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ABSTRACT

This paper demonstrates the development of a comprehensive sewer renewal and I/I reduction program – a “Total System” approach. Accurate flow monitoring and interpretation, and the lessons learned from halting groundwater migration around renewed sections of sewer are shown to be essential for success.  EPA’s initiative to improve the Capacity, Management, Operation, and Maintenance (CMOM) of public sewer systems will provide additional impetus to conduct sewer renewal and a need to document the effectiveness of this work. Tools for estimating program costs based on compiled case histories (including detailed information from Nashville), will be presented. Finally, a “fast track” sewer renewal strategy derived from successful I/I reduction work  will be described. 

This paper is the first of three papers presented as a seminar entitled “Putting the Pieces Together”, intended to address various elements needed for developing a successful, overall municipal sewer renewal and overflow elimination strategy.  The companion papers are Sewer Lateral Renewal Crucial to “Total System” Success, and Flow Knowledge – A Tool to Target Sewer Renewal or Upgrades. Some material has been repeated in all three presentations so that each paper will represent a complete report.

INTRODUCTION

Over the past several years, there has been a national debate on EPA’s proposed policy to control SSOs (Sanitary Sewer Overflows). Through the proposed CMOM program, EPA is also placing an increased emphasis on auditing sewer maintenance programs and developing enforcement tools for improving streams affected by SSOs. Renewal, using various techniques, is one component of I/I control, SSO reduction and long-term sewer maintenance. Despite the growing number of sewer renewal processes and products, few reports have been available in the literature about their effectiveness for I/I removal, and SSO reduction. This may stem from an attitude of complacency by municipalities or lack of funding for research. However, an analysis of NPDES reports from two states show that over a third of the systems experienced dilute influent sewage, likely due to excessive I/I. This paper presents results from flow monitoring studies, and overflow reporting over the past nine years in Nashville, Tennessee.  

From the early years of EPA’s “201” Program, there was increasing dissatisfaction with results, and a sense that sewer renewal was not as effective as needed to accomplish the goals of the facility planning process. Despite this, renewal projects continued to be executed, but with lowered expectations. The “traditional” approach was reevaluated during the major ten-year OAP (Overflow Abatement Program) in Nashville, TN.  That program included renewal of over 120 miles of sewer pipe (>6% of the system).  Additionally, the OAP policy required that all service laterals connected to renewed pipe segments would be renewed to the property line or easement line, and that all manholes connected to those segments would also be renewed. Most of the renewal work was conducted using CIPP (cured-in-place) or FF (folded-formed) products from several installers. A very small percentage was conducted using replacement, pipe bursting, or conventional slip lining techniques. (Many sewers in Nashville are laid in rock trenches that are not good candidates for pipe bursting.) As they were completed, the effectiveness of each renewal project was evaluated.  The analysts concluded that the level of success of each project was not dependent on the various renewal products. All pipe segments and service laterals that were renewed or replaced, were required to be air-tested and were only accepted after they were proven to be tight. Some segments failed the air-test after initial installation. However, any defects were corrected and the segment retested until it was proven to be acceptable. Therefore, upon contract completion, all the products used for line renewal in the program were equally effective – 100%. Each product successfully eliminated all of the I/I that previously entered the “public” reach of a renewed pipe segment (manhole to manhole). However, the groundwater that was excluded from the treated segment could still migrate through the backfill envelope and enter defects in adjacent reaches of pipe or service lateral connections that had not been renewed.  Since most I/I control programs only rehabilitate a portion of any system, then the analysts concluded that the most significant factor governing the degree of success (% removal of I/I in a complete sub-system), was the appropriate selection (or “targeting”) of line segments for renewal in that system.  That targeting must consider the effect of migration by anticipating vulnerable pipe reaches that may not exhibit much leakage when initially inspected.

The practices of “rating” defects and/or estimating leakage rates for various defects was discarded early in the Nashville OAP. A major problem with that practice was that pipe inspections are usually conducted when sewage flows and depths are at low levels so that defects may be viewed.  However, in badly deteriorated pipes that are subject to large amounts of I/I (or high flows due to significant I/I upstream), then inspection during low flow conditions is least likely to reveal leaking defects.  Actual flow monitoring over a wide range of conditions (especially if those conditions may be directly related to the design rainfall) will intuitively yield a better measure of I/I in the system.  Various “rating” systems were tested that were intended to identify the most “cost-effective” type of repair for each defect. At one extreme, this may lead to a patchwork of lining, point repairs, and grouted joints.  However, a pattern began to emerge, that generally if a typical pipe segment had three or more major defects (active leaks, significant root penetration, structural damage, etc.), then the overall best solution was to line that pipe segment.  This has additional significance considering that a full-length liner will address additional defects in the pipe that may escape standard internal inspection (i.e. “rolled” or missing pipe joint gaskets, porous concrete, etc.). If groundwater is not present in the bedding envelope during dry weather, then the defects are nearly invisible. Under the guidelines established by EPA in the early years of SSES evaluations, such “invisible” defects (and defects without leakage) were not even considered in the cost-effectiveness analysis or eligible for program funded repairs. 

Despite the growing number of sewer renewal projects, few reports have been available in the literature about their effectiveness for I/I removal.  This paper identifies an approach for planning and designing I/I reduction projects based on the measured effectiveness of sewer renewal projects. 

To develop a database of objective measurements of sewer renewal effectiveness, twenty-seven project areas in the Nashville, Tennessee, OAP (Overflow Abatement Program) were analyzed which included 274,871 ft of sewer lining or replacement.  This represents about half of the renewal work conducted through this program since 1990. The goal of the program is to improve system characteristics, recapture capacity, and reduce I/I so the sewers can carry the peak flow from a design storm with a specified recurrence probability, without overflows.  The most stringent design criteria used a 5-year, 24-hour storm. Linear regression analyses were used to predict the I/I expected from the selected design rainfall.  Some of the projects showed sufficient I/I reduction to allow a five-year payback from treatment costs avoidance.  A cumulative annual I/I reduction of 2,737 million gallons has been documented for these projects.  The trend of results indicate that an I/I removal rate of approximately 8.2 million gallons/year/1000 ft of lining may be expected from rehabilitating deteriorated sewers in the Nashville area.

At a given level of renewal intensity (per cent system renewed), I/I removal rates will likely vary in different locations due to groundwater levels, annual rainfall, previous construction techniques, soil types, etc.  Accordingly, sewer renewal programs should include procedures to measure I/I removal effectiveness as a program progresses. For I/I control programs that are just beginning and which lack performance data, the renewal experience in Nashville illustrates a procedure to develop performance measures and procedures for long range program planning. Once defined for a given area, a removal rate can be coupled with renewal construction costs and I/I quantities from flow monitoring. Knowing the relationship between I/I removal effectiveness and the quantity of sewer renewal by lining required can assist planners and municipal officials in projecting the long-term program costs for sewer renewal.

TOTAL SYSTEM APPROACH

The following outline represents a strategy for conducting a typical municipal I/I control and renewal program.  This strategy departs in several respects from the “traditional” approach to sewer renewal used on most EPA funded projects from the 1970’s through the 1990’s. The process is streamlined by virtually eliminating “segmental” flow isolation.  Also, the procedure of estimating I/I quantities by observation of leaks and defects is eliminated. Televideo inspection is used more extensively, based on its significance to the renewal designer for segment selection.  

Some engineers feel that nighttime; segmental flow isolation should be part of this recommended strategy. There are several reasons why it is not included here. A primary objection to this practice is that it is personnel intensive, difficult to execute in a timely manner, and only marginally effective. Administrative Orders or NPDES Permit compliance milestones dates are difficult to adjust once assigned. However, rainfall patterns, duration or timing may not be satisfactory for this purpose during the study period.  Thus a sewer renewal project may be held up and the community fails to satisfy a compliance schedule because it did not have timely information. Additionally, this type of monitoring represents a “snapshot”. The value of the result depends greatly on making the desired measurement at the right time (usually a fairly narrow window) that may be difficult to discern by the isolation crew as they are experiencing the rainfall event. Also, the accuracy of the flow monitoring results obtained by hand is questionable. In fairness, it is recognized that the co-authors have different opinions about recommending nighttime, wet-weather, segmental flow isolation and the value of the process. As noted below under item 9, this procedure may yield the greatest value when used as part of the follow-up monitoring work after a renewal project is completed. Each community should investigate its own circumstances to determine its best course of action. 

This procedure was tested in several communities that received more than 45 inches of rainfall annually.  Overall program effectiveness may vary significantly if this strategy is applied in drier areas of the United States.  However, the principal of the significance of appropriately targeting segments for renewal (compared to relying on the renewal process or product) is intuitive, and should be applicable in all circumstances.

1. IDENTIFY COMMUNITY/PROGRAM GOAL(S)

· Eliminate overflows (SSOs) and/or basement backups– often expressed in terms of: “Overflows shall not occur more often than once in ____ (1, 2, 5, etc.) years.”

· Once the frequency has been established, then this may be related to rainfall return interval statistics.  No overflow can legally be sanctioned by the Clean Water Act, although NPDES permits do make some exceptions for extenuating circumstances.  However, since it is cost prohibitive to rehabilitate a system to be leak proof under all rainfall conditions, a balance had to be achieved for planning rehabilitation to meet the overall intent of the Order.  Additionally, the Order deadlines limited the time available for conducting extensive rehabilitation.  Overflow sites were screened and a policy decision (Thompson, 1990) was made whether the location was "sensitive" or "non-sensitive".  The following criteria were used to apply this policy:

· "Sensitive" locations were defined as locations which discharge at some distance from the Cumberland River and are readily observable by the general population.

· "Non-sensitive" locations were defined as locations which discharge directly into the Cumberland River and are not easily observed by the general population.

· "Sensitive" locations should bypass no more often than once every 5 years.  (Assume extraneous flows generated by a 5-year 24-hour event must be addressed.)

· "Non-sensitive" locations should bypass no more often than once every 2 years.  (Assume extraneous flows generated by a 2-year 24-hour event must be addressed.)

From information collected by the National Weather Service at the Nashville Airport since 1949, it was determined (EDGe, 1988) that the 2-year 24-hour event had a depth of 86.1 mm (3.39 inches) and the 5-year 24-hour event had a depth of 114.3 mm (4.5 inches).  These values were used for projecting I/I quantities and peak flow rates from flow monitoring data.  The State regulatory agency also agreed in principle that the policy met the intent of the Order and represented a significant engineering and financial commitment by Metro.

2. SELECT TARGET AREA
· Design and install a metering network on the major tributary sewers in the system (~100,000 LF). The monitoring locations should be tailored to locations that have hydraulic characteristics that should result in reliable flow information, and should be evaluated in terms of a hydraulic model to optimally sub-divide a system for analysis. 

· Calculate observed and potential I/I for design rainfall
· Run the computer hydraulic model with the monitored and projected flows: for base flow (to check the mass balance). Then run for various peak hour flows associated with various return-interval frequencies. 

· Identify capacity problems (especially overflows) based upon field reports, monitoring, and model runs of peak flow conditions. The last is especially important for detecting overflows that may occur in remote areas, not generally observed by the population.
· Prioritize the major tributary areas (various criteria) and recommend selection for further study

3. QUANTIFY PROBLEM CONDITIONS

· Conduct more intensive flow monitoring within the selected top priority tributary area (~8,000 to 15,000 L.F.)

· Calculate observed and potential I/I for design rainfall, and update that portion of the computer model.
· Identify any additional capacity problems
4. LOCATE & IDENTIFY DEFECTS

· Completely televise target tributary area

· Televideo inspection may be conducted simultaneously with monitoring in the target tributary area.

· Categorize defects with respect to I/I potential

· If the number, size and type of defects observed by televideo inspection do not appear to justify the amount of I/I identified in the flow monitoring, then further detection work may be needed to identify “invisible” defects. Electrical field leak detection or sonar should be considered. If time schedules permit, then wet-weather segmental flow isolation may be considered. 

· Identify gross inflow sources (sump pumps, foundation drains, roof drains, etc.) by the use of smoke testing as appropriate.

5. SELECT SEGMENTS FOR RENEWAL

· Select for renewal any line segments with 3 or more major defects (i.e. 1 major defect per 100 linear feet of pipe).

· Categorize and color-code all line segments into three major categories: 

· 3 or more major defects

· 1-2 major defects

· no major defects

· Plot the three categories of color-coded  pipe segments on the tributary map
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Where line segments with less than 3 major defects are adjacent to pipe segments that have 3 or more defects, then they shall also be considered for renewal. This procedure is effective to reduce the effects of groundwater migration to the next available (untreated) defect, from segments where leaks have been sealed.  Factors to consider shall include pipe type, age, topography, adjacent drainageways, similarity to adjacent pipes that are already selected for renewal, etc.  This procedure is sometimes referred to as “connect-the-dots”. A schematic example is illustrated below.

Figure 1. Example of “Connect-the-Dots” Approach for Selecting Sewer Segments for Lining.

· The intensity of renewal proposed for a given target area should be in a range of 15% to 20% (minimum) of the tributary system (if this is a deteriorated system that has not previously been renewed). In systems older than 30 years, that level of intensity will likely be greater.

6. CALCULATE COSTS OF RENEWAL – ESTIMATE COST/BENEFITS

· Costs (typical costs from OAP experience):   
· Pipe lining renewal (8-10” CIPP liner) ~ $43/linear foot
· Renew customer sewer service laterals ~ $2,250 each (take the number off TV records, for rough estimates use 1 per 200 linear feet of public sewer.
· Manhole renewal ~ $1,000 each (take number off plans, roughly 1 every 200 linear feet
· Engineering ~ 12% to 15% of total costs.
· Compare costs to benefit of decreased O&M costs; use costs calculated for the affected agency (try a range of $0.60 to $0.85, if no actual costs are available)/ thousand gallons of I/I removed.  A properly designed, constructed, and inspected project should achieve at least 50% I/I removal.
7. DESIGN & INSTALL RENEWAL

· Sewer service laterals and manholes must be addressed in the design strategy, to halt migration of ground water between manholes.
· Annular spaces (between the outer wall of the liner and the inner wall of the host pipe must be sealed, and/or provision made to insure that water tracking down this space will not enter the sewer at the next manhole junction.
· Provide for sealing the liner at the entrance to the manhole junction. 
8. PERFORMANCE TESTING

· Air test renewed sewer service lateral connections.  This is the most vulnerable part of the installation, since the liner wall must be cut to temporarily reinstate the lateral connection prior to lateral replacement or renewal.

9. FOLLOW-UP FLOW MONITORING
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Quantify I/I reduction. A graphical example is shown in Figure 2. This graph also illustrates the procedure of projecting the I/I level to the design 24-hour rainfall (4.5 inches in 24-hours in this case.

Figure 2.  Example of Linear Regression Analysis of I/I to Rainfall Before and After Sewer Renewal.

· If the project area was significantly deteriorated, a follow-up project (second phase of work may be required) The engineer should consider televideo of remaining, unlined sections during a rainfall event, and segmental flow isolation.

· Rerun computer hydraulic model to check design conditions.

· Determine if the design goal(s) were achieved

10. CALCULATE O&M SAVINGS

Calculate the value of the I/I removed from the project area, annually

The Nashville OAP uses trenchless sewer lining with renewal of service laterals and manholes as its principal renewal technique.  This “total system approach” is a major factor in the reduction of I/I and the subsequent elimination of overflows.  From 1991 through 1999, OAP completed lining projects with a construction value of $60.74 million.  Over 276,000 ft of cured-in-place pipe (CIPP) and 208,000 ft of fold-and-form pipe (FF) constitute the majority of the lining products used in the program. Manhole renewal was conducted as part of the OAP. While the incremental effectiveness of manhole renewal has not been quantified, this is also an integral part of the Nashville program.

OAP renewal projects have also renewed over 10,000 service laterals.  This work represents about 22% of the renewal contract cost in typical suburban settings.  Bible (1991) reported additional I/I removal of 20% to 25% when service laterals were renewed following the lining of 41% of the sewers in the Oak Valley neighborhood.  Nearly a third of that project’s total I/I reduction (70% to 75%) resulted from service lateral renewal.  That resulted in a benefit to cost relationship of 20% to 25% additional I/I removal for a 10% increase in construction cost. With subsequent Nashville contracts, the average “density” of service laterals has been greater than present in the Oak Valley project, and the proportion of construction costs has risen to 22%. Only a small part of that increase is due to increases in unit costs. In project areas with a higher population density (more service laterals) than Oak Valley, it is possible that the incremental removal of I/I is consequently greater than previously reported.  In many cases, these renewals are accomplished using a proprietary, trenchless CIPP process to avoid restoration costs for street cuts, and other disruptions. Additionally the Nashville contracts require an air pressure test following the service renewal in all lining work to verify watertight connections.

DEMONSTRATION OF EFFECTIVENESS BY FLOW MONITORING

The measurement of the effectiveness of renewal is directly related to the OAP goals to reduce I/I and eliminate overflows.  Flow monitoring and rain measurement must be conducted to collect enough data to predict peak flow conditions for the design storm (Sullivan and Ewing, 1985). The ideal monitoring system incorporates hardware and software to automatically calculate flows using both the continuity equation and a calibrated Manning’s equation.  A network of permanent and temporary flow meters and rain gauges in the Metro Water Services (MWS) system has been used to satisfy these requirements.  Comparing simultaneous hydrographs calculated by both equations helps identify periods of backed-up flow (non-Manning free flow).  This is valuable for detecting operating problems such as downstream blockages or other capacity problems that may cause overflows in addition to excess I/I.

Following renewal, temporary flow monitors are installed in the original monitoring sites (or logical alternative sites if the sewer system has been altered by new construction).  Generally, a two-month wet period during winter or spring has been sufficient to capture enough data for flow projection.  storms between 1-inch and 2.5-inches usually produce satisfactory results. (Kurz, et al, 1996)

The individual performance of each of the Nashville projects has been plotted with a calculated straight -line regression plot. The results for nearly 52 miles of sewer renewal are plotted in Figure 3.

The trend of the I/I removal rate is approximately 8.2 million-gallons/year/1000 ft of lining. For comparison, the average performance rate is 9.6 million-gallons/year/1000 ft of lining. This level of effectiveness is about 15% lower than previously reported using projects completed early in the program. (Kurz 1997) Many of the additional projects (and updates to projects previously studied) evaluated for this presentation represented follow-up work in areas that had received renewal.  This suggests that as an increasing amount of renewal is conducted in a deteriorated system, there may be a declining “rate of return.”  This observation is consistent with other analyses used in environmental engineering to identify an economic break point or “knee-of-the curve” analysis.
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Figure 3. Renewal Effectiveness as Measured by Annual I/I Reduction.

OVERFLOW REDUCTION

Nashville has made monthly reports of sanitary sewer overflows (SSOs) to the Tennessee Division of Water Pollution Control since 1989. The duration and location of SSOs are required to be reported in the monthly NPDES Discharge Monitoring Reports (DMR). These reports indicate a trend of decreasing annual duration of rain induced overflows at “bleeders” (manholes with overflow pipes) and overflowing manholes (out the top), despite a trend of increasing annual rainfall. The results and trend line are plotted in Figure 4, below.

(The duration of SSOs at 47 pumping station locations was reduced by 88% during the same period.  However, data from those SSOs were not included in this paper since reductions at those locations were partially due to mechanical improvements or expanded station capacity.  The focus of this paper is on improvements resulting from sewer line renewal).  Comparing two years, which had similar rainfall, SSO duration has decreased nearly 64% from 8,634 cumulative hours in 1992 (the driest year since the beginning of the OAP) to 3,135 cumulative hours in 1999.
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Figure 4.  Totalized Annual Duration of Rainfall Induced Bleeder and Manhole SSOs.
DISCUSSION AND CONCLUSIONS

One of the main problems confronting municipalities with excessive I/I and wet-weather overflows is, “How to develop a renewal program?”  Generally, communities don’t consider renewal or replacement of all sewers.  Rather, it is assumed that renewal will be conducted until “enough” I/I has been removed to result in the elimination of overflows and backups.  Until recently, sufficient information has not been readily available to provide a basis for projecting the level of renewal effort required to eliminate overflows (or reduce them to a frequency accepted by the community). 

With an overloaded POTW and collection system during rainfall events, regulatory and community pressure will cause system managers to begin evaluating alternatives.  Alternatives generally fall into three major categories for this type problem as follows:

· Bigger-is-Better: Increase plant and system capacity; continue to pay for treatment of excess I/I, and for new construction and future O&M of the new facilities.

· Rehabilitate-and Recapture: Evaluate each tributary basin, determine an achievable percent of I/I reduction that will eliminate or reduce overflow frequency to an acceptable level, then rehabilitate.  In Nashville, the established goal was 50%.

· If the targeted reduction is not enough, consider a mix of rehabilitation, equalization, and/or additional capacity.

Sewer renewal has been a viable and cost effective approach for I/I reduction in Nashville. I/I reduction alone has resulted in long term savings for system operation. However, the long-range goal is to reduce overflows which is assumed will result in improved water quality for area streams.  Annual SSO duration (and volume) has shown a distinct downward trend. 
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Data (US)

		Nashville Overflow Abatement Program

		Annual Duration of Rainfall Induced Bleeder and Manhole SSOs - 103 hours

		Note:  does not include unnumbered clogs and stoppages

		Year		Overflow Duration		Annual Rainfall (in)		Annual Rehab/ Replcmt $		Cumulative Rehab/ Replcmt $

		1990		5.03		47.09		0.65		0.65

		1991		6.43		46.94		0.99		1.64

		1992		2.43		39.84		22.03		23.67

		1993		3.17		44.38		9.28		32.95

		1994		10.98		59.77		5.33		38.27

		1995		4.01		48.81		6.21		44.48

		1996		2.06		48.63		9.62		54.10

		1997		1.14		54.67		11.13		65.23

		1998		1.75		52.26		9.16		74.39

		1999		1.32		40.72		16.50		90.89

		2000		1.03		42.21		19.41		110.30

		2001		0.74		48.51		9.82		120.12

		2002		1.82		56.63		8.10		128.22

		2003		1.62		59.47				148.00		George added this aproximate

		2004		0.85		59.18						George added this aproximate

		Annual Overflow Duration  - All SSOs, All Causes - 103 hours

		Note:  includes all clogs and stoppages

		Year		Overflow Duration		Annual Rainfall (in)		Cumulative I/I Removal (BG)		old duration		Number of Events

		1990		14.31		47.09		0.00		14.31		512		0.00

		1991		14.56		46.94		0.05		14.56		553		0.00

		1992		8.63		39.84		0.10		8.63		395		0.00

		1993		8.91		44.38		0.20		8.91		369		0.00

		1994		31.42		59.77		0.97		31.41		638		0.00

		1995		9.74		48.81		1.32		9.74		626		0.00

		1996		7.68		48.63		1.75		7.95		589		0.00

		1997		4.31		54.67		2.23		5.16		396		0.00

		1998		6.16		52.26		2.53		6.90		446		0.00

		1999		3.14		40.72		2.60		3.14		280		0.00

		2000		2.92		42.21		2.80				211		0.00

		2001		3.17		48.51		2.95				196		0.15

		2002		5.87		56.63		3.05				317		0.30

		2003		2.91		59.47		3.25				292		0.45		George added this ck hrs ????

		2004		2.61		59.18										George added this ck hrs ????

		PUMP STATIONS - FLOWS

		Year		Rainfall Induced		Power Outage		Mechanical Problems		Maintenance		Other		Annual Rainfall (in)

		1989		2,289		18.36		0.00		133.65		14.30		57.03

		1990		1,316		1.10		0.00		32.62		6.00		47.09

		1991		705		3.59		0.03		11.21		4.30		46.94

		1992		1,106		2.63		0.02		13.22		6.60		39.84

		1993		649		7.28		7.69		1.67		1.50		44.38

		1994		1,346		102		12.53		2.49		4.80		59.77

		1995		563		2.82		15.41		1.77		5.80		48.81

		1996		294		3.31		20.59		4.02		0.08		48.63

		1997		335		2.14		14.92		4.70		8.41		54.67

		1998		361		17.17		52.41		1.45		0.00		52.26

		1999		159		3.96		9.91		0.48		2.01		40.72

		2000		95		0.21		4.72		4.47		0.00		42.21

		2001		165		0.02		1.24		2.21		0.00		48.51

		2002		219		1.58		1.39		34.30		6.34		56.63

		2003		154		0.07		5.02		0.00		0.07		59.47

		PUMP STATIONS - Durations

		Year		Rainfall Induced		Power Outage		Mechanical Problems		Maintenance		Other		Annual Rehab/ PS $		Cumulative Rehab/ PS $		Annual Rainfall (in)

		1989		12,676		226				231		92						57.03

		1990		8,993		31				185		74		2.08		2.08		47.09

		1991		7,563		61		2		406		39		20.97		23.05		46.94

		1992		5,817		67		4		191		78		40.07		63.12		39.84

		1993		5,297		98		76		61		28		35.60		98.72		44.38

		1994		13,008		1,232		198		66		1,683		30.99		129.71		59.77

		1995		5,027		44		165		43		337		6.21		135.92		48.81

		1996		4,097		83		208		109		180		11.17		147.09		48.63

		1997		2,727		62		212		46		23		18.75		165.84		54.67

		1998		2,907		264		630		19		0		14.63		180.47		52.26

		1999		1,285		125		108		17		12		16.50		196.97		40.72

		2000		1,276		14		58		338		0		19.41		216.38		42.21

		2001		1,514		18		34		271		0		11.68		228.06		48.51

		2002		2,768		60		101		152		10		8.52		236.58		56.63

		2003		2,503		22		74		0.00		5.00		10.33		246.91		59.47



&L&8&F&C&P&R&8&D



I_I Removed

		1990

		1991

		1992

		1993

		1994

		1995

		1996

		1997

		1998

		1999

		2000

		2001

		2002

		2003



Measured I/I Removal

YEAR

ANNUAL I/I REMOVED (BG)

0

0.05

0.1

0.2

0.973

1.315

1.748

2.232

2.532

2.6

2.8

2.95

3.05

3.25



All SSOs (US)

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001

		2002		2002



Overflow Duration

Annual Rainfall (in)

Trend Line

YEAR

ANNUAL DURATION (103 HRS)

RAINFALL (IN)

ANNUAL SSO DURATIONS
NASHVILLE, TENNESSEE

14.31

47.09

14.56

46.94

8.63

39.84

8.91

44.38

31.42

59.77

9.74

48.81

7.68

48.63

4.31

54.67

6.16

52.26

3.14

40.72

2.92

42.21

3.17

48.51

5.87

56.63



All SSOs (US) (2)

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001

		2002		2002

		2003		2003



Overflow Duration

Annual Rainfall (in)

Trend Line

YEAR

ANNUAL DURATION (10^3 HRS)

RAINFALL (IN)

14.31

47.09

14.56

46.94

8.63

39.84

8.91

44.38

31.42

59.77

9.74

48.81

7.68

48.63

4.31

54.67

6.16

52.26

3.14

40.72

2.92

42.21

3.17

48.51

5.87

56.63

4.32

59.47



All SSOs # Events

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001

		2002		2002



Number of Events

Annual Rainfall (in)

Trend Line

YEAR

NUMBER OF EVENTS

RAINFALL (IN)

ANNUAL SSO EVENTS
NASHVILLE, TENNESSEE

512

47.09

553

46.94

395

39.84

369

44.38

638

59.77

626

48.81

589

48.63

396

54.67

446

52.26

280

40.72

211

42.21

196

48.51

317

56.63



All SSOs # Events (2)

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001

		2002		2002

		2003		2003



Number of Events

Annual Rainfall (in)

Trend Line

YEAR

NUMBER OF EVENTS

RAINFALL (IN)

512

47.09

553

46.94

395

39.84

369

44.38

638

59.77

626

48.81

589

48.63

396

54.67

446

52.26

280

40.72

211

42.21

196

48.51

317

56.63

292

59.47



All SSOs (US) Transp

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001

		2002		2002



Overflow Duration

Annual Rainfall (in)

Trend Line

YEAR

ANNUAL DURATION (103 HRS)

ANNUAL RAINFALL (INCHES)

ANNUAL SSO DURATIONS
NASHVILLE, TENNESSEE

14.31

47.09

14.56

46.94

8.63

39.84

8.91

44.38

31.42

59.77

9.74

48.81

7.68

48.63

4.31

54.67

6.16

52.26

3.14

40.72

2.92

42.21

3.17

48.51

5.87

56.63



PS Durations (US)

		1989		57.03

		1990		47.09

		1991		46.94

		1992		39.84

		1993		44.38

		1994		59.77

		1995		48.81

		1996		48.63

		1997		54.67

		1998		52.26

		1999		40.72

		2000		42.21

		2001		48.51

		2002		56.63



Rainfall Induced

Annual Rainfall (in)

Trend Line

Year

Annual Duration (hours)

Annual Rainfall (Inches)

Annual Duration of Rainfall Induced Pumping Station Overflows
Nashville, Tennessee

12676

8993

7563

5817

5297

13008

5027

4097

2727

2907

1285

1276

1514

2768



PS Durations (US) (2)

		1989		57.03

		1990		47.09

		1991		46.94

		1992		39.84

		1993		44.38

		1994		59.77

		1995		48.81

		1996		48.63

		1997		54.67

		1998		52.26

		1999		40.72

		2000		42.21

		2001		48.51

		2002		56.63

		2003		59.47



Rainfall Induced

Annual Rainfall (in)

Trend Line

Year

Annual Duration (hours)

Annual Rainfall (Inches)

12676

8993

7563

5817

5297

13008

5027

4097

2727

2907

1285

1276

1514

2768

2503



PS Durations (US) vs $

		1989

		1990		2.08

		1991		23.05

		1992		63.12

		1993		98.72

		1994		129.71

		1995		135.92

		1996		147.09

		1997		165.84

		1998		180.47

		1999		196.97

		2000		216.38

		2001		228.06

		2002		236.58



&A

Page &P

Rainfall Induced

Cumulative Rehab/ PS $
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Overflow Duration

Annual Rainfall (in)

Year

Annual Duration (103 hrs)

Annual Rainfall (in)

Annual Duration of Rainfall Induced
Bleeder and Manhole SSOs
Nashville, Tennessee
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Data (SI)

		Nashville Overflow Abatement Program

		Cumulative Annual Duration of Rainfall Induced Bleeder and Manhole SSOs

		Note:  does not include unnumbered clogs and stoppages

		Year		Overflow Duration		Annual Rainfall (cm)

		1990		5.03		120

		1991		6.43		119

		1992		2.43		101

		1993		3.17		113

		1994		10.98		152

		1995		4.01		124

		1996		2.06		124

		1997		1.14		139

		1998		1.75		133

		1999		1.32		103

		2000		1.03		107

		2001		0.74		123

		Annual Overflow Duration  - All SSOs, All Causes

		Note:  includes all clogs and stoppages

		Year		Overflow Duration		Annual Rainfall (cm)

		1990		14.31		120

		1991		14.56		119

		1992		8.63		101

		1993		8.91		113

		1994		31.42		152

		1995		9.74		124

		1996		7.68		124

		1997		4.31		139

		1998		6.16		133

		1999		3.14		103

		2000		2.92		107

		2001		3.17		123

		Cumulative Annual Duration of Rainfall Induced Pumping Station Overflows -103 hours

		All causes

		Year		Overflow Duration		Annual Rainfall (cm)				Cumulative Duration, days

		1989		12,676		145				528.17

		1990		8,993		120				374.71

		1991		7,563		119				315.13

		1992		5,817		101				242.38

		1993		5,297		113				220.71

		1994		13,008		152				542.00

		1995		5,027		124				209.46

		1996		4,097		124				170.71

		1997		2,727		139				113.63

		1998		2,907		133				121.13

		1999		1,285		103				53.54

		2000		1,276		107				53.17

		2001		1,514		123				63.08

		PUMP STATIONS - FLOWS

		Year		Rainfall Induced		Power Outage		Mechanical Problems		Maintenance		Other		Rainfall

		1989		2289		18.360		0.000		133.649		14.300		145

		1990		1316		1.095		0.000		32.615		6.000		120

		1991		705		3.589		0.034		11.211		4.300		119

		1992		1106		2.630		0.020		13.223		6.600		101

		1993		649		7.278		7.687		1.673		1.500		113

		1994		1346		101.998		12.528		2.491		4.800		152

		1995		563		2.821		15.413		1.773		5.800		124

		1996		294		3.310		20.590		4.020		0.080		124

		1997		335		2.135		14.916		4.700		8.410		139

		1998		361		17.170		52.410		1.450		0.000		133

		1999		159		3.960		9.910		0.480		2.010		103

		2000		95		0.210		4.720		4.470		0.000		107

		2001		165		0.023		1.240		2.210		0.000		123
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All SSOs (SI)
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Nashville, Tennessee
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Overflow Duration
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Bleeders (SI) (2)
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PS Durations (SI)

		1989		1989

		1990		1990

		1991		1991

		1992		1992

		1993		1993

		1994		1994

		1995		1995

		1996		1996

		1997		1997

		1998		1998

		1999		1999

		2000		2000

		2001		2001



Overflow Duration

Annual Rainfall (cm)

Cumulative Annual Duration of Rainfall
Induced Pumping Station Overflows
Nashville, Tennessee
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PS Volumes (SI)
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Rainfall Induced

Power Outage

Mechanical Problems
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Other

Year

Volume (mg)

Annual Pumping Station Overflow Volumes
Nashville, Tennessee
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Old GEK Data (US) vs $

		Nashville Overflow Abatement Program

		Cumulative Annual Duration of Rainfall Induced Bleeder and Manhole SSOs

		Note:  does not include unnumbered clogs and stoppages

		Year		Overflow Duration		Cumulative $

		1990		5.03		0.271

		1991		6.43		0.843

		1992		2.43		1.565

		1993		3.17		10.202

		1994		10.98		16.407

		1995		4.01		30.753

		1996		2.06		36.955

		1997		1.14		41.968

		1998		1.75		48.759

		1999		1.32		60.740

		2000		1.03

		2001

		Cumulative Annual Duration of Rainfall Induced Pumping Station Overflows

		All Causes

		Year		Overflow Duration		Cumulative $				Cumulative Duration, days

		1989		12,676						528.17

		1990		8,993		0.271				374.71

		1991		7,563		10.499				315.13

		1992		5,817		23.223				242.38

		1993		5,297		35.112				220.71

		1994		13,008		88.984				542.00

		1995		5,027		113.024				209.46

		1996		4,097		129.216				170.71

		1997		2,727		134.229				113.63

		1998		2,907		141.020				121.13

		1999		1,285		153.005				53.54

		2000		1,276						53.17

		PUMP STATIONS - FLOWS

		Year		Rainfall Induced		Power Outage		Mechanical Problems		Maintenance		Excessive Flow		Expenditures

		1989		2289		18.360		0.000		133.649		14.300

		1990		1316		1.095		0.000		32.615		6.000

		1991		705		3.589		0.034		11.211		4.300

		1992		1106		2.630		0.020		13.223		6.600

		1993		649		7.278		7.687		1.673		1.500

		1994		1346		101.998		12.528		2.491		4.800

		1995		563		2.821		15.413		1.773		5.800

		1996		294		3.310		20.590		4.020		0.080

		1997		335		2.135		14.916		4.700		8.410

		1998		361		17.170		52.410		1.450		0.000

		1999		159		3.960		9.910		0.480		2.010

		2000		95		0.210		4.720		4.470		0.000
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Sheet1

		SEWER REHABILITATION EFFECTIVENESS

		PROJECT		PROJ NUMBER		LENGTH (FT)		ANNUAL I/I REDUCTION (MG)		% REHABILITATION		RATE OF I/I REDUCTION		# LATERALS RENEWED		LENGTH (M)		ANNUAL I/I REDUCTION  (1000 x M3)

		Berwick Trail		Annual		2290		15				6.55				698		57

		Brookwood		Annual		2,550		4		18		1.57				777		15

		Cleeces Ferry		90-SC-60B&C		2,143		9.3		2.5		4.34		20		653		35

		Clifton Park		90-SC-1A&2		38,744		228		46		5.88		588		11,809		863

		Foster Ave.				10,445		189				18.09		162		3,184		715

		Gibson Cr.		90-SC-88D		38,006		18.5				0.49		447

		Hermitage Hills		90-SG-9A1&2		34,100		116				3.40		637

		Hopedale		90-SC-74		16,084		289		21		17.97		245		4,902		1,094

		Kenner		90-SC-85		2,463		91		31		36.95		97		751		344

		LE Nashville		90-SC-148A		7,077		32		6		4.52		144		2,157		121

		Madison Hts				716		0.2

		Nolensville Rd		90-SC-110B&C		2,391		43		8		17.98		22		729		163

		OakValley		90-SC-86		4,400		89		41		20.23		63		1,341		337

		Osage				5,440		334		4		61.40		7		1,658		1,264

		Paragon Mills		90-SC-91B2&C1		21,584		171				7.92		225		6,579		647

		Post Rd		95-SC-13		6,931		116				16.74		47		2,113		439

		Rainbow Terr.		90-SC-70B &SG-98		515		4				7.77		9		157		15

		River Dr.		90-SC-79		1,259		20				15.89		5		384		76

		Riverside Dr.		90-SC-78A&B		2,285		7				3.06		53		696		26

		Shelby Park A-1`		90-SC-150B		40,830		353		42		8.65		642

		Smith Springs		90-SC-93D-1,2,3,4		59,178		316		18.7		5.34				18,037		1,196

		Sugartree		93-SC-29A,B,C,D		41,255		668		15.5		16.19		315		12,575		2,528

		Vandiver		90-SC-A184B &76B-1		14,500		72				4.97		210		4,420		273

		Wallace Rd		90-SC-12A1,2,3		24,267		0				0.00		294

		West Linden		90-SC-87		21,005		51		94		2.43				6,402		193

		Williamson Ferry		90-SC-57B,C,D,E		6,719		11		10.8		1.64		61		2,048		42

		TOTALS:				407,177		3,247						4293		124,108		12,290

				miles		77.1

		Katie Ave		91-SC-55A										248

		Maplehurst
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Sheet4

		SEWER REHABILITATION EFFECTIVENESS

		PROJECT		LENGTH (FT)		ANNUAL I/I REDUCTION (MG)		% ANNUAL REDUCTION				5-YR, 24-HR I/I REDUCTION (MG)		5-YR, 24-HR I/I % REDUCTION				5-YR, PEAK-HR I/I REDUCTION (MG)		5-YR, PEAK-HR I/I % REDUCTION				% REHABILITATION		RATE OF I/I REDUCTION (MG/YR/1,000LF)		# LATERALS RENEWED

		Berwick Trail		2290		15		52		780						0.0						0.0				6.55						Installed Rehabilitation (ft)		407,177

		Brookwood		2,550		4		9		36						0.0						0.0		18		1.57						Annual I/I Eliminated (mg)		3,229

		Cleeces Ferry (15)		2,143		9.3		50		465		0.151		66		10.0		0.426		62		26.4		2.5		4.34		20				Annual I/I Eliminated (%)		51.7

		Clifton Park		38,744		228		62		14136		5.25		43		225.8		10.788		40		431.5		46		5.88		588				24-hour, 5-year I/I Reduction (%)		55

		Foster Ave.		10,445		189		52		9828		3.998		56		223.9		7.561		57		431.0				18.09		162				Peak-hour, 5-year I/I Reduction (%)		53.7

		Gibson Cr. (GC4 & DR6)		38,006		18.5		33		610.5		1.848		54		99.8		2.385		42		100.2				0.49		447

		Hermitage Hills		34,100		116		47		5452		2.536		46		116.7		2.93		32		93.8				3.40		637

		Hopedale		16,084		289		72		20808		1.376		49		67.4		0.271		8		2.2		21		17.97		245

		Kenner		2,463		91		88		8008		0.508		31		15.7						0.0		31		36.95		97

		LE Nashville (5&6)		7,077		32		11		352		0.687		56		38.5		0.809		22		17.8		6		4.52		144

		Madison Heights		716		0.2		7		1.4		0.147		98		14.4		0.513		96		49.2

		Nolensville Rd		2,391		43		37		1591		0.884		25		22.1		1.016				0.0		8		17.98		22

		OakValley		4,400		89		76		6764		3.868		90		348.1		4.331		84		363.8		41		20.23		63

		Osage		5,440		334		52		17368						0.0		1.98		18		35.6		4		61.40		7

		Paragon Mills(P1&2,S3&4)		21,584		171		20		3420		4.119		39		160.6		30.853		66		2036.3				7.92		225

		Post Rd		6,931		116		70		8120		3.79		67		253.9		5.438		69		375.2				16.74		47

		Rainbow Terr.		515		4		98		392		0.087		89		7.7		0.235		91		21.4				7.77		9

		River Dr.		1,259		20		50		1000		1		71		71.0		3		83		249.0				15.89		5

		Riverside Dr.		2,285		7		47		329		0.463		40		18.5		1.841		63		116.0				3.06		53

		Shelby Park A-1`		40,830		353		73		25769		3.71		77		285.7		6.05		71		429.6		42		8.65		642

		Smith Springs		59,178		316		38		12008		8.924		51		455.1		16.772		48		805.1		18.7		5.34

		Sugartree		41,255		668		37		24716		15.38		49		753.6		17.27		35		604.5		15.5		16.19		315

		Vandiver		14,500		72		44		3168		2.74		40		109.6		4.45		57		253.7				4.97		210

		Wallace Rd		24,267		0				0		8.65		69		596.9		9.41		55		517.6				0.00		294

		West Linden		21,005		51		45		2295		0.575		17		9.8		0.456		7		3.2		94		2.43

		Williamson Ferry		6,719		11		8		88		0.4		13		5.2		1.8		30		54.0		10.8		1.64		61

		TOTALS:		407,177		3,247				51.59		71				55.00		131		1,136		53.73						4293

		miles		77.12						avg weighted % annual reduction						avg weighted % 5-yr ,24-hr reduction						avg weighted % 5-yr ,Peak-hr reduction

		Installed Rehabilitation (ft)		407,177

		Annual I/I Eliminated (mg)		3,229

		Annual I/I Eliminated (%)		51.7

		24-hour, 5-year I/I Reduction (%)		55

		Peak-hour, 5-year I/I Reduction (%)		53.7





Sheet3

		Literature review

		Project		Length		Reduction		Reduction		Method, Laterals

				(ft.)		(mgd		(%)

		Downington, PA '95		5,376		0.06				grout				0

		Downington, PA '96		4,689		0.05				grout				0

		Pembroke Pines, FL		8,770		0.33		21		cip & ff  3 grout laterals				6.93

		Dania, FL		48,100		0.97		60		cip & ff  122 grout laterals				58.2

		Miramar, FL		22,780		0.81		39		cip & ff   31 grout laterals				31.59

		Hollywood, FL		98,710		3.53		33		cip & ff   158 grout laterals				116.49

		Colonial Heights, VA		5,500		0.2				Cip simple lateral cut				0

		Broadview, IL		3,800		3.6		60		cip				216

		Mattesen, IL		8,700		8.3		82		cip				680.6

		Melrose Park, IL		37,000		8.312		49		cip				407.288

		El Paso, TX **		10,000		0.071		51		Cip, simple lateral cut				3.621

		Lynn, MA		9,294		2.8				Cip, simple lateral cut-214				0

		TOTAL		262,719		29.033								52.3789825371

														avg weighted reduction





		SEWER REHABILITATION EFFECTIVENESS

		Table 1. I/I Reduction Resulting From 77 miles of Sewer Rehabilitation in Nashville.

		Project		Length		Annual I/I Reduction				5-Year, 24-Hour I/I Reduction				5-Year, Peak-Hour I/I Reduction						RATE OF I/I REDUCTION (MG/YR/1,000LF)		# LATERALS RENEWED				% REHABILITATION

				(ft)		(mg)		(%)		(mg)		(%)		(mgd)		(%)

		Berwick Trail		2290		15		52												6.55

		Brookwood		2,550		4														1.57						18

		Cleeces Ferry (15)		2,143		9.3		50		0.151		66		0.426		62				4.34		20				2.5

		Clifton Park		38,744		228		62		5.25		43		10.788		40				5.88		588				46

		Foster Ave.		10,445		189		52		3.998		56		7.561		57				18.09		162

		Gibson Cr. (GC4 & DR6)		38,006		0		33		1.848		54		2.385		42				0.00		447

		Hermitage Hills		34,100		116		47		2.536		46		2.93		32				3.40		637

		Hopedale		16,084		289		72		1.376		49		0.271		8				17.97		245				21

		Kenner		2,463		91		88		0.508		31								36.95		97				31

		LE Nashville (5&6)		7,077		32		11		0.687		56		0.809		22				4.52		144				6

		Madison Heights		716		0.2		7		0.147		98		0.513		96

		Nolensville Rd		2,391		43		37		0.884		25		1.016						17.98		22				8

		OakValley		4,400		89		76		3.868		90		4.331		84				20.23		63				41

		Osage		5,440		334		52						1.98		18				61.40		7				4

		Paragon Mills(P1&2,S3&4)		21,584		171		20		4.119		39		30.853		66				7.92		225

		Post Rd		6,931		116		70		3.79		67		5.438		69				16.74		47

		Rainbow Terr.		515		4		98		0.087		89		0.235		91				7.77		9

		River Dr.		1,259		20		50		1		71		3		83				15.89		5

		Riverside Dr.		2,285		7		47		0.463		40		1.841		63				3.06		53

		Shelby Park A-1`		40,830		353		73		3.71		77		6.05		71				8.65		642				42

		Smith Springs		59,178		316		38		8.924		51		16.772		48				5.34						18.7

		Sugartree		41,255		668		37		15.38		49		17.27		35				16.19		315				15.5

		Vandiver		14,500		72		44		2.74		40		4.45		57				4.97		210

		Wallace Rd		24,267		0				8.65		69		9.41		55				0.00		294

		West Linden		21,005		51		45		0.575		17		0.456		7				2.43						94

		Williamson Ferry		6,719		11		8		0.4		13		1.8		30				1.64		61				10.8

		TOTALS:		407,177		3,229				71				131								4293

		miles		77.12
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Sheet1

		Date		24-hour Rainfall (inches)		24-hour Rainfall I/I (mg)		Peak Hour Rainfall (inches)		Peak Hour Flow (mgd)		Peak I/I (mgd)

		1999		0.440		0.083		0.26		0.663		0.2024

		1999		1.040		0.687		0.38		1.682		1.0944

		1999		1.230		1.282		0.35		3.114		2.218

		1999		0.390		0.117		0.13		0.728		0.1952

		1999		1.140		0.905		0.19		2.341		1.159

		1999		0.200		0.074		0.16		0.751		0.168

		1999		3.14		3.362375		0.78		5.563		5.182

		1999		0.72		0.7847083333		0.13		1.708		1.168

		1999		1.61		1.5840166667		0.24		3.488		3.0002

		1999		1.27		1.5375416667		0.29		3.411		2.688

		1999		0.92		0.7975666667		0.16		1.865		1.212

		1999		1.04		1.1073083333		0.31		2.235		1.501

		1999		0.37		0.2844		0.08		1.109		0.4484

		1999		0.81		0.6310416667		0.36		1.359		0.851

		2002		0.37		0.1509666667		0.14		0.926		0.4098

		2002		0.75		0.5442708333		0.26		1.663		1.0325

		2002		0.3		0.161275		0.07		0.937		0.3928

		2002		1.38		0.685375		0.2		1.937		1.1988

		2002		1.44		1.0950666667		0.68		3.125		2.2518

		2002		0.51		0.28975		0.29		1.24		0.5082

		2002		3.94		1.9192708333		0.97		4.515		4.025

		2002		0.82		0.1689416667		0.37		0.985		0.6044

		2002		0.85		0.2060416667		0.36		1.473		0.6112

		2002		0.24		0.0462916667		0.06		1.198		0.3065

		2002		0.4		0.0795833333		0.21		0.552		0.239

		2002		0.48		0.0821041667		0.2		0.641		0.3695

		2002		3.05		2.0478541667		0.97		4.515		3.6535

		2002		1.75		0.5894375		0.23		1.794		1.303

		2002		0.93		0.33675		0.59		1.09		0.8302

		2002		0.55		0.3921083333		0.28		0.884		0.5908

		2002		0.91		0.3454083333		0.13		1.025		0.5806

		Cap		0		3.462						3.462

		Cap		4.5		3.462						3.462
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