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RESUMO 

MACEDO, M. B. (2017). Otimização de técnicas compensatórias de drenagem urbana 

em clima subtropical. Dissertação, Escola de Engenharia de São Carlos, Universidade de 

São Paulo. 

A drenagem urbana no Brasil esteve focada historicamente no tratamento hidráulico para a 

condução do escoamento superficial. A partir da década de 90 se inicia uma mudança de 

paradigma com o estudo de técnicas compensatórias (TCs), visando adaptar o cenário local 

para compensar os efeitos da urbanização sobre o escoamento superficial, de forma a manter o 

ciclo hidrológico o mais próximo possível do natural. No entanto, existe ainda uma lacuna 

quanto a integração das variáveis quali-quantitativas e sua compreensão. No mais, as regiões 

de clima temperado estiveram no centro dos estudos, havendo pouco conhecimento sobre a 

influência de outros climas em sua eficiência. Assim, a presente pesquisa teve como objetivo 

avaliar a operação de uma estrutura de bioretenção em uma região de clima subtropical, 

quanto a sua capacidade de tratamento da poluição difusa e retenção hídrica de forma 

integrada. Para tal, foram monitorados dois dispositivos em escalas distintas, sendo essas 

laboratório e campo. Os resultados obtidos indicaram um uso promissor da bioretenção em 

reduzir os riscos de enchente, reduzindo a vazão de pico e o volume total transferido à 

jusante, assim como a carga total de poluentes. No entanto, adaptações nas etapas de 

implantação e operação são necessárias para clima subtropical. As características específicas 

desses locais, como solos altamente intemperizados e regimes de chuva de alta intensidade em 

pequeno intervalo de tempo, afetam a eficiência de retenção hídrica e retenção de poluente. 

Novos estudos avaliando diversos locais, escalas de aplicação, e fatores-chave para o 

tratamento devem ser realizados.  

Palavras chave:  Bioretenção; Eficiência generalizada; Poluição difusa; Escoamento 

superficial. 

 

 

 

 

 



 
 

ABSTRACT 

MACEDO, M. B. (2017). Optimizing low impact development (LID) practices in 

subtropical climate. Dissertation, São Carlos School of Engineering, University of São 

Paulo, São Carlos. 

The urban drainage in Brazil has been focused historically in the hydraulic conduction of the 

runoff. From the 1990’s a paradigm shift was initiated with the study of LID practices, aiming 

at adapting the local scenario to compensate the urbanization effects on runoff and reestablish 

the water cycle as close as possible to the natural. However, there is still a gap regarding the 

integration of qualitative-quantitative variables and their comprehension. In addition, the 

temperate climate regions have been in the center of the studies, with still few knowledge 

about other climates influence in its efficiency. Therefore, this research aimed to evaluate the 

operation of a bioretention structure in a subtropical climate region, regarding mainly its 

pollutant treatment capacity and water retention, in an integrated way. The results indicate a 

positive use of the bioretention in reducing the exceedance risks, by reducing the peak flow, 

the total volume and the pollutant load transferred downstream. However, adaptations the 

implementation and operation stages are necessary for subtropical climates. The local specific 

characteristics, such as soil highly weathered and rainfall with high intensities in short 

intervals of time, affect the water and pollutant retention efficiency. Further studies evaluating 

different applications locals and scales, and treatment key factors must be performed. 

 

Key-words: Bioretention; Integrated efficiency; Diffuse pollution, Runoff. 
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1 GENERAL INTRODUCTION 

  

From the 1950s, Brazil underwent an accelerated urbanization process, leading to 

structural social and environmental modifications in the country’s situation. The need to move 

around the city resulted in the construction of road networks, changing the natural landscape, 

the relief, sealing the soil and changing the watersheds profile. This process of urbanization 

was made in a confusing scenario of planning, where in many cities planning is non-existent 

or is poorly done and with misconceptions, leading to structural environmental problems in 

their execution. Also, it is normal cases such as large urban centers (e.g.. São Paulo, Rio de 

Janeiro and Belo Horizonte) where it was made a proper planning, but the execution is not 

done in total agreement with the plan and also the growth of the informal city by means of 

irregular housing and favelas stand as an additional difficulty. 

Consequently, there was an increase in the runoff generation, and natural phenomenon 

of water cycle have become urban problems. In this scenario, the urban drainage in Brazil has 

been focused, historically, in the hydraulic conduction of the runoff (PÔMPEO, 2000), still 

prevailing nowadays. 

 However, since the 1990s, the Brazilian research centers in urban drainage started to 

study alternative systems, such as Low Impact Development (LID) practices, and their 

adaptations to the local scenario. Based on the research developed by groups of Europe, USA, 

and Australia, ways of offsetting the urbanization effects on the runoff and stormwater started 

to be studied. Baptista et al. (2005) made a review and discussed these systems and their 

typologies. The developed concepts generate a paradigm change in how to treat urban 

drainage, and the incorporation of these concepts in Urban Master Plans increased, although 

still small.  

 This new approach has several denominations, such as LID systems, Sustainable 

Urban Drainage Systems (SUDS), Water Sensitive Urban Drainage (WSUD) and Best 

Management Practices (BMP) (ROSA et al., submitted). According to Fletcher et al. (2012), 

these techniques range from induced infiltration, retention, (bio)filtration, generation control, 

to landscape and urban space integration. A multidisciplinary approach, including 

environmental education and social participation, is required. It is possible to notice that these 

new concepts are based on the same principle, reestablishing the water cycle prior 

urbanization, increasing the infiltration intro the ground. This process contributes to an 
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integrated efficiency in the runoff quali-quantiative control, retaining volume, peak flows, and 

allowing a pollutant load removal. 

 Despite two decades of LID research in Brazil, there is still little practical 

incorporation. Once the drainage problems are in macro scale, the public managers prefer 

macro drainage structures, such as large reservoirs, due to the lack of qualification in diffuse 

and small structures (CANHOLI, 2005). There is also a prejudice on the part of civil society, 

which has difficulties in associating small solutions with problems of macro scale. However, 

some studies have already been developed, especially with infiltration trenches and wells 

(LUCAS, 2011; GUTIERREZ, 2011; and LUCAS et al., 2015). 

Moreover, the studies produced until today have been focused in temperate climate 

regions (DAVIS, 2007; BRATIERES et al., 2008; DAVIS, 2008; WINSTON et al., 2016, 

WANG et al., 2015 and 2016), where the geo climatic, sanitary and social condition is very 

different from those in subtropical climate areas. In the subtropical regions, it is common to 

have higher temperatures and more intense rainfall events, then tropical climates. Moreover, 

the context of urban planning and services are also poorly, leading to structural differences in 

the application of alternative urban drainage systems. Therefore, studying adaptations and 

monitoring LID practices in tropical and subtropical regions is still a lack. 

 The present study aimed to evaluate the use of a bioretention system in micro drainage 

and laboratory scale, verifying its efficiency in the runoff control and in the treatment of 

diffuse pollution. By monitoring the quali-quantitative variables, it was possible to obtain an 

integrated analysis of this experimental device. The monitoring also allowed to identify the 

typical pathologies in operating these systems under subtropical climate, evaluating the 

application of a bioretention in the context of Brazil (which are very close from the context of 

other cities in Latin America), raising the maintenance needs for its proper performance and 

to increase the practical incorporation.  

This research was supported by the project MAPLU2 – Stormwater Management in 

the Urban Environment/FINEP Agreement 0982/10(01.10.0701.00), composed of a network 

of 16 Brazilian IES, (2) Thematic Project FAPESP 2008/58161-1 “Assessment of Impacts 

and Vulnerability to Climate Change in Brazil and Strategies for Adaptation Options”, 

through its Component 6 (EESC/USP) “Mitigation and adaptation measures of vulnerable 

communities to cope with water-related risks derived from climate change scenarios at river 

basins of São Carlos”; and (3) Casadinho/PROCAD CNPq 552494/2011-9 (UFAL-
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EESC/USP) “Advanced monitoring of biotechnological processes and environmental 

quality”. 

 

1.1 Text organization   

These master’s thesis is organized in 6 chapters, containing a chapter with the general 

methodology applied in the collection of experimental data, three chapters with the results and 

discussion for each specific purpose, closing with a general conclusion and recommendations.  

The general methodology used as the basis for all field and laboratory experiments is 

presented in chapter two. The collection points, as well as the selected method and 

instrument to the acquisition of quantitative data and qualitative samples gathering,  are 

discussed with more details.  

Chapter three discusses the pathologies identified during the operation of the 

bioretention applied in the field, in the University of São Paulo/São Carlos. Low water 

infiltration, low storage volume, and erosion in the soil layer were identified as the most 

common problems and consequence of the subtropical condition. Therefore, evaluation 

measures and maintenance actions were proposed to reestablish the proper operation and the 

design efficiency. 

In chapter four, the quali-quantitative performance results are presented, for the 

bioretention applied in the field. The quantitative, qualitative and integrated efficiency values 

were calculated and compared with the design values, when they exist. The results were 

compared with the data obtained by other studies conducted in temperate climate, allowing to 

verify if the techniques behavior is similar for both climatic conditions. Differences in the 

runoff retention and pollutant removal rate were found. In this chapter, it was also made an 

evaluation of the first flush phenomenon, to the studied catchment. 

A comparison of laboratory and field scales under controlled conditions is presented in 

chapter five. Conditions for hydric similarity were applied. The results showed similar results 

for both scales in quantitative terms, but different for analysis of pollutant removal. 

Finally, chapter six presents a general conclusion and recommendations for future 

studies.  
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1.2 Research hypothesis 

The use of bioretention systems to urban drainage in subtropical climate, as an 

alternative to the classical drainage systems, allows retaining the runoff affluent to the 

waterbody, facilitating its infiltration and reducing the risks of pollutants carrying. Therefore, 

the volume and pollutant mass mitigation help to reduce the impacts downstream, under 

urbanization scenarios.  Planning properly the operation and maintenance of LID practices, 

according to the climatic and catchment occupation conditions, guarantees an optimization of 

the water and mass retention efficiency during its lifetime. 

 

1.3 Purpose  

1.3.1 General purpose 

Evaluate the integrate efficiency (quali-quantitative) of LID practices in mitigating 

exceedance risks of urban drainage, by controlled and non-controlled experiments in 

bioretention systems under subtropical climate, aiming the optimization of the operation and 

maintenance. 

 

1.3.2 Specific purpose 

 Optimize, physically and economically, the operation and maintenance of the 

bioretention system applied in field under subtropical climate, quantifying the 

efficiency variation after the maintenance actions; 

 Evaluate the water and pollution mass balance in stormwater, by controlled and non-

controlled experiments under subtropical climate. 

 

1.4 Relationship between objectives, methodology, and products 

A flowchart of the research is shown in Figure 1.1, correlating the specific purposes, 

the applied methods and the products generated. Each product here presented corresponds to a 

thesis chapter and an article submitted to a journal, aiming to respond the research purposes. 
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Figure 1.1 - Flowchart of the research, interconnecting objectives, methodology, and 

products. 
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2 GENERAL METHODOLOGY 

 

Two main modules were selected to conduct the research: a) evaluation in the 

laboratory from a prototype, which allows simulating different subtropical conditions, such as 

rainfall intensity. This module also has didactic purposes for the study of LID practices; b) 

evaluation in the field, which allows visualizing the effects of applying bioretention systems 

in micro drainage scale.  

Therefore, the general methodology follows the schematic flowchart of Figure 2.1, 

containing four main stages: (1) evaluating the use of bioretention from simulations 

performed with the prototype, in laboratory; (2) stormwater qualitative monitoring in the inlet 

and outlet structures of the system, evaluating the pollutant removal efficiency; (3) 

quantitative monitoring in the inlet and outlet structures, evaluating the volume and peak flow 

retention; and (4) maintenance.  

 

Figure 2.1 – Methodology flowchart, with the structure of research development. 

2.1 Water and mass balance 

The pollutant mass balance and water balance representing the bioretention system is 

shown in Figure 2.2 and equations 2.1 and 2.2, adapted from Erickson et al. (2013). The 

variables to be determined experimentally vary for the prototype and and real scale.  
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Figure 2.2 - (a) Pollutant mass balance of the system; (b) Water balance of the system. 

𝑀𝑠(𝑡) = (𝑀𝑖𝑛 + 𝑀𝑃) − (𝑀𝑜𝑢𝑡(𝑡) +  𝑀𝐼(𝑡))                                                                        (2.1) 

 

𝑆(𝑡) = 𝑉𝑖𝑛(𝑡) − 𝑉𝑜𝑢𝑡(𝑡) =  (𝑄𝑖𝑛(𝑡). 𝑡 + 𝑃(𝑡). 𝐴𝑤) − (𝑄𝑜𝑢𝑡(𝑡). 𝑡 +  𝐼(𝑡). 𝑡)                      (2.2) 

where: 

Aw = Catchment surface [m²]; 

I(t) = Percolated flow into the ground [L/min]; 

MI(t) = Infiltrated/treated pollutant mass by the LID practice [g]; 

Min(t) = Pollutant mass in the inflow runoff [g]; 

Mout(t) = Pollutant mass in the outflow [g]; 

Ms(t) = Stored pollutant mass, including positive or negative reactions due to internal processes, i.e. 

sorption, degradation, etc., in the bioretention basin [g]; 

MP(t) = Pollutant mass in the precipitation, directly over the bioretention basin [g];  

P(t) = Direct precipitation over the bioretention basin [mm] 

Qin(t) = Inflow discharge [L/min]; 

Qout(t) = Outflow discharge [L/min]; 

S(t) = Storage volume in the bioretention basin [L]; 

t = Analyzed time interval [min]  

Vin(t) = Inlet volume [L]; 

Vout(t) = Outlet volume [L]. 

These equations are presented throughout the chapters, considering the specificities for 

each results evaluation. 

2.2 Qualitative monitoring  

2.2.1 Variables that characterize the catchment pollution and its laboratory analysis 

methodology  
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 In a first moment, the water quality parameters to be evaluated were selected from 

literature and review in stormwater characterization. Tucci (2002) affirm that the main water 

quality indicators are the one representing organic pollution and metals. May (2004) 

characterized the rainwater from physical-chemical and biological variables, among them 

color, turbidity, iron, series of solids, dissolved oxygen, biochemical demand of oxygen 

(BOD5) and total coliforms. Dietz (2007) found as main parameters in LID studies the total 

nitrogen, total phosphorus, series of solids and metals, and realized that are still few analyses 

on the effect of these practices on the temperature and microorganisms (pathogens, coliforms, 

etc.). More specifically to the city of São Carlos, the research of Galavoti (2011) and 

Vasconcelos (2008) characterized the rainwater drained by a roof, in a peripheral and few 

urbanized region. They obtained similar parameters that the other studies. Despite the 

importance of oils, greases and hydrocarbons to analyze the stormwater quality in places with 

automobile traffic, the application site is still few urbanized and with light traffic, not 

justifying these parameters incorporation in the analysis. However, it is important that with 

the advance of the urbanization in this catchment, we incorporate these parameters in the 

evaluation and analyses. 

 After the review, a list of the water quality variables to be analyzed in the first moment 

and the analytical method to be used were elaborated (Table 2.1). These variables may change 

during the study if their absence is observed. The analyses methodology was in accordance 

with the Standard Methods for the Examination of Water and Wastewater.  

Table 2.1 – Water quality variables to be analyzed and method employed 

Variable Method 

Temperature Portable thermometer 

Color Spectrophotometer 

Turbidity Turbidimeter 

pH pHmeter 

Metals 

 (Fe, Cu, Zn, Cd, Cr, Pb, Ni, Mn) 

Atomic absorption 

spectrophotometry 

COD 5220D 

TOC 5310 TOC 

Nitrite 4500-NO2
- 

Nitrate 4500-NO3
- 

Ammonia 4500-NH3 

Phosphate 4500-P 

Sedimentable Solids 2540 
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2.2.2 Collection methodology 

 To the device in the field, the water samples were collected at five different points, 

located along the bioretention cell, with the purpose of evaluating its spatial-temporal 

performance. The data obtained support the understanding of the system practical operation. It 

is important to analyze the variables evolution along the device to know how the biofiltration 

process occurs in the longitudinal profile. In addition, it is also important evaluating the 

variables behavior over time and the clogging effects. In this study, we also raised data to 

characterize the first flush phenomenon in the application catchment. 

 

 

Figure 2.3 - Schematic location of the water sample collection points and level sensor 

installation, with its actual representation – (a) inlet point; (b) Visit pipes distributed 

lengthwise; c) outlet point. 

Figure 2.3 shows the location of the collection points. Are they:  

a) Inlet point: Located at the decanter inlet, allowing to characterize the stormwater inflow 

(Min(t)) and the first flush phenomenon. These data can be compared with those of other sites 

with different land use and occupation characteristics, analyzing if there are significant 

differences in the water quality.  

b) Visit pipes: Three pipes located along the bioretention cell, which allows obtaining the 

spatial-temporal behavior of the storage (Ms(t)).  

Legend:

Coarse Sand

Gravel

Geotextile

Soil

Level sensora)

b)

c)

a) b)
c) TC durante evento chuvoso
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c) Outlet point: Located in the outlet weir, allowing to characterize the device effluent water 

(Mout(t)). This point is essential to determine the system efficiency and it represents the actual 

pollutant load going directly to the waterbody when the bioretention is working. 

 The amount of pollutants in the rainwater directly incident over the device (MP(t)) was 

considered insignificant, due to the small volume contribution (not passing 3% in all 

experiments). The infiltrated/treated pollutant load (MI(t)) can be obtained from the resolution 

of equation 2.2. 

 To obtain the variables temporal behavior, we collected samples continuously, during 

pre-defined intervals. The total sampling duration was defined as 4x the catchment time of 

concentration, in this case considered equal to the rainfall duration, as proposed by Nakamoto 

(2014).  Once during the bioretention sizing it was adopted rainfall durations ranging from 20 

to 30 min, the maximum collection interval was settled as 2h. 

 As the inlet point also have the purpose of characterizing the first flush, the samples 

were collected every 5 min, using an automatic sampler. The total number of samples is 

limited to the sampler capacity, that, in this case, the maximum capacity is 14 bottles of 1L. 

To perform all laboratory analyses it is necessary a sample volume of 2L. Then, 7 samples for 

each monitored event were collected, corresponding to the first 35 min of rain (considered 

enough to the first flush evaluation). This procedure was adapted from Silva (2009).     

 In the visit pipes and outlet point, the samples were collected manually, with a time 

interval of 20 min. The samples were storage in proper recipients and kept refrigerated during 

transportation to the laboratory. The flowchart summarizing all the information for each 

sampling point is shown in Figure 2.4.  

 

Figure 2.4 - Flowchart representative of the collection methodology and its purpose. 

For the laboratory scale experiment, we consider three collection points: inlet (Min(t)), 

outlet (Mout(t)), and infiltration (MI(t)). The collections were done every 10 minutes, interval 

settled to elaborate well-defined pollutographs. 
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5.3 Quantitative monitoring  

 In order to determine the real runoff retention capacity for the chosen and sized LID 

practice and its influence in the infiltration process, it is necessary quantifying the water 

balance variables. With the balance settled, the water retention efficiency can be calculated, 

using the equation 2.3. 

𝐸𝑓𝑓𝑟𝑒𝑡 = 𝐷𝑃𝑒(𝑡) 𝑃𝑒𝑖𝑛(𝑡)⁄                                                                                                    (2.3)  

where:   

Effret = Water retention efficiency; 

DPe(t) = Difference between the accumulated input runoff depth, from rainfall, and 

accumulated outlet runoff depth, representing the effective retention in the LID practice 

[mm]; 

Pein(t) = Entrance water depth, representing the design precipitation or the real inflow [mm]; 

The quantitative monitoring of the bioretention system in the field was done in the 

same five points for qualitative sampling. However, the data measurement varies according to 

the point (Figure 2.2).  In all points, a level sensor with data logger (model HOBO Water 

Level U20L-02) was used, with 5 min of acquisition interval time. The observation points are: 

a) Inlet point: The inflow (Qin(t)) is quantified by a composite section weir (triangular + 

rectangular). 

b) Visit pipes: In those points, the purpose is to evaluate the actual storage capacity (S(t)). 

Once the visit pipes were already installed, level sensors were inserted inside the pipes, 

collecting continuously the water level in the filtering media.  

c) Outlet point: In this point, we obtain the bioretention outflow (Qout(t)), i. e., the actual 

flow transferred to the waterbody. The quantification is made using a triangular weir. 

The rainfall directly incident on the device surface (P(t)) was quantified by a rain 

gauge in situ. To obtain the percolated flow (I(t)), the equation 2.2 must be solved. 

For the experiments in the laboratory scale, the monitored variables are only the 

percolated flow (I(t)) and outflow (Qout(t)), once the inflow and the rainfall directly incident 

on the surface (Qin(t) + P(t)) are simulated and remains constant over time (according to the 

pumping system installed and previous calibrated). The quantification of I(t) and Qout(t) is 
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done manually, from the volume collected in a given time interval. Humidity sensors (model 

CS616) were also installed inside the prototype to observe the storage process.  The 

experiments in the prototype have a total duration interval of up to 1 h, with different inflow 

and rainfall intensities. 

5.4 Maintenance  

Erickson et al. (2013) divide the maintenance actions into three levels: routine 

maintenance, which should be regular and frequent; non-routine maintenance, which is 

irregular and less frequent; and major maintenance, which should occur rarely, only for 

extreme situations. The routine and non-routine maintenance have as they main purpose 

preventing and reducing possible problems and risks. On the other hand, the major 

maintenance must be performed when there are structural problems in the practice, and 

rehabilitation actions or even rebuilt are needed. The system evaluation is considered as the 

first stage of routine maintenance. 

Also for the system evaluation, Erickson et al. (2013) suggests three levels: visual 

inspection, which needs to be done weekly and in situ; monitoring, allowing evaluate the 

efficiency variation throughout its operation and to identify possible problems; and testing, 

which are performed at a lower frequency, when any problem is identified during the 

operation.    
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3 SUBTROPICAL CLIMATE ISSUES FOR BIORETENTION: LEARNINGS FROM 

THE OPERATION PATHOLOGY AND MAINTENANCE FOR URBAN DRAINAGE 

PRACTICES OPTIMIZATION 

 

A modified version of this chapter has been submitted as: Marina Batalini de MACEDO, Altair ROSA, César do 

LAGO, Eduardo Mario MENDIONDO, Vladimir Caramori Borges de SOUZA. Subtropical climate issues for 

bioretention: learnings from the operation pathology and maintenance for urban drainage practices 

optimization. Journal of Management Environment 

 

 

Abstract 

 

The use of LID practices for runoff control is increasingly being used as an integrated solution 

in urban drainage, ensuring hydrological balance close to the pre-urbanized period and 

decreasing the pollutant carriage to urban rivers. Regarding bioretention, it already has a 

broad knowledge about the peak flow detention and the removal capacity for a great 

pollutants variety, under many filtering media types, especially at laboratory scale.  However, 

the number of field studies in micro drainage scale, which analyzes the true operation of these 

devices, are still low, mainly in subtropical climate conditions. This paper presents the 

operation of a bioretention cell applied in a micro-drainage scale in Sao Carlos city, SP, 

Brazil. Many pathologies were diagnosed through the rainy events monitoring, therefore, this 

study aims to present the knowledge acquired by its operation, suggesting risks mitigations 

and adaptations. The results of the system water balance indicated low infiltration rates in the 

soil, resulting in erosion. Some structural adaptations were made over the cell, like semi-

direct injection, to overcome these problems. The proposed maintenance improved the water 

retention efficiency in the bioretention, helping to reestablish the water balance prior 

urbanization. The subtropical and local conditions should be incorporated into the sizing and 

design stages, in order to reduce later risks.      

 

Keywords: Runoff; Stormwater; LID practices; Maintenance needs; SUDS; Infiltration rate. 
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3.1 Introduction 

The change in the land use and occupation, due to the urbanization process, normally 

results in an increase of the impervious area, runoff and diffuse pollution. Therefore, 

situations like river contamination and floods in urban centers are increasingly more 

frequents. The classic urban drainage systems are not capable to treat qualitatively the runoff 

and are not even able to reestablish the water balance close to the pre-urbanized scenario. 

Thus, the development of sustainable and financially viable alternative urban drainage 

systems is growing, not only with research for laboratory scale but also on its real field 

application.       

These alternative urban drainage systems present a variety of denominations, among 

them: Low Impact Development (LID), Best Management Practice (BMP), Water Sensitive 

Urban Design (WSUD) and Sustainable Urban Drainage System (SUDS), varying according 

to the authors (ROSA et al., submitted). These new approaches range from non-structural 

measures (participative planning and environmental education, e.g.) to structural measures 

(techniques and devices) for source control and micro drainage scale (FLETCHER et al., 

2012; MARSALEK & SCHREIER, 2009). Green roof, infiltrating trenches, wetponds and 

bioretention basins are examples of techniques and devices. In the last years, many studies 

have focused on evaluating the water retention efficiency and the pollutants removal by these 

devices. However, a wide number of these research were conducted in laboratory scale 

(BRATIERES et al., 2008; LIU et al., 2014; WANG et al., 2015; WANG et al., 2016) still 

having little field application (DAVIS, 2007; DAVIS, 2008; HATT et al., 2009, WINSTON et 

al., 2016). In addition, studies in the field are still recent and focus on a short period of time, 

having still a lack of knowledge on the effects and problems in long term.  

Since the 1990s, the maintenance need for a good operation and performance of the 

LID through time was already pointed. Lindsey et al. (1992) did a study with many LID 

practices types and verified that the operation conditions drop significantly in only four years. 

They also verified that almost half of it was not working according to the initial project and 

two-thirds needed maintenance. It has been also realized that the infiltration basins was the 

technique that required higher maintenance needs, associated not only with vegetation but 

also to sediments, waste and stabilization problems, consequently resulting in erosion. In the 

same decade, EPA have already elaborated a user manual for several SUDS, including 
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bioretention, highlighting the maintenance need and the constant inspection importance (EPA, 

1999). 

However, recent studies still highlight the problems caused by lack of maintenance 

and inspection, showing that this activity is being neglected in many cases. Blecken et al. 

(2015) review an extensive number of LID practices with long field application times, 

verifying which were the main problems occurred and the maintenance need. They realized 

that after the construction, a great part of the devices are forgotten or it is assumed by the 

managers that these would work indefinitely, leading to operational failures and a drop of the 

efficiency values. Specifically for bioretention, the most common problems observed were the 

surface clogging, caused mainly by internal erosions due to a concentrated flux through the 

bioretention basin. Brown & Hunt (2012) showed that the lack of maintenance measures 

affects the bioretention performance, leading to an overflow even for small rainfall events, 

and a reduction in pollutant removal rates. In this same direction, Flynn et al. (2012) and 

Schlüter & Jefferies (2005) also evaluated the negative effect by a lack of maintenance on 

several SUDS (filter drain, infiltration trench, bioretention) in a long-term operation in the 

United States and in Scotland, respectively. All these failures, presented by many authors, 

result in a drop of the device efficiency, leading to a loss of public faith in these alternative 

techniques. 

Another interesting study that raised bioretention adversities was developed by Denich 

& Bradford (2008). This paper was conducted in the laboratory and had its focus on problems 

found in cold weather. Some problems that they found out to be the main obstacles are: the 

snow effect, salt and sand load in the system, quality and quantity possible trade-off with 

groundwater, clogging and the effects of low temperatures on biochemical process.   

As to LID practices in tropical climate regions, Lim and Lu (2016) evaluated a project 

that installed many different practices in Singapore. In this study, they highlight the 

importance of long-term monitoring, both for constant evaluation of the technique and to list 

the maintenance needs over the years. Moreover, for tropical and subtropical climate regions, 

it is important remembering to perform a maintenance activity in order to prevent mosquito 

proliferation, since some can transmit epidemic diseases. Barret (2003) had also included this 

activity as one of the most important.        

Based on the problems found, each study here presented has proposed maintenance 

actions and evaluation routines. Blecken et al. (2015) found as common maintenance need for 
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all practices the access for personal to the site and required equipment. Specifically for 

bioretention, they obtained as main maintenance needs the vegetation upkeep (inspecting and 

cleaning the inlet and overflow structure) and preserving the surface infiltration rates. Lim e 

Lu (2016) present the erosion control (mainly at the system inlet) and keeping the vegetation 

growth as a maintenance routine, recommending higher frequency during the first operation 

year, to prevent the establishement of weed. Davis et al. (2009) alert that the exact type of 

maintenance varies depending on the contribution area (use, occupation, and stabilization). 

However, they still list as main activities the removal of waste and mulch layer (to maintain 

the infiltration rates fixed), and the removal and replacement of the filtering media top layers 

(to revitalize the performance in qualitative aspect). For the pervious floor, Winston et al. 

(2016) proposed the mechanical, regenerative-air and vacuum street sweeping, hand-held 

vacuuming, high-pressure washing and milling of porous asphalt, as maintenance methods to 

regenerate the performance. 

Houle et al. (2013) and Barret (2003) developed studies to quantify the costs and labor 

demand to attend the project goals, for different types of LID technologies. Houle et al (2013) 

found that the annual cost for vegetated systems, as bioretention, is the lowest, and the highest 

for wet and dry ponds. Barret (2003) also verified that the routine requiring more labor 

demand was the inspection, since it has to be done weekly. Moreover, Flynn et al. (2012) 

raised as main maintenance for bioretention the care with vegetation, especially the irrigation. 

The annual cost raised for this activity was 74 dollars/m³. 

Operating LID systems and maintaining the efficiency according to the sizing project 

requires a frequent maintenance, since the routine actions to the major maintenance 

(ERICKSON et al., 2013). Each system will present different maintenance needs, according 

to local application (variations in climate conditions, soil use and occupation and 

socioeconomic factors). Few studies have focused on tropical and subtropical regions, where, 

the climate conditions and the socioeconomic factors are distincts from the temperate regions. 

In addition, despite the great amount of studies in laboratory scale, when the systems are 

applied in the field some adversities not identified in the laboratory can influence the 

performance and the efficiency. 

Therefore, this study aims to present the implantation and operation of a bioretention 

system in a subtropical region, raising all the adversities and pathologies found during the 

process and the maintenance proposed as solution and risk adaptation. At a first moment, we 
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describe the implantation area and the evaluation method for the efficiency. Posteriorly, it was 

identified the pathologies that took place during the rainy events and the maintenance 

measures suggested. Finally, these solutions were evaluated as its capacity to restore the 

performance. 

3.2 Methodology 

3.2.1 Area and bioretention descriptions 

The bioretention practice is located in campus 2 of the University of Sao Paulo (USP) 

– Sao Carlos, located in the city of Sao Carlos – SP, and it is inserted in the sub-catchment of 

Mineirinho’s river, which composes the urban watershed of Sao Carlos (Figure 3.1). 

 

Figure 3.1 - Location of the bioretention in the urban watershed of São Carlos. In highlight: 

Dotted line representing the catchment perimeter, the continuous line representing pedestrian 

and vehicle via, building block at the bottom left, and bioretention basin identified by a red 

point. 

The LID practice receives runoff contribution of a 2.3ha catchment surface, considered 

a micro-drainage scale. The represented area still has a low paving, and the greater part is 

composed by short vegetation coverage. The main runoff contribution is from roads, 
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pathways and the impervious area related to the laboratory building (Figure 3.1). The campus 

is still in expansion, having approximately 15% of occupied area in 2016. According to the 

campus director’s plan, it is expected that for the year of 2025 the occupation will be around 

50% and, in 2050, around 75% - a fast expansion, which will result in an increase in the 

runoff generation.  

The device construction and implementation were concluded in 2015. The bioretention 

cell has a 60.63m² area and 3.2 depth. It is composed of two filtering layers (sand and gravel, 

as shown in Figure 3.2), covered by the region natural soil, with sandy-loamy characteristics. 

This surface layer is vegetated in order to preserve the landscape integration and soil 

stabilization. 

3.2.2 Determining the water balance and the runoff retention efficiency 

Verifying the applicability of the bioretention system runs through to determine its 

runoff retention efficiency and its capacity to reestablish the pre-urbanization conditions. For 

this purpose, it is necessary to quantify the system water balance, identifying its maximum 

storage capacity, the effective storage occurring in the cell and the remaining discharge to the 

receiving waterbody. Figure 3.2 and equation 3.1 (adapted from ERICKSON et al., 2013) 

presents the water balance scheme and its equations. 

 

Figure 3.2 - Water balance scheme. 
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𝑆(𝑡) = 𝑉𝑖𝑛(𝑡) − 𝑉𝑜𝑢𝑡(𝑡) =  (𝑄𝑖𝑛(𝑡)𝑡 + 𝑃(𝑡)𝐴𝑤) − (𝑄𝑜𝑢𝑡(𝑡)𝑡 +  𝐼(𝑡)𝑡)                            (3.1) 

where: 

S(t) = Storage volume in the bioretention basin [m³];  

Vin(t) = Inlet volume [m³];  

Vout(t) = Outlet volume  [m³];  

Qin(t) = Inflow drained to the LID practice [m³/s];  

P(t) = Precipitation directly incident over the bioretention basin  [mm]; 

 Aw = Catchment area [1000m²];  

I(t) = Infiltrated discharge by the LID practice [m³/s];  

Qout(t) = LID practice outflow [m³/s];  

t = Analyzed period of time [s].  

The quantification of the variables Qin(t), S(t) and Qout(t) was done through field data 

acquisition at: a) entrance – the inflow discharge Qin(t)  is quantified by composed weirs 

(triangular and rectangular). This weir configuration allows a higher amplitude for data 

quantification (triangular for lower discharges and rectangular for the higher; b) visit pipes - 

in these points, the objective is to evaluate the LID storage capacity S(t), obtaining the water 

level inside the bioretention cell; c) outlet – at this point the outflow discharge Qout(t) is 

obtained, i.e., the discharge not infiltrated and the one to be transferred to the stream, being 

quantified by a triangular weir. The water level acquisition in all the points was done by a 

level sensor and data logger (HOBO Water Level U20L-02). We settled the level acquisition 

time as 5 min. 

The directly incident precipitation P(t) was obtained by a rain gauge installed in situ. 

At last, the infiltrated discharge I(t) is obtained by the equation 3.1 and Figure 3.2. 

This data are then used to calculating the water retention efficiency, by the equation 

3.2., through the percentage difference between the water depth accumulated at the device 

inlet and outlet. The efficiency varies according to the device time of usage, once the clogging 

level in the filtering media increases over time (MACEDO, 2015). Clogging is a natural 

process, which occurs in time due to the accumulation of solid particles arising from the 

carriage of particles to inside the cell and the growth of biofilm formed by microorganisms. In 

order to avoid the clogging process, it is necessary to perform routine and preventive 

maintenance in the system, according to Erickson et al. (2013). However, once clogged, 
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corrective maintenance, like changing the filtering media, is necessary to restore the projected 

efficiency. 

𝐸𝑓𝑓𝑟𝑒𝑡 = 𝐷𝑃𝑒(𝑡) 𝑃𝑒𝑖𝑛(𝑡)⁄                                                                                                     (3.2)  

where: 

Effret = Water retention efficiency;  

DPe(t) = Difference between the accumulated inlet and outlet runoff in the LID practice, 

representing the device effective retention [mm];  

Pein(t) = Cumulated inlet water depth, representing the device inflow [mm].  

3.2.3 Maintenance 

During the LID devices operation, it is necessary to perform routine maintenance to 

make the system work as projected. According to Blecken et al. (2015), one of the major 

mistakes made by the decision makers in applying these alternative systems is not predicting 

the maintenance labors. Consequently, the system performs efficiencies lower than expected 

and projected, leading to a lack of faith by the population. 

During the operation of the bioretention here studied, we predicted a routine 

maintenance after each rainfall event, which was basically vegetation cares, cleaning the visit 

pipes and the sandbox, and mosquito proliferation cares. However, several pathologies were 

observed during its operation, requiring corrective maintenance: (1) low infiltration rates at 

the top layer; (2) unstructured soil, originating erosion near the outlet structure; (3) difficulty 

to fix the vegetation. Tests were done for each of these diagnosed pathologies, to understand 

better the local characteristics and them relation with the involved process.  

Test 1 – Determining the soil type 

The physico-chemical properties of soil can vary with its weathering level, particle 

size, originating material, and others. Then, determining the soil type allows identifying a set 

of common characteristic that interferes in the bioretention process, once the soil type affects, 

mainly, the infiltration capacity and the chemical processes of the pollutant sorption and 

desorption (ALLEONI et al., 2009; REICHERT et al., 2010). 

Therefore, the determination of soil type was done through granulometric analysis and 

sieving of granular material (NBR 7181), at the geotechnical laboratory of the EESC/USP. 

We also analyzed the IBGE (Brazilian Institute of Geography and Statistics) map, which 
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presents the soil classification for all Brazilian territory, IAC (Agronomic Institute) map that 

presents the soil classification of Sao Paulo state, and an ODA (1995) study, which presents 

the classification and description of Sao Carlos’ soils.  

The granular material analysis allows identifying the soil texture (silt, clay or sand), 

while the soil maps allow identifying the structural characteristics and mineral composition of 

the material (e.g., dystrophic red latosol indicates high rates of clay in sand structure, with 

high iron rates and low nutrient content).  

Test 2 – Permeability by Guelph permeameter 

To evaluate the soil infiltration capacity, it was planned to do a permeability test next 

to the visit pipes, using the Guelph permeameter. In this test, the hydraulic conductivity is 

determined in situ, with haste and precision (BAGARELLO et al., 1999; KANWA et al., 

1990; REYNOLDS & ELRICK, 1987). However, this test is restricted to soils that do not 

have high compaction. Thus, the permeability analysis by this method can be restricted.   

Test 3 – Permeability by variable load 

Complementing the Guelph test, the soil permeability was also evaluated through the 

variable load test (NBR 14545). For this test, the specimen was collected in situ and 

conducted to the laboratory. 

Test 4 – Infiltration capacity of the filtering media 

Testing the water infiltration capacity in the filtering media aims to evaluate the LID 

practice clogging level. Knowing the media is composed of 70% sand and 30% gravel with a 

mean permeability coefficient of 30.07 cm s-1, the standard time considering no clogging for 

the liquid flatness inside the bioretention was determined. Then, by tests in the field we 

determined the actual time for liquid flatness. For this test, a volume of 60 L was inserted in 

each of the visit pipes, since it is the maximum capacity of the visit pipe. Comparing the 

standard time with the actual time, it is obtained a possible proportion of clogging. 

3.3 Results and discussion 

3.3.1 Determining the water balance  

The first monitored events, regarding water balance for the bioretention system, were 

conducted during precipitation events, shown in Table 3.1. These events present great 
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variation intervals for the precipitated volumes (2.6 to 39 mm) and for the mean intensity. The 

events also have different characteristics. Events 1 and 2 are less intense and represent the 

first rainfall after a dry month, then, leading to lower runoff volume in a higher time interval. 

Regarding event 3, it was the one with higher precipitated volume. The antecedent 

precipitated index of 30 days (API 30) shows that this event occurred after a rainy period, 

including a previous rainfall in the same day. Then, we conclude that the soil conditions 

favored a runoff high speed.  

 Table 3.1 – Precipitation data of field monitored events 

  
Days with no 

precipitation 

P total Imed API 30  
Total depth 

in 

Total depth 

out 

(mm) (mm/h) (mm) (mm) (mm) 

Event 1 29 5.8 1.26 0 1.02 0.68 

Event 2 1 2.6 0.89 3.6 0.28 0.08 

Event 3 0 39 3.93 31.2 11.50 3.93 

 

Figure 3.3 shows the inflow hydrographs (representing the catchment runoff), the 

outflow hydrographs (the discharge reaching the receiving waterbody) and the incident 

precipitation over the area. For each event, it is clear that the reduction of the total volume 

transferred to the receiving waterbody does not exceed 72%, varying from 33% (event 1) and 

71.4 % (event 2). In addition, for event 1 (Figure 3.3a) and event 2 (Figure 3.3b), it is possible 

to notice that the bioretention system reduced almost 30% of the peak flow, for lower peaks 

and precipitations less intense. However, in event 3 the runoff speed was high enough to 

erode the soil at the device outlet structure, not allowing the outflow quantification. 

As to the storage, considering the bioretention cell project parameters, 3.2m depth and 

60.63 m² of surface area, with a filtering media composed of sand and gravel, the total storage 

capacity is of 58.2m³. However, for the monitored events, the maximum storage volume 

occurred in event 3. In this case, the water level reached a maximum level of 11% of the total 

bioretention cell height, storing 5.5 m³ (Figure 3.4c), equivalent to 10% of the total storage 

capacity. For the events 1 and 2, the water level does not exceed 8% and 2% of the total 

height, respectively (Figures 3.4a and b). It can be realized that the practice is storing a 

volume much lower than projected, meanwhile, there is a significant water loss draining on 

the surface, leading also to soil loss problems. These results indicate low infiltration capacity 

and high compaction in the top vegetated layer. 
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It is also possible to observe that the water balance data is biased, due to the losses in 

the water level quantification, especially of the outlet structure and, consequentially, in the 

outflow (Figure 3.5a). From these biases, high erosion, significant soil and vegetation loss and 

low infiltration were identified as the main pathologies presented in the construction and 

operation of the bioretention basin (Figure 3.5b).  To present a viable and efficient solution to 

these pathologies, it was necessary to investigate the causes. Then, the soil type, the 

infiltration capacities of the vegetation layer and filtering media were studied.   

 

Figure 3.3 - Bioretention basin inflow and outflow hydrographs: (a) event 1 ; (b) event 2; and 

(c) event 3. 
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Figure 3.4 - Temporal variation of storage volume for the bioretention basin. The curve S(t) 

represents the stored volume versus time, and h is the water level within the visit pipes to: (a) 

event 1; (b) event 2; and (c) event 3. 

 

Figure 3.5 - Pathologies found in the bioretention basin that resulted in quantification errors 

for the water balance, and efficiency decrease. The superficial runoff with high speed could 

not be quantified (a), resulting in erosion of the vegetated layer (b). The pictures represent the 

place in red in the scheme. 
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3.3.2 Determining the soil type and its characteristics  

From the maps provided by the IAC, IBGE and the study of Oda (1995), it was 

observed that the predominant soils in Sao Carlos are Red Oxisol + distrophenic, Yellow-Red 

Oxisol and Red Latosols, i.e., the predominance of latosol class. These soil types are 

characterized as highly weathered and deep, and they are very common in tropical and 

subtropical regions due to geo-climatic conditions in these regions. Usually, they are soils 

with high clay content (greater than 35%) and low coarse sand content (less than 10%) (ODA, 

1995). 

The granulometric and sieving analysis were complementary done, in order to identify 

with higher precision the soil type found in the vegetated layer of the bioretention cell. The 

results of granulometric distribution presented 20% clay, 10% silt, and 70% sand, being the 

main composition by medium sized sand (40%) and 25% fine sand. Through this analysis, the 

soil composition is identified as medium size sand and fine clay, dark brown with organic 

matter. For the sieving analysis of the granular material, it was obtained as result a fine to 

medium yellow sand with a medium boulder. 

Although the granulometric analysis found higher sand rate when compared to clay, it 

is possible to observe a low infiltration capacity in the bioretention cell, verified by the low 

storage volume obtained by the sensors and the water balance (Figure 3.4). The low 

infiltration causes a high superficial water speed and, consequentially, soil loss and erosion. 

Therefore, it is necessary to identify if the low infiltration capacity is associated with the 

vegetated layer or to a possible clogging of the filtering media.   

As to the soil permeability, in a first moment, the evaluation was made using the 

Guelph permeameter, done in situ. Two points were tested inside the bioretention surface, at 

30 and 40 cm depth. However, the test could not be concluded, because even after 30 minutes 

no infiltration was registered. This result indicates soils with a high level of compaction. 

Therefore, to obtain the hydraulic conductivity (K), a specimen was collected and 

conducted to the laboratory for an analysis of permeability through the variable load. From 

this test, the K value obtained was 1.62x10-4 cm.s-1. According to Casagrande and Fadum 

(1940), this result demonstrates low permeability, a characteristic of fine sand, silt and clayey 

soils.  
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However, it is important that new permeability tests can be performed in situ, along 

the bioretention surface and in different points at the catchment area, in order to evaluate if 

the compaction is due to problems in the execution and building. These analyses in situ can 

also give more accurate results in terms of hydraulic conductivity coefficient. 

The filtering media was also investigated as to the possibility of clogging. Infiltration 

tests have been done in the visit pipes. Considering a pipe volume of 60L and the mean 

permeability of sand and crushed stone of 30.07 cm.s-1, the expected time, without clogging, 

was 1.5 minutes. In this field test, the real time of infiltration was of 2 minutes for all pipes, 

thereby concluding that there is not likely clogging of the filtering media. 

3.3.3 Proposed maintenance solutions  

After investigating the mains pathologies and its causes, some maintenance actions 

were proposed, so the bioretention could work according to the projected efficiency. The 

extreme precipitation events, with a high runoff speed, led to erosion at the outlet structures of 

the bioretention. Consequently, water losses occurred at the side borders, not infiltrating and 

not passing through the water treatment, and not accomplishing the LID practice goals. In this 

way, the first maintenance proposed was to restore the soil layer, which supports the 

vegetation. 

The erosion process is favored in places where the soil is unstructured, e.g., places 

with high slope and taluses (COUTO et al., 2010), conditions found close to the outlet 

structure. Therefore, replace the soil would not be sufficient to prevent a new occurrence of 

this adversity in the future, requiring complementary actions. Thus, it was also proposed the 

use of a biomantle with direct seeding, and installed physical barriers (Figure 3.6). 
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Figure 3.6 - Image of the bioretention basin outlet structure after soil restitution, biomantle 

installation and physical barrier for soil retention, as maintenance proposals. The pictures 

represent the place in red in the scheme. 

The use of biomantle is a technique already commonly used in talus recovering on 

roads and helps to avoid erosion processes given by both physical and biological means. It is 

composed of a synthetic grid guaranteeing the soil stabilization, and organic matter that will 

serve as subtract to plant growth, besides helping to fix the seeds in the soil (COUTO et al., 

2010). The vegetation growth and establishment are also important to structure the soil 

because the roots act as aggregation mechanism.  

The low infiltration at the bioretention cell (identified by the water storage below its 

capacity) has also contributed to the erosion process because it has contributed for a high 

runoff speed. Besides, the infiltration is important to attenuate the peak flow and the total 

water volume to be transferred downstream, as also to the water treatment process. 

After investigating the soil characteristics (granulometry, permeability and soil type), 

it can be concluded that the soil presents sandy-clay characteristics with low permeability 

coefficient, common in tropical and subtropical regions, where the climate condition leads to 

a high weathering level (BIGARELLA et al., 1994; PIPIKIN & TRENT, 1997; RESENDE et 

al., 1997). Soils in presence of clay, with no structure, tend to have permeability reduced, due 

to the particle size that drops the porosity (REICHERT et al., 2010). Complementarily, the 

bioretention cell passed through a compaction process, by the precipitation itself, the people 

traffic on its surface and by an eventual use of machinery during its construction phase, 

contributing to a permeability decrease.   



30 
 

 
 

Considering the soil limitations and the logistic and financial infeasibility of using 

another soil type, it was proposed the semi-direct injection of the runoff into the filtering 

media as a maintenance measure to raise the infiltration and water retention into the cell, as 

presented in Figure 3.7. This procedure consisted of making holes in the soil until it reaches 

the gravel layer, where the water does not have any limitation for its passage and infiltration, 

once the infiltration test in the filtering media presented positive results, suggesting that there 

is no clogging. Then, a part will be directly infiltrated into the filtering layer and the rest 

continues to pass through the soil, which is the reason to be called semi-direct injection. 

Figures 3.7a and 3.7b shows the holes configuration and disposal in the practice surface, in its 

schematic way and its real representation. It was chosen a hive type configuration, where the 

perforation lines are dislocated sideway, in order that the runoff will necessarily reach a hole. 

To avoid accidents, the holes were filled with sand and gravel (Figure 3.7c), not 

compromising the infiltration capacity.  

 

Figure 3.7 - Semi-direct injection as proposed maintenance to improve the infiltration into the 

bioretention cell – (a) Schematic figure showing the holes disposal in hive configuration; (b) 

The real representation of the hive configuration in the bioretention surface; (c) Holes filled 

with crushed stone and sand to avoid accidents. 

 

 

a) 

b) 

c) 
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Finally, the vegetation diversification at the top layer was also proposed as 

maintenance measures (Figure 3.8), including plants with rapid fixation and with long and 

fasciculate roots. This diversification aims to active two goals, (1) assists in the fixating and 

structuring the soil, helping on its uncompacting and avoiding the erosion process, (2) help in 

the water quality improvement. In order to attend the second objective, it was chosen 

macrophytes already used in water treatment techniques (wetlands), in Brazil, being: 

Sansevieria trifasciata and Cyperus papyrus. For landscape integration and to help in the soil 

fixation, grasses already present in the location were also chosen (Brachiaria sp. and 

Sorghum sudanense). Despite the grasses not having the objective to treat the water, its 

fasciculate roots help to hold the soil, preventing the erosion (REICHERT et al., 2010). 

 

Figure 3.8 - Vegetation diversification by increasing the number os species, as macrophytes 

and grass to improve soil structure and pollutants treatment. 

Considering that the practice is located in a subtropical region, it is important to 

consider the necessary maintenance to reduce the risk of diseases whose vector reproduce in 

water and are epidemics in tropical countries, like dengue-fever, zika virus disease, and 

chikungunya. Therefore, it is important to perform the routine maintenance (ERICKSON et 

al., 2012) weekly. This maintenance aims to exhaust the water in possible accumulating 

places, like the sandbox and cavities formed in the soil, in low infiltration places. As risk 

prevention method, is also recommend the chlorine application in places with possible water 

accumulation previously to the rainy event for a disinfectant action.  

3.3.4 Proposed maintenance evaluation 

To evaluate the effectiveness of the proposed maintenance in raising the infiltration 

capacity into the cell and reducing the impacts caused by the high runoff speed, two events 

post maintenance were monitored (Table 3.2). These events represent a sequence of rainfalls 
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after the dry season in the region. During these events, the erosion process did not occur as 

previously.  

Table 3.2 – Events field data – after the maintenance 

  
Days with no 

precipitation 

P total Imed API 30  
Total 

depth in 
Total depth out 

(mm) (mm/h) (mm) (mm) (mm) 

Event 4 1 6.8 7.16 13.14 1.92 0.34 

Event 5 3 9 1.54 7.23 1.77 0.11 

 

For these events, Figure 3.9 shows the hydrographs representing the temporal behavior 

of the device after the maintenance. The runoff directly transferred to the receiving waterbody 

was reduced in over 75% for both events. As to peak flows, in event 4 it can be observed a 

reduction of 35% and for event 5 almost 60%, values greater than the ones found before the 

maintenance.    

In addition, it was investigated if there was an increasing of superficial infiltration to 

the filtering media, from the observation of storage levels (Figure 3.10). For both events, the 

maximum level reaches a value around 30%, corresponding a volume of 13m³. Despite these 

values are still low compared to the maximum capacity projected, they represent a significant 

improvement compared to the events pre-maintenance.  

By the analyzed results, it can be concluded that the proposed adaptations and 

maintenance accomplish the goals of restructuring the vegetated layer soil and preventing the 

erosive process. Raising the water infiltration into the cell resulted in a higher storage volume 

and a reduction in the runoff speed and the soil displacement. Consequently, a significant 

reduction in the volume transferred to the receiving waterbody was observed. Thus, the 

maintenance helped the bioretention to have its operation closer to the project objective, 

contributing to reestablish the water balance prior urbanization, once the volume and the peak 

flow transferred were lower and the percolation was greater.   
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Figure 3.9 - Bioretention inflow and outflow hydrographs, after the maintenance: (a) Event 4; 

(b) Event 5.  

 

Figure 3.10 - Temporal variation of the bioretention basin storage after the maintenance. The 

S(t) curve represents the storage trough time, and h represents the water level inside the visit 

pipes for (a) event 4, and (b) event 5. 

To facilitate the verification of proposed action effectiveness it was elaborated Table 

3.3, with comparative data between the events pre and post maintenance. Regarding the 

cumulated water depth for the events 4 and 5, we found a reduction in the volume transferred 

to waterbody of 76% e 94%, respectively. On the other hand, in events pre-maintenance this 
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percentage did not surpass 71%, situation occurred even for the smaller precipitation event, of 

only 2.6mm. Another important difference also occurred for the storage peak. As discussed 

previously, in event 4 and 5 the approximate storage volume is of 13m³, a significant increase 

in the total storage volume when compared with the pre-maintenance events, in the order of 

70%. 

Table 3.3 – Comparison between the water balance pre and post maintenance 

Event API 30 

Peak 

flow in 

(m³/s) 

Peak 

flow out 

(m³/s) 

Storage 

peak 

(m³) 

Cumulated depth (mm) 
Eff 

(%) Precip. In Out Percolated Storage 

Pre maintenance 

1 0 0.0319 0.0302 4.65 5.8 1.02 0.68 0.38 0.20 33 

2 3.6 0.0050 0.0037 0.67 2.6 0.28 0.08 0.11 0.03 71 

3* 31.2 0.0644 0.386 5.5 39 11.5 3.93 4.60 0.41 66 

Average - 0.0338 0.0242 3.61 15.4 4.27 1.56 1.7 0.21 63 

Post maintenance 

4 13.14 0.0308 0.0199 12.94 6.4 1.43 0.34 0.10 0.55 76 

5 7.23 0.0116 0.0047 13.15 9.0 1.77 0.11 0.71 0.55 94 

Average - 0.0212 0.0123 13.05 7.7 1.6 0.23 0.41 0.55 86 

* In this event the outflow was not measured, but estimated by percolation rates         

 

3.4 Conclusion 

In tropical and subtropical climate regions, with high temperatures, rainy and dry seasons 

well defined and intense precipitation events, the conditions to operate LID practices, 

especially bioretention, varies when compared to temperate climates. Due to these 

characteristics, it should be taken special attention to the pathologies related to soil and its 

infiltration capacity, resulting in structural problems like erosion, leading to water bypass in 

the system. Some maintenance solutions to these pathologies were presented in this study, for 

example, the runoff semi-direct injection, physical barriers, and the fast fixation vegetation 

establishment, in order to mitigate the soil compaction effects and high runoff speed. 

Monitoring pre and post maintenance events, it can be concluded that:  

 The fast fixation vegetation helped in structuring the soil, not resulting in erosive 

processes after the maintenance;  
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 The semi-direct injection helped to increase the water volume infiltrated into the 

filtering media, raising the storage volume in 70%;  

 After the maintenance, the mean water retention efficiency increased from 66% to 

86%, highlighting the importance in preventive and corrective maintenance to 

optimize the LID practices operation. 

These results indicate the necessity of incorporating maintenance activities since the 

conception stage. The pathologies presented here should be considered in the sizing phase for 

future LID practices in tropical and subtropical regions.  
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4 STORMWATER RUNOFF CONTROL AND WATER QUALITY IMPROVEMENT 

THROUGH BIORETENTION IN BRAZILIAN SUBTROPICAL CLIMATE: A CASE 

STUDY IN SÃO CARLOS – SP 

 

A modified version of this chapter has been submitted as: Marina Batalini de MACEDO, Altair ROSA, César do 

LAGO, Eduardo Mario MENDIONDO, Vladimir Caramori Borges de SOUZA. Stormwater runoff control 

and water quality improvement through bioretention in Brazilian subtropical climate: A case study in São 

Carlos – SP. Journal Environment Engineering 

 

Abstract 

 

In urban centers, the increase of runoff caused by the rising cases of paving is becoming more 

and more a serious problem. Therefore, low-impact development (LID) practices, such as 

bioretention, emerged as an alternative solution for the current urban drainage systems. Most 

studies have focused on runoff retention or, exclusively, water quality, and they are often 

conducted in laboratory scale. Additionally, there are still few studies addressing the 

particularities of subtropical regions. This paper aims to provide knowledge about the 

operation and integrated quali-quantitative performance of bioretention systems in field scale, 

placed in a subtropical climate region. For this purpose, the quali-quantitative data were 

collect over three precipitation events, during the dry season to quantify the water and 

pollutant mass. A reduction in peak flows was observed for the three events, with an average 

delay about 10min. The bioretention system was also able to reduce most of the pollutant 

loads, except for NO3 in the smallest event, and Fe in the highest. This study presents great 

results in runoff retention and water quality treatment, despite storage restriction due to 

tropical soil characteristics (highly weathered soils with high clay content). Further research 

must focus on adapt the current concept of bioretention systems to the subtropical and tropical 

regions.  

 

Key-words: LID; SUDS; Efficiency; Urban drainage; First flush; Subtropical climate. 
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4.1 Introduction 

The rapid and unplanned urbanization and the development of large urban centers in 

the last decades have caused an increase of soil sealing and, consequently, higher runoff. The 

runoff is being conducted faster and with a higher speed for urban rivers, causing flood 

problems and loss of water quality (EPA, 1983). In Brazil, the greatest amount of disasters is 

associated with extreme precipitation events (SANTOS, 2007; YOUNG et al., 2015), 

especially in the cities which do not have proper urban drainage systems. Places of higher 

environmental vulnerability are also often socially fragile and can be considered as an 

aggravating factor. 

Therefore, the development and implementation of alternative urban drainage systems, 

known as LID practices, aims to reestablish the pre-urbanization water balance, increasing 

soil infiltration, slowing and reducing the peak flow and the total volume transferred to the 

receiving waterbody. These practices vary from small scales, as source control, to the 

application in micro and macro drainage (FLETCHER et al., 2013). Different technologies, 

such as green roofs, permeable pavements, infiltration trenches and bioretention, can also be 

applied. 

The bioretention allows both quantitative control of runoff retaining part of the volume 

in a storage basin and the qualitative control, reducing diffuse pollution to be transported to 

the river. Due to this dual function of bioretention, scaling methodologies are made to 

calculate the design efficiency of the runoff retention itself (SILVEIRA & GOLDENFUN, 

2007), the retention of loads of pollutants (AKAN & HOUGHTALEN, 2003) and biological 

treatment (McAULEY, 2009).  

Before studying the pollutant retention efficiency for its deployment, it is important to 

understand which water quality treatment processes are involved in the system. Within the 

bioretention premises, it is assumed that the pollutants treatment occurs by multiple physical, 

chemical and biological processes. According to Erickson et al. (2013), physical processes of 

filtration, infiltration and biological processes of degrading the biomass are responsible for the 

treatment. Besides, Laurenson et al. (2013) say that chemical, biological and physical 

processes reach the treatment of bioretention techniques, including sedimentation, filtration, 

sorption and reduction, withdrawal by vegetation biomass and assimilation by microbiota. 

Several studies have focused on presenting only quantitative or qualitative aspects of 

various LID techniques (DAVIS, 2007; BRATIERES et al., 2008; DAVIS, 2008; WINSTON 
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et al., 2016), with special focus on nutrient removal (LUELL et al., 2011; BROWN & HUNT, 

2012; MANGAKA et al., 2015) and, increasingly, on metal removal capacity (WANG et al., 

2015 and 2016). Latest studies have shown the practice performances integrating qualitative 

and quantitative aspects (Hatt et al., 2009; Lucke & Nichols, 2015) and analyzing new 

perspectives for the water reuse and utilization of the surface for food production (Hatt et al., 

2007; Ohnuma, 2008; Galavoti, 2011; Richards et al., 2015; NG et al., 2016). 

Most of the research in this field are developed in temperate regions, where the rain 

and temperature regimes are different from tropical and subtropical climate regions. 

Therefore, one important contribution is researching LID practices efficiency in these regions, 

comparing if there are significant differences in its application. Lucas (2011), Gutierrez 

(2011) and Lucas et al. (2015) presented some studies that begin to address this issue to 

different types of LID practices, such as trenches and infiltration ditch in different regions of 

Brazil. However, the focus on bioretention has not been much studied yet. Given the 

importance of improving water quality in bioretention systems and the important influence 

that local environmental characteristics have in their efficiency, it is recommended developing 

new studies to determine the operating performance of those devices in subtropical climate 

regions. 

This paper aims to evaluate the quali-quantitative integrated efficiency of a 

bioretention technique at the region of Sao Carlos – SP, Brazil. These results intend to 

increase the understanding of the use of this new technology in subtropical climate region and 

how the physical characteristics can affect these techniques’ efficiency. 

4.2 Methodology 

This study was conducted in the field with a bioretention device applied at Campus 2 

of University of Sao Paulo/Sao Carlos (USP/SC) in order to evaluate LID practice 

performance in reducing impacts transferred to urban rivers. The device is located right beside 

the Mineirinho River in a permanent protection area (Figure 4.1a). The system is operating 

since the beginning of 2015. 

 In this section, a study area and bioretention characterization are conducted, in order 

to determine all the relevant characteristics that contribute to the further analysis of the 

results, such as the type of pollution arising with the runoff. Subsequently, the equations used 

for water balances and pollutant retention balances quantification are presented. Finally, it is 
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presented how to estimate the water retention and pollutant retention efficiencies representing, 

respectively, the device qualitative and quantitative efficiency, and the integrated quali-quanti 

efficiency as a way to evaluate the general performance. 

4.2.1 Study area and bioretention characterization 

The Campus 2 of USP/SC was inaugurated in 2005 and is still expanding. In 2015 

about 15% of its total area was occupied and this occupation is expected to reach 50% by the 

year 2050, leading to a significant increase in the runoff. Therefore, it was chosen a sizing 

methodology with modular expansion over time, according to the increasing runoff generation 

caused by changes in the soil use and occupation conditions (Rosa et al., submitted). 

As to the LID catchment characterization, it has a total area of 2.3ha, representing an 

urban drainage system on the micro drainage scale. The area is not much developed and the 

waterproof parts of asphalt roads, pedestrian pathways, and classroom buildings have the 

most significant contribution to generating runoff (Figure 4.1b). However, these areas 

combined do not totalize 25%, while the remaining 75% is mostly underbrush. 

 

Figure 4.1 - Bioretention LID practice study area. In (a) its location in the urban basin of Sao 

Carlos, SP, Brazil; in (b) the contribution area with its details; and (c) the internal 

composition of bioretention. 

The bioretention device has a total surface area of 60.63m² and a depth of 3.2m. Inside 

the device, there are a composite filter media divided into three layers – soil, gravel, and sand, 
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with an average porosity of 35% (Figure 4.1c). The top layer is composed of soil from the 

region, which serves as a mean for the vegetation growth, and has approximately 50cm. As 

for the intermediate layer, it is composed of gravel at approximately 70cm deep. Finally, the 

bottom layer of sand presents greater thickness at 2m deep. Layers of gravel and sand together 

are responsible for retaining the greatest part of the runoff volume, with approximately 58m³ 

of total volume, and serving as means for the biofilm establishment aiding in the water 

treatment. 

4.2.2 Determining qualitative and quantitative aspects 

Water and pollutant mass balance 

In order to determine the system performance, whether quantitative or qualitative, it is 

necessary to quantify the variables of the system balance, which are: input runoff and direct 

precipitation; output runoff and infiltration; and storage within the basin. In this case, as the 

assessment is made for both water variables, like volume and flow, and for pollutants mass 

variables, it is necessary to determine the water and pollutant masses balance. Equations 4.1 

and 4.2 (adapted from Erickson et al, 2013) and the Figure 4.2 shows the scheme and 

calculation of the balance. 

 

Figure 4.2 - System balance scheme with the variables to be quantified: (a) water balance (b) 

mass balance. 

𝑆(𝑡) = 𝑉𝑖𝑛(𝑡) − 𝑉𝑜𝑢𝑡(𝑡) =  (𝑄𝑖𝑛(𝑡)𝑡 + 𝑃(𝑡)𝐴𝑤) − (𝑄𝑜𝑢𝑡(𝑡)𝑡 +  𝐼(𝑡)𝑡)                            (4.1) 

where: 

Aw = Catchment surface [1000m²]; 

I(t) = Percolated flow into the ground [m³/s]; 

P(t) = Direct precipitation over the bioretention basin [mm] 

Qin(t) = Inflow discharge [m³]; 
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Qout(t) = Outflow discharge [m³/s]; 

S(t) = Storage volume in the bioretention basin [m³]; 

t = Analyzed time interval [s]  

Vin(t) = Inlet volume [m³]; 

Vout(t) = Outlet volume [m³]; 

 

For each of the water balance variables, the data were collected in the field at different 

points, presented in Table 4.1. 

Table 4.1 - Water balance variables and form of data acquisition in the field 

Variable 
Measurement 

point 

Measurement                       

apparatus 

Measurement 

instrument 

Inflow - Qin(t) Inlet channel 
Composed section weir 

(triangular + rectangular) 
Level sensor 

Storage - S (t) 
Inside the filter 

media 

Perforated pipes located in 

the extension of the 

bioretention basin 

Level sensor 

Outflow - Qout (t) Output section Triangular weir Level sensor 

Precipitation - P 

(t) 
Catchement Rain gauge 

Percolation - I(t) Obtained by equation 

 

A rainy event can reach high peak flows, as well as small flows at the beginning and at 

the end of the rain. Thus, for the input quantification, it was adopted a weir with composed 

section, since this measure allows a wider range of flow rates (a triangular section for small 

flow rates and a rectangular section for higher flow rates). The storage was calculated from 

the liquid level measured by inserting level sensors into perforated pipes along the basin 

extent, with a total depth equivalent to that of the basin. The percolation was obtained by 

solving the equation 4.1, after determining all variables. 

𝑀𝑠(𝑡) = (𝑀𝑖𝑛 + 𝑀𝑃) − (𝑀𝑜𝑢𝑡(𝑡) +  𝑀𝐼(𝑡))                                                                        (4.2) 

where: 

MI(t) = Infiltrated/treated pollutant mass by the LID practice [g]; 

Min(t) = Pollutant mass in the inflow runoff [g]; 

Mout(t) = Pollutant mass in the outflow [g]; 

Ms(t) = Stored pollutant mass in the bioretention basin [g]; 
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MP(t) = Pollutant mass in the precipitation directly incident over the bioretention basin [g];  

t = Analyzed time interval [min]. 

The water samples were obtained in different points at the LID practice (input - Min(t), 

storage - MS(t) and output - Mout(t)). The samples were collected at regular intervals of no 

more than 2 hours from the beginning of the precipitation event. Parameters indicating 

contamination by organic matter, nutrients and metals were analyzed. The analyzed 

parameters were: Chemical Oxygen Demand (COD), Total Organic Carbon (TOC), phosphate 

(PO4), nitrite (NO2), nitrate (NO3), ammonia (NH3), iron (Fe) and zinc (Zn). The load values 

for input and output were determined considering the Event Mean Concentration – EMC – 

(equation 4.3) and the total duration of each monitored event hydrographs, as shown in 

equation 4.4. The laboratory analysis of each parameter was based on the methodology 

proposed in the Standard Methods for Examination of Water and Wastewater (APHA et al., 

1915). 

𝐸𝑀𝐶 =
∫ 𝐶(𝑡)𝑄(𝑡) 𝑑𝑡

∫ 𝑄(𝑡) 𝑑𝑡
=  

∑ 𝐶(𝑡)𝑄(𝑡) Δ𝑡

∑ 𝑄(𝑡) Δ𝑡
                                                                                       (4.3)  

𝐿𝑜𝑎𝑑 = ∫ 𝐶(𝑡)𝑄(𝑡) 𝑑𝑡 =  ∑ 𝐶(𝑡)𝑄(𝑡) Δ𝑡                                                                          (4.4)  

where: 

C(t) = Concentration, at time t [mg/L]; 

Q(t) = Water flow at time t [L/min]; 

𝛥t = Considered time interval [min] 

Runoff characterization - first flush analysis  

The runoff characterization for each pollutant was also made to complement the 

bioretention performance analysis. First, it was investigated the occurrence of the first flush 

phenomenon in the catchment, i.e. if there is a higher pollutant dragging by the first runoff 

portions. This characterization allows evaluating the bioretention effect in retaining these 

pollutants and which is the most important volume fraction to be retained for qualitative 

treatment purposes. 

Thus, the curves M(V) were constructed for each pollutant, according to equation 4.5, 

by Bertrand-Krajewski et al. (1998), but previously used by other authors (HELSEL et al, 

1979; GEIGER, 1984). According to Bertrand-Krajewski et al. (1998), the first flush 

phenomenon is observed if the curve M(V) of the analyzed pollutant is above the quadrant 
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bisector, or when 80% of the total pollutant mass is transported in the first 30% of rain 

volume. 

∑ 𝐶𝑖𝑄𝑖∆𝑡𝑖
𝑗
𝑖=1

∑ 𝐶𝑖𝑄𝑖∆𝑡𝑖
𝑁
𝑖=1

= 𝑓 (
∑ 𝑄𝑖∆𝑡𝑖

𝑗
𝑖=1

∑ 𝑄𝑖∆𝑡𝑖
𝑁
𝑖=1

) = 𝑓 (
∑ 𝑉𝑖

𝑗
𝑖=1

∑ 𝑉𝑖
𝑁
𝑖=1

)                                                    (4.5) 

where: 

Ci = Concentration for the time interval [mg/L]; 

j = index between 1 and N; 

N = Numbers of measurements;  

Qi = Water flow in the referent time interval [L/min]; 

Vi = Runoff volume during the referent time interval [L]. 

Δti = Gathering time interval [min]; 

 

Complementarily, it was also used the method proposed by Su & Mitchell (2003), that 

uses the potential function linearization (equation 4.6) to determine if a first or last flush 

effect is noted. Through this method, it is possible to conclude that there is a first flush if the 

slope parameter b value varies from 0 to 1. 

𝐹(𝑋) =  𝑋𝑏  ↔ ln(𝐹(𝑋)) = 𝑏. ln (𝑋)                                                                               (4.6) 

4.2.3 Calculation of bioretention efficiencies 

The LID practice efficiency can be estimated during the sizing and design stage. There 

are several equations and methods to estimate the runoff and pollutant retention efficiencies, 

as proposed by Akan & Houghtalen (2003) and Silveira & Goldenfum (2007). In order to 

verify if the device is working properly, it is important to quantify its actual efficiency, both 

quantitative and qualitative. 

Water retention efficiency 

The water retention efficiency represents the practice quantitative efficiency, in other 

words, it is related to the amount of water retained. Silveira & Goldenfum (2007) present 

equation 4.7 to calculate the project efficiency, aiming only the runoff retention. Throughout 

the time, the actual water retention efficiency tends to fall due to the effects of clogging 

occurring in the filtering media (Macedo et al., 2015), which can be reestablished with 

maintenance activities. Therefore, the actual quantification of water retention efficiency 

allows an evaluation of the device operation and the need for preventive and corrective 
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maintenance (Erickson et al., 2013). In this paper, it is proposed to calculate the actual 

efficiency by equation 4.8. 

𝐸𝑓𝑓𝑟𝑢𝑛𝑜𝑓𝑓 𝑟𝑒𝑡 =  𝐸𝑓𝑓𝑞𝑢𝑎𝑛𝑡𝑖 =  
𝑃𝑒𝑖𝑛−𝑞𝑠.𝑡𝑟

𝑃𝑒𝑖𝑛
                                                                               (4.7) 

𝐸𝑓𝑓𝑟𝑒𝑎𝑙,𝑟𝑢𝑛𝑜𝑓𝑓 𝑟𝑒𝑡 =  𝐸𝑓𝑓𝑟𝑒𝑎𝑙,𝑞𝑢𝑎𝑛𝑡𝑖 = 𝐷𝑃𝑒(𝑡) 𝑃𝑒𝑖𝑛(𝑡)⁄                                                       (4.8)  

where: 

Effrunoff ret and Effquanti= Water retention design efficiency, equivalent to the quantitative design 

efficiency; 

Effreal,runoff ret and Effreal,quanti = Actual water retention efficiency, equivalent to actual  

quantitative efficiency; 

DPe =Difference between the accumulated input runoff depth, from rainfall, and accumulated 

outlet runoff depth, representing the effective retention in the LID practice [mm]; 

Pein = Entrance water depth, representing the design precipitation or the real inflow [mm]; 

qs = Design outflow, being determined as a constant depth over time [mm/min]; 

tr = Design rainfall duration [min]; 

Pollutant retention efficiency 

Likewise, pollutant retention efficiency represents the practice qualitative efficiency, 

in other words, the one related to the parameters that affect the water quality. A project value 

can also be determined for this parameter, according to the sizing method. For example, Akan 

& Houghtalen (2003) present the equation 4.9 in their sizing for detention basins, aiming the 

removal of suspended solids. To evaluate the actual operation efficiency, it was used equation 

4.10. It should be remembered that for each pollutant it shall be an efficiency value, and a 

final average can be made into a single value of qualitative efficiency for the bioretention 

practice. 

𝐸𝑓𝑓𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑟𝑒𝑡 =  𝐸𝑓𝑓𝑞𝑢𝑎𝑙𝑖 = 0.9 ∑
𝑡𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛

𝑡𝑑𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛(𝑗)

𝑁𝑇𝑆𝑆
𝑗=1                                                            (4.9) 

𝐸𝑓𝑓𝑟𝑒𝑎𝑙,𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑟𝑒𝑡 =  𝐸𝑓𝑓𝑟𝑒𝑎𝑙,𝑞𝑢𝑎𝑙𝑖 =  𝐷𝐿𝑜𝑎𝑑
𝐿𝑜𝑎𝑑𝑖𝑛

⁄                                                    (4.10) 

 

where: 

Effpollutant ret and Effquali= Design pollutant retention efficiency, equivalent to the design 

qualitative efficiency;  
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Effreal,pollutant ret and Effreal,quali = Actual pollutant retention efficiency, equivalent to the actual 

qualitative efficiency; 

DLoad = Difference between accumulated inlet and outlet load present in runoff, representing 

the effective removal in the LID practice [g]; 

j =j-th suspended soil particle fraction, varying from 1 to NTSS; 

Loadin = Total inlet accumulated load into the LID practice [g]. 

tdetention(j) = required detention time for the j-th particle to decant [h]; 

tretention = basin retention time [h]; 

 

4.3 Results and discussion 

4.3.1 Quantitative analysis 

The precipitation events monitored to assess the bioretention performance occurred in 

the middle of the dry season in the city of Sao Carlos (August and September) in 2015. The 

events took place on 08/25/2015, 08/27/2015 and 09/08/2015. Table 4.2 shows the 

characteristics of each of the events, including the interval for water gathering qualitative 

analysis. The presented data shows that the event 1 occurred after a long dry period, with an 

interval of 29 days without rain, which resulted in an Accumulated Precipitation Index for 30 

days – API 30 of 0mm. In the event 2, despite it being preceded by rain in a short period of 

time (1 day without raining), there is still a small API 30, with a value of 3.6mm. It may also 

be noted that the two events presented low magnitude (low precipitation depth and low 

precipitation intensity). As for the third event, there was a precipitation event on the same day 

(0 days without raining), and it had a high precipitation depth, totalizing 39mm. Comparing 

the last event with the other two, the API 30 has increased significantly, with a value of 

31.2mm. These different conditions of each of the events result in differences in the total 

volume that needs to be retained into the device. The Table 2 shows that the entire inlet water 

depth for the event 3 is almost 10 times bigger than the first event, which will affect its 

operation. 

Figure 4.3 shows the temporal behavior of each water balance variables over the 

precipitation events. From the temporal behavior analysis, it is possible to verify the device 

capacity to retain part of the drained water volume, to delay and to reduce peak flows. 

Additionally, verifying if there is an increase in water percolation into the ground allows 

noticing the device capacity in reestablishing the pre-urbanization water balance.  
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Table 4.2 - Monitored precipitation events summary 

  
Days 

without 

precipitation 

P total Imed API 30  
Total depth 

in 

Total depth 

out 

(mm) (mm/h) (mm) (mm) (mm) 

Event 1 29 5.8 1.26 0 1.02 0.68 

Event 2 1 2.6 0.89 3.6 0.28 0.08 

Event 3 0 39 3.93 31.2 11.50 3.93 

 

In the event 1 (Figure 4.3a), total precipitation was 5.8mm, there were two 

precipitation peaks for the same event, causing two peaks flows with values of 0.06 and 

0.09mm/min. On the first, the reduction in peak flow from the input to the output in the order 

of 50% and a 10min delay is clearly visible. In this time interval, the storage peak reaches a 

value of 0.2mm. However, on the second peak in this same event, it is not possible to observe 

the same processes taking place. There is almost no reduction of the inflow peak to outflow 

peak, in addition to the storage in the bioretention basin being low if compared to the first, 

reaching slightly more than 0.025mm. With this different behavior for the same event with 

two peaks of precipitation and runoff, a significant reduction of the technique efficiency for 

the second peak became clear. This may be explained by the topsoil saturation, preventing the 

infiltration to the basin, where the water storage should occur. 

The event 2 (Figure 4.3b) presented a total precipitation of 2.6mm, with only a single 

precipitation peak, leading to one peak flow, with a value of 0.013mm/min. Under these 

conditions, it was possible to observe a reduction in output peak flow to less than 70% of the 

input with a delay of 10min. The maximum storage in this situation is of 0.017mm. 

In the event 3 (Figure 4.3c), it was observed a total precipitation much higher than in 

the first two, with a total of 39mm. In this event, a clear precipitation peak, with some 

intensification over time, can be seen. This behavior leads to an important peak flow 

(0.16mm/min, up to 5x higher than the previous events peaks) and small peaks over time due 

to the precipitation intensification. It was also possible to observe a higher superficial speed in 

the soil layer, leading to erosion, soil loss and failure to quantify the outflow (MACEDO et 

al., submitted). Thus, the outflow hydrograph was estimated using the practice mean 

percolation rate. In this event, the higher storage peak in bioretention basin was observed, 

reaching a value of 0.25mm after 3 hours of the beginning of the precipitation, and tending to 

keep increasing. 
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Figure 4.3 - Hydrographs charts containing the input and output, infiltration and instant stored 

volumes for (a) event 1 (b) event 2 and (c) event 3. The gathering interval for qualitative 

analysis is shown dashed. 

Besides the temporal behavior, it was also obtained the concentrated variable values of 

water balance, used to calculate the water retention efficiency, or in other words, the practice 

quantitative efficiency. From these results, shown in Table 4.3, it is possible to observe that in 

all cases there was a reduction of the total volume being transferred to the receiving 
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waterbody. At last, the LID practice has a percolation rate that remained almost constant for 

the three events, with an average of 38%. The input and output variables quantification 

allowed calculating their actual quantitative efficiency. This value was lower for the first 

event, with only 33% of volume retention, and higher for the third event, which presented 

71% efficiency. The average efficiency for the three events was 57%. When compared to the 

design efficiency (98%), it is clear that this value is lower than planned. 

Table 4.3 - Water balance, percolation rates and quantitative efficiency 

  Water balance 

Percolation 

ratio 

Eff 

  

Total 

precipitation 

(mm) 

Volume 

in (mm) 

Volume 

out 

(mm) 

Volume 

perc. 

(mm) 

Storage 

peak 

(mm) 

real, 

quanti 

quanti 

(project) 

Event 1 5.80 1.02 0.68 0.38 0.20 37% 33% 

98% Event 2 2.60 0.28 0.08 0.11 0.03 39% 71% 

Event 3 38.00 11.50 3.93 4.60 0.41 40% 66% 

 

Hatt et al. (2009), Lucke & Nichols (2015) and Winston et al. (2016) found, in their 

different studies, that bioretention has a high capacity to attenuate peak flows, with reduction 

values above 80%, reaching 96%. Davis (2008) also noted that, besides peak flow attenuation, 

there was also a delay in its occurrence, by a factor of two or more. However, the value for 

the total volume reduction is less pronounced. For Hatt et al. (2009) it has an average of 33%, 

while for Winston et al. (2016), it has 46%. Comparing these results with those obtained in 

this study, there is an inversion of the importance and magnitude of the attenuation 

capabilities of the bioretention basin evaluated. This practice achieved greater retention values 

for the total volume than the simple peak flow attenuation. 

As it is shown in Table 4.2 from the storage temporal behavior and concentrated 

balance presented, the storage on the bioretention basin was low, unable to reach not even 

10% of its total storage capacity. Macedo et al. (submitted), investigated the possible 

pathologies present in the bioretention construction and operation causing the low storage. 

These authors observed that the conditions of the region soil (highly weathered, with clayey 

composition) decreased the surface infiltration capacity into the basin, leading both to the low 

storage and to structural problems such as erosion and soil loss. This paper also presented 

measures to mitigate these effects. 

4.3.2 Qualitative analysis 
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In addition to the quantitative aspects, a runoff qualitative analysis was done to 

evaluate its water treatment capacity before and after the bioretention, 

The first analysis was performed to characterize the runoff related to the catchment, 

which enters the bioretention practice. First, the presence of the first flush phenomenon for 

the seven pollution parameters analyzed in this study was investigated. This characterization 

was important for this specific catchment studied because of the characteristics of the 

pollution particles deposition, the area size, the concentration time and, particularly, the 

installed drainage system interference in the presence or absence of this phenomenon. 

Moreover, determining whether most of the pollution is carried from the initial or final runoff 

fraction contributes to a proper sizing, once it allows identifying the major portion of the 

volume that must be retained.  

 

Figure 4.4 - Curves M(V) for first flush analysis, to (a) event 2 and (b) event 3 - The dotted 

line is the quadrant bisector. 

Figure 4 shows the mass X volume graphics (M(V)), and the results of the analysis of 

the first flush in the events 2 and 3. According to Bertrand-Krajewski et al. (1997), the 

phenomenon occurs when, at least, 80% of the pollutants are being carried by the first 20% of 

runoff. Therefore, in the event 2 (Figure 4.4a) only Zn presents values below the bisector, yet, 

only for the first 40% runoff volume, not making clear the presence or absence of the first 

flush. As for the other parameters, through a visual analysis, all the curves are above the 

bisector. However, in the event 3 (Figure 4.4b), this visual analysis is not very clear – the 

curve M(V) almost coincides with the bisector for most of the pollutants. To confirm 

numerically the presence or absence of the first flush, the potential equation linearization 

proposed by Su & Mitchell (2003) was made. Then, evaluating the value of the slope b, the 
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phenomenon occurrence can be determined (for First Flush, b is between 0 and 1). The results 

of this analysis are presented in Figure 4.5. 

 

Figure 4.5 - First flush linearization parameters for (a) event 2 e (b) event 3 – The dotted line 

is the quadrant bisector. 

For the second event (Figure 4.5a), only Zn has a slope b value above 1, which shows 

numerically that there is no first flush for this parameter. At last, the PO4 has a value close to 

1, and cannot be stated with precision if there is the occurrence of the phenomenon. For the 

other parameters, the b value ranges from 0.6378 to 0.8173 for NO3 and TOC respectively. 

On the other hand, the event 3 (Figure 4.5b) shows a slightly higher b variation from 0.82639 

to 0.7514, demonstrating a reduction in the phenomenon intensity. In addition, the Fe and 

NO2 presented a b value higher than 1 and Zn, close to 1, indicating that the phenomenon 

does not occur for these parameters in this event. 

The first visual analysis of the curve M(V) already shows that the phenomenon is 

more accentuated in the event 2 than for the event 3. This result was expected due to the 

higher rain volume in event 3 and the antecedent rainfall, resulting in a prewash of the soil 

and floor. Additionally, the event 2 represents one of the first rains after a long drought 

period, leading to a higher pollution accumulation in the soil, which tends to be carried by the 
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first runoff volume portions. Visual analysis is numerically confirmed by M(V) linear curve, 

showing that the first flush phenomenon occurred for both events, with the exception of Zn 

and PO4 for the event 2 and Fe and NO2 to event 3. The event 3 also presented this 

phenomenon in a less intense way.  

Reference studies on this phenomenon, as Bertrand-Krajewski et al. (1997) and 

Deletic (1998), evaluated urban areas with micro-drainage systems combined or separated, for 

different pollutants. In both studies, it was found that there is an occurrence of the 

phenomenon for some pollutants, varying according to the rain intensity, catchment, among 

others. Chow & Yusop (2014) conducted some studies more focused on tropical climate, with 

catchment raging for 4 to 31 ha, which were residential, commercial and industrial areas. As a 

result, they observed strong first flush for organic pollution parameters for all areas. These 

other studies results are in agreement with those obtained in this paper, where it was possible 

to observe the first flush for almost all pollutants in a micro-drainage area. As for Chow & 

Yusop (2014), parameters that represent organic pollution showed a higher intensity, varying 

only for some metals and nutrients in each event. 

After characterizing the runoff, the input and output pollutographs were made for the 

events 2 and 3 in terms of loads (Figure 4.6 and 4.7). It is possible to assess the temporal 

behavior of pollution parameters, especially for the pollutants leaving the practice and being 

transferred to the receiving waterbody. 

In event 2 (Figure 4.6) it is noted that the input and output pollutographs follow the 

hydrograph format for all parameters, and the pollution peak coincides with the peak flow. In 

addition, the incoming loads are, in all cases, higher than the output loads, demonstrating the 

bioretention ability to perform qualitative treatment under low precipitation condition. As for 

the event 3 (Figure 4.7), in which the precipitation was higher and longer, the pollutograph 

are not as well defined as for the event 2, having an even larger output than input loads to 

some pollutants, with Fe being the most expressive. 
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Figure 4.6 - Pollutographs for event 2 - Each frame represents a pollutant analyzed. 
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Figure 4.7 - Pollutographs for event 3 – Each frame represents a pollutant analyzed. 
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Beside the parameters temporal variation, a concentrated mass balance was made in 

order to calculate the pollutant removal efficiency, also called qualitative efficiency or 

removal rate. This is singular for each pollutant, on each event. The results are shown in Table 

4.4. 

Table 4.4 - Mass balance and qualitative efficiency 

      COD TOC PO4 NO2 NO3 NH4 Fe Zn 

Event 1  

EMC 

(mg/L) 

In 37 10.71 0.13 0.009 1.49 1.4 15.54 0.143 

Out 41 10.94 0.13 0.012 10.05 1.79 36.59 0.123 

Load 

(g) 

In 408.89 118.36 1.44 0.10 16.47 15.47 171.73 1.58 

Out 132.15 35.26 0.42 0.04 32.39 5.77 117.93 0.40 

Eff ret pollution 67.7% 70.2% 70.8% 61.1% -96.7% 62.7% 31.3% 74.9% 

Event 2 

EMC 

(mg/L) 

In 26.6 10.17 0.11 0.01 1.02 0.8 10.71 0.23 

Out 17.34 7.46 0.13 0.01 1.14 0.68 4.76 0.09 

Load 

(g) 

In 176.47 67.44 0.72 0.08 6.80 5.28 71.05 1.50 

Out 32.27 13.89 0.24 0.02 2.13 1.27 8.85 0.17 

Eff ret pollution 81.7% 79.4% 66.9% 76.9% 68.7% 75.9% 87.5% 88.7% 

Event 3 

EMC 

(mg/L) 

In 9.89 5.59 0.06 0.01 0.16 0.43 0.34 0.09 

Out 11.40 5.26 0.08 0.01 0.33 0.44 1.74 0.09 

Load 

(g) 

In 2698.31 1525.86 16.96 2.49 44.79 116.87 92.57 24.74 

Out 1063.22 490.71 7.68 0.73 30.92 41.47 161.86 8.64 

Eff ret pollution 60.6% 67.8% 54.7% 70.6% 31.0% 64.5% -74.8% 65.1% 

 

From the values shown in Table 4.4, the water quality parameters COD and TOC, 

representing organic contamination, showed the best efficiency for the three events, from 60 

to 80%. As for the nutrient contamination (this study investigated the phosphate, nitrite, 

nitrate and ammonia), the removal efficiencies vary widely within the events – for nitrate the 

removal ranges from approximately 69% to 31%, when comparing the event 2 and 3, also 

having a nitrate export over the device for the event 1. Similar behaviors are observed for the 

phosphate, which has 20% variations in removal efficiency for the three events. As to the 

metals, Fe and Zn, the efficiencies are generally high. However, in the event 3, there was a 

significant export of Fe (-74.8%), possibly as a result of soil loss due to erosion, leading to an 

entrainment of Fe particles out of the practice. 

Based on the literature (Table 4.5), the values for nutrients removal rate seems to have 

a large variation, according to the site. Liu et al. (2014), Bratieres et al. (2008), who 

developed studies in lab scale, and Hatt et al. (2009), who developed in field scale, found a 

removal rate between 80 to 98% of phosphorus. Moreover, Luell et al. (2011) found low 
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phosphorus removal in field scale, in order of 3.2%. Dietz (2007) has already stated that soil 

characteristics have much influence on the efficiency of nutrient removal, ranging from high 

removal rates to nutrient exportation. 

On the other hand, total nitrogen, nitrite and nitrate removal rates found in Hatt et al. 

(2009) and Luell et al. (2011) are in the range of 7 - 55%. In addition, Manganka et al. (2015) 

observed that the antecedent dry period has an important role in the treatment, mainly in the 

evaluation of nitrogen series. They state that long drought contributes to the reduction of 

nitrite and ammonia on the practice exit while increasing nitrate load, which confirms the 

occurrence of nitrification within the bioretention basin.  

The results obtained for the event 1, which had a drought period of 29 days, show a 

nitrate export of 96.7% and a nitrite and ammonia removal of approximately 60%. Therefore, 

it is remarkable the fact that the bioretention practice presented in this paper has an efficiency 

range observed in other studies, for the parameters representing nutrient contamination. 

As for metals, studies with bioretention had been more focused on the analysis of Cu, 

Pb, and Zn, having little discussion above Fe (Table 4.5). For Zn, the removal rate ranged 

from 62% (Davis, 2007) to 84% (Hatt et al. 2009), a variation range close to the one obtained 

in this study (Table 4.4). 

Considering the low storage in the bioretention basin, observed for the three analyzed 

events, and the high runoff speed on its surface, it raises the possibility that pollutant removal 

rates could be higher since the most part of water treatment occurs inside the bioretention 

basin. 
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Table 4.5 - Pollutant removal rates presented in the literature 

Author Filtration media 
Removal rate (%) 

Cu Pb Cd Zn TSS TP PO4 TN NH4 NO2,3 

Wang et al. (2016) * 

Fine sand 
  

>95 
       

Zeolite 
  

>95 
       

Sand 
  

>95 
       

Quartz sand 
  

>99 
       

Wang et al. (2015) * Construction wastes >90 >90 >90 
       

Liu et al. (2014) * 

Terra Solve 
     

98.8 
    

Biofilter 
     

96 
    

VT mix 
     

98.2 
    

Winston et al. (2011) ** ISZ 
    

50.4 3.2 
 

47.6 54.8 75.6 

Manganka et al. (2015) 

Dry period      
80.78 75.33 73.41 47.93 82.21 64.95 

Manganka et al. (2015) 

Rainy period      
41.81 36.42 37.81 38.7 49.31 23.24 

Brown and Hunt (2012) ISZ 0.9m 
    

89 19 
 

-274 
 

32 

Davis (2007)*** 
 

57 83 
 

62 47 79 
   

83 

Yu and Stanford (2007) 
 

16 
  

50 85 55 
    

Hsieh and Davis (2005)* 
  

64 - 98 
  

29 - 96 4 - 99 
  

 2 - 49 
1 - 

43 

Hsieh and Davis (2005) 

  

>98 

  

>96 >70 

  

>20 >9 

Hatt et al. (2009) 
 

67 80 - 84 76 - 
 

- 64 
 

Bratieres et al. (2008) * 
Soil, sand, gravel with 

none vegetation 
        99 81   -204     

*Lab scale, ** Overflow and underdrain, ***EMC rates 
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4.4 Conclusion 

The qualitative and quantitative performance of bioretention cell were analyzed for three 

precipitation events that occurred after a long drought period. It is concluded, in quantitative 

aspects, that: 

 The main contribution of the bioretention practice was reducing the peak flow 

transferred to the receiving waterbody, with a wide variation from 10 to 70%, besides 

contributing to a delay of 10 minutes in the peak flow; 

 The quantitative efficiency, done based on the total retained volume, presented a 

variation from 33% to 66%, and a mean value of 57% and it was lower than expected; 

 A low storage volume in bioretention basin was observed, leading to conclude that the 

device is not operating according to its maximum capacity. Maintenance measures are 

necessary to recover its performance and new sizing and design methods focus on 

subtropical climate are need; 

 Problems such as highly weathered soils with high clay content, common 

characteristics of tropical and subtropical regions, are listed as main causes of low 

infiltration. 

In qualitative aspects: 

 The first flush is present in the catchment area for all pollutants, with exception of Zn, 

Fe, and NO2. For events with larger precipitated volumes, the phenomenon becomes 

blander. 

 The pollutant retention efficiency with the highest value is for pollutants representing 

organic pollution (COD, TOC) and the lowest for nitrate and iron, even with export in 

some events. The mean removal efficiency obtained was 67%.  

Maintenance measures must be adopted to ensure proper infiltration into the bioretention 

filtering media and increasing this efficiency. Further research must focus on adapt the current 

concept used to install bioretention systems, aiming the subtropical and tropical regions.  
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5 EFFICIENCY OF STORMWATER CONTROL PRACTICES AND WATER 

QUALITY IMPROVEMENT THROUGH CONTROLLED EXPERIMENTS OF 

BIORETENTION IN LABORATORY AND FIELD SCALE  

 

A modified version of this chapter has been submitted as: Marina Batalini de MACEDO, Altair ROSA, César do 

LAGO, Eduardo Mario MENDIONDO, Vladimir Caramori Borges de SOUZA. Efficiency of stormwater 

control practices and water quality improvement through controlled experiments of bioretention in 

laboratory and field scale. Revista Brasileira de Recursos Hídricos. 

 

Abstract 

With the aim to minimize the increasing impacts of soil sealing, the Low Impact Development 

(LID) practices raise as a technology capable of reducing the runoff and promoting a greater 

infiltration of the water into the ground. Most of the LID studies involving bioretention are 

focused on temperate climate regions and laboratory scale, with few covering the field scale, 

mainly in subtropical and tropical regions. Therefore, this study compares the performance of 

a bioretention device in laboratory scale (useful volume of 0.46m³) and a device applied at 

real scale (useful volume of 62m³) in the city of São Carlos-SP, Brazil, under subtropical 

condition. In both scales it was used the same application rate, obtaining a water retention 

efficiency of 100%. The percolation rate in laboratory scale ranged from 32% to 76%, while 

the percolated percentage in the field was about 95%. For the qualitative analysis, in the 

laboratory scale, the pollutant removal efficiency was low, comparing to other studies, and 

vary significantly among the pollutants. Export was observed for NO3 and NH3. On the other 

hand, in field scale the pollutant removal efficiency was high, ranging from 87% to 100%. 

Applying the same rainfall intensity in both scales, only the water retention values were 

similar, demonstrating that the method of inlet volume extrapolation to field scale was not 

representative for percolation and removal pollutants analyses. Further research is 

recommended, testing different inlet volume and rainfall intensities, to help in a better 

comprehension of storage and treatment capacity.   

 

Key-words: Urban drainage; Quantitative efficiency; Pollutant removal; Controlled 

experiments. 
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5.1 Introduction 

With the rapid growth of cities and the lack of urban and territorial planning, there is 

an increase in soil sealing and, consequently, an increase in runoff. Soon, the classic urban 

drainage systems are overloaded, leading many times to urban flooding. The extreme 

precipitation events are already a major cause of natural disasters in Brazil (SANTOS, 2007; 

YOUNG et al., 2015), causing floods, landslides, among others. In addition, according to the 

projections of climate change, this scenario must get even worse (VALVERDE & 

MARENGO, 2010; MARENGO et al., 2010). Thereby, low impact development (LID) 

practices emerge as alternative and sustainable urban drainage systems, capable of reducing 

the runoff at the source, reestablishing the percolation into the ground, reducing 

socioenvironmental impacts. 

Within the concept of LID practices, there are different approaches, ranging from 

participative planning, environmental education, and devices to reduce runoff (FLETCHER et 

al., 2012). These devices can be applied in many scales, such as source control, micro and 

macro drainage (MARSALEK & SCHEREIER, 2009). Examples would be green roofs, 

infiltration trenches, permeable pavements, wetponds, bioretention cells ERICKSON et al., 

2013; BAPTISTA et al., 2005; URBONAS & STAHRE, 1993). In Brazil, recent studies 

address these devices application, focusing mainly on infiltration trenches and wells (LUCAS, 

2011; GUTIERREZ, 2011; LUCAS et al., 2015). However, to increase the knowledge on a 

greater number of devices and the particularities in subtropical climate regions, this paper 

outline the operation of a bioretention system. Macedo et al. (submitted a and b) have started 

studies enumerating and investigating maintenance needs and proper operation of bioretention 

cells in field scales, under subtropical conditions. 

The bioretention system has the quali-quantitative treatment as a dual function, once it 

retains/detains the runoff while removes pollutant load.  According to Erickson et al. (2013) 

and Laurenson et al. (2013) the qualitative treatment occurs through the physical-chemical 

process of filtration, sedimentation and sorption, and biological process of microbiological 

degradation and phytoremediation. 

Considerable research efforts have been invested in evaluating the bioretention system 

performance, prevailing studies in laboratory scale. Wang et al. (2015) and Wang et al. (2016) 

investigated metals removal (Cd, Cu, Pb), testing different filtering media with experiments 

conducted in bioretention columns. They found a removal rate above 90%, in the percolation 
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outlet. Rycewicz-Borecki et al. (2017) also evaluated the removal of metals Cu, Pb, and Zn, 

with experiments in laboratory scale. Their results reported metal removal above 92% and 

demonstrate accumulation in the macrophytes used to assist the treatment. Nevertheless, the 

studies conducted in the laboratory are not limited to metals. Chahal et al. (2016), Liu et al. 

(2014) and Bratieres et al. (2008) are some authors who evaluated the nutrient removal in 

bioretention system and report removal efficiency ranging from 80 to 99%. 

Some studies with field application have also begun to be developed. In their paper, 

Manganka et al. (2015) have focused on how hydraulic and hydrologic factors affect the 

pollutant removal in field conditions, under dry and rainy seasons. Petterson et al. (2016) and 

Lucke & Nichols (2015) have investigated the removal of pathogens, nutrients, and metals. 

Davis (2007), Hatt et al. (2009), Winston et al. (2011) and Brown & Hunt (2012) found 

nutrient removal rate varying from 3.2 to 64% - for some studies, there was even nitrogen 

exportation – and removal rates from 57 to 83% for metals. 

Laboratory scale studies have some advantages: the environmental conditions can be 

controlled to conduct a deeper investigation of the treatment processes; it is possible to test 

the different factors that take a role in the treatment mechanisms, allowing identify the key-

factors. In addition, there is no temporal dependence on the occurrence of storms and a greater 

amount of analyses can be done in a shorter time. However, what occurs in the laboratory not 

necessarily will occur in the field. In many times the results cannot be extrapolated without 

further analyzes. When comparing laboratory and field studies it is possible to observe that 

lab experiments reported higher pollutant removal than field experiments (around 90% and 

60% respectively). 

Therefore, it is important to evaluate these systems together, operating under the same 

conditions in laboratory and field, in order to develop a comparison between these two scales 

of analysis. Only a few studies address to this comparison, until the moment. One example is 

Hsieh & Davis (2005) study, which investigate the removal rates in column experiments and 

in bioretentions operating in the field. Their results demonstrate higher efficiencies for the 

field systems when analyzing parameters of minerals contamination (Pb and TSS) and higher 

efficiencies for the columns to parameters that indicate nutrient contamination (TP, NH4, and 

NO2,3). 

Despite the importance of these studies, only a few have addressed the two scales of 

analysis in an integrated way. Additionally, it should be noted that a great amount of the 
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studies report results from temperate climates, where the climate, environmental and socio-

economic conditions differ widely from tropical and subtropical regions. Therefore, the 

primary objective of this research is to compare two analysis scale (laboratory and field), 

conducting controlled experiments were conducted in two analysis scale, allowing a 

comparison. Further, the study provides a better comprehension of bioretention systems 

performance under subtropical climate. 

5.2 Methodology 

Two experimental scales – laboratory and field – was studied in order to compare their 

performance results. The water and pollutant mass balance quantification, the study area 

characterization and how we determinate the rain intensity to ensure similarity between the 

two scales are presented in the next sections. 

5.2.1 Quali-quantitative data collection 

To determine the system performance and efficiency, it is necessary to determine 

numerically the variables of the water and pollutant mass balance. In this study, the relevant 

variables to determine the balances was inflow, outflow, stored volume, precipitated volume 

and percolation flow (as represented in the diagram shown in Figure 5.1). The equation 5.1 

and 5.2 (adapted from Erickson et al., 2013) were used to quantify the water balance and mass 

balance, respectively. 

 

 Figure 5.1 – Bioretention diagram representing the laboratory and field scale and the 

variables of water balance. 
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𝑆(𝑡) = 𝑉𝑖𝑛(𝑡) − 𝑉𝑜𝑢𝑡(𝑡) =  (𝑄𝑖𝑛(𝑡)𝑡 + 𝑃(𝑡)𝐴𝑤) − (𝑄𝑜𝑢𝑡(𝑡)𝑡 +  𝐼(𝑡)𝑡)                            (5.1) 

𝑀𝑠(𝑡) = (𝑀𝑖𝑛 + 𝑀𝑃) − (𝑀𝑜𝑢𝑡(𝑡) +  𝑀𝐼(𝑡))                                                                        (5.2) 

where: 

Aw = Catchment surface [m²]; 

I(t) = Percolated flow into the ground [L/min]; 

MI(t) = Infiltrated/treated pollutant mass by the LID practice [g]; 

Min(t) = Pollutant mass in the inflow runoff [g]; 

Mout(t) = Pollutant mass in the outflow [g]; 

Ms(t) = Stored pollutant mass, including positive or negative reactions due to internal 

processes, i.e. sorption, degradation, etc., in the bioretention basin [g]; 

MP(t) = Pollutant mass in the precipitation, directly over the bioretention basin [g];  

P(t) = Direct precipitation over the bioretention basin [mm] 

Qin(t) = Inflow discharge [L/min]; 

Qout(t) = Outflow discharge [L/min]; 

S(t) = Storage volume in the bioretention basin [L]; 

t = Analyzed time interval [min]  

Vin(t) = Inlet volume [L]; 

Vout(t) = Outlet volume [L]. 

 

In the laboratory scale, the collection of quantitative data and qualitative samples was 

made each 5min, manually for inflow, outflow, and percolation, and automatically to the 

storage, using the humidity sensor TDR CS616. On the other hand, in the field scale, the 

collection of quantitative data was made automatically, using level sensor HOBO-WATER 

U20L-02. For the qualitative sample collection it was used an automatic sampler with a time 

interval of 5min in the inflow, and for the storage and outflow, the samples were collected 

manually in a time interval of 10min.  

The water quality parameters analyzed was selected to represent organic matter 

contamination - chemical organic demand (COD) and total organic carbon (TOC) – nutrient 

contamination  - nitrite (NO2), nitrate (NO3), ammonia (NH3) e phosphate (PO4) – solid 

contamination - sedimentable solids (SS) – and metals contamination - iron (Fe), zinc (Zn) 

and cadmium (Cd). The analysis follows the methods proposed on the Standard Methods for 

Examination of Water and Wastewater (APHA et al., 1915). For each variable of the pollutant 
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mass balance, the total load was quantified according to equation 5.3, integrating for the total 

time of the analyzed hydrographs. 

𝐿𝑜𝑎𝑑 = ∫ 𝐶(𝑡)𝑄(𝑡) 𝑑𝑡 =  ∑ 𝐶(𝑡)𝑄(𝑡) Δ𝑡                                                                          (5.3)  

where: 

C(t) = Concentration, at time t [mg/L]; 

Q(t) = Water flow at time t [L/min]; 

𝛥t = Considered time interval [min]. 

 

5.2.2 Study area and experimental scales 

The two experiments are situated at São Carlos, SP, Brazil, in the University of Sao 

Paulo campus (USP campus 1 and 2) (Figure 5.2). For each one of the scales, it was 

delimitated the catchment and, consequently, the contribution area for the diffuse pollution. 

Table 5.1 presents the specific characteristics for both scales. 

 

 

Figure 5.2 – Study areas for laboratory scale (a) and field scale (b). The diffuse pollution was 

collected in the pathways represented by the red lines. 
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Table 5.1 – Specifications of the experimental scales analyzed 

  
H soil 

(m) 

H gravel 

(m) 

H sand 

(m) 

Hequivalent = 

Storage/area 

(m³/m²) 

Water balance variables 

monitored 

Lab scale 0.2 0.3 0.5 0.32 Qin(t), Qout(t), I(t) 

Field scale 0.5 0.7 2 1.02 Qin(t), Qout(t), S(t), P(t) 

 

Also, in this characterization stage, we defined the parameter equivalent useful depth 

(Hequivalent), obtained by a ratio of useful storage volume per surface area. Considering its 

definition, the Hequivalent is a parameter that can be applied to any bioretention, of different 

sizes and scales. From this value, it is possible to compare two or more devices as to their 

actual treatment zone per unit area. Higher values represent larger zones and, consequently, 

greater treatment capacity. 

For the laboratory scale, a prototype with small dimensions (1m x 1m x 1.45m) was 

built to better evaluate the key-factors that play an important role in the efficiency of a 

bioretention practice. In this scale, the Hequivalent calculated is 0.32m, as observed in Table 5.1. 

The laboratory device is composed of three layers, the first of which is a natural soil - 

predominantly sandy -, serving as a medium for vegetation fixation (garden grass, Axonopus 

compressus), followed by gravel and sand, according to the arrangement shown in Figure 5.1. 

This filtering media was chosen to achieve the double function of water retention and water 

qualitative treatment. The diffuse pollution was collected manually along a contribution area 

of 1.6ha, in USP campus 1 (Figure 5.2a), as proposed by Maglionico (2007). This area is 

completed urbanized, with a high level of surface paving. The runoff was simulated using a 

tank-pump-dispenser flow system, operating at constant flow and adjusted to simulate 

selected rainfall intensity. The water balance variables monitored were: inflow (Qin(t)), 

outflow (Qout(t)) and percolation I(t). 

As for the field scale, the bioretention device is applied in USP campus 2. In this scale, 

the device receives runoff of a catchment with a total area of 2.3 ha, then considered a micro 

drainage scale (Figure 5.2b). The area is still characterized in the most part as crawling 

vegetation, having only a few pathways. Therefore, the main contributions to the runoff are 

the automobile and pedestrian ways and the waterproof area relative to the laboratory 

building. The bioretention device has a surface area of 60.63m² and 3.2m depth (Table 5.1). 

From the ratio of useful volume and surface area, a Hequivalent of 1.02m was determined. This 
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device has the same filtering media composition as the laboratory scale (gravel follow by 

sand, as shown in Figure 5.1) covered by local natural soil, with sandy-loamy feature. The 

superficial layer was vegetated with Brachiaria sp., selected to maintain the landscape 

integration and to soil stabilization. In this scale, the water balance variables monitored were: 

precipitation (P(t), inflow (Qin(t)), outflow (Qout(t)) and storage (S(t)). 

5.2.3 Comparing the scales of analysis 

Comparing the two experimental scales requires establishing an equivalence relation 

between them. Therefore, a unique value of rainfall intensity was determined for both scales, 

in order to accomplish the relations expressed in Figure 5.3. This value was calculated by 

averaging the rainfall intensities used in laboratory scale, according to equation 5.4. 

𝐼𝑚𝑒𝑑 𝑙𝑎𝑏 =
∑ 𝑉𝑖,𝑡𝑜𝑡𝑎𝑙/(𝐴𝑙𝑎𝑏𝑥 𝑡𝑖)𝑛

𝑖=1

𝑛
                                                        (5.4) 

where: 

Imed lab = Mean rainfall intesity [mm/h]; 

Alab =  Bioretention surfasse area in laboratory [m²]; 

n = Total number of campaigns; 

Vi,total = Total inlet volume, considering campaign i [L]; 

ti = Duration of campaign i [h]; 

 

 

Figure 5.3 – Representative scheme of the equivalence relation between the laboratory and 

field scale. For laboratory scale, the control volume only amounts to directly incident 

precipitation over the device, which is simulated in the experiments. For the field scale the 

control volume simulates the precipitation and inflow, in a conjugated way. 

 

Lab 

scale 
Field 

scale 

Vlab(t) [L] ≡ P(t) [mm] 

Vlab(t), tlab 

Vfield(t) [L] ≡ P(t) [mm] + Q(t) [L] 

Vfield(t), tfield 

P(t) P(t) 

Q(t) 

Ilab [mm] = Vlab(t) [L] /(Alab [m²] x tlab [min]) 

Ifield [mm] = Vfield(t) [L] /(Afield [m²] x tfield [min]) 

Ilab = Ifield  



71 
 

 

The total duration and mean inflow necessary to obtain the same rainfall intensity in 

field scale was calculated according to the equation 5.5 and 5.6, adopting the Imed lab value 

previously determined and with a control volume limited by the maximum capacity of the 

water tank truck. 

 𝑡𝑓𝑖𝑒𝑙𝑑 =
𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑓𝑖𝑒𝑙𝑑 𝑥 𝐼𝑚𝑒𝑑 𝑙𝑎𝑏
                                                                                                   (5.5) 

𝑄𝑚𝑒𝑑 𝑓𝑖𝑒𝑙𝑑 =
𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙

60 𝑥 𝑡𝑓𝑖𝑒𝑙𝑑
                                                                                                    (5.6) 

where: 

Qmed field = Mean inflow, in field [L/min]; 

Afield = Bioretention surfasse area in field [m²]; 

Vcontrol = Control volume, equivalente with total inlet volume [L]; 

tfield = Duration of the event in field [h]; 

 

5.2.4 Campaigns 

For the laboratory scale, six campaigns were made to evaluate the bioretention quali-

quantitative efficiency. The inflow ranged from 691 L/h to 2667 L/h (equivalent to an Ilab of 

475 mm/h to 1839 mm/h), as presented in Table 5.2. For the first four campaigns, only the 

water balance variables were monitored, having sample collection to qualitative analysis only 

for the campaigns 5 and 6. The samples were collected manually, in the weir outlet (outflow) 

and percolation. The total number of samples collected per campaigns is specified in Table 

5.2. 

 Different conditions of initial humidity in the filtering media were also tested, varying 

the time interval between the campaigns from one day to two months (Table 5.2). During the 

experiments, the room temperature was 25ºC. 
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Table 5.2 – Summary of campaigns in laboratory scale 

  
Dry time between 

campaigns 

Q in med 

(L/h) 

Duration 

(min) 

Qualitative  

  
Nro. 

samples 

Campaign 1 - 1016 30 - 

Campaign 2 2 months 2667 12 - 

Campaign 3 8 days 1469 18 - 

Campaign 4 1 day 691 27 - 

Campaign 5 7 days 1702 14 10 

Campaign 6 1 month 962 27 10 

 

 For the field scale study, the inflow was simulated in order to correspond with the Imed 

lab, previously determined. Then, a controlled event was conducted using a water tank truck 

serving as a reservoir. The total control volume was 10.12m³, corresponding to a water depth 

of 0.43mm and a mean inflow of 31578m³/h, or 520mm/h. 

 To analyze the qualitative parameters in this scale, it was collected a total of nine 

samples, with six collected in the inlet, representing the Min(t), and three collected inside the 

storage, representing the MS(t). As the inflow simulation is done with a control volume 

relative to P(t) and Qin(t) in a conjugate way, the incoming water quality represents the 

diffuse pollution found in the runoff and in the directly incident rainfall, even if this last one 

has a small contribution. In this system, the percolation into the ground is not collected, and 

consequently, it is not quantified. 

5.3 Results and discussion 

5.3.1 Laboratory scale 

Table 5.3 shows the water balance results to the bioretention in laboratory scale. 

Except to the campaign 2, the rainfall intensity and the total volume applied was not enough 

to saturate completely the filtering media and generate outflow in the weir. Only for campaign 

2, there was a small outflow, not representing neither 1% of the total inlet volume. Therefore, 

considering all the surveys, the mean water retention efficiency was 99.9% ± 0.2. 

 It was also found high percolation rates, generally higher than 60%, achieving values 

of 73.7%. However, for the campaign 1 and 6, this rate was less significant, achieving only 

31.2% and 39.8%, respectively. These two lower values occurred for the campaigns that toke 

place after a long dry period (≥ 1 month), so that the filtering media was completely dry and, 
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therefore, with a higher retention capability. As for the campaign 2, even if it also occurred 

after a long dry period (2 months), the mean inflow (Table 5.2) and total inlet volume (Table 

5.3) were the greatest of all campaigns, leading even to outflow. Then, it is possible that the 

filtering media has saturated more quickly, promoting the percolation. 

Table 5.3 – Concentrated water balance, percolation rate and water retention efficiency for 

laboratory-scale campaigns 

  Total volume (L) / Equivalent depth(mm)   Percolation 

rate (%) 

Eff ret 

hid. (%)   In Out Percolated Storage 

Campaign 1 508.22 / 350,5 0 /  0 163.00 / 112,4 345.22 / 238,1 32,1 100,0 

Campaign 2 533.33 / 367,8 2 / 1,38 357.02 / 246,2 176.31 / 121,6 66,9 99,6 

Campaign 3 421.91 / 291,0 0 /  0 303.20 / 209,1 118.71 / 81,9 71,9 100,0 

Campaign 4 310.74 / 214,3 0 /  0 229.10 / 158,0 81.64 / 56,3 73,7 100,0 

Campaign 5 397.05 / 273,8 0 /  0 257.40 / 177,5 139.65 / 96,3 64,8 100,0 

Campaign 6 435.73 / 300,5 0 /  0 173.48 / 119,6 262.25 / 180,9 39,8 100,0 

Media   58,2 99,9 

Standard Deviation   17.7 0.2 

 

 To complement the water balance analysis, Figure 5.4 shows the variation in time for 

each of the variables, in all campaigns. Considering the bioretention dimensions and a 

filtering media porosity of 37%, the total useful volume of storage is around 500 L. However, 

the highest peak was found to the campaign 2, with a value close to 400 L, which means that 

in any of the experiments the storage peak achieved its maximum. Nevertheless, the 

percolation hydrographs present considerable peaks (25 L/min) and mean percolation rates for 

all the experiments. This result indicates that the water retention capability of the system is 

affected not only by the useful volume but also by the hydraulic conductivity of the ground. 

Therefore, to calculate the system's amortization capacity these two factors must be 

considered in the projects. 

Still for campaign 2, for the Figure 5.4, we can observe an outflow even if the inlet 

volume did not reach the maximum storage capacity. This can occur because the inflow 

exceeds the infiltration velocity into the bioretetion cell, leading to a runoff in the technique 

itself. 

 The percolation hydrographs and the temporal variation of storage (Figure 5.4) 

indicates a similar behavior between then, with the percolation peak occurring right after the 

storage peak. From these results, it is also observed that the filtering media maintains the 

water storage even after the most significant percolation has ceased, remaining almost 
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constant after 120 min. The ensemble of results shows that the bioretention can help 

reestablishing the water balance prior urbanization (increasing water percolation rates into the 

ground).

 

 

Figure 5.4 –Temporal behavior of the variables inflow, outflow, storage and percolation, in 

the laboratory scale experiment, for: (a) campaign 1; (b) campaign 2; (c) campaign 3; (d) 

campaign 4; (e) campaign 5 and (f) campaign 6.  

 To better evaluating the water storage process, Figure 5.5 was elaborated with the 

storage areas divided between the soil and sand layer, where the humidity sensors were 

installed. The soil layer responds more quickly (storage peaks slightly before the sand layer) 

since it is the first contact of the incoming flow. The sand layer, however, has a greater 

storage capacity in total volume and with a longer retention time. 
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Figure 5.5 – Storage capacity by layers of the bioretention for: (a) campaign 1; (b) campaign 

2; (c) campaign 3; (d) campaign 4; (e) campaign 5 and (f) campaign 6. 

 For the campaigns 5 and 6, in addition to the water balance analysis of the system, 

samples were collected to analyze the water quality, raising the system mass balance and the 

efficiency in the removal of pollutants, for the percolation (Table 5.4).  

 The campaign 5 show lower efficiency in removing TOC and higher efficiency to SS, 

follow by Zn. Regarding all pollutants, it is possible to observe an average range of removal 

efficiency, varying from 20% to almost 50%. This range is low when comparing to others 

studies that also evaluate laboratory performance and obtained removal rates in order of 90% 

(RYCEWICZ-BORECKI et al., 2017; CHAHAL et al., 2016; WANG et al., 2016; WANG et 

al., 2015; LIU et al., 2014 e BRATIERES et al., 2008). Finally, exportation of pollutants was 

found to NO3, Fe, and Cd. Fe exportation probably occurred due to the local soils 
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characteristics, which belong to the oxisols group (characterized by high Fe content). The 

pollutograph of each pollutant is shown in Figure 5.6.  

Table 5.4 – Mass balance and pollutant removal efficiency for laboratory scale 

      COD TOC PO4 NO2 NO3 NH3 SS Fe Zn Pb Cu Cd 

Campaign 5 

Load 

(g) 

Min(t) 8,537 3,925 0,23 0,004 0,147 0,079 0,199 2,342 0,044 0,036 0 0,002 

MI(t) 4,647 3,558 0,185 0,002 0,618 0,06 0,004 5,465 0,023 0,02 0 0,002 

Mout(t) 0 0 0 0 0 0 0 0 0 0 0 0 

EMC 

(mg/L) 

Min(t) 21,5 9.88 0.58 0,009 0.37 0.2 0.5 5.89 0.11 0.09 0 0.0045 

MI(t) 18.08 13.84 0.71 0.007 2.40 0.23 0.016 21.26 0.08 0.079 0 0.008 

Mout(t) 0 0 0 0 0 0 0 0 0 0 0 0 

Eff pollution retention      

(%) 
45,6 9,4 19,8 44,5 

-

320,6 
24,8 97,8 

-

133,3 
47,7 42,9 - -26,6 

Campaign 6 

Load 

Min(t) 1,09 5,28 0,42 0 0,27 0,01 0,62 4,26 0,14 0,04 0 0,01 

MI(t) 2,56 2,84 0,08 0 0,77 0,07 0,01 1,51 0,02 0 0 0 

Mout(t) 0 0 0 0 0 0 0 0 0 0 0 0 

EMC 

(mg/L) 

Min(t) 2.5 6.854 0.545 0.005 0.355 0.015 0.8 5.53 0.185 0.055 0 0.015 

MI(t) 64.08 50.15 1.58 0.02 14.76 1.42 1.53 29.42 0.425 0.03 0 0.003 

Mout(t) 0 0 0 0 0 0 0 0 0 0 0 0 

Eff pollution retention      

(%) 

-

135,1 
46,3 81,6 73,5 

-

180,5 

-

543,2 
97,9 64,5 83,4 97,6 - 98,2 

Media (%) -45 28 51 59 -251 -259 98 -34 66 70 - 36 

SD (%) 128 26 44 20 99 402 0 140 25 39 - 88 

 

When analyzing the results for campaign 6, the lowest removal efficiency was also for 

TOC, with 46.3%. However, this value is about 5x greater than for Campaign 5. Similar 

behavior occurs for the other pollutants, except for those that we observe exportation. Despite 

the increase in removal efficiency when compared to campaign 5, when compared to the 

others laboratory scale studies - already cited - the value of nutrient removal is still low, not 

exceeding 82%. For metals, the efficiency reaches values of 98.2%, close to the results 

observed in other studies. The pollutograph of each pollutant is shown in Figure 5.7. 

Still regarding the campaign 6, exportation was found to the parameters COD, NO3, 

and NH3. Manganka et al. (2015) have better analyzed the nitrogen series. They observe that 

the previously dry period have a primordial role in treatment, especially for the nitrogen 

compounds. Long periods of drought contribute to reducing nitrite and ammonia at the device 

outlet, while increase the nitrate load, confirming the occurrence of the nitrification process 

inside the bioretention. This behavior is partially noted in the campaign 6, which occurred 
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after 1 month of drought. Table 5.4 shows an increase in nitrite removal, while the amount of 

nitrate in the outlet (exportation) also increases, what may be explained by the nitrification 

process. However, there was also an increase in the amount of ammonia in the outlet. 

For the other pollutants, the difference between the results obtained from the two 

campaigns can also be explained by the different dry periods prior to the experiment. The 

campaign 5 toke place after 7 days of drought, while for the campaign 6 this period was of 

one month. Therefore, it may have occurred a pollutant storage with no degradation in the 

small period between campaign 4 and 5, which were then washed away by the percolation 

during campaign 5. Due to the greater drought time, this did not happen for the campaign 6, 

justifying the greater removal efficiencies. 
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Figure 5.6 – Instant mass balance (pollutographs and hydrographs) for campaign 5. 
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Figure 5.7 – Instant mass balance (pollutographs and hydrographs) for campaign 6. 
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5.3.2 Field scale 

The Table 5.5 and Figure 5.8 present the water balance results for the bioretention 

application in field scale. The results demonstrate that there was no outflow, representing a 

water retention efficiency of 100%. 

Since the bioretention device in the field has known dimensions, with a surface area of 

60.63 m², total depth of 3.2 m and average porosity of 37%, the storage capacity totalizes a 

volume of 62 m³. Considering the control volume used in the experiment (only 16% of the 

total useful volume), the storage data shows a negligible volume, not reaching even 0.12% of 

the total capacity. On the basis of this result, the great part of the inlet volume appears to 

percolates into the ground (percolation rate of 95.3%), with almost the same speed and flow. 

Figure 5.8 shows this behavior clearly since the curves Qin and Qperc overlaps almost entirely. 

However, the storage data were collected by level sensors inside visit pipes distributed 

all along the bioretention basin, dividing it into four equal parts. This form of data collection 

considers as volume stored only the net level within the bioretention basin. Nonetheless, for 

low inlet volumes, as in this case, a part of the volume is possibly stored as moisture in the 

sand layer, which does not generate a net level. Based on this observation, we raise the 

hypothesis that the first portion of the bioretention basin retains almost all of this volume, 

failing to reach the first visit pipe. 

Moreover, the expected behavior for the storage was a smooth and increasing curve 

while there was an increment of water in the device, reaching a peak when there was no 

further increase (as occurred for the laboratory scale). Contrarily, Figure 5.8 shows a storage 

behavior with great peak variations in few minutes. This erratic behavior throughout the 

experiment is probably due to the representative time scale of each sampled value, which has 

an intrinsic measurement error.   

 

Table 5.5 – Concentrated water balance, percolation rate and water retention efficiency for 

field-scale event.  

  Total volume (L) / Equivalent depth(mm)   Percolation 

rate (%) 

Eff ret 

hid. (%)   In Out Percolated Storage 

Controlled event  10.1 / 0,4 0 /  0 9.6 / 0,4 0.08 / 0,0035 95,3 100,0 
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Figure 5.8 – Temporal behavior of the variables inflow, outflow, storage, and percolation, in 

field scale event.  

The study in the field also assessed the evaluation of pollutant retention efficiency. 

Water quality samples were collected and analyzed for the inlet (Min(t)), which represents the 

pollution in runoff, and for the storage (MS(t)). There was no outflow during the experiment 

and, consequently, samples of Mout(t) were not collected. 

Table 5.6 – Mass balance and pollutant removal efficiency for field scale. These are the 

results for the controlled event with Imed lab of 520 mm/h, six samples for Min(t) and three for 

MS(t). 

    DQO COT PO4 NO2 NO3 NH3 SS Fe Zn Pb Cu Cd 

Min(t) 

Load      

(g) 
321.12 133.56 3.14 0.055 10.12 2.93 5.03 125.91 1.42 0 0 0.114 

EMC 

(mg/L) 
32.02 13.32 0.31 0.005 1.009 0.29 0.50 12.55 0.14 0 0 0.011 

MS(t) 

Load       

(g) 
2.46 3.67 0.13 0.003 0.953 0.24 0 1.71 0.04 0 0 0.014 

EMC 

(mg/L) 
4 5.96 0.21 0.005 1.54 0.39 0 2.77 0.07 0 0 0.024 

Mout(t) 

Load       

(g) 
0 0 0 0 0 0 0 0 0 0 0 0 

EMC 

(mg/L) 
0 0 0 0 0 0 0 0 0 0 0 0 

Effret pollution 99% 97% 96% 94% 91% 92% 100% 99% 97% - - 87% 
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Table 5.6 presents a summary of the pollutant mass balance results, including pollutant 

removal efficiency for the stored water. Despite the higher concentration values for the 

pollutants in the storage, the total load was low due to the low stored volume. Therefore, we 

found good results in the removal efficiency, with the lowest value of 87% for Cd. When 

regarding the stored water (MS(t)), most of the treatment process have already occurred, such 

as absorption by plant tissues, soil sorption, filtration through the sand and gravel layers and 

degradation. Therefore, it is common the removal of some pollutants at this stage. In addition, 

the water stored over time will percolate with equal quality or better. However, there was no 

data monitored for MI(t). 

5.3.3 Comparing the scales of analysis 

Comparing the two scales of analysis, the results indicate that the Imed lab selected for 

the experiments were inferior to infiltration rate and insufficient to saturate completely the 

filtering media, leading to no outflow. Although the laboratory scale did not reach fully the 

storage capability, the storage achieved values around 80%. On the other hand, for the field 

scale, the results indicate negligible storage and total volume percolated achieving almost 

same values that the inlet volume. However, it is raised the hypothesis that the water is stored 

as sand moisture, not generating water level, yet retaining volume. Therefore, to evaluate 

better the water dynamic in bioretention applied in field new experiments with a larger control 

volume and different rainfall intensities are required. 

For the percolation rate, the laboratory scale has lower values when compared to the 

field scale (58.2% vs 95.3%). The different application rate (ratio between the inlet volume 

and total storage capacity) for each scale may explain this result. The application rates range 

from 62.1% to 106.6% for laboratory scale, and it has a value of 16.3% for field scale, as 

shown in Table 5.7. Finally, the both cases underline the competence of a bioretention 

practice in reestablishing the water balance prior urbanization.    

Table 5.7 - Comparison between the inlet volumes, useful volumes and application rate in the 

laboratory and field scales.  

Scale 
Useful volume 

(m³) 

Inlet volume 

(m³) 

Application rate           

(in % of useful 

volume) 

Eff quanti 

med (%) 

Eff quali 

med (%) 

Laboratory 0.5 0.31 - 0.53 62.1 - 106.6 99.9 -17.0 

Field 62.0 10.12 16.3 100.0 95.1 
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Regarding the qualitative aspects of the runoff, before and after treatment, the 

sampling points in the two scales were different. For the laboratory scale, the samples were 

collected in the percolation outlet, while for the field scale the samples were collected on the 

visit pipes. Although this difference in sampling, both scales can be compared for treatment 

efficiency, since the stored water will percolate at some point, with an equal or high quality. 

Higher removal rates were found to the device in the field, indicating better treatment 

than the laboratory scale. However, in the literature review, the studies found lower rates of 

pollutant removal in real-scale applications. The application rate and Hequivalent explain the 

difference in the results found in this paper and in literature. Although the Imed lab was the 

same for the two scales to ensure hydrological similarity, the application rate for field scale 

was at least 3x less than for laboratory scale. Proportionally, in the application field, the 

volume to be treated in the same unit of filtering media is lower, leading to a greater treatment 

capacity. 

Moreover, the ratio between useful volume and surface area (shown in Table 5.1 and 

represented by the variable Hequivalent) is higher for the field scale than for the laboratory scale, 

with values of 1.02m and 0.32m respectively. In other words, even at equal application rates 

in both scenarios, the field scale will still have greater Hequivalent due to its dimensions, 

corroborating for a better treatment, in this case studied. 

5.4 Conclusion 

For the laboratory scale, we found a water retention efficiency of 99.9% and 

percolations rate ranging from 32% to 76%. Even if the sand layer was not completely 

saturated, the percolation process occurred. This result indicates the importance of 

considering the percolation in the retention and detention capacity of bioretention practices. 

The qualitative analysis demonstrates low pollutant removal efficiency and export for NO3 

and NH3. 

For the field scale, the results demonstrate water retention efficiency of 100%, but 

with low stored volume when compared with it total capacity (less than 0.12%). Additionally, 

it was achieved high rates for pollutant removal, with an efficiency range of 87% to 100%. 

Comparing the two scales of analysis, the water retention efficiencies are similar. 

However, in both cases, the application rates were not enough to saturate the filtering media 

and generate outflow. 
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Further trials will be required to test a wider range of control volumes and rainfall 

intensity, which can be able to fill completely the device useful volume. In the field scale, it 

should be incorporated methods to measure the sand humidity, in order to better analyze the 

storage, even for small volumes. It is recommended the survey using telemetry and 

availability of online data. These systems allow the identification of measurement failures, 

erratic behavior, and real-time monitoring, preventing loss of important information and 

increasing the accuracy of monitoring.   
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6 GENERAL CONCLUSION  

 

The conclusion will be presented in the form of answers to the proposed objectives 

and, subsequently, a section of recommendations for future works. 

 

6.1 Conclusions  

The research objective is “Evaluate the integrate efficiency (quali-quantitative) of LID 

practices in mitigating exceedance risks of urban drainage, by controlled and non-controlled 

experiments in bioretention systems under subtropical climate, aiming the optimization of the 

operation and maintenance”. 

In general, conducting this research it was possible to observe that the bioretention 

applied in micro drainage scale contributed to increasing the sustainability and reduce the 

risks in the catchment. This was possible because, in one hand, the technique demonstrated a 

good ability in reducing the peak flows transferred to downstream, increasing the percolation 

to groundwater and helping to reestablish the pre-urbanization water balance. On the other 

hand, the treatment occurring in the filtering media is capable of amortizing the pollution load 

transferred to the urban river. 

Typical conditions and characteristics of subtropical regions have been shown to have 

main interference in the quali-quantitative treatment capacity of the device. Maintenance and 

adaptations were proposed to mitigate these effects. However, for all systems to be 

implemented in subtropical regions, these specificities must be taken into account. 

One specific objective is “Evaluate the water and pollution mass balance in 

stormwater, by controlled and non-controlled experiments under subtropical climate”. 

The results obtained through field and laboratory surveys under controlled and non-

controlled conditions indicate a good capacity to reduce the peak flows and pollutant loads 

transferred to downstream. Values up to 70% of peak flow reduction were obtained for non-

controlled field events, ranging from low to high total precipitated depth (2.6 to 39 mm). 

These same events, when evaluated by the qualitative aspects, presented a reduction in the 

pollutant load of the order of 67%. 

However, some adversities were observed. The total retention volume did not reach 

half of the bioretention total capacity, indicating problems of infiltration into the soil. As for 
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the qualitative analysis, some pollutants, such as Fe and NO3, were exported during rainfall 

events. These adversities indicate problems related mainly to specific characteristics of 

subtropical climate, such as soil characteristics (highly weathering and high amounts of Fe). 

Therefore, given the second specific purpose “Optimize, physically and economically, 

the operation and maintenance of the bioretention system applied in field under subtropical 

climate, quantifying the efficiency variation after the maintenance actions” and attempting 

that the technique work properly and closer to its design efficiency, it is necessary to propose 

maintenance and adjustments in the implementation and operation stage. In this study, we 

proposed and evaluated as maintenance measures the runoff semi-direct injection, physical 

barrier and establishment of fast fixation vegetation. These measures showed good results in 

reestablishing the storage capacity, increasing the retained volume to almost double, 

comparing to the pre-maintenance events. In addition, the erosion of the vegetated layer was 

no longer observed after maintenance. 

 

These results are important because they extend the practical knowledge in real scale 

for the use of LID practices, with a focus on Brazil. Only with the practical and detailed 

knowledge, it is possible to increase the application of these systems as public policies actions 

by the managers. 

 

6.1 Recommendations for future studies 

 Although the results obtained in this research shows good performance, further studies 

should be conducted with a larger number of monitored events, ranging from dry to 

rainy season. 

 The evapotranspiration is an important variable in the water balance, for the decay in 

the hydrograph in subtropical conditions. Therefore, means of measure this variable 

should be adopted. 

 We recommend more experiments in laboratory scale, varying factors such as soil type, 

vegetation, filtering media and layers layout. This variation will allow identifying the 

key factors to the system performance. The main factors to be tested must be co-related 

with the subtropical conditions.  
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 A maintenance schedule and evaluation plan, considering preventive and corrective 

actions, should be done at the beginning of the studies and reassessed whenever 

possible. 

 It is recommended the use of telemetry for monitoring. Thus, a larger and more accurate 

number of data can be obtained. 

 The results of this research indicate good perspectives to the water reuse and nutrients 

cycling in bioretention systems. This alternative should be better investigated. 


