mm, and 10- 

2 mm gradations (ESCSI  2018). More details of the properties of the expanded shale are tabulated 

in Table 2.4. 

 

 

 



32 
 

Table 2.4: General properties of expanded shale (ESCS) vs. Typical Granular Filter Media 

(ESCSI  2018) 

Aggregate Properties 
Typical Values for 

Expanded Shale 

Typical Values for Granular 

Filter Materials 

Surface Area (ft2/kip) 

 
24 - 93 0.5 - 14.7 

Specific Gravity 1.25 - 1.85 2.65 - 2.75 

Durability Index 82-93 80 - 99 

Magnesium Soundness (%) < 6 < 6 

Acid Solubility (%) 1 - 4 0.3 - 93 

Caustic Solubility (%) 0 - 0.9 0 - 1 

pH 6 - 10 6.5 - 11 

Organic Impurities (%) <0.5 0.5 - 10 

Permeability 

(Constant Head) (in/hr) 
50 - 1300 1 - 600 

Loose Dry Density 

(lb/ft3) 
30 - 60 90 - 105 

Loose Wet Density 

(lb/ft3) 
45 - 70 95 - 110 

Los Angeles Abrasion (%) 20 - 40 10 - 45 

 

Expanded shale has a remarkably high specific surface area, low density, and high durability. It 

offers very high drainage properties and decreases the chances of clogging like any conventional 

bioswales application. Expanded shale also provides 45% more surface area for microbes to 

colonize or get trapped on its surface, increasing treatment efficiency (ESCSI 2018). Due to these 

reasons, expanded shale can be used as an amendment with fine clay to improve water quality and 

perform as a filtering media.  

Despite having a very highly draining nature, shale drainage capacity can even be enhanced by 

providing an underdrain in bioswale with optional geofabric depending on the soil's natural 
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properties. Geofabrics are often installed to hold the fine particles from entering the underdrainage 

system. 

2.19 Experimental Studies on Expanded Shale 

Expanded shale has been used in various applications, some of which are presented in the 

following sections.  

Sloan et al. (2002) conducted a study on improving clay soil drainage by introducing expanded 

shale. They introduced 1-3 mm size fine shale and 3-6 mm coarse shale into the soil media. The 

study was based on a 50% shale-to-clay mix ratio by volume. It involved 6 inches of total media 

thickness with two different vegetations, namely Pansy and Scaevola. It was reported that the soil 

amendment promoted vegetation root growth and their survival significantly. Moreover, coarse-

graded expanded shales were found more effective as an amending media than fine-graded 

expanded shales. 

Forbes et al. (2004) analyzed dissolved phosphorus-retention in long-term use constructed 

wetlands. To optimize existing soil in terms of sorption and desorption capacity for phosphorus, 

expanded shale and masonry sand were compared with native soil using sorption isotherms and 

pilot scale cell experiment (Figure 2.3). They found that expanded shale was more efficient in 

absorbing phosphorus and simultaneously maintained high hydraulic conductivity, high surface 

area, and excellent sorption capacity. Also, expanded shale did not release absorbed phosphorus 

in desorption experiments. 

In a follow-up study, Forbes et al. (2005) focused on the removal efficiency of expanded shale as 

a filtration media based on its capacity to remove phosphorus obtained from Forbes et al. (2004). 

They considered the substrate for various examinations of phosphorus forms like total phosphorus 
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and total inorganic phosphorus. They observed that expanded shale outperformed far better than a 

sand bed in phosphorus removal in constructed wetlands. 

 

Figure 2.3: Schematic for pilot cells (Forbes et al. 2005) 

 

Mateus and Pinho (2010) conducted a six-year study on phosphorus removal using lightweight 

expanded clay aggregate (3-8 mm size) with a specific weight of 300 kg/m3 and 500-600 kg/m3. 

A higher phosphorus removal rate was observed with vegetation than without vegetation, which 

was found to be an effect of nutrient uptake. Even though the life cycle for phosphorus-removal 

capacity was estimated to be around 1-2 years, the phosphorus removal capacity of the shale was 

not exhausted even until six years of operation. The study also found that phosphorus removal was 

directly proportional to the specific weight of lightweight aggregates. The study concluded that 

the higher phosphorus removal rate was obtained with media having a higher value of adsorption 

capacity based on isotherms parameters. 

A study conducted by Sloan et al. (2010) used expanded shale (3 to 6 mm in size) to drain the 

water and promote aeration of the plant's roots. Organic content blended soils were used with 

added percentages of 0%, 15%, 30%, and 50% by volume. The three-month study found poor 
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vegetation growth in the expanded shale containers due to the reduced nutrient contents in the 

system. The result demonstrated that porosity was almost similar for high porous soils and 

increased porosity for low porous soil blends; however, bulk density was higher in all cases. Lastly, 

in terms of hydraulic conductivity of the soil, it was found that the addition of expanded shale was 

worthy only in soils that had poor drainage and aeration.  

Later, Sloan et al. (2011) found that expanded shale could supply nutrients to vegetation by 

releasing adsorbed phosphorus slowly over time in a soil medium. They also noticed that expanded 

shale acted as an internal reservoir of water, which could be utilized by the vegetation for a 

prolonged period. 

Laboratory research conducted by Mechleb et al. (2014) on the expanded shale involved three 

different soil types with varying plasticity index (PI). The different ratios of soil to expanded shale, 

0% to 50%, were used for evaluation. Two different compaction methods (the standard proctor 

method and the reduced proctor method) were used following ASTM D2216 Standard Test 

Method. The laboratory tests proven that the expanded shale had greatly improved drainage quality 

and decreased the dry density of amened soils. Expanded shale outperformed lime-mixed clay as 

an engineered media despite both having the same particle size distribution (Figure 2.5). Similarly, 

higher hydraulic conductivity was seen for soil with a low plasticity index for the same amended 

soil. Lastly, the study also reported that 50% by volume of expanded shale mixed with various 

clay types had the same hydraulic conductivity irrespective of the test methods. 
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Figure 2.4: Hydraulic conductivity for amended-soils with Expanded Shale Vs. Limestone, 

(Mechleb et al. 2014) 

Li et al. (2016) reported that the bioswale without vegetation had only a 7% to 49% nitrogen 

removal rate in low flow and almost no change in high flow conditions. The same study found that 

the nitrogen removal efficiency was less for inflows with higher concentration. Also, the soil-

media ability of absorbing pollutants was unchanged with inflow concentration.  

The California Department of Transportation (Caltrans) tested stormwater runoff in a small-scale 

pilot study considering  different filtering media like activated aluminum, expanded shale, sand, 

zeolite, limestone, aluminum oxide and wollastonite, Expanded shale results were seen as 

remarkable in comparison to any other filter media considered. Turbidity and phosphorus removal 

was seen as more effective, whereas the Nitrogen result was not satisfactory as in any systems 

tested (Hauser et al. 2005). 
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CHAPTER 3 

METHODOLOGY 

 

 

 

3.1 Introduction 

The performance of a swale constructed with expanded shale in removing TSS and turbidity was 

studied in a laboratory flume. The experimental setup was within the ‘Fluid Mechanics and 

Hydraulics Laboratory’ at the University of Texas at Arlington. Several scenarios were considered, 

and extensive samples were collected at various times and locations to understand the efficiency 

and pattern of pollutant removal. The governing factors, such as inflow rate, filter medium 

thickness, infiltration conditions, influent concentration, and soil properties of the expanded shale 

mix, were considered as variables to develop scenarios.  

3.2 Experimental Setup 

3.2.1 Experimental Flume  

The flume in which the experiments were carried out is made of plexiglass, with a total dimension 

of 18 ft length, 4 ft width, and 1.5 ft depth. The inlet and outlet tanks, 2 ft in length, 3 ft in depth, 

and width equal to the width of the flume, are installed at the upstream and downstream ends of 

the  flume. 

The inlet tank is designed so that water enters the tank from its bottom through a 4-inch PVC pipe 

and a perforated horizontal spreader. Also, the inlet tank allows water to enter the flume as a 

uniform flow. 



38 
 

The flume slope can be adjusted to ± 1%; however, the slope was set to 0.3% to keep it below 

recommended slope (<1%) for swales with underdrains (Caltrans 2020).  

Engineered media of varying thickness, comprised of 65% expanded shale and 35% sandy clay, 

placed in the flume with  6 inches in thickness (and 4 inches in a limited number of experiments). 

The flow entered via the inlet tank and left from the downstream drainage box. Figure 3.1 shows 

the schematic diagram of the experimental setup. 

Four locations within the flume were selected to collect water samples to analyze the efficiency of 

the expanded shale over time and along the flume. Those four locations are upstream over the 

gravel, the channel's middle section, and the channels downstream outlets. 

 

Figure 3.1: Schematic diagram of the experimental flume (not in scale) 
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3.2.2 Inlet Configuration 

To promote a uniform flow distribution over the width of the flume and prevent the entry of eddies 

from the inlet tank, a rectangular contracted weir with a height of 3 inches was installed upstream 

of the flume. The crest of the weir was positioned 9 inches above the bottom of the flume. 

A horizontal wood plank was installed downstream of the weir across the flume to provide a 

mixing area. The slurry was introduced to the flume over this area opposite the flow direction 

through a ½-inch perforated pipe, as shown in Figure 3.2a.  

The perforated pipe used for the slurry had uniformly distributed holes with a diameter of 0.375 

inches and a spacing of 2 inches between the centers of each hole. The size and number of holes 

were carefully designed to accommodate the targeted maximum slurry rate. 

Also, a horizontal gravel bed layer was introduced at the entrance of the flume to reduce the flow 

velocity and avoid local erosion (Figure 3.2b). 

3.2.3 Flow Source and Control 

Two underground tanks were used as a source for the continuous water supply throughout the 

experiments. A control valve installed on the 4-inch PVC pipe controlled the water supplied to the 

flume from the pump installed in the underground tank. The flow was measured using a calibrated 

Sono-TraK ST30 ultrasonic flowmeter. More information on calibration is presented in 

APPENDIX A. The flowmeter was selected to be within the accepted accuracy range of ±0.5%, 

and the response time was up to 30 seconds. To ensure the reliability of the flowmeter, volumetric 

flow measurements were also conducted for each experiment using the inlet tank and a stopwatch. 

This allowed for accurate and consistent measurement of the flow rate during the experiments, 

providing reliable data for analysis and comparison. 
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(a)                                                                                                 (b)  

Figure 3.2: (a) Inlet section, (b) Expanded shale and upstream gravel bed 

 

3.2.4 Underdrain System 

An evenly spaced horizontal network of  2-inch perforated pipes was laid on the bottom of the 

flume to improve infiltration (Figure 3.3). The holes were designed to be spaced such that every 

two holes would be within a distance equal to the diameter of the pipe used (i.e., two holes per 

every 2 inches). Also, the design of the drainage network was made symmetrical to both sides 

from the centerline of the flume.  

As depicted in Figure 3.4, a ball valve was installed at the end of the main pipe. Its primary function 

was to regulate the flow through the underdrain system, providing the flexibility to control the 

drainage flow rate according to requirements. By fully closing the valve, the flow was limited to 

infiltration through the soil medium alone, representing the scenario without an underdrain. 

Conversely, when the valve was fully open, the flow passed through the soil and the underdrain 

pipe system, representing swales with underdrain cases. 
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Figure 3.3: Geotextile-wrapped perforated underdrain system 

 

Figure 3.4: Layout of the underdrain system in the flume (plan view) 

3.2.5 Sediment and Slurry Preparation 

Silica flour #140/106u, having a median size of 0.03 mm, was used for slurry preparation. The 

gradation of the silica flour was tested three times in the UTA Shimadzu lab for conformity. A 

Shimadzu nano-particle size analyzer (Shimadzu SALD-7101), working on the principle of the 

laser diffraction method, was used for particle size gradation. Figure 3.5 includes the gradation 

curves of the silica flour provided by the manufacturers (American Graded Sand Company 

(AGSCO)) and those determined in this study. In this figure, prefixes UTA1, UTA2, and UTA3 
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stand for three individual gradation tests of silica, and UTA_AVG stands for the average values 

obtained for all three tests. 

The gradation of silica flour from the manufacturer shows an identical gradation curve to that 

measured gradation in the UTA Shimadzu lab up to 0.037 mm, but the manufacturer had the lowest 

grading size of 0.037 mm. Hence below this size of 0.037 mm, the graph from the manufacturer is 

discontinuous. So, sediment gradation obtained from UTA Shimadzu lab is used for data analysis 

providing higher accuracy. 

The silica flour used in the experiments was selected based on the requirements for sediment size 

as suggested by the New Jersey Department of Environmental Protection (NJDEP 2022), as shown 

in Table 3.1.  

  

Figure 3.5: Silica flour particle gradation size 

The silica flour  was mixed with tap water at a controlled rate to prepare desired concentrations of 

the slurry mix. A 32-gallon cylindrical tank with a horizontal base was used for preparing the 

slurry mix (Figure 3.6). The tank was fitted with a floater valve that controlled the depth of the 

water inside the tank to a desired constant level. An in-line flowmeter was used to measure the rate 
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of water entering the slurry tank (Figure 3.6). Similarly, the sediment was constantly injected into 

the slurry tank using a volumetric feeder. The feeder was chosen because it handles dry materials 

and has a volumetric accuracy of 2-4% (Tecweigh n.d.). A sump pump capable of pumping 

sediment was used to inject the slurry at a constant rate from the slurry tank into the flume. Also, 

a valve was installed on the sump pump outlet pipe as shown in Figure 3.6. During each 

experiment, this valve was used to take samples from the slurry to check for its sediment 

concentration. 

Table 3.1: Test results for silica flour from UTA- Shimadzu lab vs. NJDEP sediment size requirement 

  z  (μ ) 
% Passing NJDEP 

minimum  

passing (%) 
Test 1 Test 2 Test 3 Average 

131.5 100 100 100 100  
100     60 

96.5 98.6 99.3 98.9 98.9  
75     50 

70.8 89.8 94.2 92.7 92.2  
57.6 78.9 87.13 85.2 83.7  
50     45 

46.9 65.81 77.5 75.8 73.0  
34.4 47.73 61.4 60.4 56.5  
28 38.5 51.8 51.3 47.2  

22.8 31.5 43.8 43.7 39.7  
20     35 

18.5 25.3 37 37.1 33.1  
11 14.9 24.9 25.5 21.8  
8     20 

6 8.4 15.76 16.3 13.5  
5     10 

2.9 4.5 9.12 9.4 7.7  
2     5 

1.56 2.78 5.48 5.55 4.6  
0.56 1.32 1.655 1.55 1.5  

0.132 0 0 0 0.0  
 

A paint mixer was used to continuously mix the tap water and sediment in the tank throughout the 

experiments and keep the sediment in suspension (Figure 3.6). Slurry with high sediment 

concentration was injected into the flume over the mixing surface to be diluted with the inflow. 
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The concentration of diluted slurry was considered as the influent sediment concentration to 

calculate the swale's TSS and turbidity removal efficiency.  

 

Figure 3.6: Volumetric feeder and slurry preparation arrangement 

3.2.6 Soil Media 

Two different filter media mixes were used in this study. Type 1 contained the soil mix with a 

coarser size of ¾” expanded shale, also called G-pile by the manufacturer. Similarly, Type 2 

contained the finer expanded shale with a median size of ¼”, also called J-pile by the manufacturer. 

Both types had the same proportion of expanded shale and sandy-clay, i.e., 65% of expanded shale 

and 35% of the natural sandy-clay.  

Sieve analysis was performed in the UTA Geotechnical Laboratory to determine the gradation of 

the expanded shale types i.e., G-pile and J-pile, and the infiltration medium prepared using these 
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two types. The ASTM D6913 (2017) was followed for all sieve tests. The gradation curves for all 

G-pile, J-pile, Type-1 mix, and Type-2 mix were prepared which are discussed further in Chapter 

4.1.  

3.2.7 Outlet Configuration 

A 1-ft long rectangular box, filled with coarse gravel, was installed on the downstream end of the 

flume. The box had a 6-inch tall opening space across the flume on its upstream face to allow the 

water to seep through the infiltration medium to this box. A mesh and a non-woven geotextile 

fabric were placed between the gravel and engineered medium (see Figure 3.1). This allowed the 

water to pass through but prevented the medium materials from washing out. The fabric had a 

rating of 80 sieve size, meaning particles smaller than 0.18 mm (0.007 inch) could pass through. 

Since the silica used in this study had a maximum size of 0.13 mm (0.005 inch) (Figure 3.5), the 

geotextile fabric did not hinder the soil medium's infiltration and sediment removal capacity. Also, 

a 2-inch perforated pipe was installed across the drainage box to collect the water infiltrating via 

the geotextile from the porous medium. This perforated pipe directs the flow to the outlet tank 

within the drainage box (Figure 3.7).  

At the downstream end of the infiltration layer, on top of the drainage box, a 6-inch tall check dam 

was installed, causing water to pond in the flume. To enable water to overflow discharge to the 

outlet tank, a 1-ft wide weir was cut out in the check dam's midsection. The weir's crest elevation 

was chosen to ensure that the infiltration layer was always covered by at least 4-inch of water.  
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Figure 3.7: Outlet box with underdrain pipe, check dam, and downstream weir 

3.3 Experimental Procedure 

3.3.1 Selection of Inflow 

For the base case scenario, the inflow rate was determined by considering a minimum 5-minute 

hydraulic residence time (HRT), which is a requirement in the design of bioswales according to 

Caltrans (2020). To calculate the maximum flow velocity, Equation 2.1 was utilized. The length 

of the flume, including the gravel bed, was considered 15 ft (4.6 m) in this equation, and a 

maximum flow velocity of 0.05 ft/s (0.015 m/s) was obtained. 

The flow depth within the flume was limited to 0.33 ft (11.4 cm) due to the presence of the check 

dam installed downstream of the flume. Using calculated maximum flow velocity, flow depth and 

width, the maximum water quality flow was calculated to be 0.066 ft³/s or 29.6 gallons per minute 

(gpm) (equivalent to 112 Lit/min). Considering that a portion of the inflow infiltrates through the 

soil, as discussed in Chapter 4.3, an inflow rate of 32 gpm (120 Lit/min) was considered for the 

base case scenario.  
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The base flow of 32 gpm (120 Lit/min) corresponds to the peak stormwater runoff generated from 

a drainage area of 16,145 ft² (1500 m²) when subjected to a rainfall intensity of 0.5 inches (12.7 

mm/hr). This rainfall intensity is commonly used in calculations of water quality flow, as 

suggested by Barrett et al. (1998) and other stormwater management guidelines. 

Claytor and Schueler (1996) suggested that a minimum hydraulic residence time of 10 min ensures 

the best filtration for water quality flow. Hence, 60 Lit/min was selected as a low flow scenario in 

the study. This flow gave a flow velocity of 0.026 ft/s (0.008 m/s)  which is smaller than the  

maximum allowable velocity of 0.05 ft/s (0.015 m/s). 

Since some BMPs are designed for water quality flow and peak flow reduction (Caltrans, 2020), 

180 Lit/min flow was selected as the high flow scenario. Even though this flow does not satisfy 

the inter-relationship formula (Equation 2.2), it is still safely handled and passed through the 

bioswales system. The swale was modeled to function as a flow reduction/conveyance system with 

a flow velocity of 0.078 ft/s (0.024 m/s) that corresponds to 180 Lit/min. 

3.3.2 Influent Concentrations  

To represent a range of typical suspended sediment concentrations in stormwater, influent 

concentrations of 100 mg/L and 200 mg/L were selected based on a literature review of highway 

runoff effluent mean concentrations. The choice of these concentrations was made to encompass 

both high and low concentration scenarios, providing a comprehensive representation of the 

potential variability in highway runoff. 

3.3.3 Testing Scenarios 

Several scenarios were conducted, wherein different factors were selected and assessed. These 

factors included the depth of the filter media, underdrain conditions, sediment concentrations, and 
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the type of filter media. By altering and evaluating these variables, a comprehensive understanding 

of their influence on the system's performance and effectiveness could be obtained. 

A total of 30 scenarios were conducted, out of which, 12 were with an active underdrain system 

(the underdrain system control valve was open during the experiment), whereas the remaining tests 

were without underdrain (underdrain system control valve was closed during the experiment). Two 

different influent concentrations of 100 mg/Lit and 200 mg/Lit were considered. In terms of 

thickness of soil media, 4-inch and 6-inch were considered in this the study. As discussed in 

Chapter 4.4.1, 4-inche thickness was not considered for the Type 2 soil media due to the inferior 

performance of the Type 1 soil mix with 4-inches thickness in reducing the TSS and turbidity. The 

test scenarios are summarized in Table 3.2. 

There were two different testing scenarios regarding the drainage condition: Case-1 and Case-2. 

In Case 1, the objective was to simulate the implementation of a bioswale in a native soil 

environment with limited infiltration capacity (Figure 2.1). To achieve this, the underdrain 

system's outlet valve was closed, allowing for infiltration solely through the soil medium. 

Additionally, to control the water level within the soil medium, a 2-inch diameter 90-degree PVC 

elbow was installed at the end of the outlet pipe after it exited the drainage box (Figure 3.8 (a)). 

The elevation of the exit point of the elbow was set to align with the top of the soil medium, 

effectively regulating the water level within the bioswale. This configuration of the upturned elbow 

was in consistent with the experimental study performed by Brown and Hunt (2011). 

In Case 2, the focus was on simulating swales with an underdrain system that is connected to a 

downstream stormwater system (Figure 2.2). Throughout the experiment, the outlet valve was kept 

open, facilitating the promotion of infiltration. In this setup, the elbow that was present in Case 1 

was removed, allowing the drained water to flow freely into the outlet tank (Figure 3.8 (b)). This 
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configuration enabled the measurement and analysis of the drainage flow and its impact on the 

overall performance of the swales. 

 

                   (a)                                                                              (b)  

Figure 3.8: Outlet configurations for a), Without underdrain system, and  b) With underdrain system 

Water samples were collected for TSS and turbidity analysis from various parts of the flume. 

Initially, sampling locations were chosen from the slurry tank, upstream weir at the inlet, upstream 

of soil media over the gravel, the middle section of the flume, water exiting the underdrain, and 

water flowing over the downstream weir (if any). After a few preliminary tests, the results showed 

more uniform mixing over the gravel bed; hence, sampling from upstream weir location was 

discontinued. All the time, the sampling was only started after the 4-inch water depth was 

established over the soil, and for the low flow when there was no substantial change in flow depth 

over time. 

Samples were collected by a single ‘grab sample’ as defined by USGS (2006). Every time a clean 

1-liter bottle, washed with distilled water, was used to take a sample using a swift horizontal 

motion to represent the middle 2/3rd portion of the flume width to avoid the walls’ effects. Every 

experiment was run for 40 minutes representing the rainfall duration and in reference to the 
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requirements set by NJDEP for filtration treatment device tests mandating more than 30 minutes 

test duration (NJDEP 2022). Similarly, a 10 min sampling interval was selected based on one 

resident time requirement. For this study, the maximum resident time was  calculated as 8 minutes 

for the low flow condition. 

Table 3.2: Summary of all testing scenarios for TSS and Turbidity 

 

Experiment 

No. 

 

Infiltration Media 

Media 

Thickness 

(inch) 

Drainage 

Condition 

Inflow  

(Lit/min) 

Influent Sediment 

Concentrations 

(mg/Lit) 

1 

Coarse media  

(G-Pile) 

6  

With 

underdrain 

60 

100 2 120 

3 180 

4 60 

200 5 120 

6 180 

7 

Without 

underdrain 

60 

100 8 120 

9 180 

10 60 

200 11 120 

12 180 

13 

4 * 
Without 

underdrain 

60 

100 14 120 

15 180 

16 60 

200 17 120 

18 180 

19 

Finer media  

(J- Pile) 
6  

With 

underdrain 

60 

100 20 120 

21 180 

22 60 

200 23 120 

24 180 

25 

Without 

underdrain 

60 

100 26 120 

27 180 

28 60 
  

200 
29 120 

30 180 

* 4 inch thickness were not considered for turbidity testing  

All collected samples were tested on the same day for TSS and turbidity. On some occasions, 

samples were stored at room temperature and tested within 24 hours to avoid any change in sample 
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composition or decaying of sediments by any undesirable means, such as decomposition of 

sediments or microbial activities (if any). The samples were swirled and vigorously shaken before 

being tested. The TSS test was repeated when values were not within ±20% of overall mean values 

to ensure reliability. 

All the samples considered for the TSS tests were also tested for turbidity (except for samples from 

the slurry tank). Samples from scenarios 1 to 3 were not tested for turbidity. Additionally, some of 

the samples were selected for particle size gradation test.  

3.3.4 Infiltration Measurement Procedure 

Samples from infiltrated water for both underdrain valve conditions (open and close conditions) 

were collected using the ‘Bucket and Stopwatch’ method (EPA 2023c). Every infiltration volume 

measurement was taken for at least 10 sec following the criteria set by EPA 2023c. All such manual 

flow measurements were repeated at least three times for reliability. 

3.3.5 Testing Procedures for TSS 

All the samples taken from the flume were considered for TSS tests. The protocol followed for the 

TSS test was EPA method 160, 2 (EPA 2017c). The sub-sampling was done from the 1-Lit 

standard sample at each location for TSS measurement. A sub-sampling volume of 25 ml was 

taken for slurry concentrate and 250 ml for the rest of the sampling locations. Regardless of the 

location, all samples were subjected to vigorous shaking before sub-sampling. Filters used for the 

TSS test were 1.5 μm pore size glass fiber of diameter 4.7 cm that was either 934-AH grade or 

Whatman grade pre-rinsed and dried filters. An aluminum weighing dish of 42 ml capacity was 

used to contain the filters before and after the filtration for weighing purposes. 
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Weighing was done using a Mettler Toledo-XS105, an automatic weighing balance with the least 

count of 0.00001 grams (Figure 3.9 (a)). This enabled an accuracy of 0.01 mg/Lit on every 250 ml 

sample considered.  

Samples were kept in the oven after filtration for at least one hour and kept in a desiccator to avoid 

errors due to moisture before weighing. Two desiccators were used simultaneously to place all the 

samples inside the desiccators (Figure 3.9 (b)). Also, all reading from the weighing balance was 

only recorded, when the reasding in the scale was stable. 

 

(a)                                                                             (b)   

Figure 3.9: (a) Weighing balance, (b) Desiccators used for TSS measurement 

3.3.6 Testing Procedures for Turbidity 

All the turbidity tests were conducted using a portable turbidimeter at the UTA Environmental 

Laboratory. A Hach 2100Q turbidimeter was calibrated using standards sample of 20, 100, and 

800 NTU. After calibration, the 10 NTU standard was used to verify the calibration of the 

turbidimeter as suggested by EPA Field Turbidity Measurement (EPA, 2023c). Only after the 

verification of the calibration process was accepted, all the turbidity measurements were carried 

out. For each turbidity test, a closed-capped sub-sampling cell having a volume of 15 ml was 

utilized. Before each measurement, the cells were wiped with a clean cloth. 
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3.3.7 Laser Diffraction Method  

A SALD-7101 nano-particle size analyzer was used to determine particle size distribution. The 

procedure was followed thoroughly to maintain the accuracy of the UV laser-equipped analyzer. 

Distilled water, obtained from reverse-osmosis, was used to wash the sampling bottles and to dilute 

the sample when necessary. Samples taken from the flume were in liquid state, but the silica flour 

in its dry form was diluted for the test with distilled water. The laser diffraction method works on 

the principle of optical deflection when laid upon the particles. The overall working principle of 

SALD-7101 is illustrated in Figure 3.10. 

Each sample was evaluated three times for consistency. Samples from the high flow condition 

(180 Lit/min) and the low flow condition (60 Lit/min) were evaluated for particle size distribution. 

Samples from both types of expanded shale media experiments and high and low concentrations 

were tested. Samples for each condition were taken and tested at four sampling locations every 10 

minutes. 
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Figure 3.10: Configuration of the SALD-7101 Laser Diffractor (Prophelab n.d.) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 

4.1 Introduction 

The analysis of data collected during laboratory experiments performed on the expanded shale soil 

media is presented in this chapter, and the findings of this study are discussed. The primary 

evaluation in this study revolves around the performance of the expanded shale media in removing 

TSS and turbidity from stormwater. Furthermore, the results of particle gradation tests on water 

samples, expanded shale, and filter media are presented and discussed. 

4.2 Sieve Analysis on Infiltration Media: 

Sieve tests were conducted on two types of expanded shale materials (G-pile and J-pile) and the 

two types of soil mix media (Type 1 and Type 2) at the UTA Geotechnical Laboratory. The ASTM 

D6913 standard was followed for sieve analysis.  

The median diameters (d50) of the coarse (G-pile) and fine (J-pile) expanded shale material was 

found to be approximately 5.5 mm (0.22 in) and 2.45 mm (0.09 in), respectively (Figure 4.1). 

The Type 1 and Type 2 soil mix media were prepared by mixing expanded shale with natural soil 

with a ratio of 3:1 (65% expanded shale, 35% soil). The gradation of soil mix Type 1 and Type 2 

are presented in Figure 4.2. The d50 of Type 1 and Type 2 are found to be approximately 2.25 mm 

(0.09 in) and 1.5 mm (0.06 in), respectively. More details of the calculations on the sieve analysis 

are presented in APPENDIX B. 
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Figure 4.1: Particle size gradation of  coarse (G-pile) and fine (J-pile) expanded shale  

 

Figure 4.2: Particle size gradation of Type-1 and Type-2 soil mix 

4.3 Drainage Capacity Experiments 

The drainage capacity of Type 1 and Type 2 soil media  was determined before conducting flume 

experiments. The flow rate over the downstream weir (overflow) and through the outlet pipe 

(infiltrated water) was measured with 60, 120, and 180 Lit/min as inflow. Additionally, the 

drainage rate was measured at the zero-overflow condition. For this purpose, the inflow rate was 
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gradually increased until a 4-inch water depth was observed in the flume without water flowing 

over the downstream weir. Both types of expanded shale media were tested. The water depth just 

before the downstream weir was also recorded during each experiment with overflow.  

Type 1 Media:  

When the underdrain was not provided, the drainage capacity of Type 1 was obtained at 46.2 

Lit/min at zero overflow conditions. This value increased to 55.2 Lit/min for the 180 Lit/min 

inflow. The same media had an infiltration rate of 66.5 Lit/min at zero-overflow conditions when 

the underdrain system was active. The drainage capacity was up to 72 Lit/min when the flow was 

maintained at 180 Lit/min. The results of the experiments are summarized in the Table 4.1. 

Type 2 Media: 

Drainage capacity measurements were performed for Type 2 for 60, 120, and 180 Lit/min inflow 

and zero-overflow. During the inactive underdrain system, a zero-overflow rate of 41.2 Lit/min 

was recorded, and up to 48 Lit/min was obtained for 180 Lit/min inflow. When the underdrain was 

active, a maximum of 60.7 and 72.6 Lit/min was seen for the zero-overflow condition and 180 

Lit/min inflow, respectively. The results of the experiments for Type 2 soil media are summarized 

in the Table 4. 2. 

Results showed that when underdrain was provided, both media had similar infiltration rates. 

However, during the inactive underdrain system, Type 1 had a higher infiltration rate at zero-

overflow condition. This higher infiltration rate for Type 1 media agrees with the (Minnesota 

Pollution Control Agency 2017) that indicates soil properties affect the infiltration rate i.e., coarser 

soil has higher infiltration. 
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Table 4.1: Drainage capacity experiment results for Type 1 soil medium (6-inch) 

Experiment 

Number 

Target 

Flow 

(Lit/min) 

Actual 

flow 

(Lit/min) 

Infiltration 

Capacity 

(Lit/min) 

Overflow 

(Lit/min) 

Water 

Depth * 

(cm) 

Remarks 

1 - 46.2 46.2 - 10.2 

Without  

underdrain 

2 60 59.5 48 11.5 10.3 

3 120 120.2 53.4 66.8 11.1 

4 180 182.2 55.2 127 11.9 

5 60 60.7 60.7 - - 

With  

underdrain 

6 - 66.5 66.5 - 10.2 

7 120 120.2 68.4 51.8 10.8 

8 180 182.2 72 110.2 11.6 
 

Table 4. 2: Drainage capacity experiment results for Type 2 soil medium (6-inch) 

Experiment 

Number 

Target 

Flow 

(Lit/min) 

Actual 

flow 

(Lit/min) 

Infiltration 

Capacity 

(Lit/min) 

Overflow 

(Lit/min) 

Water 

Depth * 

(cm) 

Remarks 

1 - 41.2 41.2 - 10.2 

Without 

underdrain 

2 60 62.1 42 20.1 10.3 

3 120 120.2 43.8 76.4 11.4 

4 180 182.2 48 134.2 12.1 

5 60 60.7 60.7 - - 

With 

underdrain 

6 - 70.6 65.4 5.2 10.2 

7 120 120.2 71.4 48.8 10.8 

8 180 185.2 72.6 112.6 11.7 

   * depth measured from the top of the soil media to the water surface level 

4.4 Suspended Sediment Removal Efficiency  

A total of 30 experiments were conducted to evaluate the efficiency of the soil media in reducing 

TSS concentration. Water samples were collected from the slurry tank, upstream of the flume 

(inlet), the middle section of the flume, outflow (infiltrated water through the soli media), and flow 

over the downstream weir (overflow). Each experiment was conducted for 40 min duration, and 

samples were collected at 10 min intervals. The TSS concentrations were calculated using 

Equation 4.1. 

TSS concentration (mg/Lit)  =  
𝑤2−𝑤1

𝑉
× 1000                                                (4.1)  
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where, 𝑤1 is the weight of the aluminum dish and filter before filtration in grams (g), 𝑤2 is the 

weight of the aluminum dish and filter after filtration in grams (g), and V is the volume of the 

sample (ml). 

Also, the overall efficiency of each soil type was compared using the weighted average TSS 

reduction. The flow rate and TSS reduction at overflow and outflow were considered to calculate 

the weighted average TSS reduction using Equation 4.2. 

Weighted Average TSS Reduction (%)= (
Underdrain
flow rate

 ×  Underdrain
TSS

  + Overflow  
rate

× Overflow
TSS

Total Inflow
rate

 × Influent TSS
) × 100         (4.2) 

Although every attempt was made to achieve the target TSS at the inlet, due to the minor 

unavoidable non-linearity of the sediment feeder and pumping system, it was not possible to 

achieve the target TSS in all cases. Hence the obtained inlet concentration values were adjusted to 

100 mg/Lit and 200 mg/Lit. Therefore, all the TSS and turbidity values measured at different 

locations and time were adjusted accordingly. See Appendix C for more details. 

4.4.1 Effect of Media Thickness on TSS Removal Efficiency  

Only Type 1 soil media was considered for determining the effect of media thickness on treatment 

efficiency. Twelve experiments were performed, comprising six experiments with 4-inch and six 

experiments with 6-inch thicknesses. The percentage reduction in TSS obtained for each 

experiment is plotted in Figure 4.3 and Figure 4.4.  

Plotted data shows a 65% to 79% TSS reduction in the underdrain flow for the 6-inch soil, whereas 

only a 53% to 67% reduction was obtained for the 4-inch medium. Similarly, overflowing water 

had a TSS reduction of 32% to 64% for 6-inch medium, whereas only a 29% to 59% TSS reduction 

was obtained for the 4-inch medium.  
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Figure 4.3:  Effect of soil media thickness on TSS removal efficiency 

 (Type 1: 6-inch media (without underdrain) 

 

 

Figure 4.4: Effect of soil media thickness on TSS removal efficiency    

(Type 1: 4-inch media (without underdrain) 

 

The results are summarized in Table 4.3. The weighted average TSS reductions for the same 

experiment conditions were grouped and calculated. The mean value of weighted average TSS 

removal efficiency was then calculated and compared. Since the obtained mean of weighted 

average TSS removal efficiencies of the 4-inch medium were also smaller than those of the 6-inch 
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medium without underdrain, i.e., 43% vs. 48%, the 4-inch experiments were discontinued for 

further testing and not considered for in other scenarios.  

Table 4.3: Mean of weighted average TSS removal for 4 inches and 6 inch soil media 

 Inflow (Lit/min) Overall weighted 

average TSS removal  Description  60  120  180  

4"soil media without 

underdrain 
56% 40% 33% 43% 

6" soil media without 

underdrain 
66% 42% 36% 48% 

 

A previous study by Brown and Hunt (2012) found that the inflow volume reduction due to 

infiltration was more in media with higher thickness. The same study confirmed that the volume 

reduction and pollutant removal were seen mutually associated. A similar study by Li et al. (2009) 

also concluded that the media depth, as a primary factor for volume reduction by infiltration, 

change the hydrologic performance of bioretention facilities especially the BMPs incorporating 

infiltration media. These studies agree with the performance of the current laboratory experiments 

on expanded shale, demonstrating that the higher thickness of 6-inch is more effective in removing 

TSS. 

4.4.2 Effect of Underdrain System on TSS Removal Efficiency  

The influence of promoting infiltration of the soil media was evaluated, and each experiment with 

the same conditions but with and without the underdrain system were compared. Figure 4.5 and  

Figure 4.6 show the effect of the underdrain system on TSS removal efficiency over Type 1 and 

Type 2 soil media, respectively. In both Type 1 and Type 2 soil media, it is seen that in almost all 

cases, tests with the underdrain system outperformed those without underdrain.  

Table 4.4 summarizes the performance of swales with or without the underdrain. Considering the 

results from all experiments, an overall average removal efficiency of 56% was obtained when the 
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underdrain was active, whereas only a 47% overall average removal efficiency was observed when 

the underdrain system was inactive. This results show that with the underdrain, the removal 

efficiency was improved. This result aligns with the existing literature findings (e.g., Clark and 

Acomb 2008; Stagge 2012), which indicate that the pollutant removal efficiency is directly related 

to the degree of infiltration. 

 

Figure 4.5: Effect of underdrain system on TSS removal (Type 1 media, 6-inch) 

  

Figure 4.6: Effect of underdrain system on TSS removal (Type 2 media, 6-inch) 
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Table 4.4: Overall mean and range of weighted average TSS removal for 6-inch media with and without 

underdrain 

Condition 
Mean of Weighted Average 

TSS Removal Efficiency (%) 

Range of Weighted Average 

TSS Removal Efficiency (%) 

With Underdrain 56 39 - 82 

Without Underdrain 47 30 - 67 

 

4.4.3 Effect of Expanded Shale Type on Removal Efficiency  

Two different expanded shales, Type 1 and Type 2, were tested. Individual experiments’ TSS 

reductions were compared based on type of media, keeping all other factors same.  

Figure 4.7 and Figure 4.8 show the performance comparison chart for Type 1 and Type 2 expanded 

shales classifying with and without underdrain, respectively. The charts show that for almost all 

comparisons, Type 1 had better performance than Type 2 soil media. In nine out of twelve 

experiments, Type 1 had a higher weighted average TSS reduction than Type 2. 

 

Figure 4.7: Effect of type of soil media in TSS removal efficiency (with underdrain, 6-inch) 
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Figure 4.8: Effect of type of soil media in TSS removal efficiency (without underdrain, 6-inch) 

Table 4.5 presents the overall removal efficiency of all 6-inch media experiments, which were 

grouped based on the type of expanded shale. Noticeably, the mean of weighted average TSS 

removal efficiency was higher for Type 1 than Type 2, although they performed equally at 60 

Lit/min when the inflow was below drainage capacity and under-drain was provided.  

In the other cases, when inflow was higher than drainage capacity, Type 1 media being coarser 

and with higher or equal drainage capacity (cases with or without underdrain), higher portion of 

the water passes through the outlet (infiltrating water) than in Type 2 media. This allowed Type 1 

soil media to get in contact with a higher volume of water than Type 2 when the drainage capacity 

was exceeded. Thus, it is supposed that the reason of Type 1 media resulting in higher TSS removal 

efficiency is higher volume of water infiltrating through the media than Type 2.  

Table 4.5: Overall mean and range of weighted average TSS removal for 6-inch media  

Condition 
Mean of Weighted Average 

TSS Removal Efficiency (%) 

Range of Weighted Average TSS 

Removal Efficiency (%) 

Type 1 53 35 - 82 

Type 2 51 30 - 79 
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4.4.4 Effect of Inflow Rate on TSS Removal Efficiency  

The results from experiments with the same conditions but varying inflow are compared. Figure 

4.9 and Figure 4.10 illustrate the comparison of removal efficiency of expanded shale 

corresponding to the three different inflow rates tested, i.e., 60, 120, and 180 Lit/min. These figures 

clearly distinguish between the efficiencies of different inflow rates. They show that the soil 

medium under low flow (60 Lit/min) had higher efficiency in all case, since a larger proportion of 

inflow water passed through the filter media. 

 

Figure 4.9: Effect of inflow rate on TSS removal efficiency (with underdrain, 6-inch) 
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Figure 4.10: Effect of inflow rate on TSS removal efficiency (without underdrain, 6-inch) 

Table 4.6 summarizes the weighted average for all three flow rates considered. It is observed that 

the overall removal efficiency decreased with an increase in inflow rate from 71% being the 

highest for 60 Lit/min and 40% for 180 Lit/min. This findings agrees with work of Brown and 

Hunt (2012) and Stagge et al. (2012) that reported the volume reduction through the infiltration 

enhances the removal efficiency. This outcome of our study also indicates that when infiltration is 

constrained by drainage capacity, increased inflow rates lead to a greater fraction of overflow 

volume. Consequently, resulting in a reduced TSS removal efficiency since volume reduction 

(infiltration) in higher flow is smaller fraction of total inflow. This caused the weighted average 

TSS removal efficiency to decrease with increase in inflow (See Table 4.6). Also, higher efficiency 

for lower inflow and decreasing trend of efficiency with increasing inflow is comparable to that 

reported for TSS removal in bioswales (Groves et al. 1999). 
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Table 4.6: Overall mean and range of weighted average TSS removal for 6-inch media for different 

inflows 

Flow rate 

(Lit/min) 

Mean of Weighted Average TSS 

Removal Efficiency (%) 

Range of Weighted Average 

TSS Removal Efficiency (%) 

60 71 65 - 82 

120 44 38 - 52 

180 40 30 - 51 

 

4.4.5 Effect of Influent Concentration on TSS Removal Efficiency  

Figure 4.11 shows the effect of influent concentration on treatment removal efficiency of the 6-

inch media with an underdrain. With the underdrain system, the TSS removal efficiency varied 

between 39% and 82% in all cases. Likewise, Figure 4.12 shows the effect of influent 

concentration on treatment removal efficiency for without underdrain cases. Without the 

underdrain system, the TSS removal efficiency varied from 30% to 67%. The TSS reduction was 

more during low flow for any influent concentration when underdrainage was provided which is 

consistent with previous findings in Section 4.4.2. 

 

Figure 4.11: Effect of influent concentration on TSS removal efficiency (6-inch with underdrain) 
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Figure 4.12: Effect of influent concentration on TSS removal efficiency (6-inch without underdrain) 
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concentration i.e., effluent concentration is a constant function of influent concentration in 

bioswales.  

Table 4.7: Overall mean and range of weighted average TSS removal for 100 mg/Lit and 200 mg/Lit in 6 

inch media 

Flow rate  

(Lit/min) 

Mean of Weighted Average 

Removal Efficiency (%) 

Range of Weighted Average 

Removal Efficiency (%) 

100 mg/Lit 52 33 - 82 

200 mg/Lit 52 30 - 79 

 

4.5 TSS Removal Efficiency at Sampling Locations 

The overall TSS removal efficiency was calculated when all the tests performed were grouped 

only based on the location, irrespective of the other considerations. The percentage of TSS removal 

at the middle section, overflow, and outflow were compared. The overall removal efficiency was 

determined as the means of all calculated TSS removal efficiency for individual sampling 

locations. Table 4.8 illustrates the overall efficiency observed for different sampling locations. 

It is seen that, on average, 42% of sediment reduction was observed in the samples taken in the 

middle section of the flume and 43% in the overflowing water, and 68% in the infiltrating water 

(at the outflow). The range of TSS removal for each location is 20% to 75%, 19% to 75%, and 

55% to 82%, respectively. This confirms that the average TSS was decreasing along the flume, 

and the overflow had slightly smaller suspended solids than the middle section but significantly 

higher than the infiltrated water. This is in line with the previous studies which suggest that TSS 

concentration reduces exponentially along the flow (e.g., Deletic 2005; Lucke et al. 2014). 
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Table 4.8: Overall and range of TSS removal efficiency at different sampling locations 

Location 
Overall TSS Removal 

Efficiency (%) 

Range of TSS Removal 

Efficiency (%) 

Middle  42 20 - 75 

Overflow* 43 19 - 75 

Outflow 68 55 - 82 

Average** 52% 30 - 82 

                *Not all experiments had overflow 

                ** Including all the experiments 

 

4.5.1 Effect on TSS removal efficiency due to Underdrain and Flow at Sampling Locations 

Lastly, the overall effect of the underdrain system and inflow rate were classified and grouped to 

determine the overall TSS removal efficiency of the soil media. Table 4.9 shows the average TSS 

removal efficiency calculated for different inflow rates for the soil medium classified as with and 

without the underdrain system. Figure 4.13 shows the mean of weighted average efficiency of TSS 

reduction of the soil medium with and without the underdrain system under different inflow rates. 

A mean of weighted average efficiency is calculated as the average of all TSS percentage reduction 

for each sampling location using Equation 4.2, irrespective of its soil type. 

Initially, it was observed that at the low inflow rate of 60 Lit/min, the average TSS reduction 

percentage was higher in any location when underdrain was active. It is also observed that except 

for low flow (60 Lit/min), the middle and outflow’s average TSS reduction were almost similar 

with or without underdrain. But still, the overall weighted average TSS removal efficiency was 

consistently higher for underdrain-active cases because of the difference in the outflow rate. 

Although in both cases the outflow had the highest TSS removal than the other two locations, the 

outflow rate was significantly higher in cases where underdrain was active. This has resulted in 

higher overall removal efficiency for cases with underdrain. Internal water storage (IWS) 

integration was seen as one potential design modification to incorporate into the system to reduce 
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the overflow and promote overall removal efficiency. Kim et al. (2003) found that nutrient removal 

efficiency was enhanced when IWS was incorporated into the bioretention system. Hence, it could 

be concluded that bioswale pollutant removal would be higher in cases when infiltration is 

promoted. 

A 20% to 75% average TSS reduction was observed in all cases for the middle section, 55% to 

82% for outflow (infiltrated water), and 19% to 75% TSS reduction for overflowing water. Overall, 

41% to 76% was observed as an overall weighted average efficiency when all the experiments 

were considered. Regardless of any conditions, a weighted average TSS removal of 52% was 

obtained. Although, the expanded shale media’s removal efficiency in bioswales has not been 

documented, the obtained results are found to be comparable with the average TSS removal in 

BMP applications as reported in different studies. Yu et al. (1994), Kings County (1995), Hunt et 

al. (2008), Brown and Hunt (2012), and Fardel et al. (2019) obtained overall TSS removal of 50%, 

40%, 59.5%, 58%, and 56% respectively. Similarly, an experimental study from Stagge and Davis 

(2006) obtained 65% to 71% mean sediment reduction when grass swale efficiency was evaluated.  

However, the results were not consistent with findings from other studies such as Xiao and 

McPherson (2011) reporting 95% efficiency which may be because it was obtained in a large-scale 

field experiment in a parking lot, nearly 34 ft long, 7.8 ft wide and 3 ft deep of engineered soil 

(almost 26 times larger by volume and five times larger by surface area than the current study).  

Similarly, in terms of underdrained water, a study conducted by Purvis et al. (2018) had 88% 

removal efficiency for underdrained water, which is significantly higher than the finding of this 

study (66%). Also, Purvis et al. (2018) considered significantly large-scale field experiments as 

compared to the scale of the laboratory set up in this study having limited filter media thickness. 

Purvis et al. (2018) performed their experiments in a  137 ft long, 4 ft wide and 2.25 ft average 
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depth triangular media, which was significantly higher in terms of volume and depth than the 

current study. In other words, it was approximately 44 times larger by volume and ten times longer 

by length than the current study.  

Since the target TSS removal for the onsite bioswale practices is 80% (iSWM 2015; iSWMM 

2006; EPA 2016), these results of this study at the current scale did not meet such target. In addition 

to the size of the experimental setup, the current laboratory study represents the TSS removal 

efficiency without the presence of vegetation. Having said that, undersized BMPs are reported to 

perform less efficiently (Maryland Stormwater Design Manual 2000). 

This is further supported by the finding by Groves et al. (1999) that the TSS removal increased 

46%  to 54% (for lower rainfall intensity) and from 25% to 30% (for higher storm intensity) upon 

increasing the area of bioswale by 2.4 times Therefore, a large scale experimental setup is required 

to determine the actual efficiency of expanded shale in the field. Overall, this study showed that 

the expanded shale media have a competitive TSS removal performance as compared to other type 

of filter media.  

Table 4.9: Average TSS removal efficiency for all scenarios (6 inches media) 

 

Descriptions 

Inflow 

rate 

(Lit/min) 

Average TSS removal efficiency   Overall Weighted 

Average 

Efficiency (%) 
Middle section 

(%) 

Outflow 

(%) 

Overflow 

(%) 

With 

underdrain  

60 66 79 67 76 

120 36 62 32 47 

180 27 64 38 47 

Without 

underdrain  

60 60 75 62 66 

120 34 63 38 42 

180 31 66 30 34 
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Figure 4.13: Weighted average TSS removal under with and without underdrain conditions 

 

4.6 Turbidity Removal Efficiency 

Water samples from twenty four experiments were tested for turbidity. This includes 12 

experiments with the underdrain system (valve in underdrain system was open) and 12 experiments 

without underdrain (valve in underdrain system was closed). All the experiments were conducted 

with filter media of  6-inch thickness. Removal efficiency was calculated based on the influent 

turbidity and the turbidity at the sampling locations. Turbidity at three sampling locations was 

compared. 

4.6.1 Effect on Turbidity Removal Efficiency due to Underdrain, Influent Concentration, 

and Inflow Rate 

The effects of the underdrain system, inflow rate, and influent sediment concentration were 

analyzed for the obtained data in terms of turbidity removal efficiency. The turbidity removal 

percentage was always found to be higher for low flow conditions, and it gradually decreased and 

remained almost constant at higher flows. Groves et al. (1999) observed a similar result in 
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bioswales study. As previously discussed, this is due to the higher hydraulic residence time 

available for low flow and this trend is also consistent with TSS removal.  

Upon looking into the effect of underdrain on turbidity removal efficiency, in all cases, 

experiments with underdrain had significantly higher mean of weighted average removal 

efficiency than experiments without underdrain (Figure 4.14). This is also consistent with the TSS 

removal findings as discussed previously.  

 

Figure 4.14: Weighted average turbidity removal under with and without underdrain conditions 
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not undergo filtration process. Comparing overflow concentration with the samples taken at the 

middle section of the flume does not hold for the general assumption that the turbidity would be 

decreasing along the length. Results associated with the lower reduction in overflow turbidity 

compared to that in the middle section could be attributed to the resuspension of the sediment on 

the downstream due to the presence of the check dam. Also, observed higher turbidity in overflow 

than outflow was documented in the bioswales by Purvis et al. (2018). 

Table 4.10: Average turbidity removal efficiency at different sampling locations 

 

Description 

Average Turbidity Removal Efficiency (%) Mean Weighted 

Average Turbidity 

Removal (%) 
Middle section  Outflow  Overflow  

With underdrain 

 

Without underdrain 

18 

 

15 

43 

 

38 

17 

 

14 

31 

 

18 

 

100 mg/Lit 

 

200 mg/Lit 

16 

 

18 

39 

 

41 

12 

 

18 

22 

 

26 

 

4.6.2 Turbidity Removal Efficiency at Sampling Locations 

The efficiency of the expanded shale media at sampling location was determined by calculating 

the overall average turbidity removal. All the turbidity removal efficiency obtained for individual 

experiments were averaged to obtain the overall average turbidity removal percentage. An average 

reduction in turbidity of 17 % was obtained within the half length of the flume with a range of        

-4% to 43% varying within different experiments. The water infiltrating through filter media (the 

outflow) had an average reduction of 40% while the range was 22% to 61% reduction. The water 

that overflowed through the downstream weir had 15% turbidity removal, with a range of -7% to 

49% (see Table 4.11). In all cases, the turbidity was seen to have a mean weighted average 

reduction of 24% irrespective of test conditions. The negative weighted average reduction could 
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be due to those experiments in which the turbidity at different sampling locations were higher than 

the inlet turbidity. 

Results in this study with mean turbidity removal of 40% at underdrain and 15% at overflow are 

relatable to the 36% and 4% turbidity removal in the study of Purvis et al. (2018).  

Table 4.11: Overall and range of turbidity removal efficiency at different sampling locations (6-inch) 

Location 
Overall Turbidity 

Removal Efficiency (%) 

Range of Turbidity 

Removal Efficiency (%) 

Middle  17 (-4) - 43 

Overflow* 15 (-7) - 49 

Outflow 40 22 - 61 

Average** 24% (-3) - 56 

 *Not all experiments had overflow 

 ** Including all the experiments 

As observed, the overflow’s average turbidity reduction was slightly lower than that of the middle 

section, but the overflow’s average TSS reduction was almost similar (i.e., weighted average) to 

those at the middle and overflow section. Since, Bright et al. (2020) studied the specific turbidity 

which is a measure of degree of scattering of the light by the sediment. As reported, presence of 

finer particles increases along the flow and, the finer particles are known to scatter more light 

causing higher turbidity. This resulted in the speculations that whether  the coarser particles are 

settling down along the way as reported by Bright et al. (2020) or if it is due to the increased 

turbidity at the overflow section. 

4.7 Change in Sediment Particle Gradation  

Five experiments were selected to perform the particle size gradation of the suspended sediment. 

Samples taken in five experiments were tested by the laser diffraction method for gradation. The 

experiments that were considered for the suspended sediment particle size gradation are tabulated 

in Table 4.12. 
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Table 4.12: Experiments considered for sediment gradation size test (6-inch media with underdrain) 

Type of Medium Flow 

(Lit/min) 

Influent Concentration 

(mg/Lit) 

Type 1 

 

60 100 

180 200 

Type 2 

60 200 

180 100 

180 200 

 

4.7.1 Sediment Size Variation Along the Length of the Flume 

The gradation test results were compared based on two different types of expanded shale used. 

First, the average value was taken for all three repeated tests. Subsequently, the average values 

were calculated for various time intervals—specifically, 10 minutes, 20 minutes, 30 minutes, and 

40 minutes—based on the obtained average value. Ultimately, the graphs were generated using the 

average values for different sampling stations under consideration. The results are illustrated in  

Figure 4.15 and Figure 4.16. 

 

Figure 4.15: Sediment size variation along the length (Type 1 media, 6 inch) 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.1 1 10 100

%
 P

as
si

n
g

Particle Size (μm)

Inlet Middle Outlet Overflow



78 
 

 

Figure 4.16: Sediment size variation along the length (Type 2 bed layer, 6 inch) 

The results showed a distinctive sediment size variation along the flume. In both media types, the 

sediment lost the coarser particles as moving along the flow direction, as shown in  

Figure 4.15 and Figure 4.16. Moreover, we see a similar gradation change in outflow sediment 

regardless of the soil media type. Nevertheless, an atypical pattern in overflow gradation was 

observed, displaying divergence, prompting a need for additional investigation. For that, all the 

observed sediment variation is re-analyzed for this investigation concerning the incoming flow 

rate. The results based on flow categorization as high flow (180 Lit/min) and low flow (60 Lit/min) 

are shown in 

Figure 4.17 and Figure 4.18. 

Low Flow 

The drastic change in particle size was observed during low flow conditions where the mean 
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possibly because of higher hydraulic residence time for low flow. Due to the higher hydraulic 

residence time for low flow, the particles had enough time to drop off coarser particles. The 

findings of this study regarding low-flow scenarios align with the observations made in earlier 

research by Deletic (2005) and Lucke et al. (2014), where exponential variations in sediment size 

along the length were also noted. 

 

Figure 4.17: Sediment size variation along the length during low flow (60 Lit/min) 

 

High Flow: 

During high flow, particles in outlet flow had the smallest median diameter of any other sampling 

locations (Figure 4.18). Also, sediments in overflow were finer than at the middle section. The size 

of 15 μm median size particles introduced at the inlet reduces to 10 μm in size when it travels half 

of the length of the flume. This shows that the sediment did not have enough time to settle out the 

coarser particles during higher flow. This is due to shorter hydraulic residence time available and 

sediment traveling at higher velocities. Unlike during low flow, where particles were found to be 

finer than those in the  middle section, high flow conditions resulted in the observation of coarser 

particles in the overflow due to the reduced hydraulic residence time. 
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Similarly, the outflow water had the smallest sediment size (5 μm) than at any other locations. 

Overflow water had a slightly higher mean size of 8 μm, and the middle section had a mean size 

of 10 μm. This shows that the drastic change in particle size was not observed during high flow 

experiments as observed during low flow cases. This is also due to the low hydraulic residence 

time available at higher flow. 

 

Figure 4.18: Sediment size variation along the length during high flow (180 Lit/min) 

4.7.2 Sediment Gradation Change over Time 

A pattern of change in sediment gradation was analyzed for sampling locations with respect to 
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Figure 4.19: Change in suspended sediment gradation with time at middle section of the flume 

 

Figure 4.20: Change in suspended sediment gradation with time at outflow  
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Figure 4.21: Change in suspended sediment gradation with time at overflow  

Except for minor changes in gradation of suspended sediment in samples taken from the middle 

section of the flume, all sediment gradation curves at other sampling locations were the same 

throughout the experiment. This observation suggests that the flow was steady and the bioswale 

did not become clogged during the experiments. If there was any reduction in performance, the 

sediment gradation should have changed with time during the experiments. However, a long-term 

performance of the expanded shale regarding clogging was not included in this study. 

4.8 Calculation of Trapping Efficiency 

The Aberdeen equation was used to assess the trapping efficiency due to the sedimentation-only 

process. For dry swales, settling is the dominant process compared to biological uptake and 

adsorption, Aberdeen equation gives the expected efficiency of the swale (Hunt et al. 2020). Hence 

for the this study, the efficiency obtained is compared with the expected efficiency using Aberdeen 

Equation. Since, the Aberdeen equation is only applicable in laminar viscous flows (Hunt et al. 

2020), only the 60 Lit/min inflow was used for the comparative study.  
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A particle size distribution (PSD) was considered to calculate the weighted average trapping 

efficiency for the sediment used in the experiment. The efficiency obtained based on the PSD was 

compared with the efficiency calculated  based on the median diameter (d50) of the sediment 

gradation at the inlet. 

 Table 4.13 shows the information on experiment with a total of 60 Lit/min inflow and the overflow 

at the rate of 44 Lit/min (passing through downstream weir). The rest of the water was passing 

through the underdrain. Therefore, the underdrain rate was deducted from the total flow for the 

calculation of trap efficiency using the Aberdeen equation. For the flume with net length  of 14 ft, 

the maintained flow depth of 4 inches and a 4 feet flow width, the trap efficiency was calculated.  

Firstly, for 14 ft of full-length using Aberdeen equation trapping efficiency of 19.6 % using median 

diameter (~0.014 mm) and 21.5% based on PSD were obtained. In an actual a 75% reduction of 

suspended sediment concentration was observed in the lab for this scenario.  

Similarly, a trap efficiency of 13.1% (using the median diameter) and 15.7% (using the PSD) was 

calculated for the middle section of the flume. From the laboratory experiment, the sediment 

reduction of 71% was obtained for the middle portion of the flume for this scenario. The 

differences between  the calculated trap efficiencies using d50 and PSD is similar to observed 

results in previous studies (e.g., Deletic 2005; Hunt et al. 2020). A summary of the trap efficiency 

calculations based on both median size and PSD is presented in Table 4.13. 

The theoretical required length to achieve 80% sediment reduction solely due to settlement was 

determined using Aberdeen equation. For this purpose, the trapping efficiency was calculated  for 

different hypothetical flume lengths. 
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Table 4.13: Summary of Calculated and Measured Trapping Efficiency 

 

The trap efficiency vs. the flume length in plotted in Figure 4.22. According to this figure, the 

length required to achieve 80% sediment removal efficiency is 250 m.  

The observed efficiencies for the half and full length of the flume are also plotted in Figure 4.22. 

An exponential relationship was used to draw a best fit curve. The exponential relationship was 

selected since the Aberdeen equation is also developed based on an exponential relationship 

between reduction in sediment concentration with the length. Using the relationship for best fit 

curve, a flume length of 22 ft (6.8 m) was calculated to achieve an 80% reduction in sediment load. 

 

Figure 4.22: Trapping Efficiency vs Required Length using Aberdeen Equation 
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CHAPTER 5 

CONCLUSIONS  

 

 

 

5.1 Summary and Conclusion 

Bioswales, commonly employed as Best Management Practices (BMPs), are designed to serve as 

water quality flow treatments and reduce peak flows during extreme events. The efficiency of 

BMPs is assessed based on their overall capacity to reduce pollutants. To achieve optimal 

efficiency in bioswales, a thorough understanding of the removal mechanisms is essential. 

The main objective of this study was to determine the treatment effectiveness of expanded shale 

when used as an infiltration medium. To achieve this, the study first investigated the influence of 

infiltrating media thickness on the overall efficiency of sediment removal. Subsequently, the 

selected thickness of the expanded shale media underwent testing under various conditions to 

evaluate its effectiveness in removing TSS and turbidity. Testing conditions included variables 

such as soil media properties, inflow rate, influent concentrations, and drainage conditions. 

Furthermore, tests were conducted to examine the variation of sediment particles along the channel 

length. 

The following are the significant conclusions drawn from the study: 

• Expanded shale with a 6-inch thickness consistently outperformed the 4-inch thickness in 

terms of TSS reduction along the entire channel length, regardless of the scenarios tested. 
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• The presence of an underdrain system significantly improved pollutant removal efficiency 

compared to systems without an underdrain. Enhanced drainage allowed increased 

exposure of water to the expanded shale media, enhancing sediment adsorption. 

• Coarser expanded shale mix generally performed better than finer mix when the underdrain 

was active, but they showed similar performance under inactive underdrain conditions. 

• In reference to the previously reported studies, the incorporation of expanded shale into 

soil alongside vegetation is anticipated to improve treatment effectiveness. Additionally, 

use of expanded shale in low porous soils is likely to foster increased vegetation growth. 

• Overall removal efficiency decreased with the increasing flow rate. 

• While TSS and turbidity showed similar reduction patterns in most scenarios, turbidity in 

overflowing water was higher than at the middle section of the flume due to changes in 

sediment particle gradation and resuspension caused by the check dam. 

• The maximum TSS and turbidity reduction achieved for water infiltrated through the 

expanded shale media were 82% and 61%, respectively, while for overflowing water, it 

was up to 75% for TSS and 49% for turbidity. Maximum efficiency was observed at a 

water quality flow rate of 60 Lit/min. The weighted average TSS reduction was 52%, and 

turbidity reduction was 24%. 

• The particle size gradation indicated that coarser particles settled along the flow, resulting 

in 42% TSS reduction and 17% turbidity removal within half of the flume's total length. 

• The particle gradation change along the flume length remained constant over time, but the 

gradation in the middle and overflow sections varied with the flow rate. 
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• To achieve an 80% treatment goal for water quality flow, a length of 22 feet was expected, 

but with an underdrain, this goal was achieved within 14 feet, reducing the required length 

by 1.6 times. 

In conclusion, higher thickness of coarser expanded shale with enhanced infiltration under low 

flow conditions significantly improved water quality. Increasing the infiltration rate through soil 

amendment or reducing the flow rate resulted in higher treatment efficiency. In cases without an 

underdrain system, the presence of finer particles in the infiltrating media significantly impacted 

the infiltration rate. 

5.2 Recommendations for Future Research 

Based on the findings of this study, the following recommendations are proposed for future 

research: 

• Investigate the impact of clogging on expanded shale media over an extended period. Since 

clogging was evident in experiments with varying conditions, a more detailed analysis is 

needed to understand its long-term effects on pollutant removal efficiency. 

• Address the effects of inflow patterns by conducting studies that incorporate lateral flows. 

The current experimental facilities were limited in this regard, and exploring different 

inflow patterns could provide valuable insights into system performance. 

• Examine the influence of vegetation on expanded shale media. In real-world scenarios, 

natural vegetation growth can affect flow dynamics and pollutant removal efficiency. 

Studying the combined effect of vegetation and expanded shale would be valuable for 

practical stormwater management.  
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• Explore the treatment efficiency of expanded shale beyond TSS and turbidity, including its 

effects on nutrients and metals such as Phosphorus, Nitrate-Nitrogen, and Zinc. A broader 

assessment of its pollutant removal capabilities would be valuable. 

• Conduct a cost-benefit analysis comparing expanded shale as a filter media with existing 

filter media. This comparative study would provide insights into the economic feasibility 

of utilizing expanded shale in stormwater management. 

• Conduct a comprehensive field experiment to assess the actual efficiency of expanded 

shale by incorporating volume reduction through the bottom and sides. The current study 

was limited to a glass flume with restricted infiltration, which may not fully represent the 

potential treatment efficiency of expanded shale. 

By addressing these aspects, future research can contribute to a more comprehensive 

understanding of the potential and limitations of expanded shale as a stormwater management 

solution. 
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APPENDIX A 

FLOW CALIBRATION 

 

 
Table A.1: Flow Calibration Table 

S.N. Manual Flow Measurement 

(lit/min) 

Flow 

(sensor) 

(Lit/min) Initial 

Time 

(t1) 

Final 

Time 

(t2) 

Avg 

time 

taken (t) 

Volume 

(Lit) 

Actual 

Flow 

(Lit/min) 

1 29 30 29.5 96 195.25 175 

2 90 92 91 48 31.64 26 

3 82.5 80 81.25 96 70.89 64.5 

4 57 55 56 96 102.85 100 

5 33 32 32.5 96 177.23 155 

6 25 26.5 25.75 96 223.68 200 

7 20.85 21.57 21.21 96 271.57 251 

 

 

 

Figure A. 1: Sensor Reading vs. Actual Flow 
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APPENDIX B 

SIEVE ANALYSIS 

Sample Sieve Analysis  

Sample: G-pile 

Sample weight: 700 grams 

Table B.1: Sample Sieve Analysis Calculation Table (G-pile) 

Sieve Number Sieve 

Size 

(mm) 

Mass 

of 

Sieve, 

(g) 

(M1) 

Mass of 

each 

Sieve + 

Soil 

Retained, 

(g) M2 

Mass of 

soil 

retained 

(g), (M2- 

M1) 

Percent 

Retained 

on 

Sieve, 

% 

Cumulative 

% Retained 

on Sieve 

Percent 

Finer, % 

3/8 inch 9.5 544.6 544.6 0 0 0 100 

4 4.75 514.9 949.6 434.7 62.11 62.11 37.89 

8 2.36 431.4 690.8 259.4 37.06 99.17 0.83 

10 2 620.7 622 1.3 0.19 99.36 0.64 

16 1.18 644.2 644.5 0.3 0.04 99.40 0.60 

30 0.6 574 574.1 0.1 0.01 99.41 0.59 

50 0.3 550.2 550.3 0.1 0.01 99.43 0.57 

100 0.15 514.3 514.5 0.2 0.03 99.46 0.54 

200 0.075 520.7 522.4 1.7 0.24 99.70 0.30 

Receiving Pan - 499.9 502 2.2 0.30 100.00 0 

Total 700 grams 

 

Figure B.1: Sample Gradation Curve showing the d50 size. 
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APPENDIX C 

SAMPLE CALCULATION FOR TSS ADJUSTMENT 

Experiment number:  19 (b) 

Date: April 19, 2023 

Total Target Flow: 120 Lit/min 

Target Concentration: 200 mg/Lit 

Table C.1: Sample TSS Adjustment Sheet 

S.N. Location Time 

(min) 

Measured 

TSS 

(mg/Lit) 

Adjusted 

TSS  

(mg/Lit) 

Average 

Measured 

TSS 

(mg/Lit)  

Average 

Adjusted 

TSS  

(mg/Lit)  

1 

S
lu

rr
y
 T

an
k
 

10 4672  

4419  2 20 4378  

3 30 4617.2  

4 40 4008  

5 

In
le

t 

10 219.4 202 

217 200 
6 20 222.4 205 

7 30 221.3 204 

8 40 204.6 189 

9 

M
id

d
le

 10 146.6 135 

170 157 
10 20 172.8 159 

11 30 171.4 158 

12 40 165.7 153 

13 

O
u
tl

et
 

(d
ra

in
ag

e)
 10 83.5 77 

91 84 
14 20 88.2 81 

15 30 99.9 92 

16 40 86.1 79 

17 

O
u

tl
et

 

(o
v

er
fl

o
w

) 10 107.2 99 

125 115 
18 20 119.0 110 

19 30 130.8 121 

20 40 124.9 115 
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Table C.2: Illustration of Actual vs. Adjusted Percent Reduction (TSS) 

Sampling 

Location 

Actual 

TSS  

(mg/Lit) 

Actual 

Percent 

Reduction 

(%) 

Average 

Adjusted 

TSS 

(mg/Lit) 

Adjusted 

Percent 

Reduction 

(%) 

Inlet  217  200  

Middle 

section 
170 22 157 22 

Outlet  91 58 84 58 

Overflow 125 42 115 42 
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