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LITERATURE REVIEW 

INTRODUCTION

In response to both federal and state requirements, TxDOT has been required to develop a variety 
of permanent structures designed to improve the quality of stormwater being discharged into 
adjacent water bodies.  In Texas the greatest concentration of permanent structures is in the 
Austin District, which straddles the Edwards Aquifer.  Most of the structures installed on TxDOT 
rights-of-way in the Austin District are complex structures and have proved very costly to 
construct and maintain.  

Under Phase II of the National Pollutant Discharge Elimination System (NPDES), Municipal 
Separate Storm Sewer System (MS4), most TxDOT districts will be required to include 
stormwater quality Best Management Practices (BMPs) in new construction and to evaluate 
retrofitting existing transportation facilities with BMPs.  For this reason, TxDOT initiated a study 
to determine the performance difference between higher cost, “high-end” BMPs and lower cost, 
“low-end” technologies.   

Specific objectives of this literature review are:

• Identify new or emerging technologies with the potential to lower the life-
cycle cost of meeting stormwater discharge quality requirements.

• Develop a taxonomy of “low-end/high-end” BMPs for meeting stormwater 
quality requirements.

• Develop a table of BMP performance based on the percent removal of index 
pollutants.

• Develop a table of average life-cycle costs for design, construction, and 
maintenance of stormwater quality BMPs.

• Develop a cost-effectiveness index relating BMP performance to life-cycle 
cost. 

As conceived, project researchers anticipated that the literature review would provide the data 
needed to satisfy the objectives of this study.  This proved not to be the case as demonstrated in 
the discussion that follows. 

DEFINITIONS 

Best Management Practices  

The Code of Federal Regulations (CFR) defines Best Management Practices as:

“…a means of practice or combination of practices that is determined by a state (or designated 
area-wide planning agency) after problem assessment, examination of alternative practices, 
and appropriate public participation to be the most effective practicable (including 
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technological, economic, and institutional considerations) means of preventing or reducing 
the amount of pollution generated by non-point sources to a level compatible with water 
quality goals (Title 40, 130.2).”

This definition recognizes cost as a key factor in overall effectiveness of any BMP.  Further, the 
definition infers that the most effective BMP accomplishes maximum pollutant removal 
efficiency at minimal cost. 

Non-Structural BMPs

Non-structural BMPs include a range of pollution prevention, education, institutional, 
management, and development practices designed to limit the conversion of rainfall to runoff and 
to prevent pollutants from entering runoff at the source of runoff generation (US EPA 1999).  
Non-structural BMPs do not involve fixed, permanent facilities.  Practices include activities such 
as street sweeping, which reduces opportunities for pollutants to make contact with runoff.  

Schueler, Barrett, and others have considered non-structural BMPs in some studies.  They are an 
integral part of any stormwater management plan, but are not investigated further in this study.

Structural BMPs

Structural BMPs are used to treat stormwater at either the point of generation or the point of 
discharge to either the storm sewer system or to receiving waters.  Structural BMPs require a 
substantial capital investment for land and other structural improvements.  In addition they 
require a long-term commitment to maintenance. 

Structural BMPs comprise a wide variety of methods that range from simple vegetated strips to 
complex multi-stage structures.  Because the pollutant removal methods and structures vary 
significantly, the terminology used to describe structural BMPs is often inconsistent.   

The American Society of Civil Engineers (ASCE) is in the process of developing a 
comprehensive database on BMP performance under a cooperative agreement with the United 
States Environmental Protection Agency (EPA). At this time, several phases of the project have 
been completed, including the master BMP bibliography, which aided the compilation of the 
National Stormwater BMP Database intended to provide nationwide urban stormwater runoff 
BMP effectiveness information. The classifications of BMPs in this document will aid in 
standardizing stormwater BMP terminology.  The ASCE/EPA classification of stormwater 
quality BMPs is shown in Table 1.
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Table 1. ASCE Classification of Stormwater Quality BMPs.

Source:  National Stormwater BMP Database, ASCE

While the ASCE classification system appears simple it is important to remember that these 
structures vary significantly in size and complexity.  In some cases, multiple technologies are 
combined in a single structure, or structures may be combined with hazardous materials traps or 
flood control structures.  

Low-End BMP

The term “low-end BMP” is not a common term in reviewed literature. TxDOT used this term to 
mean structures or practices that have lower life-cycle costs than the more complex and costly 
stormwater quality structures.  For the purpose of this study, the category of “low-end” includes 
BMPs that are based on simple earth detention structures using sand filtration or detention to 
remove pollutants or other simple technologies such as vegetated filter belts, grassed swales, and 
channels.  

STRUCTURAL BMP TYPES AND OPERATION 

No single BMP, structural or non-structural, removes all pollutants common in highway runoff.  
While detention structures generally remove pollutants like total suspended solids (TSS) and can 
reduce a portion of nutrients and heavy metals, housekeeping activities have been demonstrated to 
be more effective in controlling some pollutants such as iron and zinc.

Removal of runoff-borne pollutants may be accomplished by infiltration, filtration, and detention. 
EPA (1999) defines these as follows:

Infiltration – water is captured, enters the soil, and percolates into the ground. Pollutants are 
captured in the soil medium or transported and diluted in any saturated layer(s) below.

Filtration – water is filtered through media such as vegetation, sand, gravel, peat, or compost 
to remove stormwater pollutants.

Infiltration Trench/BasinInfiltration
Porous Pavement
Vegetated Filter Strips/Buffers
Grassed Swales

Filtration

Sand Filters/Filtration Basins
Dry and Wet Ponds
Wetlands

Structural BMPs

Detention

Oil/Grit Separators/Catch Basins
Planning/Land Use

Urban Housekeeping
Lawn Maintenance
Street Sweeping
Road Deicing

Non-Structural BMPs
Post-Development

Road Maintenance
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Detention – water is detained and released to the receiving stream or storm sewer through a 
controlled outlet over a specified time period. Removal of the pollutants is by sedimentation. 

Many structural BMP designs use all these basic processes.  For example, a basin that has a sand 
bottom and drainage field detains water while it is moving through the filter media.  The detention 
allows sedimentation of heavy particulate before the water is filtered.  

In some regions of Texas, geological conditions, such as Karst topography or sandy soils 
overlying major aquifers are such that infiltration is not appropriate.  In these situations, there is a 
danger that infiltration BMPs could contribute to groundwater pollution.  The Edwards Aquifer is 
particularly vulnerable to this type of pollution.  Therefore, infiltration is not a viable tool in those 
areas that overlie the Edwards.

The focus of this study is the performance of permanent, structural stormwater quality BMPs that 
have practical use in highway transportation applications.  These generally include:

• Filter Strips (buffer strips) �– vegetated sections of land that have moderate 
slopes designed to accept runoff as overland sheet flow.  Filter strips achieve 
pollutant removal through velocity reduction, filtration by vegetation, and 
infiltration.

• Grassed Swales �– vegetated channels that convey stormwater and remove 
pollutants by filtration through grass and infiltration into site soils.  

• Sand Filters –�� use sand to remove sediment and pollutants from first flush 
runoff.  Sand filters are well suited for space-limited areas.

• Extended Dry Detention Ponds (basins) �– depressed basins that temporarily 
store a portion of stormwater runoff following a storm event. These facilities 
do not have a permanent water pool.    

BMP types that have application for TxDOT but are considered “high-end” BMPs are:

• Wet Ponds (basins) –�� an in-line permanent pool or pond which removes 
pollutants through settling and biological activity. Wet ponds hold a permanent 
pool of water between storm events.  These are not generally considered 
appropriate for TxDOT applications because of liability issues associated with 
standing water.

• Constructed Wetlands –�� similar to wet ponds but a major portion of the 
surface area contains wetland vegetation. Pollutant removal is accomplished 
through evaporation, sedimentation, adsorption, and/or filtration as well as 
biological processes including microbial decomposition and plant uptake for 
removal of nutrients. These types of facilities are practical if favorable site 
hydrology and sufficient space is available to develop a sustainable plant/soil 
community. Wetlands perform best when linked with upstream sediment 
control structures. 
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 POLLUTANTS IN HIGHWAY RUNOFF

Highway runoff pollutants generally come from three sources:

• vehicular contributions,

• atmospheric deposition, and

• road bed material. 

A variety of constituents including nutrients, organics, oil and grease, and heavy metals come 
from these sources (Irish et al. 1995). Pollutants can be found in both soluble and particulate 
forms and may impact receiving water differently depending on the form present.  

EPA’s Nationwide Urban Runoff Program (NURP), the Federal Highway Administration’s 
manual, Evaluation and Management of Highway Runoff Water Quality, and others focused on 
the following pollutants:

• total suspended solids (TSS),

• biochemical oxygen demand (BOD),

• chemical oxygen demand (COD),

• total phosphorus (TP),

• soluble phosphorus (SP),

• total Kjeldahl nitrogen (TKN),

• nitrate + nitrite (N),

• total copper (Cu),

• total lead (Pb), and

• total zinc (Zn).

EPA includes all the above constituents as potential stormwater pollutants from highways. 
However, many constituents are either not present or have such low concentrations that they 
cannot be deemed significant  (Irish et al. 1995).    

Texas agencies and governmental units that have jurisdiction over regional water resources have 
stormwater quality monitoring programs related to their specific missions. The City of Austin 
monitors 11 pollutants, while the Lower Colorado River Authority (LCRA) measures only three 
pollutants: TSS, total phosphorus, and oil and grease.  Texas Natural Resource Conservation 
Commission’s (TNRCC)  publication, “Complying with the Edwards Aquifer Rules: Technical 
Guidance on Best Management Practices,”� suggests TSS as the primary indicator of water 
quality (Barrett 1999).  The pollutants monitored by the City of Austin, LCRA, and TNRCC are 
listed in Table 2.
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Table 2. Stormwater Pollutants Monitored by Other Agencies.

TSS is the simplest of the pollutants to monitor and test.  Some researchers have demonstrated a 
significant relationship between TSS and other common stormwater pollutants. Based on these 
findings some have suggested that by reducing TSS there will be a corresponding reduction in 
other target pollutants.  However, not all researchers agree with this conclusion.  Work by 
Sansalone and others (1993) shows the relationship of TSS to other constituents is highly related 
to particle size distribution and other TSS variables.  They argue that without specific knowledge 
of these variables it is not possible to relate the removal of other constituents to reductions in TSS.  
Therefore, it remains unclear whether simply monitoring TSS as the primary index pollutant will 
be widely accepted.  

In recent studies conducted for TxDOT around the Austin, Texas, area, several pollutants, 
including TSS, COD, TOC, nitrate, TKN, zinc, and iron, were monitored (Keblin et al. 1997).  In 
contrast, Young et al. (1996) recommend that any highway runoff-monitoring program include 
dissolved oxygen (DO), TSS, total phosphorus, and metals.   

Researchers can in large measure attribute the variation in these recommendations to differing 
objectives of the studies. For example, Young’s recommendation for monitoring DO was related 
to unobstructed flow of runoff into receiving water bodies.  However, in this case, monitoring DO 
would serve little purpose since the design of the structures being studied would have little 
significant impact on DO.  The same is true for other constituents like COD, BOD, fecal coliform, 
and fecal streptococci.  

City of Austin LCRA TNRCC

Total Suspended Solids (TSS) Total Suspended Solids (TSS) Total Suspended Solids (TSS)

Total Phosphorus (TP) Total Phosphorus (TP) Oil and Grease

Total Nitrogen (TN) Oil and Grease Dissolved Oxygen

Chemical Oxygen Demand (COD) Total  Dissolved Solids

Biochemical Oxygen Demand (BOD) Metals

Total Lead (Pb) Organics (PCB)

Fecal Coliform (FC) Fecal Coliform (may change
soon to E.Coli and primary)

Fecal Streptococci (FS)
Chloride

Total Organic Carbon (TOC)
Ph

Total Cadmium (Cd) Sulfate

Total Zinc (Zn)
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Based on the information in the literature and on those permanent BMPs being considered with 
the ability to significantly reduce target constituents, the following list of index pollutants was 
selected: 

• total suspended solids,

• total phosphorus,

• total Kjeldahl nitrogen,

• lead,

• zinc, and

• oil and grease.

The performance achieved in removing these constituents will serve as the basis for developing 
the performance to cost index and for developing data for comparison of BMPs. This list of 
pollutants is consistent with those monitored previously by TxDOT in the Austin District and by 
other state agencies.

NEW STORMWATER QUALITY BMPS OR TECHNOLOGIES

No new or innovative technologies for meeting stormwater quality requirements were identified.  
Numerous proprietary devices are being marketed for improvement of stormwater quality, but 
these are relatively expensive in terms of installation and maintenance and have limited treatment 
capacity.  While these devices may have application in some tight urban situations and do merit 
further evaluation, they are beyond the scope and intent of the current study.  

A review of research-in-progress found several studies that are addressing issues of improving 
stormwater quality.  However, they are all focused on the use of existing structural technologies.  
Furthermore, current field practice, both in Texas and nationally, tends to focus on site-specific 
facilities and do not include cost-effectiveness data. Agricultural and trade publications, as well as 
international literature, offered little that would translate to transportation practice. 

This finding is consistent with other studies examining stormwater quality improvement.  Most 
significantly, EPA (1999) reports, “There is still a great need for focused research in certain areas, 
particularly for newer and innovative structural BMP types….”  EPA’s finding underscores the 
fact that solving the stormwater quality equation will require a continuing commitment to 
research and development.

STORMWATER DATA AND EVALUATION

Numerous stormwater mitigation BMP performance studies have been conducted. These studies 
were filtered to determine which of them contained reliable information that could be used to 
meet the objectives of the current study.  Therefore, researchers systematically evaluated sources 
for their applicability using the following criteria:  
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• studies that included pollutant removal efficiency data and/or cost-
effectiveness data;

• federal and state (Texas) regulatory publications (EPA, FHWA, TNRCC, 
LCRA, etc.) that contained standards, approved methods, data, or other 
evaluative techniques that applied to improving stormwater quality;

• permanent structural BMP monitoring research conducted in regions of Texas 
to improve stormwater quality; and

• monitoring research conducted for TxDOT on permanent structural BMPs. 

In addition to the use of the above criteria to focus the literature search, sources were further 
limited based on their timeliness, age, and/or the geographic area in which the research was 
conducted.  For instance, certain studies included monitoring criteria and data but were not usable 
because the research was conducted in areas of significantly differing climatic and resource 
conditions.  In these cases, it was possible to learn something about logistics and general 
performance but, due to environmental variations, application of results from these studies could 
be very misleading if conclusions about performance and costs were transferred to Texas. 

SUMMARY OF LITERATURE ON POLLUTANT REMOVAL EFFICIENCIES

EPA’s “Preliminary Data Summary of Urban Storm Water Best Management Practices,” EPA-
821-R-99-012, is a current compilation of existing stormwater information and data.  This report 
describes structural and non-structural BMPs available to control and/or reduce pollutants in 
stormwater runoff.  EPA considered issues of BMP performance, efficiency, costs, and benefits.  
Based on the compiled information, EPA concluded that existing BMP monitoring data offer 
some indication of the pollutant removal efficiencies of various BMPs.  However, the majority of 
BMP performance studies produce site-specific data, which do not promote adaptability to 
significantly varying locations.  Likewise, variations in sampling methods, constituents measured, 
and techniques used to compute performance make it impossible to set a fixed numerical percent 
or even a usable range of percent pollutant removal for each BMP type.  

In Texas, the data for studies conducted to date do not allow meaningful comparison of similar 
facilities. The periods of monitoring range from single storm events to scattered data obtained 
sporadically over two to three-year periods. Some data from the City of Austin were collected as 
much as 20 years ago. However, the norm in most studies is short-term monitoring, beginning at 
the completion of construction and extending over a period of six months to a year.  At first 
glance, the long-term information from the City of Austin appeared to offer a base for developing 
a comparison, but variation in sampling method, constituents, and data format make meaningful 
comparisons questionable. On the other hand, these data do raise some questions about potential 
degradation of performance over time.

Nationally, Austin is a unique situation since the city has long-term experience with permanent 
stormwater quality structures.  Nowhere in the nation is there a greater concentration of structures 
devoted specifically to the improvement of stormwater quality for such a long period.  From some 
twenty years of experience, the City of Austin favors the use of sedimentation/filtration basins 
and wet ponds over all other permanent structural BMPs (1991). Therefore, they provide design 
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guidelines and corresponding pollutant removal efficiency data for only those specific BMPs. 
Furthermore, efficiency data are based on systems designed according to their strict specifications 
as well as reports from more than ten years ago.

Lower Colorado River Authority provides BMP performance data for many permanent structural 
facilities (1998). When LCRA’s design criteria are met for a vegetative BMP, they expect 
removal efficiency to be 376 pounds of constituent removed per acre annually. This number 
assumes the structure is in good condition with at least 95 percent of the surface vegetated.  An 
extended detention pond which meets sizing, configuration, slope, vegetation, settling, and depth 
recommendations removes 50 to 80 percent of TSS, 35 to 55 percent of TP, and 35 to 60 percent 
of oil and grease. 

For their applications, LCRA separates sand filtration basins into two groups:  full sedimentation/
filtration basins or partial sedimentation/filtration basins. A full sedimentation/filtration basin, 
which detains the full capture volume for release over a 24-hour period to the sand filtration bed, 
is reported to remove 75 percent of TSS, 40 percent of TP, and 70 percent of oil and grease.  A 
partial sedimentation/filtration basin, so named because a sedimentation chamber not designed to 
achieve a specific drawdown period precedes it, removes 70 percent of TSS, 35 percent of TP and 
60 percent of oil and grease. 

According to LCRA, wet ponds and constructed wetlands are capable of removing the greatest 
amount of constituents. Properly designed, constructed and maintained, LCRA suggests that a wet 
pond removes 70 - 80 percent  TSS, 65 -�� 75 percent TP, and 70 -�� 75 percent oil and grease. A 
constructed wetland is reported to remove 60 -�� 80 percent TSS, 55 -�� 75 percent TP,  and 60 - 80 
percent oil and grease.  

LCRA’s pollutant removal efficiencies are applicable to those BMPs that are designed 
specifically according to their guidelines. In contrast to most other sources, this manual does not 
categorize vegetative BMPs with structural BMPs (sand filters, extended detention, wet ponds, 
etc.). Although the reason for the distinction is not evident, it could be based on cost differences, 
or it could be based on the amount of construction required for these facilities. While LCRA does 
offer a performance range for their approved BMPs, data were not available to support these 
findings, and no sources were cited to support their conclusions.

A study funded by TxDOT monitored three sites along the MoPac Expressway.  Researchers 
collected runoff samples for a period of almost two years.  In results from this project, researchers 
reported that a grassy swale is effective for reducing concentrations of runoff constituents such as 
TSS, nitrogen, phosphorus, oil and grease, lead, and zinc.  For instance, they reported that the 
grassy swale removed 74 percent of TSS and 88 percent of oil and grease.  Furthermore, they 
assert, “significant pollutant removal occurs for all constituents except bacteria and dissolved 
carbon.”  These findings were based on a limited number of samples collected during the 
monitoring period (Barrett et al. 1998).  

Tenney et al. (1995) studied TxDOT-installed vertical sand filters.  They reported unfavorable 
hydraulic performance. The sand infiltrated the installed filter fabric, partially blocking the pores, 
creating a sand-filter fabric that reduced the drainage rate. A reduced drainage rate reduces the 
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overall pollutant removal efficiency of the system as designed because water remained in the 
structure between events, thereby decreasing the quantity of runoff captured and treated. If the 
pollutant removal data are examined, the ineffectiveness and inefficiency of these systems is evi-
dent. The Tenney study is significant because it illustrates that without adequate design guidelines 
for materials, pollutant removal efficiencies and water quality will not achieve design objectives.

Keblin et al. (1997) studied a complex TxDOT water quality structure in Austin, Texas, for a 
period of 18 months.  This pond had four major components: an influent channel, a hazardous 
materials trap, a sedimentation basin, and a sand filter.  This sedimentation/filtration system was 
reported to be exceptionally efficient in the removal of TSS, COD, TOC, nitrate, TKN, zinc, and 
iron. However, the removal rates occurred as a result of a clogged sand filter leading to the con-
clusion that the treatment was related more to detention time than filtration.  The clogged filter 
also resulted in an increased amount of bypass thus reducing the overall effectiveness of the struc-
ture.

The Keblin study demonstrates the results of a neglected sedimentation/filtration system. Clearly, 
the pollutant removal data are not indicative of a system that operates as designed. In fact, the 
authors point out that due to a lack of maintenance, the sedimentation/filtration system began 
functioning like a wet pond. While the wet pond produced better nutrient removal, size limited the 
capacity of this accidentally transformed water quality structure.  The study demonstrates that 
without proper maintenance BMPs do not perform as intended.  

The structure studied by Keblin et al. continues to experience frequent clogging.  Therefore, it is 
necessary to service the structure approximately every six months in order to maintain the proper 
operation of the facility.  At the conclusion of the study, the researchers suggested that a dry 
extended detention pond would be a more feasible alternative to sedimentation/filtration systems. 

At best, the literature provides general estimates of the expected overall pollutant removal 
efficiencies for properly sized, designed, constructed, and maintained BMPs.  However, the target 
removal efficiencies have such wide ranges that it is difficult to translate reported constituent 
removal efficiencies into design solutions that can be used with any degree of confidence.  Based 
on results reported in the literature, Table 3 was constructed by US EPA to present constituent 
removal efficiencies.

Table 3. Structural BMP Expected Pollutant Removal Efficiency.

Typical Pollutant Removal (Percent)
BMP Type Suspended

Solids
Nitrogen Phosphorus Pathogens Metals

Dry Detention Basins 30 - 65 15 - 45 15 - 45 <30 15 - 45
Wet Pond (Basins) 50 - 80 30 - 65 30 - 65 <30 50 - 80
Constructed Wetlands 50 - 80 <30 15 - 45 <30 50 - 80
Grassed Swales 30 - 65 15 - 45 15 - 45 <30 15 - 45
Vegetated Filter Strips 50 - 80 50 - 80 50 - 80 <30 30 - 65
Surface Sand Filters 50 - 80 <30 50 - 80 <30 50 - 80

Source:  US EPA 1999.  Adapted from US EPA, 1993c.
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It is interesting to note that vegetated filter strips and surface sand filters show constituent 
removal efficiencies equal to or better than wet ponds which are often cited as the most efficient 
of all BMPs.  The one exception is that the vegetated filter strip only goes to 65 percent for heavy 
metals whereas the wet pond and surface sand filters show a range up to 80 percent removal.

POLLUTANT REMOVAL COMPARISON: “HIGH-END” BMPS AND 
“LOW-END” BMPS 

Researchers compared pollutant removal efficiency and cost-effectiveness of wet ponds and 
sedimentation/filtration basins in a City of Austin study (1998). They reported that a properly 
designed wet pond is as effective at removing pollutants as a properly designed sedimentation/
filtration basin. While the City of Austin indicates that wet ponds might be most cost-effective for 
large treatment areas, the study cautions that treatment efficiency may decrease during extremely 
wet periods or when storage capacity is exceeded.

In addition, the authors of the study reported that sedimentation chambers do not necessarily 
provide additional or enhanced pollutant removal efficiencies when used as pretreatment 
structures for sand filters. The main purpose of the sedimentation chamber is to increase time 
required between sand filter maintenance cycles.  Consequently, when a sedimentation chamber 
offers no additional pollutant removal efficiency, it is possible that costs to construct and maintain 
this chamber do not justify its use.  

If this is the case, then a sand filter alone, without the use of a pretreatment sedimentation basin, 
achieves pollutant removal rates very similar to those of a wet pond. This suggests that of the two, 
sand filters, which qualify as low-end BMPs, may be the most cost-effective BMP available. 

In addition, results of both TxDOT and City of Austin studies suggest that grassed waterways 
clean water better than concrete storm sewers.  Schueler (1987) also determined that grassed 
waterways (swales) are more economical than concrete storm sewers.  While there are variations 
in the reported pollutant removal efficiencies of grassed swales, Barrett et al. (1998) reports that 
the use of vegetative controls for stormwater treatment is effective for highway related pollutants. 

Furthermore, vegetated controls (grassed swales) appear to have pollutant removal rates that are 
comparable with removal rates of sand filters (see Table 3). Grassed swales cost considerably less 
to construct and maintain than sand filters and, in the case of highways, are integral parts of the 
right-of-way.  For this reason the water quality contribution of the vegetated borrow ditch should 
be considered an integral part of the stormwater quality program for highways. 

Maintenance Considerations and Facility Degradation

No matter how well the BMP removes pollutants, periodic maintenance is required to ensure 
continued satisfactory performance. The City of Austin (1991) states “proper maintenance is as 
important as engineering design and construction in order to ensure that water quality controls 
will function effectively.”  Maintenance requirements can be classified as routine and non-
routine. Routine maintenance consists of mowing, site inspections, removal of debris and litter, 
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erosion control, etc.  Non-routine maintenance includes structural repairs, replacement of filter 
media, and sediment removal.

BMP efficiency is significantly influenced by maintenance. Keblin et al. (1997) reported that lack 
of maintenance caused a clogged sand filter, which affected the overall hydraulic performance of 
the sedimentation/filtration system. This neglect resulted in a reduction in the capture volume of 
the structure, compromised the design of the facility, and created a chronic failure of the system.  

Although maintenance plays a key role in the performance of a BMP, evidence indicates that even 
with proper maintenance, structure performance may degrade over time.  The procedures 
presented in LCRA’s manual �adjusts� pollutant removal efficiencies.  This adjustment is based on 
two significant considerations: the amount of runoff designed facilities are able to collect and the 
expected degradation or aging of BMPs. While they cite design standards as the explanation of 
why larger storm events cause some escape of runoff from facilities, they offer no evidence to 
explain the expected degradation in facilities. Despite the lack of evidence to support this claim, 
the affect that degraded facilities may have on effectiveness is a subject worthy of additional 
investigation.

Cost Analysis

The cost of constructing any BMP is variable and depends largely on site conditions and drainage 
area (US EPA 1999).  Many research studies report construction costs in real dollar values.  
However, most cost values are based on specific designs such as Schueler’s swale design and the 
resulting costs, which range from $5 to $15 per linear foot, depending on dimensions (1992).  In 
addition, costs are often documented as base costs and do not include land costs, which according 
to EPA (1999), are the largest variable influencing overall BMP cost. 

While most sources provide some base construction costs, very few sources offer the two other 
significant cost considerations, design and maintenance. Young et al. (1996) compiled the results 
of past highway runoff research into a single-volume user’s manual for highway practitioners. 
This manual provides a construction cost formula or general cost data for each BMP, yet it lacks 
cost data for design and maintenance. Similarly, Keblin reports costs in average dollars for 
maintenance and restoration, but does not present cost data for design or construction of the pond 
(1997).  

Perhaps the Southeastern Wisconsin Regional Planning Commission (SWRPC) (1991) 
documents the most comprehensive analysis of construction and maintenance costs. They assert 
that cost estimates can be modified to reflect differing site conditions. On the other hand, cost 
estimates are recommended for use only in the planning and preliminary engineering stages. They 
recognize that local conditions and costs necessitate a very site-specific analysis at the final 
design stage. 

What can be obtained from the literature is an abstract overall cost comparison between 
permanent structural BMPs. For instance, the majority of literature seems to agree with Barrett�’s 
conclusion that grass swales and filter strips are �the least expensive stormwater treatment options 
and cost less to construct than curb and gutter drainage systems� (1999).  However, extended 
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detention ponds are often cited as the least expensive BMP available (Schueler 1992), while wet 
ponds appear to cost more. Constructed wetlands are reported to be approximately 25 percent 
more expensive than wet ponds (US EPA 1999). Sand filter systems may require additional land 
area, which can add substantially to the cost, while the structure itself is one of the least expensive 
of the structural BMPs when compared to wetlands or wet ponds.

Factors such as site location, sizing, and complexity of structure affect cost throughout the 
literature. Thus, in most cases, it is extremely difficult to obtain and compare dollar estimates for 
design, construction, and maintenance costs of individual BMP types. For example, if earth berms 
or excavated depressions are used to form a basin, the structure will be much less expensive than 
one that utilizes cast-in-place concrete to form the storage area. In these situations, the decision to 
use concrete is usually because the concrete is cheaper than the additional land requirement.

COST-EFFECTIVENESS INDEX

The literature review indicated that the development of a rating or numerical value for cost-
effectiveness would greatly enhance the offerings of stormwater BMP studies. Sources claim that 
particular BMPs are cost-effective (Schueler 1987). In general, the primary considerations of 
cost-effectiveness found in the literature include the factors of initial construction cost and 
maintenance cost.  In contrast, recent studies have suggested that using construction and 
maintenance costs to compute cost-effectiveness is insufficient.  

According to the City of Austin’s Environmental Criteria Manual (1991), the factor of drainage 
area for the analysis of cost-effectiveness in addition to the above costs is a consideration. Keblin 
et al. (1997) considers design parameters as the factor affecting the effectiveness of a BMP.  For 
example, this study found that detention time was more important than outlet design for achieving 
better removal of constituents in runoff.   Therefore the ordering of design and planning 
parameters will impact efficiency and ultimately cost-effectiveness.

Thus, a real measure of cost-effectiveness includes design, maintenance, and construction costs as 
well as the pollutant removal efficiencies of a selected BMP.  A cost-effectiveness index derived 
from lifetime costs, volume, and pollutant removal efficiencies could potentially offer the best 
guidance for choosing and implementing stormwater BMPs.  

Thus, cost-effectiveness would be:

This simple relationship accounts for cost and efficiency as well as the issue of volume treated. It 
is important to note, that even the most efficient BMPs are very limited in their capacity and thus 
have a much higher cost per unit of stormwater treated. This method can be used as an index for 

Cost-effectiveness =  
Lifetime Cost

Per Unit of Stormwater Treated

Constituant Removal (Percent)

)(
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individual pollutants, or a weighted average can be developed if some pollutants are considered 
more important than others. 

Nowhere in the literature was cost-effectiveness reported as a number derived from lifetime cost 
per unit of pollutant removed as suggested above. Furthermore, while researchers can obtain a 
close estimate for pollutant removal efficiencies, much of the reported cost data lack all the 
factors used to establish lifetime costs. As such, the literature did not provide a model for 
computing an index for cost-effectiveness.

Finally, there still remains a question of reliability.  While it will be possible to develop a cost-
effectiveness index from information developed in this study, it is likely that such an index will 
only be useful as a guide.  This is because there remains, in general, a level of uncertainty with 
respect to long-term performance levels of BMPs.  There are efforts underway that, if successful, 
will markedly increase the level of confidence in predicted performance.  However, until this 
information is available the use of the cost-effectiveness index will require some professional 
judgment. 

CONCLUSIONS 

• No new technologies or products were identified from the literature review that 
show promise of increasing efficiency or reducing the cost of permanent 
stormwater mitigation practices. 

• The literature indicates a wide variability in performance values as well as in 
cost data.  While a close estimate can be obtained for pollutant removal 
efficiencies, much of the reported cost data lacks components necessary to 
develop a reliable cost-effectiveness index. Given this wide range of data and 
differences in the interpretation, it is not feasible to draw any conclusions 
about performance or cost-effectiveness from the literature. 

• Maintenance is a major consideration in the performance of a BMP. Even with 
proper maintenance, structure performance may degrade over time. This 
suggests that larger and higher cost permanent structural stormwater facilities 
will degrade in performance over time. If so, then higher cost facilities may 
lose a greater measure of performance over time than low-cost, lower 
technology facilities. 

• Barrett et al. (1998) demonstrated the efficiency of simple vegetative BMPs.  
However, it is difficult to compare the value of these measures in the highway 
to more complex BMPs, since the basic highway cross-section already 
includes these as an integral part of the design,and their effect has not been 
studied in any detail. Even though swales and natural filter belts constituted by 
the grassed shoulder and back slope of the right-of-way are not necessarily 
intended as water quality measures, evidence suggests they function in the 
same way.  Figure 1 illustrates this basic principle.  
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Based on the conclusions developed from the literature review, the following changes were made 
in the original plan of work:

• Arrangements were made to monitor the pollutant removal efficiencies of 
select BMPs in the Austin area.  This addressed the fact that the literature 
review did not produce pollutant removal data that allowed valid comparison 
for reasons of variations in monitoring technique, time, and variety of 
structures monitored.  

• Since the objective is to compare the performance of high-end and low-end 
structures, several structures will be selected based on criteria of age as well as 
type of BMP and cost.

• Lifetime cost data will be developed for each structure.  Where data are not 
available for a structure, detailed estimates will be developed from TxDOT and 
City of Austin records.

• Based on the results of the monitoring program and cost-gathering efforts, a 
cost-effectiveness index will be developed.

• Finally, guidance materials will be developed for selecting and designing 
BMPs for TxDOT applications.

Grassed Back
Slope

Grassed
Shoulder

Driving
Lanes

Grassed
Swale

Grassed
SwaleGrassed

Swale

Grassed
Back
Slope

Grassed
Shoulder

Grassed
Shoulder

Figure 1.  Grassed Swale. 
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ESTIMATING POLLUTANT LOADS FOR STORMWATER QUALITY

INTRODUCTION

There are two general methods used to estimate stormwater pollutant loads in the process of 
sizing mitigation structures. The first uses numerical or statistical mathematical models based on 
site-specific or regional data to develop estimates of constituent loads. Examples of these types of 
model are the United States Environmental Protection Agency Storm Water Management Model 
(SWMM) and the Natural Resource Conservation Service (NRCS), TR-55 model. 

The second general method for estimating pollutant loads is a simplified approach based on pre-
developed statistical interpretations of local and regional data. The Nationwide Regression 
Equation (Tasker and Driver 1988) was developed to provide estimates of mean loads. This study 
was based on a regression analysis of water quality parameters based on the predictive variables: 
drainage area, impervious area, urbanization, commercial land use, mean annual rainfall, and 
mean minimum January temperature. Other methods that estimate peak discharge or total runoff 
are generally based on the rational method.

Statistical and Mathematical Models

The Storm Water Management Model

First released in 1969, the Storm Water Management Model has been revised and improved with 
subsequent versions released in 1971, 1975, 1981, and most recently, 1993 (Version 4.3). The 
model is a public domain software and can be obtained from the Oregon State University SWMM 
web page, http://www.ccee.orst.edu/swmm. 

SWMM, a PC based computer program, is capable of single event modeling or continuous 
simulation of basins with storm sewers, combined sewers, or natural drainage. SWMM simulates 
all components of urban hydrologic and water quality cycles including: rainfall, snow melt, flow 
routing, storage, and water quality treatment. Statistical routines are available to perform analysis 
on long term precipitation data or data generated from continuous simulation output. Because of 
the comprehensive nature of the model, it can be useful in both planning and design applications. 

The data required to run SWMM includes: catchment areas, percent impervious area, average 
slope, channel and surface roughness, channel width and shape, watershed depression storage, 
and evaporation and infiltration parameters for the Green-Ampt equation. Additional data is 
required for simulation of snow melt, surface drainage, and/or infiltration. Calibration of the 
model to specific locations requires the development of measured hydrographs and pollutographs. 
Without proper calibration, SWMM results should only be used for comparison between water 
quality practices. 

The literature emphasizes that SWMM is designed for use by engineers and scientists with 
experience in water quality and urban hydrology processes. Firm scientific grounding and 
experience in these areas is essential to make input decisions and to interpret the output from the 
model properly. Input and processing of the data is also time consuming.
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TR-55: Hydrology for Small Urbanizing Watersheds

The Natural Resource Conservation Service TR-55 model was first created as a simple manual 
method for hydrologic modeling. Since that time, a PC based model has been developed that 
simplifies the computational tasks. The model provides a set of simple tools for estimating peak 
discharges, total runoff, composite hydrographs, and detention volumes. The data required for 
using TR-55 are: catchment areas, land-use/land-cover areas, average slope, channel and surface 
roughness, channel shape, hydrologic soil type, and runoff curve number. It is also necessary to 
make adjustments for the percent of surface water empoundments in the watershed and for 
connected impervious areas. 

What makes the TR-55 attractive in some respects is its ease of use, the fact that the model is 
calibrated for urbanizing watersheds, and that the state NRCS office has calibrated the model for 
most of the state of Texas. However, development of all the data required for the model can be 
very time consuming. Furthermore, it is often very difficult in urban areas to identify watershed 
boundaries and estimate flow paths because the data is not available. Therefore, any benefit that 
may have accrued from the use of a more sophisticated tool is lost.

Simplified Methods for Estimating Runoff and Pollutant Loads

A widely accepted method presented by Thomas R. Schueler (1987) is a “simplified” approach 
that uses storm rainfall depth, the runoff coefficient, event mean concentration of the target 
constituent, and drainage area to estimate runoff and pollutant loads.   

The format of Schueler’s equation is:

where:

P = rainfall depth (inches) over the desired time

Pj = factor that corrects P for storms that produce no runoff

Rv = runoff coefficient, which expresses the fraction of rainfall converted into runoff

C =  flow-weighted mean concentration of the pollutant in urban runoff

A =  area of site in acres

12 and 2.72 are unit conversion factors.

The variable P represents the annual depth of rainfall for analysis. Because not all storm events 
produce significant rainfall, an adjustment factor, Pj, is included. This represents the fraction of 

L P Pj
Rv
12
------⋅⋅ C A 2.72⋅ ⋅ ⋅=
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storms that produce runoff when considering precipitation depths that encompass multiple events. 
The runoff coefficient (Rv) is the standard rational method runoff coefficient. The variable C is 
the flow weighted mean concentration of the pollutant of interest. The value of C depends on land 
use and constituent type. 

This model gives reasonably conservative values that compare favorably with the pollutant 
loadings observed in a number of East Coast studies and even more conservative when compared 
to observations by the City of Austin (1989, 1997) and  Barrett et al., Effects of Highway 
Construction and Operation (1996).

The only data required for the use of the “simple method” are:

•   mean annual precipitation in inches, 

•   percent of rainfall events that produce no runoff,

•   area of the drainage basin, and

•   runoff coefficient. 

However, unlike SWMM or TR-55, the simple method provides no related information with 
respect to flow rates or other hydrologic characteristics. If needed, this information must be 
developed by different models like SWMM or TR-55.  

RECOMMENDED METHOD FOR TxDOT

A highway system is linear in form. That is, the right-of-way spans great distances crossing 
numerous drainage basins along its path. Seldom does a single stretch of road occupy a sufficient 
percentage of a drainage basin to significantly impact its overall hydrologic performance. For this 
reason, the time and cost required to develop complex model applications such as SWMM or TR-
55 for a portion of a highway corridor would be difficult to justify, particularly since the values 
provided by the simple method would likely yield very similar results. Therefore, the utility of a 
model like SWMM or TR-55 is probably limited to a very few specialized applications where the 
highway right-of-way constitutes a spatially significant impact on the drainage basin. In these 
situations, TxDOT engineers or appropriate consultants with substantial hydrologic modeling 
experience should prepare model applications.

Due to its simplicity, it is recommended that TxDOT adopt the method used by LCRA (1998). 
This is a modified version of the simple method presented by Schueler in 1987.  It is 
recommended that this method be used for estimating pollutant loadings for routine water quality 
design problems encountered by TxDOT designers. The annual constituent load is given by:

L A RF Rv 0.226 C⋅ ⋅⋅⋅=
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where:

L = the annual pollutant load in pounds

A = the contributing drainage area (acres)

RF = average annual rainfall volume (inches)

Rv = average annual runoff/rainfall ratio for the percent of impervious cover (graph 
provided for estimating Rv)

0.226 = units conversion factor

C = average annual constituent concentration (mg/l) as specified in Table 4

Using  the LCRA version of the “simple method” as modified by LCRA yields a more 
conservative value and should be more acceptable to regulators. The tables and graphs used by 
LCRA for determining the values of C and  Rv are provided in Figure 2. 
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Figure 2. Runoff Coefficients per Percent Impervious Cover, Austin, Texas. 
Source: LCRA (1998), City of Austin (1991).



21

Table 4. Average Annual Stormwater Consituent Concentrations (mg/l).

Source:  LCRA (1998), City of Austin (1991).

The LCRA values for TSS are somewhat lower than those reported by Driscoll et al. (1990) of 
142 mg/l. However, the 130 mg/l value suggested by LCRA is consistent with the values reported 
by Barrett et al., Water Quality and Quantity Impacts, (1996) for highway runoff in Austin. 
Earlier work by Driscoll (1983) and others had suggested that there may be a need to make an 
allowance for increases in TSS loading based on land use type and percent imperviousness. 
Research since that time by the City of Austin and others seems to suggest that land use and 
imperviousness have less to do with the event mean concentration than the increase in sediment 
loads caused by stream bank erosion related to increased runoff volumes. For this reason, the 
values given in Table 4 are probably reasonable for the urbanized portions of the state and appear 
to be consistent with current TNRCC requirements.

Constituent
Background Conditions

(mg/l)
Developed Conditions

(mg/l)

Total Suspended Solids 48 130

Total Phosphorous 0.08 0.26

Oil and Grease (O&G) 0 5.0
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ESTIMATING STORMWATER QUALITY VOLUME

INTRODUCTION

The water quality volume of a structural BMP is ultimately a rule-based decision related to the 
percent of runoff to be captured in order to achieve a selected pollutant reduction level. Because 
the relative pollutant removal efficiency varies significantly with each constituent and BMP type, 
the size of the BMP will have to be tailored to the needs of each individual site. Furthermore, 
water quality standards continue to evolve with environmental regulation and promulgation of 
new rules. Therefore, this section only provides an outline procedure for determining water 
quality volumes. More specific sizing recommendations are provided in the discussion of specific 
BMPs. 

A PROCEDURE FOR SIZING WATER QUALITY BMPS

Since the ultimate water quality volume or size required of a BMP is dependent on the total 
pollutant volume that must be removed, it is difficult to provide a “one-size-fits-all” solution. The 
following procedure is suggested to guide the designer through the design process:   

• Determine the required pollutant removal volume required for the appropriate 
indexpollutants.

• Calculate the background or predevelopment pollutant load using the simple 
method recommended in the previous section. Adjust values of Rv and RF to 
meet regional characteristics.

• Calculate the pollutant load for the developed condition. Allowance should be 
made for contributions from off right-of-way areas unless these contributions 
bypass the structure.

• Calculate the required reduction for the index pollutant(s) by subtracting the 
background or predevelopment load from the estimated developed load. 
Design the structure to remove the appropriate percentage of the difference 
between background and developed load.

• Estimate the volume (basins or ponds) or length (channels, swales, and 
trenches) of the BMP necessary to remove the required pollutant volume. 

Current standards that impact TxDOT are the Edwards Aquifer Recharge rules and LCRA water 
quality rules. Other requirements can be anticipated as the Section 303(d) requirements of the 
Clean Water Act come into force. Because these requirements will be based on locally determined 
distribution of Total Maximum Daily Loads for impaired water bodies, it is not possible to 
provide any specific recommendations.

For projects within LCRA jurisdiction in Travis, Burnett, and Llano counties the current 
performance requirements are given in Table 5. 
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For the Edwards Aquifer Recharge zone, the current rules require that BMPs remove 80 percent 
of TSS. Eight counties are affected by the TNRCC Edwards Aquifer Rules: Kinney, Uvalde, 
Medina, Bexar, Comal, Hayes, Travis, and Williamson. These eight counties impact the Austin, 
San Antonio, and Laredo Districts. 

Table 5. LCRA Performance Standards for Annual Removal of Index Pollutants.

Figure 3 shows the approximate outcrop zone of the Edwards aquifer. The outcrop affects 8 
counties: Kinney, Uvalde, Medina, Bexar, Comal, Travis, and Williamson. This area includes the 
metropolitan corridor of I-35 between San Antonio and Austin. The TxDOT Districts impacted by 
the Edwards Rules are San Antonio, Austin, and Laredo.

Countya

a. LCRA has jurisdiction over a 54 county area of Texas but only has water quality regulations for these 
three counties which encompass Lake Travis and the Highland Lakes.

Property 
Location 

Total Suspended 
Solids

(Percent)

Total 
Phosphorous

(Percent)

Oil 
and Grease
(Percent)

Travis Inland 70 70 70

Travis Near Shore 75 75 75

Burnet Any 70 70 70

Llano Any 70 70 70

Figure 3.  Outcrop of the Edwards Aquifer in Relation to Counties and TxDOT Districts.

Edwards Aquifer 
Recharge Zone
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In other areas of the state, projects may encounter water quality requirements related to the total 
maximum daily load (TMDL) requirements for receiving waters listed under 303(d) of the Clean 
Water Act. A copy of the 303(d) list of Impaired Water Bodies for Texas is provided in Appendix 
C.  This list has been broken into impaired water bodies by TxDOT district for easier reference. 

The TNRCC is in the process of initiating TMDL guidance for each of the listed projects per an 
established priority. The exact impacts of the TMDL program on TxDOT practice is not 
particularly clear at this time. However, the Environmental Division is in conversation with 
TNRCC and should be consulted if a project is proposed or in design within the watershed 
boundaries of a listed water body.

Depending on the pollutant(s) and site conditions, such as right-of-way available, soil type, 
substrate, vegetation, and relationship to a primary receiving water body, two or more BMPs may 
be needed in combination to achieve the required removal rate. 

In highway practice, consideration should be given to making maximum use of roadside and 
median drainage channels part of the BMP process. With very simple additions, such as check 
dams, roadside channels can help remove many of the common constituents in highway runoff. 
While their efficiency is seldom sufficient to meet the overall requirement, they can make a 
significant contribution which will reduce the size and cost of other end-of-channel BMPs. 

The next section discusses a broad range of BMPs available to improve stormwater quality. The 
focus is on BMPs and BMP configurations relevant in highway transportation applications. 
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STORMWATER QUALITY BMPS

INTRODUCTION

This section presents a full range of technologies available for improving stormwater quality from 
transportation rights-of-way. While the purpose of the study concentrated on low-cost methods to 
meet stormwater quality goals, further analysis demonstrates that the lowest construction and 
maintenance costs will not necessarily be the most cost-effective in every situation. For this 
reason, the full range of best management practices that have applications in highway 
transportation is presented. 

Each BMP description will include the following:  

• application, 

• selection and design recommendations, and 

• cost per pound of pollutant removed. 

This information is also compared to other BMPs that could be used to accomplish a similar water 
quality goal. This approach recognizes that each site and each project will have constraints that 
cannot be anticipated by a one-size-fits-all approach. Final selection of the most cost-effective 
BMP will continue to require sound professional judgment.

BMP CLASSIFICATION

There is no common classification of BMPs in the literature. Each source tends to classify the 
BMPs by technology or by physical characteristics. ASCE (1998) uses a broad two-part 
classification of structural and non-structural BMPs. Structural BMPs are permanent structures 
that intercept stormwater and treat it before it is discharged into a receiving water body. Non-
structural methods are generally housekeeping techniques or policy directed at removing target 
pollutants before they become suspended in runoff. Since the focus of the study is on the 
comparison of performance among permanent structural BMPs, non-structural methods are not 
considered further.

Structural BMPs

For structural BMPs, the current literature usually groups stormwater quality structures by the 
primary pollutant removal mechanism. The most recent and comprehensive classification of 
structural BMP types is provided in the EPA’s August 1999 report, “Preliminary Data Summary 
of Urban Stormwater Best Management Practices.”  This method of classification is used as the 
basis for organizing the discussion in this section of the report. The EPA classification divides 
structural BMPs into eight groups:

•   infiltration,

•   detention, 
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•   retention, 

•   constructed wetlands,

•   filtration,

•   vegetated systems or biofilters,

•   minimization of directly connected impervious surfaces, and

•   miscellaneous and vendor supplied systems.

This grouping embraces the broadest range of available stormwater quality technologies. 

COST-EFFECTIVENESS INDEX FOR BMPS

A major objective of this study was to develop a cost-effectiveness index for the available BMPs. 
TxDOT’s primary interest was in the relative cost of a particular BMP in relation to its water 
quality performance. That is the unit cost of pollutant removed compared to the cost of building 
and operating the structure. 

Variables Affecting Cost-Effectiveness Index

In reviewing the literature and current stormwater quality BMP installations, it became clear that 
there is a great deal of variability in the types of structure, as well as the physical design of the 
facility itself. To illustrate this, consider the four sand filter structures shown in Figures 4 and 5. 

Illustration A in Figure 4 is an early City of Austin structure which uses berm and a sand filter bed 
to treat the stormwater. Treated water is discharged from the sand bed to the drainage way 
immediately to the right of the berm. 

Illustration B is a similar structure that uses an excavated basin and a sand filter bed. These are the 
simplest forms of sand filtration BMPs used in the Austin area and provide no pretreatment of 
water prior to entering the sand filter chamber.  
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The photographs in Figure 5 are sand filter BMPs typical of more recent practices in Austin. The 
structure in 5-A utilizes a concrete dam rather than an earthen berm between the pretreatment 
chamber to the left and the sand filter to the right. Illustration 5-B is a large TxDOT structure that 
uses concrete as the primary containment material for the entire structure.

All these structures are sand filters, yet the older earthen structures, shown in Figure 4, would be 
much less expensive to construct. On the other hand, without pretreatment, more frequent 
reconstruction of the sand filter bed will be necessary to maintain the needed level of 
performance. This has been demonstrated in studies on filter structures by Driscoll et al. (1990)  
and other researchers in the early 1990s.  

Figure 4. Older Earth Sand Filter Basins Used in Austin, Texas.  

A B

Figure 5. Typical Sand Filter Structures Used in Austin, Texas.
A B
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Cost Development Parameters

Since there is so much potential variability within a single BMP type due to site conditions, space, 
soil, and other variables, it would not be particularly informative to make comparisons of actual 
cost. In addition, it was not possible to find reliable costs for many BMPs that may have 
application to TxDOT practice. Therefore, costs were developed on the basis of a typical BMP 
based on materials used and size required to service a selected watershed area. 

Based on the literature and discussions with TxDOT and City of Austin personnel, BMPs were 
divided into two groups (Driscoll 1990), (Schueler 1987), (Young et al. 1995), and (US EPA, 
1993, 1995a, 1995b, 1995c, 1997c, 1999):

• small watersheds of five acres or less, and

• large watersheds of greater than five acres up to 50 acres. 

For each BMP type within the large watershed group, cost estimates were developed for five 
different sizes based on three different types of construction. The construction types were:

• all earthen structures with minimum use of concrete and stone for stabilization 
of inlets, outfalls, and emergency spillways,

• earthen basins with the use of concrete for dams rather than earth berms, and

• all concrete containment. 

All the BMPs that serve larger watersheds are basin type structures with two compartments. That 
is, they have a pretreatment chamber that is primarily for stilling and sedimentation and then a 
second chamber to provide primary treatment. Although there are significant differences between 
BMPs that use basins, the primary differences are in volume and whether there is a permanent 
water pool within the basin. The schematic in Figure 6 shows the configuration of the water 
quality BMPs used to develop costs. Consideration is given to the size and type of inlet and outlet 
control structure, emergency spillway configuration, access stabilization, etc. 
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Figure 6. Schematic of Water Quality Basin Used for Development of Cost.

In the case of small watershed BMPs, it was not necessary to develop three different categories 
for construction materials. These structures have reasonably consistent cross-sections and 
increase in area in proportion to the size of the drainage basin served. Therefore, costs were 
developed for five different watershed sizes.

Design, construction, and maintenance costs for the water quality BMPs were considered. Design 
and construction costs were amortized over an assumed structure life of 20 years. Maintenance 
costs were developed based on annual routine tasks and include distributed costs for renovation 
and reconstruction over the 20-year service period.  

Land costs have deliberately been omitted from the estimates of cost. While it is recognized that 
land can significantly impact the overall cost of a particular BMP, it tends to be an independent 
variable that will ultimately determine the most feasible BMP for a particular situation. This is 
going to be particularly true of dense urban environments where high land costs will make many 
surface-intensive BMPs infeasible. 

POLLUTANT REMOVAL EFFICIENCY

The pollutant removal efficiency used to develop the cost to performance indices is based on 
values found in EPA’s National Pollutant Removal Performance Database (2000), Young et al. 
(1995), and studies conducted in the Austin area by TxDOT, TNRCC, and the City of Austin. 
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Depending on the amount of data available, conservative values were used to account for normal 
degradation in performance over time. Adjustments were also made for increased pollutant 
loadings as the watershed size increased (Driscoll 1983).

Individual BMP performance efficiency ratings from key sources are shown in tabular form with 
the discussion of the individual BMPs.

COST-EFFECTIVENESS 

The ultimate cost-effectiveness and selection of a BMP is a function of many quantitative and 
qualitative variables, many of which are site specific. However, since this study was intended to 
focus on the relationship between cost, design, construction, and maintenance of BMPs in relation 
to their pollutant removal performance, this report addresses only these basic parameters. There is 
no effort to further evaluate BMPs with respect to public acceptance, nuisance potential, or other 
qualitative measures.  

The initial concept of the study was to develop a single cost-effectiveness measure. However, 
further study and evaluation suggested that a single measure could prove misleading. On the one 
hand, the costs for constructed elements, excavation, grading, embankments, inlet, and control 
structures, etc., are generally consistent for a particular BMP type. These costs can be reasonably 
compared to the expected efficiency of a BMP to provide a general cost to performance index. 
The problem occurs when the land costs are factored in to the cost equation because land costs are 
highly variable. In fact, in some heavily urbanized areas, land simply may not be available for 
installation of surface type BMPs. 

Cost to Efficiency Indices

For these reasons, two indices are suggested as a better measure of the cost to efficiency 
relationship of BMPs; they are: 

• Operational Cost Index: the simple comparison of design, construction, and 
maintenance costs to the pollutant removal 
efficiency, and

• Feasibility Index: a more complex comparison that factors in land 
costs. 

Since the Feasibility Index is tied directly to land cost, it should be calculated on a project by 
project basis and compared with other options that require less land. Doing so will show the point 
at which a BMP with a higher operational index will become a more cost-effective and feasible 
alternative. 

For example, the graph in Figure 7 shows a comparison between using a surface sand filter and 
underground separators to serve a drainage basin of 10 acres (4 ha). The separator has a slightly 
higher construction cost and significantly higher maintenance cost but a very small surface land 
requirement. While it would be unusual to use separator technology to serve a 10 acre basin, it is 
clear that when land prices reach the area of $125,000 per acre, the underground technology 
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becomes a more cost-effective technology. Since land prices easily reach this range in urban 
areas, the Feasibly Index should be considered as one evaluation tool in selecting a stormwater 
BMP.

As outlined in the previous section, design construction and maintenance costs are developed for 
a representative BMP and compared to the pollutant removal efficiency of each BMP giving the 
Operational Index, given as the cost per pound of pollutant removed. In the following section on 
BMPs, the Operational Index measure is tabulated for each individual BMP. 

Costs for BMPs that utilize surface basins, wet ponds, infiltration basins, etc., were calculated for 
three different structural types. In practice, it was found that surface BMPs may be built with earth 
basins and berms, or they may utilize concrete as dams and basin lining. As the percent of 
concrete increases, the construction cost increases. While there is usually a corresponding 
decrease in the land area requirement, it does not offset the cost of using concrete. After the costs 
were developed in this way, they were compared to the actual costs for some TxDOT structures 
and found to be very consistent with those costs. 

To be cost-effective, surface basin type BMPs need to serve drainage basins of five to 50 acres or 
more. For this report, costs were developed on the basis of structures that served watersheds of 10, 
20, 30, 40, and 50 acres (4, 8, 12, 16, and 20 ha). The numbers clearly show that the structures 
become more cost-effective as the size of the drainage basin served increases, with the most 
significant break in the 25 to 30 acre range. Unfortunately, highway projects often cross numerous 
small basins.

For the BMPs that do not use surface basins, infiltration trenches, grass swales, porous 
pavements, etc., only a single cost figure was developed because there is little variation in 
material or configuration that impacts cost. These BMPs are also different because they are only 

Figure 7.  Feasibility Index Comparing Surface Sand Filter with a Separator. 
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effective for small drainage basins in the range of 1 to less than 10 acres (0.4 to 4 ha). For these 
BMPs, researchers developed costs for drainage areas of 1, 2, 3, 4, and 5 acres (0.4, 0.8, 1.2, 1.6, 
and 2 ha).

INFILTRATION SYSTEMS

Introduction

Infiltration systems are designed to catch a portion of a storm event, retain it, and infiltrate the 
water into the substrate. Infiltration BMPs are usually located off line. That is, the structures catch 
only a portion of a runoff event, such as the first one half inch, and allow the remaining runoff to 
bypass the structure. As the captured stormwater moves through the layers of substrate, natural 
filtration of particulate matter occurs. This removes not only the solids but many of the other 
pollutants such as metals that attach to the soil particles. Microorganisms in the soil tend to 
degrade organic pollutants carried by the stormwater. 

Infiltration as a means of improving stormwater quality must be used with a clear understanding 
of the substrate. Infiltration should not be used when the surface overlays a groundwater reservoir 
that is a primary source of potable water due to the potential for contamination. Areas of karst 
topography, which are common to the Balconies Escarpment Zone of Texas, actually must be 
protected to ensure that no infiltration can occur because there is an almost direct connection 
between surface water and the ground water reservoir. However, in other areas of the state where 
groundwater contamination does not pose a significant hazard to the groundwater supply, 
infiltration may be a useful tool in meeting stormwater quality goals. Infiltration BMPs include 
infiltration trenches, porous pavements, and infiltration basins.

Infiltration Trenches

Infiltration trenches are shallow, linear excavations backfilled with coarse material. Figure 8 
shows an example of an infiltration trench.  These trenches provide a water storage reservoir that 
contains the water until it can be infiltrated to the soil layers below. In developing areas, 
infiltration trenches can help minimize the change in predevelopment hydrology by helping to 
maintain interflow and recharge. 

Applications and Constraints

Infiltration trenches can be a useful tool to intercept sheet flow from pavements and drives. Use is 
generally restricted to small watersheds of 1 - 5 acres where ponds are not practical.

Because infiltration trenches are highly susceptible to clogging, pretreatment of runoff is 
recommended. LCRA requires pretreatment and only allows the use of an infiltration trench as 
secondary or tertiary practice downstream of other BMPs. Because of the cost and the need for 
pretreatment, infiltration trenches have very limited application in highway transportation. 
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Figure 8. Infiltration Trench - Highway Application.

Pollutant Removal Performance

According to the literature, pollutant performance of infiltration trenches varies with design, soil 
type, backfill, and age. The current EPA Pollutant Removal Database (EPAPRD) gives a TSS 
removal rate of 100 percent. However, data points are limited and there is no allowance for aging. 
The earlier values by Schueler (1987) and others seem to be more reasonable for estimating 
purposes. The values from Schueler, EPA, and FHWA are shown in Table 6. 

Table 6. Pollutant Removal Efficiency for Infiltration Trenches.

Infiltration Trench Pollutant Removal Capability (Percent)
Pollutant FHWA

Evaluation and
Management of
Highway Runoff

Quality 1

National
Pollutant
Removal

Performance
Database 2

0.5 in
Runoff per
Impervious

Acre 3

1.0 in
Runoff per
Impervious

Acre3

2-Year
Design
Storm

Treatment
Acre3

TSS 99 100 60-80 80-100 80-100
Total
Phosphorous

65-75 42 40-60 40-60 60-80

Total Nitrogen 60-70 42 40-60 40-60 60-80
Metals 96-99 N/A 60-80 60-80 80-100
Oil and Grease N/A N/A N/A N/A N/A
Source: 1 Young et al. (1996); 2  Winer (2000); 3 Debo and Reese (1995); Schueler (1987).



36

Design Requirements

Infiltration trenches have limited application in areas of karst topography or where there is a 
direct connection to an aquifer used as a potable water supply. However, in areas where ground 
water contamination is not a hazard, areas with small contributing watersheds, and narrow rights-
of-way infiltration trenches can be a useful tool. Some specific design recommendations for 
infiltration trenches follow: 

• Storage volume should be based on the median design storm for the region. 
See section on determining BMP volume. 

• Storage volume is dependent on the coarseness of the backfill material. LCRA 
suggests avalue of 35 percent of the excavated volume of the trench as a 
reasonable value.

• Soils should have a minimum infiltration rate of 0.5 in/hr and no more than 5 
in/hr (Schueler 1987).

• A minimum of 3 ft of undisturbed soil over the water table is required. 

• Backfill should be a washed inert material of 1.5 to 3 in. This material should 
be protected from outside soil contamination by a layer of filter fabric on the 
sides of the trench.

• Recommended drawdown time, 48 hours (LCRA 1998) to 72 hours (Schueler 
1987), dependent on the probability of the recurrence of a storm event that 
would produce runoff equal to the storage volume of the infiltration trench.

Maintenance Requirements

Proper maintenance is critical to the performance of an infiltration trench.  This is particularly true 
during the construction period.  Infiltration trenches are  post-construction BMPs and should not 
be installed, or must be carefully protected, until the contributing watershed has been stabilized 
with a permanent cover.  The following maintenance requirements should be performed when 
needed:

• Trenches must be inspected about four to five times per year on a regular basis. 
Trash and grass clippings should be removed from the top.

• Renovation, including removal and replacement of the coarse backfill and/or 
replacement of the filter fabric, will be required every two to three years 
depending on site conditions.

• Depending on soil conditions, some deterioration in performance must be 
expected as the pour space in the native soil becomes clogged with fines.

Cost

Infiltration trenches are only useful for watersheds of up to five acres in size. They are most cost-
effective for areas of between three and five acres assuming there is sufficient space in the right-
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of-way for installation of the required length. Items that contribute to the relatively high cost to 
pound of TSS removed ratio include: 

• frequent inspection in order to ensure proper operation, and

• need for total removal and replacement of backfill material, resulting in high 
renovation costs. In addition, renovation requires protection and repair of 
adjacent development. Likewise, if access is limited to the site, maintenance 
costs will increase significantly. 

As shown in Figure 9, the overall cost per pound of pollutant removed using infiltration trenches 
ranges from $4.53 for an acre or less, to about $4.42 for a five acre drainage area.  

Porous Pavements

Description 

Porous pavements are flexible pavements composed of open-graded aggregate bituminous 
pavements, pervious concrete segmental pavements, and concrete or plastic grid modules filled 
with soil and vegetated. The purpose of the porous pavement is to allow water to penetrate the 
upper pavement layer into a storage layer of coarse material below. Water, then infiltrated into the 
undisturbed native soil, may be distributed to the soil by a subdrainage system (Debo and Reese 
1995) (Schueler 1987).  
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 Figure 9. Cost per Pound of TSS Removed for Infiltration 
Trenches at 90 Percent Efficiency.
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A porous pavement consists of four layers:

• a minimally compacted sub-base;

• a reservoir base consisting of 1.5 - 3 in (38-76 mm) material. The depth of the 
base course depends on the water quality storage volume needed, the bearing 
strength of the sub-base and the frost depth;

• a 2 in layer of 1.5 in aggregate provided above the reservoir base, to act as a 
filter layer preventing fines from clogging the pour space; and

• a 2 in layer of 1.5 in aggregate provided below the reservoir base, to act as a 
filter layer preventing fines from clogging the pour space.

Applications and Constraints

Porous pavements are limited to light duty parking pavements that have little or no heavy traffic 
and must be designed so that they do not receive drainage from adjacent pervious areas or from 
other surfaces that may contribute additional solids or oil and grease. The addition of solids or oil 
and grease will clog the filter layer and prevent proper operation. 

Given these constraints, particularly the requirement for light duty traffic, the need to limit 
sources of solids, as well as large areas of the state with expansive soils, porous pavements will 
have little application in highway transportation in Texas. 

Pollutant Removal Performance

The pollutant removal performance is relatively high when compared to some other types of BMP 
(see Table 7). However, the maintenance requirements are high and maintenance oversights 
would be very unforgiving and expensive to correct.

Table 7. Pollutant Removal Performance: Porous Pavement.

Design Requirements

If porous pavements are considered as a stormwater quality option, the following design criteria 
are recommended: 

Porous  Pavem ent   Pol lutant  R e m o v a l  Capabi l i ty  (Percent)
P o llu tant F H W A

E v a luat ion and
M anagem e n t  of

H ighw a y  R u n o ff
Q u a lity  1

N a tiona l
P o llu tant
R e m o v a l

Perform a n c e
D a tabase 2

0 .5  in  Runoff
pe r

Imperv ious
Acre 3

1 .0 in
Runof f  pe r
Imperv ious

Acre 3

2-Y e a r
Des ign
S torm

Treatm e n t
Acre 3

T S S 82-95 9 5 60-80 80-100 80-100
T o tal
Phosphorous

6 5 6 5 40-60 40-60 60-80

T o tal N itrogen 80-85 8 3 40-60 40-60 60-80
M etals 99  (Pb)  98  (Z n ) 99 (Z n ) 40-60 60-80 80-100
O il  and G rease N /A N /A  N /A N /A N /A
Source:   1 Y o u n g , et  al .   (1996); 2 W iner (2000);  3 Debo  and  Reese  (1995) ;  Schueler  (1987);  L C R A  (1998).
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• Storage volume is dependent on the coarseness of the backfill material. The 35 
percent of the excavated volume of the trench recommended by LCRA for 
infiltration trenches is probably a reasonable value.

• To avoid excessive solids, pervious areas must be graded so that water from 
vegetated surfaces does not flow onto the porous pavement. 

• Backfill should be a washed, inert material of 1.5 to 3 in (38 mm - 76 mm). 
This material should be protected from outside soil contamination by a layer of 
filter fabric between the fine gravel upper layer and the reservoir layer and 
between the reservoir layer and the native soil.

• Bituminous pavement surfaces must be of a 1.5 in to .75 in (12 mm - 19 mm) 
aggregate laid in a single course 2.5 in to 4 in (60 mm -100 mm) thick. Soils 
should have an infiltration rate of 0.5 in./hr (12mm).

• Recommended drawdown time: 48 hours (LCRA 1998). 

Maintenance Requirements

Porous pavements require frequent attention. Any lack of maintenance can result in severe clog-
ging of the pore space and loss of pollutant removal capacity. The following list provides general 
maintenance recommendations for porous pavements: 

• Porous pavements must be protected from fine sediment during construction. 

• Oil and grease spills must be cleaned from the surface immediately

• Surface must be vacuumed approximately every four months, followed by 
pressure washing of the entire surface. Frequency must be increased in dirty 
areas.

• If clogging occurs, drilling the surface may restore some capacity; if not, 
replacement of the entire surface is required.

Cost

The cost per pound of TSS removed for porous pavement is high and is only recommended for 
use on watersheds of five acres or less. Figure 10 displays the cost per pound of TSS removed by 
porous pavement. Items that have a measurable impact on long term cost include:

• frequent inspection requirement in order to monitor the drawdown rate of the 
reservoir;

• recommended maintenance operations occurring three times per year and 
required more often in dirty environments such as roadside applications or in 
areas with high amounts of wind erosion; and

• renovation costs that would be at least equal to or higher than original 
construction costs. 
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Infiltration Basins

Description 

An infiltration basin is a surface structure that captures a predetermined water quality volume and 
treats the water by allowing it to infiltrate into the native soil. As water percolates through the soil 
layer, natural filtration and other biological processes remove the sediment and other soluble 
constituents. Pollutants are trapped in the upper layers of the soil as the water percolates 
downward. Infiltration basins only contain water immediately after a storm and should be dry 
within 48 to 72 hours depending on the soil and the desired drawdown time.

Infiltration basins do remove soluble pollutants, which is not true of many surface BMPs. On the 
other hand, the pore space of infiltration basins are prone to clog with solids, causing them to be 
short lived. When a basin is clogged, renovation becomes necessary, which can be costly 
depending on accessibility and the type of substrate. In general, infiltration basins are effective for 
watersheds in the five to 50 acre range. Figure 11 illustrates the basic design of an infiltration 
basin. 

Infiltration basins have very limited application in Texas. They cannot be used in areas of karst 
topography, such as the Edwards Aquifer Outcrop, or in areas with very tight soils. These are 
generally soils that fall into the NRCS hydrologic soil groups (HSG) C and D. These soils are 
very common to the Clay Pan, Blackland Prairie, Coastal Prairie, Coastal Plain, and Plains 
resource regions of the state.

The East Texas Pine Forest is probably the most feasible for the application infiltrating type 
BMPs.
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Figure 10. Cost per Pound of TSS Removed: Porous Pavement.
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Applications and Constraints

The primary constraints to the use of infiltration basins are ground water pollution hazards over 
karst geology and rapidly drained or impermeable soils. However, where there is no hazard to 
ground water and there are reasonably large watersheds to be served, infiltration basins can be a 
very cost-effective water quality management tool. 

Design Requirements

The following site characteristics are required for practical usage of infiltration basins:

• a minimally compacted sub-base;

• minimum of 48 in or more of soil cover over the substrate;

• slope of the basin should be less than 5 percent;

Figure 11. Infiltration Basin: Plan and Section.

PLAN

SECTION
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• depth of the basin should be limited to provide drawdown times of  48-72 
hours. Times will vary with political jurisdiction;

• provide pretreatment equal to 25 percent of the basin volume;

• soils should have an infiltration rate of 0.5 in./hr;

• provide an emergency spillway to bypass volumes greater than the designed 
water quality volume; and

• protect all inlets with appropriate armor and energy dissipation.

Pollutant Removal Performance

There is very little in the literature to substantiate the performance levels of infiltration basins. 
The values given in the 1996 FHWA study are repeated from Schueler’s 1987 document. In the 
section on infiltration basins, Schueler clearly states that the values are estimates of removal rates 
that might be achieved under various sizing rules. The June 2000 National Pollutant Removal 
Performance Database (Winer) provides no values for infiltration basins. In this publication they 
caution that while infiltration practices tend to show very good results, it is difficult to monitor 
infiltration BMPs, and very few have actually been monitored.

Table 8. Pollutant Removal Performance:  Infiltration Basins.

Maintenance Requirements

Because a simple infiltration basin uses native soil as the primary treatment medium, it is 
important to guard against compaction and clogging of the pore space. It is also important to 
remove the sediment on a regular basis since it will rapidly decrease the infiltration ability of the 
basin. Maintenance operations include the following tasks:

•  Remove sediment on a regular schedule (three to four times a year).

•  Provide regular inspection. 

•  Remove trash and other floatables.

•  Mow on a regular basis using high flotation tires to avoid compaction. 

•  Deep plow when times exceed 25 percent of the designed drawdown time.

Infiltration Basin Pollutant Removal Capability (Percent)
Pollutant FHWA

Evaluation and
Management of

Highway
Runoff Quality 1

National
Pollutant
Removal

Performance
Database2

0.5 in Runoff
per Impervious

Acre3

Runoff from
1 in x Rv x A3

Two Year
Runoff

Volume3

TSS 75 N/A 75 90 99
Total Phosphorous 50-55 N/A 50-55 60-70 65-75
Total Nitrogen 45-55 N/A 45-55 55-60 60-70
Metals 75-80 N/A 75-80 85-90 95-99
Oil and Grease N/A N/A N/A N/A N/A
Source: 1Young et al. (1996); 2 Winer 2000; 3 Schueler 1997 and US EPA 1999  4 Given as a mean for all wet ponds in data set.
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Cost

In terms of cost per pound of pollutant (TSS) removed, the infiltration basin is the most cost 
efficient of all the large drainage area BMPs. Based on a conservative estimate of 70 percent 
eficiency, Figure 12 shows the cost range is as low as $0.15 per pound, with a large watershed and 
an earthen structure, to a high of $3.28 per pound for a structure with an all concrete basin. The 
annual maintenance costs for an infiltration basin are minimal when compared to filtration basins 
or ponds with permanent water pools. 

 

Figure 12. Cost per Pound of TSS Removed: Infiltration Basin.
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RETENTION STRUCTURES

Introduction

Retention structures have a permanent water pool and are designed to capture and hold a 
predetermined volume of runoff above the permanent pool until it is exfiltrated, evaporated, or 
displaced by another storm. These pollutant removal structures rely on sedimentation as the 
primary pollutant removal mechanism supplemented by biological processes that take place in the 
permanent water pool. They range in complexity from very simple earthen structures to complex 
underground facilities. 

Wet Ponds

Description

Wet ponds can be fairly simple structures composed of a pretreatment basin and a main ponding 
basin with an emergency spillway. They may also incorporate more complex devices such as 
hazardous material traps, spreader and separator boxes, and filtered outfall structures. 

In their simplest form, wet ponds are designed to retain the full stormwater quality volume of the 
design event until it is replaced by a subsequent storm event. Primary pollutant removal is 
accomplished by sedimentation which removes the suspended solids. The permanent pool of 
water supports aquatic vegetation which utilizes nutrients and can degrade some organic 
contaminants. The permanent pool also helps prevent the resuspension of sediment that collects in 
the pond. The storage volume of a wet pond is the volume of water that can be stored above the 
permanent pool elevation. Figures 13 and 14 show the basic elements of a wet pond.

Applications and Constraints

All the literature and studies done on the performance of wet ponds suggest that they are one of 
the best means of treating stormwater for solids, metals, nutrients, and other dissolved pollutants.  
The expense and size requirement of a wet pond requires that they have a watershed area of ten 
acres or more.  

The standing pool of water can be a nuisance, as well as a hazard, and requires that the facilities 
be fenced for reasons of safety and liability. The permanent water pool must be maintained at all 
times or trapped pollutants may be resuspended. Therefore, there must be a reliable water source. 
In general, it will be difficult to naturally maintain the permanent pool in parts of the state where 
evaporation potential exceeds annual runoff. This is generally the area west of the 24 in per year 
line.

Design Requirements

Wet ponds are useful water quality tools for watersheds of 10 to 50 acres in size. The required site 
size is in the range of 1.4 acres (0.56 ha) to 4.7 acres (1.9 ha). They are usually best situated 
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immediately upstream from where highway drainage channels or storm lines discharge into 
natural drainage ways.

In some cases, such as large interchanges, it may be possible with minimum modification to use 
the highway embankment and the drainage structure as a water level control device to establish a 
wet pond.

Figure 13. Wet Pond-Plan.

Figure 14. Wet Pond-Profile.
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In order to maintain the permanent water pool, it is necessary to have a natural base flow to the 
structure or a means of providing make-up water to the structure. Basic design requirements are as 
follows:

• Watershed must be sufficient to support permanent pool, or supplemental water 
source must be available.

• Soil should have low infiltration rates to maintain permanent pool. Soils in the 
NRCS hydrologic soil groups C and D are preferred. If native soils are in 
NRCS hydrologic soil groups A and B, a clay or geotextile liner will be 
required.

• The volume of the permanent pool should be equal to the calculated water 
quality volume of the basin (TNRCC) plus 20 percent for sediment storage. 
Other sources give recommendations that vary from a low of 0.5 in (12 mm) 
distributed over the impervious area of the watershed to a volume three times 
the water quality volume of the basin. Consensus is that the larger the 
permanent pool, the more effective the structure will be (WSDOT 1995) 
(Schueler 1987) (Young et al. 1996).

• The pond must have a length to width ratio of 2:1 or higher. Young et al. 
(1996), Schueler (1987), and others cite preferred ratios of 4:1. 

• The depth of the permanent pool should be 3 ft (1 m) to 6 ft (2m). Shallower 
depths may result in resuspension of pollutants. For safety reasons, a 
moderately sloped bench (3 - 4 percent) at least 10 ft (3 m) wide should be 
provided and the 6 ft (2 m) depth should be considered maximum. 

• A sediment pretreatment area should be provided with a volume equal to 25 
percent of the water quality volume. This recommendation is generally 
consistent across all sources (Schueler 1987) (Young et al, 1996), and (Barrett, 
Edwards Aquifer Technical Manual, 1998).

• The margins of the basin should be well vegetated to minimize added sediment 
and to assist in treatment. 

• Planting aquatic species in the permanent pool further enhance the 
performance of the pond. Lists of appropriate aquatic species are available 
from the NRCS, TNRCC, and the City of Austin. 

• The influent and effluent structures should be sized to meet the hydraulic 
requirements of the basin. The two structures should be offset. 

• Αn emergency spillway must be provided to pass flows greater than the 
designed water quality volume.

Pollutant Removal Performance

The performance of wet ponds varies somewhat more than other BMPs based on the size of the 
permanent pool and the contributing watershed. The values given in Table 9 show that the most 
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recent values given by the National Pollutant Removal Performance Database are in line with 
values reported by Schueler and others earlier.

The EPA (1986) and Walker (1986) projected the pollutant removal potential as a function of 
permanent pool size to the volume of runoff from the mean storm. This suggests, as shown in 
Figure 15, that even higher rates of pollutant can be removed if the size of the permanent pool is 
increased in proportion to the runoff from the mean storm. 

The increased pollutant removal potential has not been documented in any of the studies reviewed 
in preparation of this report. But it could be useful in cases where increased performance is 
needed and space is available for increased permanent pool size. This might occur where a 
highway is close to a water body that receives a particularly low total maximum daily load 
classification. In this situation, there may be justification to increase the permanent pool size to 
achieve a higher treatment efficiency if low-cost land and an appropriate water supply are 
available

Maintenance Requirements

Wet ponds have some basic requirements that, if observed, will keep the structure operating at or 
near designed levels. The primary concern is to keep excess sediment from moving into the per-
manent pool resulting in loss of biologic processes. Primary maintenance activities include:

• Drain pond and remove sediment on a regular schedule, approximately once 
per year.

• Provide regular monthly inspection.

• Remove trash and other floatables quarterly.

• Mow and maintain vegetative cover above water line.  

Wet Pond Pollutant Removal Capability (Percent)
Pollutant FHWA

Evaluation and
Management of
Highway Runoff

Quality 1

National Pollutant
Removal

Performance
Database2

0.5 in
Runoff per

Acre3

0.5 in
Runoff per
Impervious

Acre3

2.5 Times
the Runoff

of the
Mean

Storm3

TSS 74 79 60-90 60 85-90
Total Phosphorous 49 49 40-60 35-40 65
Total Nitrogen 34 32 N/A N/A N/A
Metals 69 Pb, 59 Zn 65 (Zn) N/A N/A N/A
Oil and Grease N/A N/A N/A N/A N/A
Source: 1Young et al. (1996) ; 2 Winer (2000);  3 Schueler (1987) and USEPA (1999); 4 Given as a mean for all wet ponds in data
set.

Table 9. Pollutant Removal Efficiency: Wet Ponds.
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Figure 15. Estimated Pollutant Removal for Wet Ponds on Permanent Pool Size.

Cost

Wet ponds are more expensive in terms of cost per pound of TSS removed than infiltration basins 
but somewhat less expensive than filtration structures. This assumes that the basic configuration 
of the wet pond is an earthen structure with a simple earthen pretreatment basin. If concrete is 
used for containment and/or other structures are added such as spreaders or separation boxes then 
the costs will increase accordingly. This is reflected in Figure 16. If a simple earthen structure is 
used, the cost per pound is as low as $0.52. However, if a concrete structure is used to contain the 
pond, costs may increase to as much as $5.13 per pound of TSS removed.  

For reference purposes, the actual construction costs for TxDOT structures on MoPac and U.S. 
290 are shown. Each of these structures utilizes concrete rather than native soil for containment 
with a corresponding increase in overall cost. In each case, the lack of sufficient space and topsoil 
to use earthen containments necessitated the use of concrete.

Underground Wet Structures

Underground wet structures generally take the form of a tunnel or vault. Like the wet pond, these 
structures retain the entire water quality volume until it is replaced by a subsequent storm event. 
The storage volume of the wet underground structure is the total volume of the structure less the 
volume of the permanent water pool. 
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Figure 16. Cost per Pound of TSS Removed for Various Wet Pond Configurations.

Sedimentation acts as the primary pollutant removal mechanism supplemented by chemical and 
biochemical processes that further reduce nutrients. The activity of microorganisms in the 
permanent pool assists in removing nutrients and degrading some organic pollutants. However, 
since these structures are underground and usually not exposed to direct sun, no aquatic 
vegetation can be supported to further enhance pollutant removal. 

Constructed Wetlands

Description

Constructed wetlands are very similar to wet ponds, but common to some natural wetland types, 
the permanent water pools may not remain full at all times of the year. Wetlands collect and store 
the full stormwater quality volume of a design event until it is either replaced by a subsequent 
storm event, naturally evaporated, or infiltrated. 

Pollutant removal in a wetland is accomplished by physical treatment, which includes evaporation 
and sedimentation, adsorption, and filtration. In addition, chemical processes such as chelation, 
precipitation, and chemical adsorption occur in wetlands. These chemical processes, paired with 
biological processes like decomposition, nutrient utilization, and degradation contribute to the 
primary advantage of the wetland over a wet pond.  When the two are compared, a wetland’s 
working plant/soil community results in greater chemical and biological processing of pollutants. 
Figures 17 and 18 show a plan and profile of a constructed wetland.  
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Some authors have suggested that natural wetlands can be used or enhanced for stormwater 
treatment. However, this is not acceptable under current regulations. Only constructed wetlands 
are recommended for stormwater treatment.

Design Requirements

Wetlands are useful water quality tools for watersheds of five to 50 acres in size. They may also 
be designed to provide additional runoff volume storage in integrated stormwater management 
programs. In cases where the water supply may not be sufficient to fully maintain a permanent 

Figure 17. Plan of a Constructed Wetland.

Figure 18. Profile of Constructed Wetland.
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pool, the vegetation should be selected so that it can withstand a period of drought. Alternatively, 
the design may provide for artificial irrigation as a means of maintaining the wetland vegetation.  

Constructed wetlands are best located where channels or storm lines discharge into drainage ways 
or on the upstream side of culverts. In some cases, such as large interchanges, it may be possible 
with minimum modification to use the highway embankment and the drainage structures as a 
water level control device for establishing a wetland. Some basic design recommendations are as 
follows:

• Watershed must be large enough to support a permanent pool, or a 
supplemental water source must be available.

• The water flow path through the structure should be maximized. Provide 
extensive use of rock on inundated portions of the wetland to support wetland 
plants in order to improve the removal of nitrogen.

• Soil should have low infiltration rates to maintain the permanent pool. Soils in 
the NRCS hydrologic soil groups C and D are preferred. If native soils are in 
NRCS hydrologic soil groups A and B, a clay or geotextile liner will be 
required.

• The volume of the permanent pool should be equal to the calculated water 
quality volume of the basin (TNRCC) plus 20 percent for sediment storage. 
Other sources give recommendations that vary from a low of 0.5 in distributed 
over the impervious area of the watershed, to a volume three times the water 
quality volume of the basin. Consensus is that the larger the permanent pool, 
the more effective the structure will be.  

• The pond must have a length to width ratio of 2:1 or higher. Young et al. 
(1996), Schueler (1987) and others cite preferred ratios of 4:1. 

• The depth of the permanent pool should be 3 ft (1 m) to 6 ft (2 m). Shallower 
depths may result in resuspension of pollutants. For safety reasons, a 
moderately sloped bench (3-4 percent), at least 10 ft wide, should be provided 
and the 6 ft depth should be considered maximum. 

• A sediment pretreatment area should be provided with a volume equal to 25 
percent of the water quality volume. This recommendation is generally 
consistent across all sources (Schueler, FHWA, and TNRCC).

• The margins of the basin should be well vegetated to minimize added sediment 
and to assist in treatment. 

• Planting aquatic species in the permanent pool further enhances the 
performance of the pond. Lists of appropriate aquatic species are available 
from the NRCS, TNRCC, and the City of Austin.

• The influent and effluent structures should be sized to meet the hydraulic 
requirements of the basin. The two structures should be offset. 

• An emergency spillway must be provided to pass flows greater than the 
designed water quality volume.
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Applications and Constraints

All the literature and studies done on the performance of wetlands suggest that they are one of the 
best means of treating stormwater for solids, metals, nutrients and other dissolved pollutants. The 
expense and size requirement of a wet pond requires that they have a watershed area of 10 acres 
or more.

The standing pool of water can be a nuisance, as well as a hazard, and requires that the facilities 
be fenced for reasons of safety and liability. The permanent water pool must be maintained at all 
times or trapped pollutants may be resuspended. Therefore, there must be a reliable water source. 
In general, it will be difficult to naturally maintain the permanent pool in parts of the state where 
evaporation potential exceeds annual runoff. This is generally the area west of the 24 in per year 
line.

Pollutant Removal Performance

The performance of wetlands varies somewhat more than other BMPs based on the size of the 
permanent pool and the contributing watershed. 

Maintenance Requirements

Performance of regular maintenance is critical to the performance of all BMPs. Wetlands have 
some basic requirements that, if observed, will keep the structure operating at or near designed 
levels. Primary maintenance activities include:

• Drain pond and remove sediment on a regular schedule approximately once 
per year.

• Provide regular inspection monthly.

• Remove trash and other floatables quarterly.

Table 10.  Pollutant Removal Efficiency: Constructed Wetlands.

Constructed Wetland Pollutant Removal Capability (Percent)
Pollutant FHWA

Evaluation and
Management of
Highway Runoff

Quality 1

National
Pollutant
Removal

Performance
Database2

0.5 in Runoff
per Acre3

0.5 in
Runoff per
Impervious

Acre3

2.5 Times the
Runoff of the
Mean Storm3

TSS 74 79 60-90 60 85-90
Total Phosphorous 49 49 40-60 35-40 65
Total Nitrogen 34 32 N/A N/A N/A
Metals 69 Pb, 59 Zn 65 (Zn) N/A N/A N/A
Oil and Grease N/A N/A  N/A N/A N/A
Source: 1 Young et al. (1996);  2 Winer (2000); 3 Schueler (1987). These are the same values given for wet ponds because constructed
wetlands were not specifically addressed in the 1987 publication.
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• Mow and maintain vegetative cover above water line. 

Cost

As evidenced in Figure 19, wetlands are more expensive in terms of cost per pound of TSS 
removed. Only sand filter systems are more expensive in terms of cost per pound of TSS 
removed. The type of materials used for the structure also impacts the long-term cost. The cost 
range is as low as $0.53 per pound with a large watershed and an earthen structure to a high of 
$5.13. For comparison, the costs for two TxDOT structures being monitored are shown as points 
of reference. These structures use concrete as the primary containment. These are sand filter type 
structures which are slightly more expensive than wet ponds, but they provide points of reference.

Overall, the cost per pound ratio becomes most efficient when the contributing watershed is 30 
acres or greater. 

DETENTION STRUCTURES

Detention structures are most often associated with stormwater quantity control rather than water 
quality control. While the primary function of a detention structure is to minimize downstream 
flooding, the stilling effect of the detention structure allows a percentage of suspended material to 
settle out. The pollutant removal efficiency of a detention structure increases as the time of 
detention increases.  

Figure 19. Cost per Pound of TSS Removed: Constructed Wetlands.
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Extended Detention Ponds

Description

Extended detention ponds are normally dry structures. Figures 20 and 21 show an extended 
detention pond plan and profile. The primary means of removing pollutants is sedimentation 
which results from the stilling effect of detention, allowing heavier sediments to settle out of 
suspension. The longer the detention time, the greater the pollutant removal will be. If detention 
of the water quality volume can be extended to 48 hours or greater,  removal of up to 90 percent of 
suspended solids is possible (Young et al. 1996). The removal of nutrients is also reasonably 
effective for detention times of 48 hours or more.

Native
Landscaping
Around Pool

Service
Access

Aquatic Bench

Riser / Barrel

Riser in
Embankment

Emergency
Spillway

Hardened
Pad

Inflow
Outflow

Dry Pond

Forebay

Overflow
Spillway

Figure 20. Extended Detention Pond: Plan.
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Applications and Constraints

Detention structures should be sited off the main drainage way and outside of any existing 
wetlands. It is critical to check this carefully. A detention structure should be placed low in the 
watershed near the primary drainage way, which is also an area where wetlands may occur.

The removal of TSS and other suspended pollutants is comparable to sand filters, and nutrient 
removal is as high as 50 percent for detention times of 48 hours. However, detention structures are 
much less efficient in removing dissolved pollutants. Likewise, long detention times can be a 
nuisance in urban settings. 

Even with more frequent maintenance requirements necessary to remove trapped sediment, the 
long term cost of extended detention structures makes them very cost-effective. The biggest 
constraint to the use of detention structures is the availability of sufficient right-of-way to 
accommodate the basin. 

Design Requirements

Detention basins used for water quality purposes should be off-line structures sized to the full 
water quality volume. The recommended procedure for determining volume is the same as for 
sand filters. The discharge structure should be designed to detain the water quality volume for 24 
to 48 hours and must have a release rate that will not exacerbate downstream flooding for 
estimated peak discharges of one or more storm return frequencies. Detention structures can be 
used for watersheds of 10 acres (4 ha) to 30 acres (12 ha). 

100 year level

10 year level

2 year level

OutflowInflow

Overflow
Spillway Riser

Embankment

Dry PondForebay

BarrelPond Drain

Reverse Pipe

Figure 21. Extended Detention Pond: Profile.



56

• For highway applications, detention basins should be located to minimize 
intercepting offsite contributions. This may mean actually routing offsite 
contributions around the detention structure. 

• The water flow path through the structure should be maximized to increase the 
detention time. Most sources recommend a length to width ratio of 3:1 or 
greater.

• The soil should have low infiltration rates if detention occurs over ground 
water reservoirs that could be contaminated. Soils in the NRCS HSG D are 
satisfactory. For soils in HSG A, B, and C, a pond liner may be required. 

• Drainage areas may range from 10 acres (4 ha) to greater than 30 acres (12 ha) 
or more.

• Detention basins cannot be placed in existing wetlands.

• Base flow from any ground water source must be accommodated in the design 
of the outlet structure.

• Inlet structures should provide energy dissipation and erosion protection.

• Provide permanent emergency spillway to accommodate excessive flows.

 

Pollutant Removal Performance

As seen in Table 11, the performance of extended detention ponds increases significantly for TSS 
and Lead with time. According to most sources, there is little significant change in the removal of 
other pollutants after a 24-hour period. The data for dry detention ponds are hard to interpret 
because detention times are not always reported. In the few studies that do report detention times, 
the longer times result in improved pollutant removal efficiency. Because the data reported for 
these types of BMP are limited and show little consistency, dry detention structures must be used 
with caution if a particular standard of performance is necessary. 

Maintenance Requirements

The primary maintenance requirements for extended detention structures are normal housekeep-
ing operations, such as mowing and trash pickup. Beyond these basic considerations, allowance 
should be made for repairs to the containment structure(s) and regular removal of accumulated 
sediment. Sediment removal two to three times per year is recommended to help minimize resus-
pension of sediment during heavy rainfall events.

Costs

Extended detention basins appear to be one of the most cost-effective stormwater treatment meth-
ods, using the measure of cost-effectiveness developed for this report. But this could be mislead-
ing if taken out of context. Detention basins will provide TSS removal rates of 70 percent or better 
as reflected in Figure 22. However, detention basisns are not particularly cost-effective in remov-
ing other soluble pollutants, particularly nutrients and some metals. In general, detention basins 
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would have to be used in conjunction with some other type of BMP in order to remove a full 
range of common pollutants found in highway runoff. Given this limitation where water quality is 
concerned, extended detention structures are less cost-effective than retention or filtration 
structures. In some recent publications, extended detention ponds are not considered as water 
quality structures. 

Pollutant Removal Performance:  Extended Detention Ponds (Percent)
FHWA Evaluation and

Management of Highway Runoff
Quality 1

National
Pollutant
Removal

Performance
Database 2

Schueler (1987)
Controlling Urban Runoff 3

(After Occoquan Watershed Monitoring
Laboratory, report for the Washington Area

NURP Project 1983)

Pollutant

12 hr 24 hr 48 hr N/A 4 6 hr 12 hr 24 hr
TSS 68 75 90 61 55 69 75
Total
Phosphorous

42 45 50 20 25 44 45

Total
Nitrogen

28 32 40 31 22 25 32

Metals 42 (Zn)
68 (Pb)

45 (Zn)
75 (Pb)

50 (Zn)
90 (Pb)

29 (Zn) 31 (Zn)
64 (Pb)

44 (Zn)
74 (Pb)

44 (Zn)
81 (Pb)

Oil and
Grease
Source: 1Young et al. (1996); 2 Winer (2000) (only one case reported a detention time of 20 hr; 3 These values are adapted from
Schueler 1987 and the Occoquan Watershed Monitoring Laboratory report for the Washington Area NURP project 1983;  4 Only
two cases reported detention times: 20 hours Occoquan Watershed Monitoring Laboratory 1987 Study number 4 and 72 Hours for
North Carolina Study No. 6.

Table 11. Pollutant Removal Efficiency: Extended Detention Ponds.

Figure 22. Cost per Pound of TSS Removed: Extended Detention Basin.
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FILTRATION BMPs 

Introduction

Of all water quality BMPs, filtration structures probably have the greatest variation in size and 
type. The simplest and most common form of filter is what has become nationally known as the 
Austin Sand Filter, so named after the design commonly found in Austin, Texas, over the Edwards 
Recharge Zone. Numerous variations of the basic Austin design have been developed and will be 
covered in more detail in this section. Overall, the literature suggests that a filtration type 
structure is one of the most positive long term performers of all the available BMP technologies. 

The structural configuration of stormwater quality filters is generally consistent in that they 
consist of an inlet structure, a pretreatment chamber, a filtration bed, and a discharge structure. 
The primary differences in stormwater filtration systems are in the filter medium, size, and the 
construction materials. 

Several different types of filter media have been used. These include materials like peat, gravel, 
charcoal, and compost. Of all the media, sand is the most common. 

The size of a filtration structure varies with the size of the watershed, with the optimum watershed 
size being between 25 and 50 acres. Construction materials vary from simple earthen basins to 
underground concrete vaults. The common sand filter found in the Austin district will be 
discussed in detail in the following section. The basic design considerations apply to the other 
filter types. Other variations of the sand filter are:

• the Delaware;

• Washington, D.C. Underground Filter;

• Delaware Slotted Curb Sand Filter; and

• Alexandria Dry Vault Underground Filter.

The Austin Sand Filter

The Austin Sand Filter consists of an inlet structure designed to divert the desired water quality 
volume into the pretreatment chamber, allowing the excess flow to bypass the structure. The 
sediment chamber is linked to the filter chamber by way of a perforated riser, which discharges 
into a spreader box. The spreader box is a level trough that fills and spreads the water onto the 
filter bed uniformly. The filter bed is 1.5 ft (0.45 m) to 2 ft (0.6 m) underlain with perforated pipe. 
Discharge is by way of a 6 in to 8 in pipe. The essential parts of the Austin Sand Filter are shown 
in Figure 23.

There are numerous variations of this basic design in and around the Austin area. The simplest of 
the variations allows stormwater to flow directly from the storm drain into a sand bottom basin. 
The basins are lined with clay or an impervious geotextile liner to prevent infiltration to the 
substrate. Other than the erosion control at the inlet, a discharge line, and a reinforced overflow 
spillway there are no other structures. Because of their simplicity, this configuration is the least 
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expensive form of the basic sand filter system. Most structures of this type were installed in the 
early to mid 1980s and have not been used in recent years. Researchers included two of these 
structures in the monitoring portion of this study.

Another early variation of the sand filter uses an earthen pretreatment basin that discharges 
through a stand pipe, culvert, or gabion filter to an adjacent sand filter bed. No bypass structure is 
provided at the inlet to the pretreatment chamber, and no spreader box is used between the 
pretreatment chamber and the filter bed. Only an emergency spillway is provided to handle excess 
volume. 

The most recent version of the Austin Sand Filter uses a simple headwall inlet with energy 
dissipaters. The pretreatment is provided in a simple earthen basin which is connected to an 
adjacent sand filtration bed. Water is distributed to the sand bed by way of a concrete spreader box 
or a gabion separator. Several structures of this type were also included in the study. Figure 23 
shows the basic components of the Austin Sand Filter in plan. The actual configuration of the 
individual parts are a function of the available site. 

The performance of each variation of the structure will be discussed in the section on monitoring. 

Applications and Constraints

The Austin Sand Filter and its variations are one of the most common and best documented water 
quality BMPs in Texas. It has been applied successfully in a variety of site conditions and all over 
the upper section of the Edwards Aquifer Recharge. 

Sand filters are most effective for watersheds greater than 10 acres (4 ha) to greater than 50 acres 
(20 ha). The most desirable sites for sand filters are those with slopes in the range of 3 to 5 percent 
and sufficient right-of-way to allow all earthen containment. When right-of-way is limited, the 
cost of using concrete containment structures or underground vaults must be weighed against the 
cost of acquiring additional right-of-way. 

Rocky, karst sites will complicate excavation.  Therefore, basins must be lined to prevent 
contamination of the groundwater. Filtration structures must not encroach on natural wetlands. 

Design Requirements

Current design methods recommend use of a pretreatment basin. The pretreatment basin may 
provide full or partial pretreatment. The following design information is based on research by the 
City of Austin and guidance in the FHWA study, Evaluation and Management of Highway Runoff 
Water Quality (1995) and the LCRA Non-Point Source Pollution Control Technical Manual 
(1998).
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Figure 23. Austin Sand Filter:  Plan and Section.

Pretreatment Capture Area

Two types of pretreatment designs are used for sand filters:

Full Sedimentation: The pretreatment basin is sized to capture the entire water quality 
volume. It is recommended that the sediment basin used to pretreat 
a sand filter be large enough to capture the entire water quality 
volume and meter it to the filter chamber. This is called full 
sedimentation treatment.

Partial Sedimentation: The pretreatment basin is sized to capture less than the full water 
quality volume. The LCRA technical manual requires that the 
volume of the pretreatment basin and the filter basin equal the 
water quality volume. Most other sources suggest that the 
pretreatment basin be  25 percent to 75 percent of the total water 
quality volume. 

PLAN

SECTION
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The partial sedimentation option is recommended to minimize the size of the basin. Claytor and 
Schueler (1996) recommend a sediment chamber equal to 75 percent of the water quality volume. 
They point out that the sedimentation chamber continues to drain into the filter chamber during 
the course of a storm, and for this reason only short duration, high intensity storms would be 
likely to exceed the capacity of the sediment chamber. The full sedimentation option is based on 
the logical assumption that with a large pretreatment capacity, the filter medium will not be 
clogged as quickly, and therefore less maintenance will be required to maintain the desired level 
of performance. However, this assumption does not appear to be born out by the data.

A simple method of estimating pond volume is given by LCRA as:

where:

V = the required stormwater capture volume (CF)
1.50 =  rainfall depth in inches
Rv1.50 =  ratio of runoff to rainfall for a 1.50 in. event over the contributing watershed where 

Rv1.50 = 0.0081(percent of impervious cover)+0.0011. See Figure 24.
A =  watershed area in acres

The 1.50 in value is based on the statistical fact that 90 percent of all storm events in the central 
and eastern portion of Texas reach depths of 1.5 inches or less. Therefore, sizing the basin 
according to this rule assumes that the basin will capture all the runoff from 90 percent of the 
storm events. 

Other methods found in the literature set basin volume on capture of the first 0.5 in of rainfall. 
While the first 0.5 in rule has been widely used, some recent research has demonstrated that this 
allows a significant water volume to bypass the structure. This amount of bypass is significant, 
and as a result, these smaller volume structures do not appear to meet quality goal. This is 
particularly true for areas with impervious areas on the order of 70 percent (Chang et al. 1990).  
Therefore, the 1.50 in rule would seem reasonable for a majority of projects. 

V 1.50 Rv A 43 560,
12

------------------⋅ ⋅ ⋅=
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Figure 24. Values of Rv1.50.

The method recommended by Claytor and Schueler for determining the surface area of the 
sedimentation basin is derived from the Camp-Hazen Equation. 

where:

As  = sedimentation basin surface area in sf

E = trap efficiency or the target pollutant removal efficiency

w =  particle settling velocity for target particle size. For impervious areas less than 75 
percent of the watershed use silt: w = 0.0004 ft/sec; for impervious areas of 75 percent 
and greater use w = 0.0033 ft/sec.

Qo = rate of outflow from the basin. This is equal to the water quality volume (WQV) 

divided by the desired detention time (td). Claytor recommends 24 hours. However, 

longer detention times will result in higher sediment removal and reduce the basin 
size. 
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Given the basic assumptions above, the required surface areas for sedimentation can be found 
as follows:

For watersheds with impervious areas of 75 percent or greater, the sedimentation area required 
would be:

Each of these equations assumes a detention time of 24 hours and a target removal of 90 percent 
of suspended solids. This method is essentially the same as the method recommended by Young et 
al. (1996).

Filter Basin Area

The City of Austin uses the following relationship to determine the surface area of a sand filter 
bed. This method assumes that the required surface area is a function of the infiltration rate of the 
filter medium, the depth of the filter bed, the head, and the sediment loading. 

where:

Af = surface area of the filter bed sf

WQV = water quality treatment volume cf

df = filter bed depth

Qo
WQV

td
-------------=

As
WQV

24hr 3600sec/hr 0.0004ft/sec ]⋅ ⋅[
----------------------------------------------------------------------------------=

As 0.066 WQV⋅=

As 0.0081 WQV⋅=

Af WQV df
k hf df+( )⋅ tf( )⋅[ ]

----------------------------------------------⋅=
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k = infiltration rate of the filter medium in ft/day

hf = average depth of water over the filter bed (0.5 of the maximum depth)

tf = time for water quality volume to pass through the filter medium

Water quality volume can be found by the simple method given earlier in this section. The depth 
of the filter bed is usually between 18 and 24 inches (0.45 m - 0.60 m). The average head should 
be between 2 ft and 6 ft depending on the site conditions. Forty to 48 hours is reasonable for the 
water to pass through the filter bed. 

The infiltration rate through the filter medium should be established by lab testing the proposed 
material. Experience in the Austin district suggests that there is such wide variation in the 
performance of natural materials that testing is the only way to determine the infiltration rate (k). 
For preliminary estimates, a value of 3.5 ft/day can be used. This is based on testing conducted by 
the City of Austin in 1988. However, final design should be based on a tested material available 
from a known source. 

Other design considerations are as follows:

• Provide maintenance access to each chamber of the basin. Depending on the 
soil type, it may be desirable to stabilize a portion of vegetated area of the 
sediment basin to facilitate access and sediment removal.

• Ramps into the individual chambers should be stabilized with concrete or turf 
reinforcing materials.

• The surface of the filter bed must be level. The sand filter materials should be 
lab tested to determine the optimum compaction density to maintain the design 
permeability.

• Sand has no specific TxDOT Item, but should follow the criteria outlined in 
Appendix C.

• Perforated pipe should meet TxDOT Item 556.

• Distribution boxes should be provided and set level to ensure good distribution 
to the filter media.

• Discharge pipes should be protected with appropriate end treatments.

• Slope of subdrains should be set at a minimum of 0.005 ft/ft.

• Provide cleanout access to underground pipe.

• Hydroseeding the appropriate TxDOT seed mix is recommended for the basins 
within the recommended planting season. Outside the specified planting 
season, sodding is recommended.

• Grass should be established on the filter bed. For most situations, sodding over 
the bed should be avoided since this will likely introduce clay soils and impair 



65

the permeability of the sand bed. The sand bed should be seeded during the 
growing season with an appropriate TxDOT seed mix.

• Headwalls, endwalls, and concrete work that may be required should meet the 
appropriate TxDOT specification per the Standard Specification for Streets 
Highways and Bridges. 

Pollutant Removal Performance

The pollutant performance of sand filters appears to have been over estimated in early studies. In 
1987, Schueler had reported 99 percent removal of TSS and values of up to 70 percent for 
removal of total nitrogen. Since that time, other studies have reported significantly lower 
efficiencies.

Table 12. Pollutant Removal Performance: Surface Sand Filters.

In their 1996 publication, “Design of Stormwater Filtering Systems,” Claytor and Schueler are 
suggesting significantly lower performance values. For example, they suggest only 35 percent for 
total nitrogen and 85 percent for TSS. These values are reasonably consistent with the values 
currently reported in the EPA’s National Pollutant Removal Database. These lower values are also 
consistent with sampling conducted by the City of Austin and by Barrett et al. (1997).

Maintenance Requirements

Regular routine maintenance is essential for all types of stormwater filter systems. Normal 
maintenance tasks consist of trash removal, inspection, and mowing earthen structural 
components, sediment basins, and the grassed filter surface. 

It is essential that any surface channels, embankment faces, and berms be maintained in a well- 
vegetated state and that sediment be removed from the pretreatment basin regularly. Poor 
vegetation cover in the immediate vicinity of a surface filter or resuspension of sediment in the 
pretreatment basin will result in excessive sediment transfer to the filter media and reduce the 
effectiveness of the filter. When this occurs, the filter media will usually have to be removed and 
replaced.

Pollutant Removal Performance:  Surface Sand Filters (Percent)

Pollutant FHWA
Evaluation and

Management of Highway
Runoff Quality 1

National Pollutant
Removal Performance

Database 2

Scheuler:  Controlling
Urban Runoff, 19873

TSS 70-86 87 99
Total Phosphorous 50-65 59 65-75
Total Nitrogen 31-47 32 60-70
Metals 79-85 (Pb)

78-84(Zn)
80(Zn)
49(Cu)

95-99

Oil and Grease N/A N/A N/A
1 Young et al. (1996); 2 Winer (2000); 3 Schueler (1987).  Note: In Schueler’s first publication the Austin Sand Filter was grouped with
infiltration trenches. It has since been recognized as a separate BMP type, probably because it does not infiltrate water into the
substrate but into a surface water conveyance.
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Specific maintenance activities include:

• removal of sediment when it reaches a depth of 6 in (150 mm);

• renovation of filter media when the drawdown time exceeds twice the designed 
time. Renovation will usually be required every three to five years, depending 
on the level of sediment reaching the filter bed; 

• removal of trash and debris from the chambers regularly. Actual time depends 
on the location of the facility. Structures in heavily urbanized areas will likely 
require more frequent servicing to remove trash and floatables;

• mowing to maintain acceptable appearance. Mowing heights of four to six 
inches in most situations, and

• rutting of the sand filter medium should be avoided since a level surface is 
essential to efficient operation of the filter.

Costs

Filter type BMPs are most cost-effective for watersheds of 10 acres (4 ha) or greater. Good 
preventative maintenance that includes frequent removal of trash and sediment and maintaining 
good vegetative cover around and upstream of the basin is essential to keeping long-term costs 
reasonable. Poor maintenance will lead to a need for more frequent renovation, which can be a 
significant cost. 

Figure 25 shows the cost per pound of TSS removed for structures that are primarily earthen, 
partially concrete, or principally concrete. The two dots shown on the graph are the actual 
construction costs for two sand filter type structures built by TxDOT. Both structures are 
principally concrete. Both structures are located on very difficult sites comprised of  odd shapes, 
steep slopes, and rocky substrate. The slightly elevated costs over the prototype used for estimates 
probably account for most of the difference in cost. 

What this example underscores is the efficiency and reduced cost that accrues from treating the 
largest possible drainage area. The structure at Academy and 290, for example, had a construction 
cost of approximately $1.3 million dollars. In contrast, the MoPac 290 bridge site was just under 
$300,000. But when the cost is compared in terms of dollars per pound of pollutant removed,  the 
Academy structure is significantly more cost-effective by a factor of 68 percent.  

Grass Swales (Borrow Ditches and Median Swales)

Description

Grass channels or swales are a common part of every rural highway section. Driving lanes are 
usually drained to a borrow ditch that conveys water parallel to the driving lanes until the road 
intercepts a crossing drainageway or stream. Likewise, most divided highways have a vegetated 
center median that also carries water parallel to the road in a vegetated channel.  The primary 
difference between these channels and water quality channels is whether they are designed and 
maintained as water quality BMPs. 
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Numerous studies including Barrett et al. (1997), Oakland (1983), and Yousef et al. (1985),  have 
demonstrated that grassed channels have positive water quality effects. However, the reported 
efficiencies vary greatly among studies. In 1996, Claytor and Schueler examined 16 studies in an 
effort to explain the variability between observed results. From this effort they concluded the 
following:

• For the most part, channels designed simply as drainage ways performed 
poorly as water quality structures.

• Channels that were specifically designed as water quality channels or had soil, 
slope, and water table properties that effectively met the properties of a 
vegetated water quality swale were much more consistent in their performance.

This comparison strongly suggests that grass swales and channels can be very effective water 
quality management tools. However, to be effective, simple design guidelines should be followed. 

Applications and Constraints

When site conditions are satisfactory, grass swales and channels are a significant and viable water 
quality BMP. They are particularly useful where well-vegetated borrow ditches and median 
swales can be developed parallel to a roadway at slopes of 1 percent to 5 percent, and where soils 
are relatively permeable (NRCS hydrologic soil groups A through C). Soils in hydrologic soil 
group D may or may not be appropriate. This means that a large percentage of state maintained 
right-of-way has some potential for water quality purposes.

Figure 25.  Cost per Pound of TSS Removed for Various Sand Filter Configurations.
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Table 13. Performance of Grass Swales Based on Design Typeg.

Vegetative features in general are not particularly useful in removing most nutrients except in 
those cases where mechanisms were provided to increase infiltration and detention time. While 
the mechanisms are not clear, research shows that grass channels are quite efficient in removing 
metals. Properly designed swales also appear to be efficient in removing solids and petroleum 
hydrocarbons. 

Although grass swales and ditches have been demonstrated to be a very positive water quality tool 
for meeting the requirements outlined in the Clean Water Act, Section 401, it is not clear how 
utilization might be impacted by Section 404 requirements. At this time it appears that this will 
have to be negotiated with the regulatory agencies. Overall, the cost and benefits of using existing 
and new grass swales and ditches as a water quality tool would weigh heavily in favor of their use.

Design Requirements

The primary factors that will determine the suitability of a grass swale or channel as a water 
quality structure are: soil type, slope of the contributing drainage basin, imperviousness of the 
drainage basin, and the cross section of the swale. Grass channels can be used to service drainage 
areas of as much as 10 acres (4 ha). Specific criteria for improved grass swales to be used as water 
quality BMPs include:

• The average slope of the watershed should be 5 percent or less. 

• Maximum use should be made of natural topographic features such as natural 
swales, draws, and depressions. 

• Soils should have infiltration rates of 0.18 in/hr (4.5 mm/hr). Heavy clays 
typical of NRCS Hydrologic Soil Group D are generally not acceptable. 

• The seasonal high groundwater table should be at least 10 ft (3 m) below the 
surface of the channel.

Drainage Channels (10)
(Percent)

BioFilter Swale 200 ft (1)
(Percent)

Water Quality Swalesa (6)
(Percent)

a. Bold numbers indicate the mean for all reported values. No negative values were reported.

TSS TP TN Zn Pb TSS TP TN Zn Pb TSS TP TN Zn Pb

Neg-

68b

b. Five cases were negative or not statistically different.

Neg- 

60c

c.  Five cases were negative.

Neg-

37d

d. Eight cases were either not reported, negative, or not statistically different.

Neg-

55e

e. Five cases were either not reported, negative, or not statistically different.

Neg-

49f

f. Five cases were negative or not statistically different.
g.  Adapted from Claytor and Schueler (1996).

83 29 Neg 63 67 81-98 
(88)

18 - 
99 
(49)

40 - 
99 
(74)

60-99
(79)

50-99 
(78)
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• The cross section of the channel should be designed to carry normal flows at a 
depth of the normal vegetation height. Mowing heights of 4 in (100 mm) to 6 
in (150 mm) are standard for most TxDOT roadsides.

• A longitudinal slope of 1 percent is preferred. LCRA allows slopes of up to 4 
percent or where a velocity of 1.5 ft/sec is exceeded. Greater slopes are 
acceptable with the introduction of check dams to reduce velocity and increase 
detention times.

• Channel bottom width should be between 2 ft and 6 ft. Channels may be wider 
but it is difficult to achieve uniform flow over the channel bottom at low flows 
which can reduce the overall water quality effectiveness.

• Where check dams are used the minimum distance between dams can be 
determined as follows:

Where: 

L = the minimum horizontal distance between check dams

h = the height of the check dam (2 ft or less)

g = the longitudinal gradient of the channel

The LCRA suggests a check dam spacing equal to six times the minimum spacing. Therefore, the 
recommended spacing based on the LCRA recommendation is:

The following procedure is recommended for the design of grass-lined water quality channels and 
is based on Claytor and Schueler (1996) and LCRA (1998):

• The channel capacity should be based on the runoff from a rainfall depth of 1.5 
in. (This is the value that would capture the runoff of 90 percent of all storm 
events.)

• Compute the peak discharge (Qp) for the design storm by an approved method.

• Use the peak discharge (Qp) to size the channel or check the size of an existing 
channel being improved. Use Manning’s equation. Figure 26 provides   
suggested values for Manning’s “n” for grass-lined channels flowing at various 
depths.

L h
g
---=

L 6 h
g
---⋅=
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• The following equation represents LCRA’s quick trial and error method for 
grass channel design.

Find the depth of flow in a channel by:

where:

Y = the depth of flow in feet

W = the bottom width of the channel (trapezoidal section is assumed)

Qp =  the peak discharge for the design storm in cfs

S = the slope of the channel bottom in ft/ft

The cross sectional area of flow can be determined by:

Manning’s “n” for Selected Flow Depths in Inches
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Figure 26.  Suggested Values for Manning’s “n.” 
Adapted from Claytor and Schueler (1996). 
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The average velocity of flow is found by:

• The channel design should also be checked for larger design events to be sure 
that sufficient capacity is available and that the channel will not likely erode. 
For most roadside vegetation associations in Texas, velocities should not 
exceed 4 ft/sec in sandy soils and 5 ft/sec in more cohesive clays.

• Provide a minimum of 12 in freeboard above the peak design storm. 

• Check dams should be designed for safety and ease of mechanical mowing. 
Reinforced earth or rock check dams that are backfilled and seeded are 
recommended. Figure 27 provides typical details of grass swale check dams.

Channel length should be at least 200 ft. (60m), or of sufficient length to provide a water 
residence time of at least 10 minutes. Assuming a minimum residence time of 10 minutes, the 
required length of swale is calculated by: 

where:

L10 = the length of swale required for a detention time of 10 minutes

Qp = the peak discharge for the runoff from a 1.50 in rainfall depth over the watershed

A = the cross-sectional area of the channel

V
Qp
A

-------=

L10 600 Qp
A

-------⋅=
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Figure 27. Check Dams for Use in Grass-Lined Channels.

Pollutant Removal Performance

The pollutant removal performance depends on whether or not a grass swale or channel has been 
designed to specifically provide water quality functions. In general, any channel will that meets 
the four basic design criteria related to slope, soil type, vegetative cover, and length. The 
efficiency numbers shown in Table 14 are for water quality swales only.

Free Board
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24"
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Geotextile (Class A)

Conventional

Example using tires and fill
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It is important to remember that vegetated BMPs have variable performance with respect to the 
removal of nutrients. The primary removal of nutrients will be due to infiltration or detention of 
the runoff in the swale. Therefore, the use of check dams is very important to overall success 
where nutrients are concerned. Likewise, a good vegetative cover and mowing heights maintained 
above 4 inches will further enhance the performance of a grass channel.

Maintenance Requirements

The maintenance requirements of grass channels are minimal beyond normal roadside 
maintenance consisting of seasonal mowing and trash pickup. Periodically, sediment will have to 
be removed from behind the check dams, but this can probably be scheduled as a part of regular 
ditch maintenance. In rapidly urbanizing areas typical of the urban fringe, some rapid 
sedimentation of roadside channels is very likely. In these cases, provisions will have to be made 
for more frequent maintenance of ditches and swales. 

It is very important to provide for immediate revegetation after ditch cleaning and sediment 
removal. This is probably the only significant expense that would be beyond normal roadside 
maintenance. 

Costs

Figure 28 summarizes the costs per pound of TSS removed for grass swales. 

For small watersheds and for areas with relatively flat terrain the grass swale is an extremely 
effective water quality BMP.  Since the normal rural cross-section of a highway almost always 
includes a grass-lined channel on at least one side of the right-of-way, a great deal of the Clean 
Water Act, Section 401 water quality requirement could be met by adding some very simple 
check dams to the roadside channels.  In many cases, rock check dams are used as a part of the 
Storm Water Pollution Prevention Plan (SW3P) for construction.  Properly located and 
constructed, these dams could be left in place as part of the long range water quality management 
plan.   

Pollutant FHWA
Evaluation and

Management of Highway
Runoff Quality 1

200 ft length

National Pollutant
Removal Performance

Database 2

Claytor and Schueler:
Controlling Urban

Runoff (1996)3

TSS 83 81 88
Total Phosphorous 29 34 49
Total Nitrogen 25 84 74
Metals 63 (Pb)

67(Zn)
71(Zn)
51(Cu)

78 (Pb)
79 (Zn)

Oil and Grease 75 N/A N/A
1 Young, et al. (1996); 2 Winer ( 2000); 3 Claytor and Schueler  (1996).

Table 14. Pollutant Removal Performance: Water Quality Swales (Percent).
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Biofiltration or Biofilters  

Description

Biofilters are essentially a combination of natural pollutant removal components that treat 
stormwater by absorption, decomposition, filtration, and other natural processes. A complete 
biofiltration facility should contain six components as illustrated in Figure 29.

A biofiltration structure has six primary components:

• a grass filter belt around the primary holding area,

• a ponding basin,

• a sand filtration bed,

• an organic mulch layer, 

• a top soil layer, and

• plant materials.

In areas of karst topography or where there is a near surface ground water supply that could be 
contaminated by infiltration of pollutants, a waterproof line and underdrain system can be used to 
collect filtered water and direct it to surface channels.

A grass filter belt around the primary holding area provides initial sediment removal and 
transitions runoff into the holding area. The ponding basin collects and stores runoff for transition 
to the filter layers below. The sand filtration bed intercepts a portion of the runoff and helps 
provide aeration to the adjacent top soil bed. The top soil, a loam with good nutrient content, 
supports vigorous plant growth, and the clay content of the loam helps remove some pollutants by 
adsorption. The organic mulch layer maintained over the surface is intended to provide some 
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Figure 28. Cost per Pound of TSS Removed for a Grass Swale.
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filtration and supports the development of beneficial microorganisms. Plant materials in the basin 
remove additional pollutants through uptake and assimilation. 

.

Figure 29.  Biofiltration Structure. 

Applications and Constraints

The use of biofilters appears to have limited application in transportation practice due to the space 
required for implementation. Situations where biofiltration may have some application would be 
on large sites adjacent to paved parking, typical of urban park and ride or transit facilities. Like 
grass swales, the biofiltration system should be very effective in removing oil and grease. 

Design Requirements

Bioretention is a concept that has always been associated with vegetative water quality concepts. 
However, Claytor and Schueler (1996) indicate that Prince George’s County, Maryland, was one 

PLAN

SECTION
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of the first agencies to actually codify a bioretention BMP around 1990. These recommendations 
are adapted from Claytor and Schueler (1996). 

For highway applications, a biofiltration structure would be designed to operate offline. A 
diversion structure would direct a design water quality volume to the biofiltration structure for 
treatment. The basic design requirements for a biofiltration structure are as follows:

• The intake structure should be designed to reduce velocity and spread the flow 
onto a vegetated pretreatment filter strip.

• The pretreatment strip should be heavily vegetated and sloped at 1 to 5 percent.   
Steeper slopes will not provide the desired velocity reduction and treatment.  
Other features, such as a stone diaphram or sump can be added to reduce 
velocity and enhance pretreatment.  Table 15 shows the recommended sizing  
of grass pretreatment strips.

Table 15.  Recommended Sizing of Grass Pretreament Strips.

Adapted from Claytor and Schueler (1996).

• Provide a coarse sand or pea gravel curtain drain adjacent to the main soil bed. 
This is to supplement infiltration of the water quality volume into the topsoil 
bed.

• Provide a shallow ponding area of 6 in to 12 in (150 mm to 300 mm).

• An organic mulch layer should be composed of a well-graded bark mulch or 
organic compost with a neutral to slightly acid pH. 

• A planting soil bed 30 in to 48 in deep. The soil can range between a sandy 
loam to a well-drained clay loam. The pH should be neutral to slightly acid. 

• The surface of the topsoil bed must be level to allow ponding and ensure 
uniform infiltration. 

• Plant materials should be a mix of grasses and woody species. Trees with high 
branching or open habits of growth should be used to avoid shading and loss of 
the grass cover as the vegetation matures. Good examples are native plants like 
yaupon (Ilex vomitoria), cedar elm (Ulmus crassifolia), honey locust (Gleditsia 
tricanthos f. inermis), river birch (Betula nigra), sycamore (Platanus 

Design Element Paved Areas Remarks

Max Inflow 
Approach in Ft (m)

35< (10<) 75> (22>)

Filter Strip Slope 
(Percent)

2< 2> 2< 2> Maximum 6

Minimum Filter 
Strip Length 

10 (3) 15 (4.5) 20 (6) 25 (7.6)
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occidentalis), and loblolly pine (Pinus taeda). Grass mixes should be those 
appropriate to the region of Texas.

• Claytor and Schueler recommend a sand bed between the topsoil layer and the 
gravel bed and subdrain. The sand should provide additional polishing of the 
water and protect the gravel bed from siltation. A filter fabric is not mentioned 
between the sand and gravel but could be useful depending on the fine content 
of the sand.

• The under drain system collects the filtered water and conveys it to the 
receiving channel which may be a ditch, stream, or storm sewer. The depth of 
the bed should be sufficient to provide a cover of 2 in (50 mm) over the top of 
perforated pipe.

• An over flow should be provided to convey excess flows.

•  The filter surface area can be sized using the method described in the section 
on sand filters.

• Claytor and Schueler give some minimum sizing guidance for bioretention 
facilities serving a one acre watershed. These guidelines were included in the 
Prince George’s County, Maryland, Bioretention Design Manual, 1993. They 
are:

•  minimum width of ponding area 10 ft (3 m),

•  minimum length 15 ft (4.5 m),

•  for width greater than 10 ft (4.5 m) maintain a 2:1 ratio of length to width,

•  minimum ponding depth 6 in (150 mm),

•  minimum depth of top soil bed 4 ft (1.2 m), and

•  sand bed depth 12 in (300 mm).

In general, the complexity of biofiltration will limit the application of this BMP to very special 
situations where high performance is desired for small watershed areas.  

Pollutant Removal Performance

The biofiltration concept is included in practically all recent literature on BMPs, along with the 
design considerations summarized in the preceding section. However, there are no studies in the 
literature that document the performance. US EPA’s National Pollutant Removal Database, June 
2000 publication specifically cites the bioretention BMP as a critical gap in the knowledge base.

So, while it could be assumed that a bioretention structure should combine all the best traits of a 
grassed swale and a sand or organic filter, there is no data to support this assumption.
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Maintenance Requirements

Maintenance of a bioretention structure would be about the same as for a grass swale or 
infiltration basin. These would include routine activities such as mowing, inspection, annual 
replenishment of the mulch layer, and trash pickup. 

Periodic tasks would include flushing the sand and gravel layers and cleaning the subdrain 
system. What is not clear is the life cycle of the topsoil layer planting. Since woody materials are 
used in the primary biofilter area, it would be extremely difficult to rebuild the underlying sand 
and gravel layers without disturbing or removing the large woody materials. Depending on the 
location, this could create problems with the public and regulators.  

Costs

Biofilters are best suited for small watersheds and fall in the same service group as porous 
pavements and grass swales. Figure 30 presents cost per pound of TSS removed by a biofilter.  

The costs in this case are based on the minimum space and material requirements given by 
PrinceGeorge’s County for biofilters shown earlier. Maintenance includes routine tasks like 
inspection, trash removal, mowing, and annual replacement of the mulch cover.

It was also assumed that one major reconstruction would be required during the 20 year period. 
Researchers assumed reconstruction costs to be 1.5 times the initial construction cost. 

Given the lack of hard information on the performance and cost of biofilter BMPs, it is difficult to 
suggest this technique as a viable tool for water quality purposes at this time.
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Figure 30. Cost per Pound of TSS Removed: Biofilter.


