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INTRODUCTION / BACKGROUND
Overview
The California Regional Water Quality Control Board (RWQCB) Santa Ana Region issued a Waste
Discharge Requirements Order (WDR) No. R8-2002-00014 on April 26, 2002 to dischargers in north
and central Orange County. The WDR’s Monitoring and Reporting Program required the development
of a program to “report Sanitary Sewer Overflows (SSOs) resulting from pipe breaks, leaking sewer pipes
and joints, and other subsurface discharges of sewage as part of the Sewer System Management Plan
(SSMP), based upon a methodology developed by the Steering Committee.”
To attempt to meet this methodology development requirement, the WDR Steering Committee
requested that OCSD on behalf of its member collection agencies (dischargers), enter into a contract
with their WDR Project consultant Brown and Caldwell and their subcontractor the University of
California at Irvine (UCI). A complete summary of the Project research and corresponding results is
included in Appendix A.
Project Objectives
The objectives of this project were to:


Conduct a broad literature search seeking a proven methodology already in use industry
wide;



Find and/or develop a field methodology for accurately and defensibly estimating
possible leakage from numerous types of individual gravity sewer pipe defects under
realistic flow conditions;



Test the methodology on different types of sewer defects; and



Develop an easy-to-use method that CCTV data reviewers could utilize in estimating
possible leakage.
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METHODOLOGY
The project was conducted in three steps.
1. Perform a literature survey of previous studies of exfiltration methodologies related to sanitary
sewer defects, review available OCSD area sewer CCTV footage, identify typical types of
defects that could normally occur, and review standards used to identify and classify typical pipe
and joint defects.
2. Conduct field tests that measure leakage rates from individual defects, and utilize and/or
develop methods to analyze surrounding soils for the presence of possible wastewater
contaminants as indicators.
3. Test at least seven general common defects to validate the testing methodologies.
Literature Survey
A very broad worldwide literature search was conducted to establish any current industry standards for
measuring leakage or exfiltration from sanitary sewers. The DIALOG search engine, a commercially
available research tool, was used to perform the literature search. Approximately 500 databases are
linked to the search engine. However, based on our findings, only about 32 of these databases contain
information relevant to the subject, so the search was limited to the 32 databases listed in the reference
section of this report.
The initial search focused on the terms “exfiltration” and “sewer” that appeared anywhere in the
document. The term “sewer” was used with a wildcard to include any reference with the words sewer,
sewers, sewerage, etc. The result of this initial search was 89 titles. Duplicate titles were removed,
leaving 63 unique titles. The search was further broadened by searching on “exfiltration” and
“wastewater” or “waste water,” but only nine new records were found. The search was further
broadened by searching on just the term “exfiltration” appearing in the title. This last search found an
additional 29 new references, but most were found to be unrelated to the subject. As a final search, all
records were listed that used the term “exfiltration” anywhere in the document. A total of 614 records
were found. After eliminating duplicates and removing records that were obviously unrelated to the
subject, approximately 100 additional records were identified.
Using similar strategies and keywords, various Internet sources were searched. Nine websites were
found with the potential to add information to the subject. To the extent possible, these websites were
searched and contacts were made to determine what new, if any, information could be added from these
sources. The applicable websites are listed in the reference section of this document
The initial literature search produced approximately 200 titles. Most of the documents focused on sewer
inflow and infiltration, or use of stormwater exfiltration facilities for disposing of stormwater. Some of
the documents presented discussions on using microbial contamination as an indicator of sewer leakage
or discussed the impacts of sewer exfiltration on ground water quality, but they did not address how to

September 2005

Orange County Sanitation District
Status Report on the Development of a Reporting Methodology
for Subsurface Discharges of Sewage

3

measure the quantity of the leakage. Upon review, only about seven titles were relevant to the subject of
measuring sanitary sewer exfiltration. Copies of these documents were purchased from the various
sources and are included with this memorandum. Review of the Internet sources did not reveal any new
information that would be directly useful to the project.
From the literature search, two methods for measuring sewer exfiltration were found. The first
approach utilizes commercially available equipment, while the second approach is defined by ASTM.
These two approaches are highlighted below.
Metrotech® has developed sewer leak detection equipment based on the principle of measuring electrical
current flow between a probe in the sewer and a surface electrode embedded in the ground. The
relative magnitude of the leak can be detected based on the measured electrical current. According to
Microtech’s product information, its FELL-41TM system is an excellent tool for locating leaks. The
system does not quantify the size of the leak.
ASTM has developed a standard practice for measuring infiltration and exfiltration in VCP sewer pipes.
This ASTM practice was first developed in 1988 and updated in 2003, and is documented in ASTM
C1091-03. The approach is based on measuring the amount of leakage from the system for a given
period of time. The procedure includes blocking the pipe inlet and outlet and filling the pipe with water
so that a drop in water level can be measured over a set period of time. Generally, the test is performed
during low flow and dry weather conditions so that the sanitary flow does not have to be bypass
pumped. The ASTM establishes acceptable leakage limits for exfiltration in sewer pipes and manholes
based on current standard materials and construction practices. The allowable exfiltration leakage rate is
calculated using the following formula:

Allowable Leakage = 200 [gal/day/inch-diameter/mile] x Inside Diameter [in] x Length [ft]
[gal/hr]
5280 [ft/mi] x 24 [hrs/day]

For a typical 400-foot-long reach (manhole to manhole) of eight-inch diameter sewer pipeline with five
joints, this equates to an allowable leakage rate of 5.1 gallons per hour.
The formula includes consideration of an average test head on the pipe assumed to be 3 feet as
measured above the crown of the pipe. Sewers tested with higher heads shall establish allowable leakage
rates by multiplying 200 gallons by the ratio of the square root of the average test head to the square
root of the base head of 3 feet. Consideration is provided for testing manholes with or independent of
the pipeline.
This test should be conducted during the dry season to reduce the potential for groundwater influences,
and should be conducted when the groundwater level is below the invert of the pipe. The standard test
requires surcharging the sewer 3 feet above the top of the crown. As a result, this test will also measure
leakage from the lower sections of service laterals. For this reason, this approach may overestimate the
exfiltration rate for sewers that do not surcharge. The City of Crescent City, California has had recent
success with this method.
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Groundwater conditions will greatly influence the infiltration and exfiltration potential of a sewer. In
some areas, it is conceivable that sewer infiltration could occur during periods of high groundwater,
while sewer exfiltration occurs when the groundwater is below the invert of the pipe. In summary, the
rates of infiltration and exfiltration will vary with time of year and rainfall/groundwater conditions.
One previous study concluded that exfiltration from sewers may range from 12% to 49% of the flow.
Their estimates were based upon both regional studies and standard hydrostatic testing methods. These
testing methods required full pipes under high water pressure, and leaks through defects in the upper
part of the sewer were also measured. Normal sewers operate at 1/3 to 2/3 full.
Some investigations of sewer pipe exfiltration have used laboratory simulations, indicator species and
tracer studies, or electrical geophysical methods to derive exfiltration leakage rates. Other investigations
evaluated exfiltration from actual defects located in operational sewers. These provided a variety of
conclusions. More details on these investigations and conclusions are included in the study included as
Appendix A.
The results of these previous investigations showed a need for a field test method that can accurately
measure exfiltration from existing defects under field conditions and realistic hydraulic scenarios. A list
of references is included at the end of this report (page 10).
Advisory Group
The Project Team requested that an Advisory Group be constituted for the purpose of providing
overview, guidance, and commentary on the scope and findings of the project in an informal setting.
The Advisory Group was made up of representatives from OCSD, the Steering Committee, University
of California, Brown and Caldwell, staff of the Santa Ana Regional Board and Los Angeles Regional
Board, staff from the County of Orange and Orange County Health Care Agency, and EPA Region 9.
The Advisory Group convened on two occasions and met with the Project Team on March 4, 2004, and
March 14, 2005, respectively, on the UCI Campus.. An exchange of information took place during the
meetings, each of which lasted approximately. Copies of the meeting agendas, sign-in sheets, and
presentations are included in Appendix B. The Project Team felt that the project benefited from the
comments and suggestions offered by the Advisory Group.
Sewer Design & Construction Standards
The vast majority of sewer pipes nationally and in Orange County are made of vitrified clay pipe (VCP).
This type of pipe has been in use since the time sewers began to be installed in Southern California.
There has been an almost continuous evolution in the manufacturing process, resulting in variations in
the thickness, strength, and integrity of VCP. The American Society of Testing and Materials (ASTM)
began writing standards for VCP as early as 1904.
Moreover, there has been an evolution in the method of jointing VCP pipe sections. During the first
half of the 20th Century, field joints were constructed by filling the annulus between the bell and spigot
with cement mortar or with jute and tar. During the second half of the 20th Century, a variety of gasket
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materials were employed, such as a caulder coupling, which has a synthetic sleeve with steel bands at
each end.
Appendix D contains a chronology of the development of VCP pipe and joints. This summary was
compiled by the National Clay Pipe Institute (NCPI).
ASTM has testing procedures for measuring exfiltration and infiltration in new VCP sewer pipelines,
which for years has been the industry standard qualifying the integrity of new VCP sewer pipelines. Yet,
this standard provides an allowable leakage of 200 gallons per day per inch-diameter mile of pipeline for
new systems. The difficulty of applying this test method in the current setting is that it requires isolation
of whole sections of sewer line from manhole to manhole. The test method requires filling the pipelines
full of clean water. This is much easier to accomplish in a new sewer system, and far more difficult after
it has been placed in service, as issues such as incoming privately owned and operated service laterals
add more complexity.
The industry standard for determining the integrity of new VCP sewer pipes contains an allowance for
exfiltration of 200 gallons per day per inch-mile of pipe. If all of the sewers in Southern California and
nationally had been built to this standard, then a substantial amount of normal allowable leakage could
be anticipated.
Exfiltrometer
The Exfiltrometer was specially developed for this study the University of California Irvine research
team (Appendix A), and the regents of University of California have filed a U. S. Patent Application on
the Exfiltrometer. The device itself is unique in that it is able to quantify the rate of exfiltration at an
individual pipe defect or joint. Following the developmental period, the Exfiltrometer was used to test
for exfiltration in actual sewers under field conditions, corresponding to normal operating conditions.
Thus, defects near the crown of the pipes were not included in the tests.
The Exfiltrometer device consists of two inflatable plugs that are placed upstream and downstream of
the defect to be tested. The volume between the plugs is connected through a flexible hose to an
above-ground water reservoir. The rate of flow from the reservoir is controlled, measured, and
recorded. A built-in TV camera is used to guide the Exfiltrometer to the exact position of the defect to
be tested. Another unique feature of the Exfiltrometer is its ability to control the depth of water in the
test section to any level between one inch and full, allowing the testing of conditions corresponding to
the normal sewer operating condition. For example, in an eight-inch sewer operating one-quarter full,
the depth can be set to two inches. This prevents exfiltration through defects in the crown that would
be inconsistent with operating conditions but would otherwise be incorporated into full-pipe tests and
possibly cause an overestimate of the exfiltration rate. Conversely, the Exfiltrometer also can measure
infiltration if the pressure outside the pipe defects exceeds the pressure inside, as was observed in one of
the field tests. Care must be taken to minimize backing up water into laterals which could cause errors.
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Soil Tests
Soil samples were collected from locations immediately adjacent to the tested defects and analyzed for
the presence of wastewater using chemical (major anions and caffeine) and bacteriological (E. coli)
tracers. Soil cores were extracted from within 9 to 11 inches of the center of the sewer pipes and down
to 20 feet below the surface. The average pipe depth of the eight-inch sewers sampled was seven feet,
and the septic drainage field was twenty feet deep.;
Drilling and sampling of soils by a geotechnical firm were performed using standard methods with a
direct-push rig, which is a non-destructive evaluation method in that it does not require excavation of
the sewer lines. The retrieved soils near the pipe defect were tested in the laboratory for hydraulic
conductivity. The soil samples were also tested for anions, bacteria, and caffeine. Caffeine proved to be
a “near conservative” tracer, as it does not volatize from either wet or dry soil to the atmosphere and
biodegrades slowly in soil.
RESULTS
Based on installed footage in the region, the majority size of gravity sewers in the region and also
nationally is eight-inch diameter. A number of typical types of common defects in some six- and mostly
eight-inch sewers within the OCSD service area were selected in volunteered locations to test the
performance of the Exfiltrometer and to test the expected range of exfiltration rates. Many preliminary
tests were conducted during the Exfiltrometer development, and seven known defects were
characterized and tested completely, with some of the tests were repeated to verify the results. These
small-diameter sewers generally flow less than half full, so emphasis was placed on defects in the lower
half of the pipes. Soil cores were collected within one to two feet from the possible leak, and laboratory
analyses were performed to evaluate both the hydraulic conductivity of the soil and the presence of
indicators from wastewater in the soil near the pipe defects.
A summary of the results is presented in Table 1. For more detailed results, refer to the U.C. Irvine
report in Appendix A. The measured rates at seven sites range from an infiltration rate of 26 liters/hour
to an exfiltration rate of 0.92 liters/hour, with three sites showing zero exfiltration, despite visual
observation of defects. The test results suggest that the rate of exfiltration depends on the type and size
of the defect, and likely also on the soil type outside each defect. Each defect type was assigned the
corresponding National Association of Sewer Service Companies (NASSCO) defect type, by a Brown
and Caldwell engineer trained in the Pipeline Assessment and Certification Program (PACP).
NASSCO is a not-for-profit trade association that was established in 1976 by a small number of sewer
service contractors. It has expanded over the years to several hundred member firms consisting of
contractors, manufacturers, suppliers, professional engineers, cities, and sewer agencies. NASSCO has
implemented a PACP to provide standardization and consistency in how the sewer pipe condition is
evaluated, and how CCTV inspection results are managed. The PACP is not the only industry standard,
but it is one of the sewer industry’s leading standards for prioritizing, planning, and renovating
wastewater collection systems.
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Table 1. Summary of Exfiltration Test Results and Soil Analyses (at ½ full water level)
Site

Reference
Sites

Septic
Tank
1b

Soil Type

Hydraulic
Conductivity
(cm/s)

Measured
Exfiltration
(short term)
Rate
(L/hr)

Equivalent
Annual
Exfiltration
Ratea
(gal/yr)

Caffeine

E.
coli

n/a

Sand

1.0 E -2f

~ 25e

~ 56,000e

Yes

No

BSV

Clay

1.0 E-7

4.2 ± 0.1

9,700

n/a

n/a

NASSCO
Sewer
Defect
Code h

NDd

NDd

2
FC
Clayey Sand
3.4 E-4
< 0.7
< 1,600
No
No
3
JO
Clayey Silt
1.0 E-5
NDd < 0.1
NDd < 230
No
No
4A
CL
Clay
1.2 E-5c
0.37 ± 0.2
860
No
No
Regular
4B
FC
Clay
1.2 E-5c
- 26 ± 0.2
- 60,000
Infiltrationg
Sewers
5
CL
Clayey Sand
1.0 E-3
0.26 ± 0.2
600
Yes
No
6
CL
Clayey Sand
1.0 E-3
0.92 ± 0.6
2,100
Yes
Yes
7
JO
Silty Clay
1.0 E-7
NDd < 0.08
NDd < 190
No
No
a Assumes sewer is 1/2 full for entire year and the exfiltration rate is constant
b Not representative of a typical sewer defect. Defect has never been exposed to wastewater
c Value at a soil depth above the sewer defect. Sample at defect disturbed
d No exfiltration detected. Minimum detectable flow rate shown (depends on length of test)
e Estimated from 20 persons @ 20 gallons/day to three leach pits (one observed to be dry)
f Typical value from Appendix 9 (included in Appendix A)
g Sites 4A & B located between the same two manholes, but Site 4A was tested before the rainy season
h BSV = Broken soil visible, FC = Fracture circumferential, JO = Joint medium offset, CL = Crack longitudinal.

The results of testing for E. coli and the major anions in the soil outside the defect did not show clear
indications of an exfiltration effect. Coliform bacteria were not observed below about one meter
beneath the pipe, which is consistent with the EPA research described in the UCI report (Appendix A).
However, caffeine was detected at two sites where the hydraulic testing showed exfiltration.
There is no clear defensible correlation between the type of defect and the resulting rate of exfiltration.
The exfiltration process is apparently governed to some extent by the exact type of soil in which the
sewer segment was constructed.
Conclusions


Quantitative determination of exfiltration from individual sewer defects is feasible, at the
public’s expense, and the amount of exfiltration can be determined within ±0.2 liter per
test. With a three-hour test interval, this corresponds to 0.067 liters/hour, if leakage
occurs. For greater precision, longer tests could be conducted at added cost.



While the test at Site 1 showed the highest exfiltration rate (4.2 liters/hour, or about ten
times higher than the other sites), this site was an anomaly, as it is located at the head of

September 2005

Orange County Sanitation District
Status Report on the Development of a Reporting Methodology
for Subsurface Discharges of Sewage

8

the line (upstream of the first service lateral) and has not been exposed to any
wastewater flow. The lack of clogging of the defect by normally occurring wastewater
solids may explain this discrepancy.


There was a significant variation in the measured rates of exfiltration, even though five
of the selected similar defects were located in the same alluvial plain within 20 miles of
each other. Three sites had no detectable amount of wastewater, and the other three
sites had exfiltration rates between 0.26 and 0.92 liters/hour. The variability may be
attributed to factors such as the permeability of the surrounding soil, the solids content
of sewage and its potential to incur clogging of the defects, the exact internal nature of
the defect can’t be seen or assumed by internal CCTV, and changes in soil moisture
levels that lead to infiltration that may effectively “backwash” solids and clog the defect.
However, the number of investigated sites was small to draw broad conclusions about
the overall rate of exfiltration in any typical collection system, especially in other pipe
diameters and slopes. The reproducibility of the testing, annual variations at individual
sites, and the effect of tidal changes on exfiltration were not included in this study.



The annual exfiltration rates in Table 1 are probably higher than the actual rates
occurring at the sites, because the sewers in the collection system normally flow
significantly below the half-full level used in most of the tests, when averaged over a 24hour day.



Inorganic ions and coliform bacteria were not found to be good indicators of exfiltrated
wastewater in soil beneath sewer defects. Caffeine shows promise as a potential tracer.
Caffeine is present in raw wastewater and can be detected quantitatively down to about
0.25 µg per sample after extraction.



The Exfiltrometer that was developed can measure both infiltration and exfiltration.

Recommendations
A significant and diligent attempt at developing a leakage estimating methodology has been developed in
an attempt to comply with the WDR Order. Publicly funded direct project costs thus far are $300,000,
exclusive of OCSD staff and WDR Steering Committee costs. Before this or any other leakage
methodology can be effectively implemented, it needs to be tested and evaluated by the practitioners in
the industry. In the absence of a large database, requiring a sample size large enough to conduct
statistical analysis, the methodology is not sufficiently accurate to reflect the magnitude of exfiltration to
a high degree of certainty.
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Further development of the exfiltration methodology will pose some difficult challenges that include:


The amount of time required to test individual defects, including setup and cleanup time
(approximately 5 hours),



Close examination of other factors that appear to affect the exfiltration rate (soil type
and soil moisture),



Modification of the Exfiltrometer, and exfiltration testing to include sewers larger than 8
inches in diameter, and



A statistical approach to managing the data such that the overall exfiltration within a
given service area can be approximated.

A large number of exfiltration tests are required to provide a statistically significant number of test sites
to account for the major types of defects, soil types, and moisture conditions present in the service area.
The average exfiltration rates from these tests, used in combination with databases of defects (obtained
from a CCTV survey) and knowledge of soil type and soil moisture, might then be used to approximate
the total exfiltration in the service area.
The Exfiltrometer developed for this project was developed for 6- to 8-inch pipes, and would need to
be modified for 10- to 12-inch and larger pipes. A design could be developed for larger trunk sewers.
However, the logistics of diverting flows around the Exfiltrometer for up to 5 hours in a large trunk
sewer pose additional difficulties and would be extremely costly. CCTV data shows few defects in
larger-diameter well-engineered, constructed, and inspected VCP systems beyond the six- and eight inch
sizes most commonly installed by developers contractors in local tracts.
An alternative to this approach would be to undertake a determination of exfiltration rates at all pipe
defects within the sanitary sewer collection system. This approach would be extremely time consuming
and likely cost prohibitive. Since the Exfiltrometer is used to measure exfiltration rates at individual
defects only, it is not considered economically feasible to test all of the defects in a given collection
system.
Any subsurface leakage estimating methodology used for reporting purposes should be peer reviewed
and evaluated in other geographical settings to confirm its applicability and accuracy. The literature
review, confirmed by the results of the present study, indicates that the methodology requires additional
refinement and rigorous statistical evaluation at the public’s expense before it can be widely
implemented.
The highest and best use of any leakage methodology developed in this study or others would be to
employ the methodology as a statistical aid in prioritizing future rehabilitation and replacement within
the collection system. However, using the existing NASSCO PACP or similar standards may also be a
more simplified and less costly approach to moving defect discovery towards quicker repair or rehab
solutions.
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The following Internet websites were investigated:
1.
2.
3.
4.
5.
6.
7.

www.fbodaily.com/cbd/archive/1998/05(May)/26-May-1998/Bsol007.htm
www.swop8net.com/engr/jones/leaksewer.html
www.ci.yakima.wa.us/pdf/nprm3.pdf
www.tcd.ie/Civil_engineering/bruce%20misstear.html
www.abertay.ac.uk/business/research/abertay_brochure.pdf
www.eidn.com.au/UKconferenceprog.htm
www.parliament.the-stationery-office.co.uk/pa/cm200001/cmselect/
cmenvaud/290/1022809.htm
8. ewre-www.cv.ic.ac.uk/personal/hagger/research.htm
9. www.epa.gov/ordntrnt/ORD/NRMRL/Pubs/1996/625R96007.pdf
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EXECUTIVE SUMMARY
The purpose of this study is to develop a field prototype device to measure sub-surface
exfiltration from individual sewer defects. This effort was funded through a contract with
Brown and Caldwell, who is working for the Orange County Sanitation District (OCSD) in
response to a Waste Discharge Requirement (WDR) from the California Regional Water
Quality Board- Santa Ana Region- Monitoring and Reporting Program NO. R8-2002-0014
(General Waste Discharge Requirements for Wastewater Collection Agencies in Orange
County within the Santa Ana Region).

Study Objectives
The objectives for this study are to:
1. Develop a methodology for measuring exfiltration from individual sewer defects
2. Develop a methodology for determining the presence of exfiltrated wastewater adjacent
to tested sewer defects
3. Test the methodology on different types of sewer defects

Exfiltrometer description
The developed "Exfiltrometer" consists of two inflatable plugs which are placed upstream
and downstream from the defect to be tested. The volume between the plugs is connected to
an above-ground reservoir, and the rate of flow from the reservoir is controlled, measured,
and recorded by a specially designed control system. The position of the Exfiltrometer is
guided by a built-in TV camera, with its image compared to that of the image of previously
obtained images from a routine CCTV. One unique feature of the Exfiltrometer is the ability
to control the water level in the test section to any level between one inch water depth and a
full pipe. Because of this feature, the exfiltration can be tested at conditions corresponding to
the normal operating condition of the sewer. For example, in an 8 in sewer operating onequarter full, the water depth can be set to 2 in. This prevents exfiltration through defects in
the upper part of the sewer, which would be inconsistent with regular operating conditions,
but would be included in full-pipe tests, and possibly cause an overestimate of the exfiltration
rate. Conversely, the exfiltrometer will measure infiltration, if the water pressure outside the
defect exceeds the inside pressure, as was observed in one of the tests.
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Caffeine as possible tracer
Caffeine was considered as a possible tracer of wastewater, and a method was developed to
detect low concentrations in soil. The quantitative detection limit was 0.25 µg extracted from
either one liter of wastewater or 50 grams of wet soil. Traces at or below 0.1 µg can be
observed qualitatively. The possibility of detecting caffeine in soil near or below a defect was
verified by sampling beneath the drainfield of an existing small septic tank system. This site
provided a base line for analyzing the impacts to soil at a location where intentional
exfiltration occurs by design.

Study Methodology
In this research project, 6 and 8 in sewers known from CCTV inspection to have pipe defects
were selected for testing. Seven defects were characterized and tested completely. In
addition, some of these tests were repeated to verify the results, and many preliminary tests
were conducted during the Exfiltrometer development.

Emphasis was placed on defects in the lower half of the sewers because small diameter
sewers generally flow less than one-half full. Soil cores were taken close to defects (within 12 ft from the possible leak) and laboratory analyses were performed to evaluate the hydraulic
conductivity of the soil as well as the presence of chemical (major anions and caffeine) and
bacteriological (E. coli) indicators from wastewater in the soil near the pipe defects. The
combined leak and indicator testing is a non-destructive evaluation method, which does not
require excavation of sewer lines.

Results
The results are presented in a summary form in Table 6-1. The measured rates at seven sites
range from an infiltration rate of 26 L/hr (60,000 gal/yr) to an exfiltration rate of 18.8 L/hr
(44,000 gal/ yr) with three sites showing no exfiltration despite visual observation of defects.
The test results suggest that the rate of exfiltration depends, as expected, on the type and size
of the defect, and also, likely, on the soil type outside each defect.

The results of testing for E. coli and the major anions in the soil outside the defect did not
show clear indications of an exfiltration effect. However, caffeine was detected at 2 sites
where the hydraulic testing showed exfiltration.
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Conclusions
Quantitative determination of exfiltration from individual sewer defects is feasible, and the
amount of exfiltration can be determined within +/- 0.2 L per test. With a three hour test
interval, this corresponds to 0.067 L/hr or 160 gal per year.

Considerable variability in exfiltration rates was observed in this study, even for sites with
similar defects. This variability may be attributed to several factors such as: (1) permeability
of the surrounding soil, (2) the solids content of the sewage and its potential to incur clogging
of the defect, and (3) changes in soil moisture levels that (during rainfall events or due to
tidal pumpinbg near the coast) leads to infiltration that effectively “backwashes” clogging
solids.

Because of the time required to test individual defects (~ 5 hrs), and the number of factors
that appear to affect exfiltration rates, a statistical approach is needed to estimate the overall
exfiltration within a service area. Exfiltration must be determined from a statistically
significant number of test sites to account for the major types of defects, soil, and moisture
conditions in the service area. The averages from these tests, used in combination with
databases of defects (obtained from CCTV surveys) and knowledge of soil type and soil
moisture content, might then give the estimate of the total exfiltration in the service area. The
alternative to this would be to undertake a determination of exfiltration rates at all pipe
defects in the collection system, but this approach would be extremely time consuming and
the cost would likely be prohibitive.
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1. INTRODUCTION
The California Regional Water Quality Control Board, Santa Ana Region (RWQCB)
established a Monitoring and Reporting Program for General Waste Discharge Requirements
for Wastewater Collection Agencies in Orange County” (Appendix 1). In addition to this
comprehensive program, the RWQCB order also requires reporting of discharges from “pipe
breaks, leaking sewer pipes and joints, and other subsurface discharges of wastewater,” based
upon a methodology to be developed by a Steering Committee. To begin development of an
appropriate methodology, The Orange County Sanitation District and its member sewer
collection agencies entered into a contract with the Department of Civil and Environmental
Engineering, U. C. Irvine. The aim of this initial effort was to develop a methodology to
quantify exfiltration rates from individual sewer defects. The contract was administered for
OCSD by Brown and Caldwell, Irvine.

Orange County Sanitation District (OCSD) receives wastewater from 21 cities and 3 special
districts with an average daily flow of 238 mgd through 475 miles of interceptors and trunk
lines and about 14,000 miles of local sewers (California Infrastructure Coalition, 2001). The
OCSD service area overlies the main Orange County groundwater basin, which is operated
by Orange County Water District (OCWD), and serves as a major source of drinking water.

The sewers in OCSD are up to 80 years old and closed circuit television (CCTV) shows that
many defects have developed which may cause leakage of untreated wastewater. For
example, the CCTV survey of one of the 24 sub-area of OCSD shows defects as listed in
Table 1.
Table 1-1 Sewer defects in one OCSD sub-area
Type of Defect
Number of Defects
Cracks
483 a
Broken, holes
64
Roots
374
a
Includes several types of cracks

Sanitary sewers defects are the result of many factors such as soil consolidation and settling,
earthquakes, and root growth. Defects may create a pathway by which wastewater reaches
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the surrounding soil. Untreated, exfiltrated wastewater contains high levels of suspended
solids, pathogenic microorganisms, nutrients, and other pollutants.
1.1 Literature Survey
Aamick and Burgess (2000) concluded that exfiltration from sewers may range from 12% to
49 % of the flow. Their estimates were based upon regional studies and partially upon
standard hydrostatic testing methods. The American Society of Testing Materials (ASTM)
has issued standards for exfiltration testing of concrete pipe (ASTM C969-02) and for testing
vitrified clay pipe (ASTM C 1091-02). These test methods require full pipes, a positive
pressure head ranging up to 10 ft of head, and long stretches of sewer pipe to quantify
leakage. The allowable exfiltration rate is 200 gallons per 1 in of pipe diameter per mile of
sewer per day. This corresponds to 4.77 liters (1.26 gallons) per hour for a 100-ft section of
8-in diameter pipe. A drawback for these test methods are the high water pressure used in the
test relative to normal 1/3 to 2/3 full operating depths in the sewer, and that leaks through
defects in the upper part of the sewer are also measured even though they will not contribute
to exfiltration under normal operating conditions.
Other investigators of sewer pipe exfiltration have used laboratory simulations, indicator
species and tracer studies, or electrical geophysical methods to derive exfiltration leakage
rates. Rauch and Stegner (1994) utilized wastewater from a sewage treatment plant inflow
and directed it through a pipe buried in a sandbox. Making rectangular cuts in the pipe invert
approximated leaks in the pipe. They concluded that exfiltration from the pipe decreased
rapidly to a low but steady rate. J. B. Ellis et al (2002) used pipes and potable water in a
laboratory environment to investigate the clogging of joint openings due to sedimentation
and microbial biofilms. They concluded that the rate of exfiltration decreased exponentially
in time due to clogging of the sewer defect. Vollertsen and Jacobsen (2002) conducted a
similar experiment, except they used sewerage as the liquid and examined variable flow
effects on rectangular cuts made in an operational sewer pipe. A sand filled container
surrounding the leak simulated pipe backfill, and a container at the bottom collected gravity
induced drainage from the apparatus once it was saturated. They concluded that exfiltration
attains steady state values once the clogging of the sewer defect has occurred.
Several investigators have evaluated exfiltration from actual defects located in
operational sewers. Rieckerman and Gujer (2002) attempted to quantify leakage from a
section of sewer pipe using mass balance of a sodium chloride solution that they added to the
flow. Over a short distance they concluded that the method had several measurement
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uncertainties that reduced the quantification capability. Dizer and Hagendorf utilized
microbial contamination from the sewer pipe as an environmental tracer in the soil outside of
the sewer. They detected sewerage species of bacterial organisms in the soil near to large
defects observed in the sewer. They were not able to conclude any leakage rates based upon
the bacteria data due to apparent lateral dispersion of the seepage.
An electrical geophysical method was proposed by Wood and Palmer (2000) that
measured the electrical resistivity of the soil along a sewer to detect sites of leakage. They
concluded that the methodology was capable of detecting sites of exfiltration, although the
relationship between electric signal strength and sewage exfiltration rate remained
ambiguous. A version of this technique is the Electroscan ® test procedure offered by Leak
Busters, Incorporated, who market the Metrotech Focused Electrode Leak Location system
(FELL-41 ™). Their tool is pulled through a filled sewer pipe, and the electrical signal
generated between it and an electrode in the soil outside of the pipe is recorded. The graph
of signal strength, normalized for the soil conditions, is plotted versus distance along the
sewer. Potential leaks appear as spikes in the longitudinal profile of the electrical
conductance plotted versus distance.
1.2 Study Objective
The results of the previous investigations, discussed above, showed that there was a need for
a field test method that can accurately measure exfiltration from existing defects under
realistic flow conditions.

The research project had two major objectives. The first was to develop a field methodology
to quantify subsurface discharges from individual sewer defects. This approach was adopted
because OCSD maintains an extensive database of its collection system and associated
defects, which is continuously updated as CCTV surveys are completed. With an ability to
quantify exfiltration rates from particular types of defects, it is envisioned that the sewer
system database will be used to make basin-wide estimates of exfiltration rates. The second
objective was to develop tests that can be used to signal the presence of wastewater
contamination in soils near known or suspected exfiltration sites.
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The exfiltration project was conducted in three steps.
•

The first step consisted of a literature survey of methodologies for monitoring sewer
defects, a review of OCSD sewer monitoring efforts including CCTV efforts, and a
review of methodologies used to identify and classify defects.

•

The second step involved the development of testing methodologies.
o Development of a field “Exfiltrometer” that allows exfiltration rates from
individual defects to be measured (Chapter 2).
o Development of methods to analyze soil outside a defect for the presence or
absence of exfiltrated wastewater contaminants (Chapter 3).

•

The third step involved the testing of a small number of defects in order to validate
testing methodologies.
o Seven defects in the field were selected for testing, covering a range of defect
type and surrounding soil conditions. These sites are described in Chapter 4.
o Exfiltration rates and soil contamination testing was conducted at each of
these seven sites. Soil properties were also examined. The results of this
testing are presented in Chapter 5.

1.3 Research Team
Professor Jan Scherfig, P.E. was the lead investigator on this project (P.I.), and he provided
oversight of all activities. Professors Brett Sanders, U.C. Irvine, and George Tchobanoglous,
P.E., UC Davis served as technical consultants. The work was completed by a team of
outstanding graduate and undergraduate students: Parasto Azami, Adam Coghill, Seth
Gifford, Sara Huber and Sea Hwi (Luke) Lee. Assistance with soil classification was
provided by Mr. Matthew Chuang, Ninyo & Moore, Irvine.
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EXFILTROMETER DEVELOPMENT

To assess the rate of exfiltration, flow rates of wastewater through different types of sewer
defects must be determined. If, for example, there were no appreciable leakage through a
defect, the repair or replacement of that sewer would have a low priority unless there were
other factors necessitating replacement. If there were a considerable amount of leakage
through a sewer defect, repairs should receive a high priority. To quantify leakage rates
through a single defect, an exfiltrometer has been constructed.

2.1

Introduction to the UCI Exfiltrometer

The main components of the exfiltrometer (Figures 2-1, 2-2, and 2-4) are the inflatable plugs,
water-depth sensors, reservoir, controller, atmospheric float, an "umbilical cord", and a rope
used to pull the Exfiltrometer through the pipe..

The exfiltrometer is used to quantify the amount of water that leaks through a sewer defect
utilizing the mass balance principle. First, the two plugs are inflated to isolate the sewer
section containing a known defect (Figure 2-1). The controller is then programmed to pump
water from the reservoir to maintain a constant water depth in the test section of the sewer,
between the inflatable plugs. If water leaks through the sewer defect in question, the water
level in the test section drops. The water level is monitored by a water-depth sensor in the
test section and its output is received by the controller. When/if the water level in the test
section drops below the programmed level, the controller switches on a pump that delivers
water from the reservoir. When the water level in the test section returns to the programmed
level, the controller turns the pump drawing water from the reservoir off. The volume of
water used from the reservoir versus the time period of the test is then plotted to show the
leakage rate of the sewer defect and, thus, the defect’s exfiltration rate.

The reservoir is used to provide a measurable supply of water to the sewer test section. It is
simply a 5-ft tall, 5 ¾-in ID, clear polycarbonate tube. It is plugged at the bottom by a
manual 6-inch pipe plug. The plug has been modified to introduce a water-level-depth
sensor into the bottom of the reservoir. This sensor transmits data to the controller/datalogger about the water level in the reservoir. Because the inside diameter of the reservoir is
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Exfiltrometer
Reel, Control
Box, & Reservoir
(representative)

Sewer Test
Section

Inflatable
Plug

Sewer
Defect

Inflatable
Plug

Figure 2-1. UCI exfiltrometer measuring exfiltration rate of sewer defect.

known, any change in volume in the reservoir is computed as:

ΔV = A × Δ h

where :

ΔV = change in water volume in reservoir
A = cross − sectional area of reservoir
Δh = change in water level in reservoir

The stand that supports the reservoir also incorporates a small pump and solenoid-actuated
valve (Figure 2-3). The pump, when turned on by the controller, delivers water to the
isolated sewer test section through 220 ft of LLDPE (Linear Low-Density Polyethylene)
tubing. Normally closed to prevent leakage of water from the reservoir into the test section,
the solenoid-actuated valve is opened at the same time the pump is switched on to permit
flow.
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Controller box

Umbilical cord

Pump

Sewer waterdepth sensor

Solenoid
Valve

Inflatable
sewer plugs

Figure 2-3. Pump and solenoid valve
of reservoir.
Reservoir
Reservoir water-depth sensor

Figure 2-2. The UCI exfiltrometer.
Plug A

Video Camera
Plug B

Sewer WaterDepth Sensor
Lights

Atmospheric
Float

Figure 2-4. The business end of the exfiltrometer.
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The exfiltrometer’s umbilical cord is comprised of the necessary water, air, and electrical
lines that need be supplied to the sewer test section. The umbilical cord is comprised of the
following lines:
•

Air line for inflatable plug directly attached to umbilical cord (Plug A)

•

Air line for free plug (plug not directly attached to umbilical cord—Plug B)

•

Water line to fill sewer test section from reservoir

•

Integral cable of sewer water-depth sensor

•

Multi-conductor cable that provides power to sewer video camera and lights

•

Rope used to pull the Exfiltrometer through the pipe

The umbilical cord is sheathed in helical 1-inch-OD cable-bundle wrap for protection.
Portions of the bundle wrap are also covered with large-diameter heat-shrink tubing for
further abrasion protection.

The atmospheric float references the air above the water in the sewer test section to
atmospheric pressure. As water is pumped into the test section, the volume of air above the
water is compressed. If this compressed air were not allowed to evacuate, the sewer waterdepth sensor would give erroneous readings. The atmospheric float simply allows the
compressed air to escape out of the test section, ensuring that the air above the water in the
test section equalizes to atmospheric pressure.

The atmospheric float can be referenced to the atmosphere through either inflatable plug.
Each plug has an atmospheric air line with a quick-connect coupling that mates with the
atmospheric float. This arrangement allows flexibility in the way the exfiltrometer is fished
into a sewer. Because the atmospheric reference can be provided through either plug, either
plug can be positioned downstream in the test section. This capability enables the
exfiltrometer to be fished into the manhole which is the shortest distance from the sewer
defect of interest.

The plugs utilized to isolate a section of sewer are the Lansas 020-68, manufactured by
Vanderlans & Sons, Inc (Figure 2-5). The plugs are designed
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Figure 2-5. The inflatable 020-68 Lansas sewer plug

to block sewer lines for the purpose of sewer maintenance. As can be seen in Figure 2-6
below, one use for the plugs is to isolate a section of the sewer and route the upstream
wastewater through the downstream plug via a pump in order to prevent sewage from
backing up too much upstream.

Figure 2-6. The Lansas 020-68 sewer plug in use for sewer maintenance

The Lansas 020-68 plug can be inflated to obstruct pipes with inside diameters varying from
4.7 to 8.25 in, making them ideal for use in 6-8 inch I.D. sewer lines. Inflated to the
recommended pressure of 35 PSI, the Lansas 020-68 plug can obstruct pipes with fluids
exerting as much as 15 lb/in2 on the plug. 15 lb/in2 is equivalent to more than 34 ft of water
head, so there can be a considerable back-up of sewage on the upstream plug before it fails.
Pressurized air is delivered to both of the plugs through 220 ft of linear-low-density
polyethylene tubing.

Similar systems have been used with chemical grouting where leaking have been observed,
The Exfiltrometer was tested for leaking above ground before and after each test (Appendix
2), and it was also tested during development by inflating it in a sewer section without joints
and defects. Additionally, each sewer section was flushed immediately before each test, and
the flow blocked in the manhole above the section being tested.
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Abbreviated Test Procedure (for details, see Appendix 2)

1) The subject sewer line is jetted clean. A rope is attached to the jetting equipment and
run from manhole to manhole. The exfiltrometer is pre-calibrated above ground at
the same time. The calibration procedures are described in detail in Appendix 2.

2) The Exfiltrometer is pulled into the sewer with the rope.

3) The defect is located by means of a marker on the umbilical cord. Usually, masking
tape is wrapped around the umbilical cord at a distance from the upstream plug to the
manhole equivalent to that of the distance from the sewer defect to the manhole as
determined by a previous CCTV survey. The sewer video camera then assists in
more accurately positioning the Exfiltrometer at the defect in question.

4) The upstream plug is inflated. Any remaining wastewater drains out of the test
section after a short period of time.

5) The downstream plug is inflated.

6) The sewer water depth is filled to the level input on the controller. Usually, the depth
is initially low (about 1 ih) and is raised once or twice ( to 2, 3, or 4 in - as
appropriate for the geometry of the defect) later during the test.

7) Data are collected with the controller/data logger when Step 6 begins. If the sewer
defect exhibits exfiltration, water will leak out of the sewer test section and the
controller will pump water from the reservoir to replace it. If there is no exfiltration,
the controller will not pump any water to the sewer test section.

8) The exfiltrometer is post-calibrated again above ground after completion of the test.

2.3

2nd-Generation Exfiltrometer Improvements

In the summer of 2004, the exfiltrometer was modified to improve its performance.
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The new exfiltrometer has a longer umbilical cord. The new cord is 220 ft long. The
original cord was only 100 ft long. Some of the sewer defects the UCI Exfiltration Team had
considered testing were more than 100 ft away from the nearest manhole. The additional
length should enable access to most defects in municipal sewer systems since manhole
spacing typically vary from 200 to 500 ft.

The sewer test section can now be ventilated to the atmosphere from either inflatable plug.
The original exfiltrometer had the atmospheric float permanently tied to the plug furthest
away from the umbilical cord—Plug B. This meant that Plug B always had to be the
downstream plug. If it were fished into the sewer as the upstream plug, once the wastewater
backed up against it during the test, wastewater would leak into the test section, voiding the
test. Now, the atmospheric float can be tied to either plug with the use of quick
connect/disconnect connectors.

An additional beneficial feature of the quick connect/disconnect connectors is that they
permit 360° rotation relative to one another. Once fastened together, the connector’s o-ring
does not allow water to penetrate the air line, but prevents any appreciable amount of torque
to be transmitted through it. This feature is useful because, as the test section is filled with
water, the float becomes buoyant and rotates as the water level rises. As the float changes
position in the test section, it transmits a torque to the attached ventilation tubing, potentially
preventing the atmospheric ventilation port from being positioned at the top of the test
section. Instead, the ventilation port could end-up submerged in the test section’s water. The
old design address this issue by means of strain-relieving the flexible tubing, but the
connectors are a more dependable and elegant solution.

The bulkhead of the old design was made of steel (Figure 2-7). The new bulkhead is made of
brass, which is, of course, less susceptible to corrosion in water (Figure 2-8). The bulkhead
is where the water, air, and various electrical lines (video camera, lights, water-depth sensor)
penetrate into the test section.
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Figure 2-7. 1st- generation
exfiltrometer steel bulkhead.

Figure 2-8. 2nd - generation
exfiltrometer brass bulkhead.

The previous penetration methods were less than ideal. The sewer depth sensor’s penetration
was a rubber compression fitting that squashed a rubber piece along the outside diameter of
the sensor’s jacket as the fitting was tightened. The fitting’s nut was merely knurled, not
hexagonal, so a standard wrench could not be used to torque the nut down. The end result
was a rubber compression fitting that would not withstand too much pressure before failure.
With the nut tightened as much as possible with channel-lock pliers, the depth sensor’s cable
could be readily pulled through the compression fitting, indicating a seal that is not robust.

The penetration for the two air lines and the video camera’s cable used to utilize an electrical
junction box. To prevent the ingress of water, the junction box was filled with silicone caulk.
Although the silicone caulking served as an adequate seal at very low pressures, it cannot be
used for exfiltration testing in a sewer where there may be considerable back-up of
wastewater.

All penetrations now utilize brass compression fittings. These fittings, when used properly,
can resist pressures of several hundred lb/in2.

2.4 Functionality testing

For each exfiltration test, functionality tests were performed to ensure that the exfiltrometer
was working properly. Initially, Test Protocol A was used and called for a cursory
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functionality check. The plugs were inflated before the test to see if they held air pressure
and the sewer water-level-depth sensor was placed into a cup of water to see if it responded.

Test Protocol B outlines a procedure that calls for more thorough functionality checks before
and after each exfiltration test. Test Protocol C was implemented to address a shortcoming in
Test Protocol B. In Protocols B and C, the exfiltrometer is placed in a plastic pipe segment
and connected to the reservoir and recording equipment. The water depth between the two
plugs is raised to approximately one-half full and the exact depths in the test section and
reservoir are recorded. A valve is then opened, simulating a leak, and the draining water is
collected in a graduated pitcher. The control system then begins to function, pumping water
into the test section from the reservoir. After collecting about one liter, the valve is closed
and the water depth in the test section is brought back to its initial level, and the new, lower
depth in the reservoir is recorded. An example of the data collected during the functionality
checks of Test Protocols B and C is shown below in Figure 5-1. Detailed information
regarding each test protocol is available in Appendix 2. The results show a variation of less
than five percent variation between the volumetric measurement in the pitcher and the water
level sensor results.

Table 2-1. Example of Data Collected During Functionality Checks of Test
Protocols B & C
Change in
Change in
Volume Measurement
Parameter
Volume
Graduated Pitcher
0.85 L
Change in Reservoir Height (Tape Measurer)
4.9 cm
0.82 L
Change in Reservoir Height (Water Level Sensor)
4.82 cm
0.81 L
2.5

Accuracy of Exfiltration Measurements

The accuracy of the exfiltrometer is limited primarily by the accuracy of the sewer waterdepth sensor. The sensor is designed to measure a maximum depth of 1 meter and has a net
accuracy of 0.1% of full scale. The 0.1% accuracy figure represents the maximum sum of
the most significant DC-sensor errors: non-linearity, non-repeatability, and hysteresis.

Zero-measurand-output error, the output from the sensor when no pressure is applied, was
nulled before each test. The temperature of the water in the sewer test section was assumed
to be constant. Temperature-drift errors should be insignificant.
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There is 1 meter distance between the inflatable plugs in the sewer test section. Since the
majority of the sewer defects tested were in 8 in diameter (8 in = 0.2038 m) pipes, the
accuracy in the exfiltration measurement can be estimated. The tolerance of the volume in
the sewer test section is estimated when there is the greatest potential for error—when the
sewer test section is half full. The tolerance is given by: (full scale of sensor)(net
accuracy at full scale)(length of sewer test section)(width of sewer test section) = (1
m)(0.1%)(1 m)(0.2038 m) = 0.2 L. Therefore, for any exfiltration test, the volume tolerance
of the sewer test section is 0.2 L.

If, over the course of a 1-hour exfiltration test, there is no recorded exfiltration, the measured
exfiltration rate error is (± 0.2 L)/(1 hr.) = ±
0.2 L/hr. The exfiltration rate for this test, therefore, less than (0 L/hr.) ± 0.2 L/hr. The
longer the exfiltration test, the less significant this measurement error becomes.

There is also a water-depth sensor used in the reservoir, but its error contribution is relatively
negligible. The reservoir’s sensor also has a 0.1% accuracy, but a full scale of 2 meters. The
depth tolerance associated with this accuracy is (0.1%)(2 m) = 2 mm. The volume
associated with this depth tolerance is: (cross-sectional area of reservoir) x (depth
tolerance) = (pi/4) x (0.1461 m) x 2 x (0.002 m) = 3.35E-5 m3 = 0.03 L. (Recall that
the cross-sectional diameter of the cylindrical reservoir is 5.75 in. ( 0.1461
m)). The volume error associated with the reservoir’s depth sensor is almost
an order of magnitude less than that associated with the sewer depth sensor,
so its contribution has been ignored.

2.6 Future Exfiltrometer Improvements

The inflatable plugs ruptured on a regular basis throughout the use of the exfiltrometer. It is
believed that the failures were caused by undue shear stresses on the plugs from the
considerable weight of the chain connecting the plugs and the brass bulkhead on Plug A. It
would be possible to avoid the ruptures if either wheels or conical skids were placed on each
plug. Either implement would allow the centerline of the plugs to be situated along the
centerline of the sewers. The wheels or skids would also serve to balance any moments
placed on the plugs due to the heavy weight of the brass bulkhead or connecting chain as the
plugs are inflated.
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Wheels or skids would help alleviate an additional problem. When the exfiltrometer
encounters an offset joint, the edge of the leading plug can get stuck against the lip of the
offset joint. Getting stuck is even more of a problem when the exfiltrometer is being pulled
back through a sewer and the blunt edge of the brass bulkhead encounters an offset joint. It
can be nearly impossible to pull the exfiltrometer past this obstruction. In fact, at one site,
the umbilical cord had to be dismantled on street level so it could be pulled through the sewer
because it could not be pulled backward. With wheels or skids, the bulkhead would never
encounter the lip of an offset joint.

The three LED’s installed on Plug A do not project an adequate amount of light for the video
camera. It is difficult to see details of the sewer with just these three lights. The LED’s are
intense enough, but the beam pattern they project is to narrow to provide enough light scatter.
Two flashlights, using only one LED each, were used for a few tests and provided excellent
video images. These flashlights had reflective elements around the LED’s, allowing the light
to scatter sufficiently.

Video images above ground in daylight conditions were superb. Therefore, the more indirect
lighting there is, the better. Ultimately, the LED’s should be replaced with more powerful
waterproof light fixtures that have a diffusing lens or parabolic scattering mirror. Another
potential solution is replacing the video camera with another that incorporates visible-light
LED’s around the lens. The existing camera utilizes LED’s, but they emit energy in the
infrared part of the spectrum, which has proven inadequate for sewer use.

Small, waterproof video cameras like the one used on the exfiltrometer are relatively
inexpensive (approx. $350; www.csi-speco.com).

2.7 Patent

The Regents of The University of California has filed a U. S. Provisional Patent Ap[placation
on the invention of the Exfiltrometer.
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3 SOIL and SOIL MOISTURE ANALYSES
Exfiltration, as measured by the Exfiltrometer, should correspond to the presence of
wastewater in the soil outside a tested defect. Identification of wastewater thus verify,
qualitatively, the results obtained with the Exfiltrometer. Soil samples were therefore
collected immediately adjacent to the tested defects and analyzed for the presence of
wastewater using chemical and bacteriological tracers.

3.1 Soil sampling methods
Soil cores were taken 9-12 in from the center of the sewer pipes and down to 20 ft below the
surface. Wastewater samples in the sewer were NOT collected because, in this study, testing
were done during a short time interval (2 - 4 hrs), and any sample collected in such an
interval would not be representative of the possible prior exfiltration from that defect.
Drilling and sampling of soils were performed using a Direct-Push rig (Figure 3-1). Soil
cores were cut into 1-footsegments, numbered and transferred to the laboratory for analyses.

Figure 3-1 Soil Sampling
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3.2
Soil sampling at septic tank reference site
A septic tank site was selected to test the adequacy of the soil sampling and chemical testing
prog at a location with a known flow of wastewater. The site consists of a system that serves
a city maintenance yard and an adjacent single family home. Wastewater flowing into the
septic system first encounters a septic tank, where the majority of solids are removed. From
the septic tank, the treated wastewater flows into a distribution box. The distribution box
delivers the wastewater to four leach pits. Each of the leach pits has a 36 in diameter.
Septic tank schematic and plan view representations of the system are shown in Figures 3-2
and 3-3.
The leach pits are built with un-mortared masonry. There is about six ines of large aggregate
(½ to 1 in ) surrounding the masonry. From the access ports of the leach pits, it was
determined that the wastewater level, during workday flow patterns, is approximately 20 ft
below street level. From observation through the septic system’s distribution box, it appeared
that Leach Pits B & C received the major wastewater flows.

Leach Pit D

Distribution Box

Leach Pit C

Leach Pit A

Leach Pit B

Figure 3-2 Septic Tank Schematic
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Location C2

Location C3

To Flood Control Channel

To Distribution Box

30"

Location C4

36"

38"

Leach Pit C

\
Figure 3-3 Drilling locations at the septic tank site- leach pit C

The samples at locations C2 and C3 were taken with a six-in diameter hollow-stem-auger
drilling rig instead of the Direct Push rig. This drilling method does not allow continuous
recovery of soil samples, but allow for samples to be collected at a specific depth. Therefore,
on average, approximately one foot of soil for every three ft drilled was captured for analysis.
The hollow-stem auger’s advantage, and the reason it was chosen for this application, is its
ability to penetrate to relatively deep levels.

3.3 Hydraulic conductivity
The hydraulic conductivities of the soil samples acquired were tested. The test method used
and the detailed results are presented in Appendix 3.
3.4 Ion extraction and analysis method
Ions commonly used in water studies as tracers include chloride, nitrate, and sulfate. Chloride
ions are present in many man-made processes and it behaves as a “conservative” tracer.
Nitrogen (ammonia and nitrate) is added to groundwater most commonly from wastewater,
animal waste, and fertilizers. It has also been used as a wastewater tracer in many studies.
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Sulfate is used in many industrial processes and it has been added to the environment through
industrial discharges (Fetter, 1993). The problem with using ions as wastewater tracers is
that, because ions are naturally present in some soils, the presence of ions alone is not
sufficient evidence to confirm sewer exfiltration.
In this study, an ion chromatograph (Dionex DX-120) with an AS14 column was used to
measure the concentration of anions in soil and wastewater samples. For soil samples, 10 g of
wet soil was mixed with 10 ml de-ionized water. The soil samples were mixed well for 1
minute and then centrifuged for 5 min. The supernatant was then filtered using Millipore 0.45
μm paper filters before injection into ion chromatograph. A sample of ion chromatograph
result and related calculation for one soil sample is given in Appendix 5.
3.5

Caffeine extraction and analysis methods

One method to test for wastewater leakage in soil samples is to find specific chemical
indicators of wastewater. Caffeine has been used as a universal chemical indicator of
wastewater in water studies (Ogunseitan, 1996). Caffeine (1,3,7 trimethylxanthine,
C8H10N4O2·H2O) is a polar compound and it is soluble in water. Caffeine can be found in
some foods, soft drinks, and medicines and can be considered to be a distinct indicator of
domestic wastewater. This characteristic enables distinguishing between wastewater and
other sources of pollution.
Studies have shown that the global average consumption of caffeine is about 70 mg per
person per day (Chen et al., 2002). It has been estimated that 0.5 to 7% of caffeine ingested
by human is excreted unchanged in urine (Ogunseitan, 1996); as a result, significant amounts
of caffeine enter wastewater each day. Caffeine has been detected in Los Angeles County
wastewater treatment plant effluent sample at 40 μg/L, and studies show that when caffeine is
released to soil, it displays very high mobility (Lauderdale and Savannah, 2003). It does not
volatilize from either wet or dry soil to the atmosphere and it biodegrades in soil slowly, thus
making it a “near conservative” tracer.
Both direct spectrometry and chromatography/spectrometry have been used to detect caffeine
in water studies (Ogunseitan, 1996 and 2002). In this project, caffeine was initially extracted
from 10 gs of wet soil using a Soxhlet extraction unit with 100 ml ethyl acetate as solvent.
Extracts were initially injected directly into a UV spectrophotometer (Molecular Device,
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Spectra Max 250). The results from the UV spectrophotometer did not show sharp and
distinctive peaks, as the minimum detection limit was about 250 µg/L, which was higher than
the average caffeine concentration in wastewater samples. Consequently only High
Performance Liquid Chromatography/ Mass Spectrometry (HPLC/MS) was used for caffeine
detection.

3.5.1

Equipment

For caffeine analysis, a reversed phase HPLC /MS (Agilent 1100), an auto sampler (Gilson
231 XL) and a mass spectrophometer (Waters LCT) were used. In the caffeine analysis, flow
rate was 0.2 ml/min and caffeine retention time was 10.00-10.45 min. The column used in
HPLC was C18 from Phenomenex (2 mm x15 cm). Filter papers were obtained from
Millipore (0.45 μm). Soxhlet extraction units were from Cole-Parmer (250 ml flask capacity
and 80 mm H x 33 mm outside diameter (OD) thimbles).

3.5.2

Procedure

Caffeine was extracted from soil using Soxhlet extraction and from wastewater using liquidliquid extraction by EPA Method 553 (Appendix 6). The Method 553 was modified as
follows: 1) Instead of using a one-liter liquid sample, four 250 ml sample were used; three
samples were spiked with internal standards and one left blank, and 2) the Soxhlet extraction
method, was used for solid-liquid extraction. The procedures are explained in detail in
Appendix 6. The possible effect of heating on caffeine during the Soxhlet extraction was
investigated separately (Appendix 6).

3.5.3

Analytical repeatability

For the soil sampling, replicating soil samples were assessed to determine the accuracy of the
test method. Five soil columns (Diameter = 4.2 cm and Height = 8 cm) were saturated with
OCSD primary effluent wastewater sample. Average moisture content measured was 20%.
Caffeine was extracted from these soil samples. The mean value of caffeine concentration
was 40 μg /kg dry soil and 162 μg /L soil water, with the standard deviation 7 μg /kg and 27
μg /L, respectively.
The accuracy of the test method for liquid samples was assessed through measuring matrix
spike recoveries and replicating sample testing. Caffeine concentration was measured in four
OCSD primary effluent wastewater samples collected at the same time. The mean value was
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78 μg/L with the standard deviation of 20 μg/L. Test results are presented in Appendix 6.

3.5.4

Minimum detection limits

The minimum quantitative detection limit at present is about 0.25 µg/L as shown in
Appendix 6, but lower values can be determined semi-quantitatively. For example, the results
from the sample C4-24, collected at location C4 and 24 ft below the surface are shown in
Figure 3-4 is estimated to be approximately 0.05 µg in the 50 g wet soil. Work is continuing
on improving the detection limit and a new HPLC/MS-MS system with enhanced sensitivity
is being installed.

Figure 3-4 HPLC/MS graph- Sample C4-24

3.6

Fecal coliform analytical method

Fecal coliforms are indicators of fecal pollution caused by warm-blooded animals including
humans. They have been used as a wastewater indicator in water studies (Paul et al., 1995).
However, the limitation with using fecal coliforms as a tracer is the lack of transport in soils
(U.S. EPA, 2002). Based on the referenced EPA report, coliforms concentration below a
septic tank drops to zero detected after 0.6 m transport in the soil.
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The following test protocol was used to test for bacteriological traces of wastewater in soil.
Approximately 20 to 30 g of each soil sample is placed in a small disposable cup. From this
cup, 2 to 10 g of soil is transferred to a sterilized 150 mL beaker. 50 mL of a sterile,
phosphate-buffered solution (PBS with NaCl (8.0 g/L), KCl (0.2 g/L), Na2PO4 (1.15 g/L),
and KH2PO4 (0.2 g/L) is added to the beaker and the beaker is placed on a stirring table at
140 r.p.m. for 30 min. The phosphate-buffered solution is utilized to liberate bacteria that
adsorb to negatively charged soil particles.
After the beakers have been on the stirring table for 30 min, they are removed and the
suspended soil particles are allowed to settle. The coliforms in the supernatant are then
enumerated by U.S. EPA Standard Method 10029-Bacteriological Test for Drinking Water.
Escherichia coliform (E. coli) is the species of primary interest for this study because it is
present in abundant numbers in untreated wastewater. The test method is explained in detail
in Appendix 7. Once the bacteria have been enumerated, their concentration, per unit soil, is
determined. For example, if 18 E. coli bacteria were counted on a filter that had 5 mL of
soil/buffered solution passed through it and the mass of the soil in the soil/buffered solution
is 3.463 g, then the E. coli concentration would be:
18 E. coli bacteria
= 52 E. coli
gm soil
⎛
⎞
5 mL solution used
( 3.463 gm soil ) ⎜
⎟
⎝ 50 mL of total solution in bea ker ⎠

3.7

Results from septic tank reference site

The soil at the septic tank site is primarily comprised of silty and gravelly sands (U.S.G.S
soil classifications SM and SP). The soil information is summarized in Table 3-1 (Ninyo &
Moore, 2004), and the details are represented in Appendix 4.
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Table 3-1 Soil Texture for Septic Tank Site

a)

Depth (ft)

Soil Texture a

20-23

SP

23-26

SM

26-29

Sp-SM

29-35

SM

35-41

SP

41-44

SP-SM

See Appendix 4 for details

3.7.1

Soil moisture and soil water composition

Moisture content, ions and caffeine concentration, and E. coli were measured from soil cores
taken from the septic tank site, C4 and C2 locations. The results in the soil cores taken from
septic tank sites C4 and C2 cores are shown in Figures 3-5 and 3-6, respectively. In these
figures, dotted line bars represent the concentration of ions or caffeine in OCSD primary
influent wastewater and the star shows the leak depth.
Caffeine was extracted from the soil cores as well as the wastewater samples collected from
septic tank. Caffeine was detected in the entire soil column at location C4, while no caffeine
was detected from the soil samples taken at locations C2 and C3. The caffeine concentrations
found at C2 were generally less than 2 μg/kg dry soils corresponding to less than 20 μg/L in
the soil-water. Because the soil moisture content was very low, about 6%, the amount of soil
water in the sample being extracted was only about 3 ml, thus making quantitative detection
impossible. Caffeine concentration in wastewater collected from the distribution box ranged
from 25 to 280 μg/L. The large variation is understandable considering that there are only
two conjnections to the system, a house and a maintenance building .Caffeine was also
measured in several OCSD primary effluent wastewater samples and the average value, 120
μg/L, was used as a reference.

3.7.2

Coliform test results

The purpose of this test was to verify that the bacteriological test procedure was working in a
location with known wastewater discharge to the sub-surface. The leach pits of the septic
system should approximate a sewer with a massive, leaking defect. Consequently E. Coli
should be detected in the soil immediately below the bottom of the leach pit, but not at levels
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further than 2 ft below the leach pit bottom. (U.S. EPA, 2002). However, no E. Coly were
found even directly below (~ 2 ft) the pit bottom. Surprisingly, E. Coli bacteria were found in
2 different locations, both to the side of the center of the leach pit, C4. However, no caffeine
was found in these locations.
•

C2-24.5 ft: 624 E. coli per g of soil; 638 total coliform per g of soil

•

C2-30 ft: 0 E. coli per g of soil; 17 total coliform per g of soil

•

C3-39.5 ft: 2.7 E. coli per g of soil; 36 total coliform per g of soil

3.7.3

Summary of reference test site results

The results of all the tests are summarized in Figures 3-5 and 3-6. Caffeine was detected in
all soil samples from location C4, so it showed the potential for caffeine to be used as a
distinct wastewater tracer. Soil samples at the septic tank site were sandy with a high
hydraulic conductivity. In sandy soil with a high hydraulic conductivity no wide plume can
be expected below the leach pits (Dingman, 2002). The lack of caffeine in the soil samples
taken from location C2, as compared to C4, directly below the pit, is thus likely due to a very
narrow shape of plume right underneath the leach pits.
There is no correlation between the soil ion concentrations and the corresponding
concentrations of the same ions in the wastewater. This septic tank serves one house and a
maintenance yard with a very small flow. Moisture contents indicate that soil was not
saturated. In this unsaturated zone, wastewater would not flow along a straight line, but
rather through preferential flow paths or along cracks and voids, and also wastewater and
other
fluids could travel up through the soil due to capillary rise. Evaporation then removed the
moisture but left the ions behind in small concentrated pockets.
E.coli was detected in one sample from C2 soils and no E.coli was detected from C4 soil
samples. The lack of E.coli in soils from C4 is likely due to very low soil moisture content.
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Figure 3-5 Septic tank site- moisture content and ion results from C4
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Figure 3-6 Septic tank site- moisture content and ion results from C2
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4 EXFILTRATION TEST SITES
Several typical sewer defects were selected in the OCSD service area to test the performance
of the Exfiltrometer and obtain a preliminary estimate of the range of exfiltration rates to be
expected. The results, presented in Ch. 5, will form the basis for the overall evaluation of the
exfiltration in the service area. The test sites include Site No. 1, which is a dry reach of a
sewer. This site was used to develop and field test the Exfiltrometer. An additional six sites,
encompassing a range of defects were then used to test the actual performance of the
Exfiltromenter and obtain a preliminary range of exfiltration rates.
4.1 Description of exfiltration Site No. 1
The subject defect lies in a sewer in a residential neighborhood. It is located upstream of the
first sewer lateral. Site No. 1 has been used for exfiltrometer-development purposes only. It
cannot be considered a legitimate sewer defect for the purposes of this study because it has
not been subjected to the particulate clogging that defects regularly exposed to wastewater
are.

The defect lies between Manholes 118 and 120. Wastewater flows from Manhole 120 to 118
(Figure 4-1). The sewer invert at Manhole 120 is 57 in below street level. At Manhole 118,
it is 62 in below street level. The distance between manholes is approximately 250 ft.

The sewer is 8-in-diameter vitrified-clay pipe and was installed in 1964. The defects are
severe fractures approximately 12 ft downstream of Manhole 120. Looking downstream
through the sewer, the fractures extend along the pipe’s inner diameter from 3 o’clock to 5
o’clock and 9 o’clock to 1 o’clock (Figure 4-2). The NASSCO Pipe Defect Code for these
defects are: BSV—Broken, Soil Visible.

12 ft.
Defect
Manhole 118

Flow of Wastewater

Manhole 120

Figure 4-1. Plan view of exfiltration test Site No. 1.
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Figure 4-2. Defect at Site No. 1. Image courtesy of local sanitation district

4.2 Description of exfiltration Site No. 2
The subject defect is in a sewer that services a public restroom located at an athletic facility.
The defect lies between Manholes F7-2 and F7-4. Wastewater flows from Manhole F7-2 to
F7-4 (Figure 4-3).

The sewer is 6-in-diameter vitrified-clay pipe and was installed in the early 1970’s. The
defect is a circumferential fracture approximately 12 ft downstream of Manhole F7-2.
Looking downstream through the sewer, it appears that the crack extends along the
circumference of the pipe from 6 o’clock to 10 o’clock (Figure 4-4). The NASSCO Pipe
Defect Code for this defect is: FC—Fracture, Circumferential.

The invert of the sewer at Manhole F7-2 is approximately 80 in. The invert of the sewer at
Manhole F7-4 is 82 in.
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Figure 4-3. Plan view of exfiltration test Site No. 2.
Soil cores were taken approximately 9 in to the side of the offset joint. The soil was tested
for evidence of the presence of wastewater and its hydraulic conductivity has been
determined. The details are included in Chapter 5.

Figure 4-4. Defect at Site No. 2. Image from
video camera onboard exfiltrometer.
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4.3 Description of exfiltration Site No. 3
The subject sewer utilizes 8” vitrified-clay pipe with bell-and-spigot joints (packed with
Wedge-Lock sealant) and was installed in 1976. It is located in an alley behind a commercial
office building. The defect of interest is an offset joint located approximately 90 ft
downstream of Manhole 831 and about 22 ft upstream of Manhole 1190. The invert of the
sewer is 61 in at Manhole 831 and 62½ in at Manhole 1190 (Figure 4-5).

Office Building

22 ft.

Alley
Defect
Flow of Wastewater

Manhole 831

Manhole 1190

Fence

Figure 4-5. Plan view of Exfiltration Test Site No 3.

The CCTV image of the defect (NASSCO PACP Code: JO, medium—Offset Joint,
medium) is shown below in Figure 4-6.

Soil cores were taken approximately 9 in to the side of the offset joint. The soil was tested
for evidence of the presence of wastewater and its hydraulic conductivity has been
determined. The details are included in Chapter 5.
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Figure 4-6. Defect at Site No. 3. Image courtesy of local sanitation
district.

4.4 Description of exfiltration Site No. 4
The subject defects lie in a sewer beneath a residential street in Southern California. The
sewer was installed in 1958 and is 8-in-diameter vitrified-clay pipe. The sewer is riddled
with defects, but two in particular have been the focus of this exfiltration study.

Both defects are located between Manholes 3750 and 3751. Wastewater flows from
Manhole 3750 to 3751. The invert of the sewer is approximately 49 in below street level at
Manhole 3750. At Manhole 3751, the invert is 50 in.

Defect A is located 24.5 ft downstream of Manhole 3750 (Figures 2-7 & 2-8). If the
circumference of the sewer is viewed as a clock, the defect is a circumferential crack that
runs from 4 to 8 o’clock (looking downstream toward Manhole 3751). Defect A’s NASSCO
PACP Classification is: CC—Crack, Circumferential.
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Manhole 3750

24.5 ft.
Defect A

Flow of
Wastewater
324.7 ft.

Defect B
3 ft.
Manhole 3751

Figure 4-7. Plan view of exfiltration Site No. 4.

Defect B is located 3 ft upstream of Manhole 3751 (Figures 4-7 and 9-9). It is a defect that
was not listed on the local sanitation district’s inventory of defects. A triangular section of
the pipe is fractured, but remains in place. The fracture runs from 6 to 9 o’clock. Defect B’s
NASSCO PACP Classification is: BSV—Broken, Soil Visible.

Soil samples were taken approximately 9 in to the side of the Defect A on June 2, 2004. The
soil was tested for evidence of the presence of wastewater and its hydraulic conductivity has
been determined. Details are included in Chapter 5.
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Figure 4-8 Defect A at Site No. 4 Image from Exfiltrometer's camera

Defect

Figure 4-9. Defect B at Site No. 4. Image from Exfiltrometer’s camera
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4.5 Description of exfiltration Site No. 5
The subject sewer is 8-in diameter vitrified clay pipe. Construction records were not
available, but it is estimated to be over 60 years old.

The defect investigated is located between Manholes 6232 and 6234. Wastewater flows from
Manhole 6234 to 6232. The invert of the sewer is approximately 76 in below street level at
Manhole 6234. At manhole 6232, the invert is 90 in below street level.

The defect is located 21.8 ft upstream of Manhole 6232 (Figures 4-10 and 4-11). The defect
is comprised of a longitudinal crack at 8 o’clock. Defect A’s NASSCO PACP Classification
is: CL—Crack, Longitudinal. The test included the adjacent joint.
Manhole 6234

Flow of
Wastewate
Approx.
300 ft.

Defect
21.8

Manhole 6232

Figure 4-10. Plan view of Exfiltration Site No. 5.
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Soil samples have been taken approximately 8 in to the side of the centerline of the sewer at
the defect in January, 2005. The soil has been tested for evidence of the presence of
wastewater and its hydraulic conductivity has been determined. Details are included in
Chapter 5.

Defect

Figure 4-11. Defect at Site No. 5. Image courtesy of local sanitation district.
4.6 Description of exfiltration Site No. 6
The subject sewer is 8-in-diameter vitrified clay pipe. It is estimated to be over 60 years old.

The defect investigated is located between Manholes 6254 and 6257. Wastewater flows from
Manhole 6257 to 6254. The invert of the sewer is approximately 144 in below street level at
Manhole 6257. At Manhole 6254, the invert is 84 in below street level.

The defect is located 49.75 ft downstream of Manhole 6257 (Figures 4-12 & 4-13). The
defect is a hairline crack near 8 o’clock (looking downstream toward Manhole 6254). The
defect’s NASSCO PACP Classification is: CL--Crack, Longitudinal.

4-9

Water Quality & Treatment laboratory, UC Irvine

OCSD Exfiltration Study

Manhole 6254

Flow of
Wastewater

Approx.
250 ft.

Defect

49.75 ft.

Manhole 6257

Figure 4-12. Plan view of Exfiltration Site No. 6.

Soil samples were taken approximately 8 in to the side of the centerline of the sewer at the
defect in January, 2005. The soil was tested for evidence of the presence of wastewater and
its hydraulic conductivity has been determined. Details are included in Chapter 5.
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Defect

Figure 4-13. Image of defect similar to that tested at Site No. 6. The image of
the actual defect captured via the exfiltrometer’s onboard video camera has too
poor a resolution to reveal details of the defect.

4.7 Description of exfiltration Site No. 7
The subject sewer is 6-in-diameter vitrified clay pipe. It is estimated to be at least 40 years
old.

The defect investigated is located between Manholes 6427 and 6248. Wastewater flows from
Manhole 6427 to 6248. The invert of the sewer is approximately 54 in below street level at
Manhole 6427. At Manhole 6248, the invert is 62 in below the grass in the park.

The defect is located 10.1 ft downstream of Manhole 6427 (Figures 4-14 & 4-15). It is an
offset joint. The defect’s NASSCO PACP Classification is: JO, medium

.
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Figure 4-14. Plan view of exfiltration Site No. 7.
Soil samples were taken approximately 8 in to the side of the centerline of the sewer at the
defect in January, 2005. The soil’s hydraulic conductivity of the soil has been determined.
Details are included in Chapter 5.

4-12

Water Quality & Treatment laboratory, UC Irvine

OCSD Exfiltration Study

Figure 4-15. Defect at Site No. 7. Image from exfiltrometer’s onboard
video camera.
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4 EXFILTRATION TEST SITES
Several typical sewer defects were selected in the OCSD service area to test the performance
of the Exfiltrometer and obtain a preliminary estimate of the range of exfiltration rates to be
expected. The results, presented in Ch. 5, will form the basis for the overall evaluation of the
exfiltration in the service area. The test sites include Site No. 1, which is a dry reach of a
sewer. This site was used to develop and field test the Exfiltrometer. An additional six sites,
encompassing a range of defects were then used to test the actual performance of the
Exfiltromenter and obtain a preliminary range of exfiltration rates.
4.1 Description of exfiltration Site No. 1
The subject defect lies in a sewer in a residential neighborhood. It is located upstream of the
first sewer lateral. Site No. 1 has been used for exfiltrometer-development purposes only. It
cannot be considered a legitimate sewer defect for the purposes of this study because it has
not been subjected to the particulate clogging that defects regularly exposed to wastewater
are.

The defect lies between Manholes 118 and 120. Wastewater flows from Manhole 120 to 118
(Figure 4-1). The sewer invert at Manhole 120 is 57 in below street level. At Manhole 118,
it is 62 in below street level. The distance between manholes is approximately 250 ft.

The sewer is 8-in-diameter vitrified-clay pipe and was installed in 1964. The defects are
severe fractures approximately 12 ft downstream of Manhole 120. Looking downstream
through the sewer, the fractures extend along the pipe’s inner diameter from 3 o’clock to 5
o’clock and 9 o’clock to 1 o’clock (Figure 4-2). The NASSCO Pipe Defect Code for these
defects are: BSV—Broken, Soil Visible.

12 ft.
Defect
Manhole 118

Flow of Wastewater

Manhole 120

Figure 4-1. Plan view of exfiltration test Site No. 1.
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Figure 4-2. Defect at Site No. 1. Image courtesy of local sanitation district

4.2 Description of exfiltration Site No. 2
The subject defect is in a sewer that services a public restroom located at an athletic facility.
The defect lies between Manholes F7-2 and F7-4. Wastewater flows from Manhole F7-2 to
F7-4 (Figure 4-3).

The sewer is 6-in-diameter vitrified-clay pipe and was installed in the early 1970’s. The
defect is a circumferential fracture approximately 12 ft downstream of Manhole F7-2.
Looking downstream through the sewer, it appears that the crack extends along the
circumference of the pipe from 6 o’clock to 10 o’clock (Figure 4-4). The NASSCO Pipe
Defect Code for this defect is: FC—Fracture, Circumferential.

The invert of the sewer at Manhole F7-2 is approximately 80 in. The invert of the sewer at
Manhole F7-4 is 82 in.
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Figure 4-3. Plan view of exfiltration test Site No. 2.
Soil cores were taken approximately 9 in to the side of the offset joint. The soil was tested
for evidence of the presence of wastewater and its hydraulic conductivity has been
determined. The details are included in Chapter 5.

Figure 4-4. Defect at Site No. 2. Image from
video camera onboard exfiltrometer.
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4.3 Description of exfiltration Site No. 3
The subject sewer utilizes 8” vitrified-clay pipe with bell-and-spigot joints (packed with
Wedge-Lock sealant) and was installed in 1976. It is located in an alley behind a commercial
office building. The defect of interest is an offset joint located approximately 90 ft
downstream of Manhole 831 and about 22 ft upstream of Manhole 1190. The invert of the
sewer is 61 in at Manhole 831 and 62½ in at Manhole 1190 (Figure 4-5).

Office Building

22 ft.

Alley
Defect
Flow of Wastewater

Manhole 831

Manhole 1190

Fence

Figure 4-5. Plan view of Exfiltration Test Site No 3.

The CCTV image of the defect (NASSCO PACP Code: JO, medium—Offset Joint,
medium) is shown below in Figure 4-6.

Soil cores were taken approximately 9 in to the side of the offset joint. The soil was tested
for evidence of the presence of wastewater and its hydraulic conductivity has been
determined. The details are included in Chapter 5.
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Figure 4-6. Defect at Site No. 3. Image courtesy of local sanitation
district.

4.4 Description of exfiltration Site No. 4
The subject defects lie in a sewer beneath a residential street in Southern California. The
sewer was installed in 1958 and is 8-in-diameter vitrified-clay pipe. The sewer is riddled
with defects, but two in particular have been the focus of this exfiltration study.

Both defects are located between Manholes 3750 and 3751. Wastewater flows from
Manhole 3750 to 3751. The invert of the sewer is approximately 49 in below street level at
Manhole 3750. At Manhole 3751, the invert is 50 in.

Defect A is located 24.5 ft downstream of Manhole 3750 (Figures 4-7 and 4-8). If the
circumference of the sewer is viewed as a clock, the defect is a circumferential crack that
runs from 4 to 8 o’clock (looking downstream toward Manhole 3751). Defect A’s NASSCO
PACP Classification is: CC—Crack, Circumferential.
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Figure 4-7. Plan view of exfiltration Site No. 4.

Defect B is located 3 ft upstream of Manhole 3751 (Figures 4-7 and 4-9). It is a defect that
was not listed on the local sanitation district’s inventory of defects. A triangular section of
the pipe is fractured, but remains in place. The fracture runs from 6 to 9 o’clock. Defect B’s
NASSCO PACP Classification is: BSV—Broken, Soil Visible.

Soil samples were taken approximately 9 in to the side of the Defect A on June 2, 2004. The
soil was tested for evidence of the presence of wastewater and its hydraulic conductivity has
been determined. Details are included in Chapter 5.
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Figure 4-8 Defect A at Site No. 4 Image from Exfiltrometer's camera

Defect

Figure 4-9. Defect B at Site No. 4. Image from Exfiltrometer’s camera
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4.5 Description of exfiltration Site No. 5
The subject sewer is 8-in diameter vitrified clay pipe. Construction records were not
available, but it is estimated to be over 60 years old.

The defect investigated is located between Manholes 6232 and 6234. Wastewater flows from
Manhole 6234 to 6232. The invert of the sewer is approximately 76 in below street level at
Manhole 6234. At manhole 6232, the invert is 90 in below street level.

The defect is located 21.8 ft upstream of Manhole 6232 (Figures 4-10 and 4-11). The defect
is comprised of a longitudinal crack at 8 o’clock. Defect A’s NASSCO PACP Classification
is: CL—Crack, Longitudinal. The test included the adjacent joint.
Manhole 6234

Flow of
Wastewate
Approx.
300 ft.

Defect
21.8

Manhole 6232

Figure 4-10. Plan view of Exfiltration Site No. 5.
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Soil samples have been taken approximately 8 in to the side of the centerline of the sewer at
the defect in January, 2005. The soil has been tested for evidence of the presence of
wastewater and its hydraulic conductivity has been determined. Details are included in
Chapter 5.

Defect

Figure 4-11. Defect at Site No. 5. Image courtesy of local sanitation district.
4.6 Description of exfiltration Site No. 6
The subject sewer is 8-in-diameter vitrified clay pipe. It is estimated to be over 60 years old.

The defect investigated is located between Manholes 6254 and 6257. Wastewater flows from
Manhole 6257 to 6254. The invert of the sewer is approximately 144 in below street level at
Manhole 6257. At Manhole 6254, the invert is 84 in below street level.

The defect is located 49.75 ft downstream of Manhole 6257 (Figures 4-12 & 4-13). The
defect is a hairline crack near 8 o’clock (looking downstream toward Manhole 6254). The
defect’s NASSCO PACP Classification is: CL--Crack, Longitudinal.
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Figure 4-12. Plan view of Exfiltration Site No. 6.

Soil samples were taken approximately 8 in to the side of the centerline of the sewer at the
defect in January, 2005. The soil was tested for evidence of the presence of wastewater and
its hydraulic conductivity has been determined. Details are included in Chapter 5.
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Defect

Figure 4-13. Image of defect similar to that tested at Site No. 6. The image of
the actual defect captured via the exfiltrometer’s onboard video camera has too
poor a resolution to reveal details of the defect.

4.7 Description of exfiltration Site No. 7
The subject sewer is 6-in-diameter vitrified clay pipe. It is estimated to be at least 40 years
old.

The defect investigated is located between Manholes 6427 and 6248. Wastewater flows from
Manhole 6427 to 6248. The invert of the sewer is approximately 54 in below street level at
Manhole 6427. At Manhole 6248, the invert is 62 in below the grass in the park.

The defect is located 10.1 ft downstream of Manhole 6427 (Figures 4-14 & 4-15). It is an
offset joint. The defect’s NASSCO PACP Classification is: JO, medium

.
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Figure 4-14. Plan view of exfiltration Site No. 7.
Soil samples were taken approximately 8 in to the side of the centerline of the sewer at the
defect in January, 2005. The soil’s hydraulic conductivity of the soil has been determined.
Details are included in Chapter 5.
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Figure 4-15. Defect at Site No. 7. Image from exfiltrometer’s onboard
video camera.
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5 Test Results
Specific information regarding the test sites are presented in Chapter 2, including calibration
tests. The results of a typical calibration test are shown, again, in Table 5-1 (See Chapter 2
for details). Hydraulic, chemical, and bacteriological results for each test are presented
below.

Table 5-1. Example of Data Collected During Functionality Checks of Test
Protocols B & C
Change in
Change in
Volume Measurement
Parameter
Volume
Graduated Pitcher
0.85 L
Change in Reservoir Height (Tape Measurer)
4.9 cm
0.82 L
Change in Reservoir Height (Water Level Sensor)
4.82 cm
0.81 L
5.1

Site No. 1

This defect, a broken pipe with visible soil, was selected for initial exfiltrometer development
because it is located at the end of a residential sewer, upstream of the first lateral. Hence, the
sewer did not require cleaning before each test. However, because no wastewater has ever
leached out of the defect, the results are not representative of a typical sewer defect because
there has been no interaction of the wastewater (such as suspended solids deposition or
bacterial growth) with the soil surrounding the defect.

5.1.1.1 Results of Exfiltration Test 9 SEP 2003
The protocol used for this test is Test Protocol A (see Appendix 2). The results of the
exfiltration test are shown below in Figure 5-1 and Table 5-2.
The defect was tested at four levels of water in the sewer. The first, near 6.4 cm depth of
water (~1/3 full), lasted from 16.75 to 31 min. into the test. There was seemingly no
exfiltration during this period, as indicated by the constant water level in the reservoir. The
water level in the sewer, however, did drop from 6.52 cm at 16.75 min. to 6.37 cm at 31
min., indicating a small amount of exfiltration. If the test were permitted to continue past the
31-minute mark, eventually the controller would have pumped water from the reservoir to the
sewer test section. The test was too short to allow the water level in the sewer to fall below
the level set on the controller that turns the pump from the reservoir on. Because the early
methodology quantified exfiltration rates according to the volume pumped from the reservoir
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to replenish the water leaking out of the sewer, the exfiltration rate at this sewer water depth
were taken as zero. (Subsequent test modifications allow very small exfiltration rates to be
calculated based on the change in the water level within the sewer test section.)

Reservoir Volume (L)

25

20

Reservoir

20
15
15
10

Sewer
10

5
5

0

Sewer Test Section Water Depth (cm)

30

0
0

20

40

60

80

100

120

140

Time (minutes)

Figure 5-1. Exfiltration at Site 1, 8 in (20.3 cm) VCP sewer upstream of first lateral on
9 SEP 2003
The water level was then raised to 9 cm, which led to an initial exfiltration. From 35.75 to
62.25 min. into the test, the exfiltration rate was non-linear. The exfiltration rate was initially
high and tapered off to a much lower rate.
The sewer water level was then raised to 12.8 cm. From 73.25 to 140 min. into the test, the
exfiltration rate was approximately linear. For this time period, the reservoir was refilled
once and delivered 20.96 L of water to the sewer test section.
Finally, for the last few min. of the test (142 to 150 min.), the exfiltration rate appears to
increase to 45.6 L/hr with the water level in the sewer remaining unchanged. This sudden
increase in the exfiltration rate is not readily explained and is not included in Table 5-2.
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Table 5-2. Exfiltration Rates from 8 in (20 cm) Sewer at Site 1a on 9 SEP 2003
Exfiltration Measurement

Exfiltration Rate

Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
6.4
14.25
< 0.2
< 0.8
< 1,900
9
26.5
1.37 ± 0.2
3.1 ± 0.5
7,200
12.8
66.75
20.96 ± 0.2
18.8 ± 0.2
44,000
a
Defect is upstream of first sewer lateral and has never been exposed to wastewater
* Assumes sewer water level is at level tested for an entire year
5.1.1.2 Results of Exfiltration Test 24 SEP 2003
The protocol used for this test is Test Protocol A (see Appendix 2). The results of the test are
shown below in Table 5-3 and Figure 5-2 .
The sewer defect was tested at two water levels. The first, at 11 cm depth of water (~1/2
full) lasted from 36 to 133 min. into the test. Exfiltration was observed during this period, as
indicated by the changing water level in the reservoir. The water level was then raised to
15.3 cm (~ 3/4 full), which led to a higher rate of exfiltration. The water level in the sewer
was kept at this depth from 145 to 368 min. into the test. The reservoir was refilled three
times during this time period.

Table 5-3. Exfiltration Rates from 8 in (20 cm) Sewer at Site 1a) on 24 SEP 2003
___Exfiltration Measurement___
_____Exfiltration Rate_____
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
11
96
6.7 ± 0.2
4.2 ± 0.1
9,700
15.4
221
61.7 ± 0.2
16.7 ± 0.05
40,400
a
Defect is upstream of first sewer lateral and has never seen wastewater
* Assumes sewer water level is at level tested for an entire year
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Figure 5-2. Exfiltration at Site 1 (24 SEP 2003), 8 in (20.3 cm) VCP sewer upstream of
first lateral

5.1.2

Soil Characteristics

The hydraulic conductivity tests were performed in accordance with Appendix A3 and the
results are shown in Table 5-4.

Table 5-4. Measured Hydraulic Conductivity Values for Site 1
Sample Depth (ft.)
Hydraulic Conductivity (cm/s)
6
1.0E-07*
through
16
1.0E-07*
* Representative hydraulic conductivity values. Soil too disturbed to test.
5.1.3

Chemical tests

No chemical tests will be conducted, as the sewer defect is upstream of the first lateral. The
defect has never seen wastewater, so there was no reason to expect chemical evidence of
wastewater in the adjacent soil.
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Test Summary
The tests showed a high and relatively constant rate of exfiltration from the “Fracture,
Circumferential” defect.

•

The two tests showed that the results for a specific defect are reasonably repeatable
over a 2-week period.

•

The results are not representative of a typical sewer defect because there is no
wastewater flow at this defect (it is upstream of the first lateral).

5.2

Site No. 2

The site is a sewer that serves only a set of restrooms at a group of tennis courts. The defect
is a circumferential fracture from 6 o’clock to 10 o’clock.

5.2.1.1 Results of Exfiltration Test 8 SEP 2003
The protocol used for this test is Test Protocol A (see Appendix 2). The results of the
exfiltration test are shown below in Figure 5-3 and Table 5-5.
The defect was tested at two levels of water in the sewer. The first level, near 7 cm (~1/2
full), was tested from 5 to 12.5 min. into the test. There was no appreciable exfiltration
during this period, as indicated by the constant water level in the reservoir.
The water level was then raised to 10.7 cm. The sewer and reservoir water levels stabilized
at 30 min. into the test. No exfiltration was observed for the remainder of the test (17 more
min.).

Table 5-5. Exfiltration Rates from 6 in (15.2 cm) Sewer at Site 2 on 8 SEP 2003
___Exfiltration Measurement___

_____Exfiltration Rate_____

Depth of Water
Test (min.)
Volume (L)
L / hr.
at Defect (cm)
7
7.5
< 0.2
< 1.6
10.7
17
< 0.2
< 0.7
* Assumes sewer water level is at level tested for an entire year
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Figure 5-3. Exfiltration at Site 2, 6 in (15.2 cm) VCP sewer
5.2.1.2 Results of Exfiltration Test 2 NOV 2004
The purposes of this test were: 1) to evaluate the new Test Protocol B (which includes preand post-calibration tests of the exfiltrometer), and 2) to determine whether there was
exfiltration through the defect at this time.
The initial water depth in the test section was set to 5 cm. For 24 min. at this depth, the
defect did not exhibit exfiltration. The sewer water level was then set to 9 cm. For 1 hr and
10 min. at this water depth, the defect did not exhibit exfiltration. The functionality checks
revealed that the exfiltrometer was working properly.
The results of the exfiltration test are shown in Figure 5-4 below and summarized in Table 56.
These results confirm the the values obtained in the previous, much shorter test described
above.
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Table 5-6. Exfiltration Rates from 6 in (15.2 cm) Sewer at Site 2 on 11 NOV 2004
Exfiltration Measurement

Exfiltration Rate

Depth of Water
Test (min.)
Volume (L)
L / hr.
at Defect (cm)
5
24
< 0.2
< 0.5
9
70
< 0.2
< 0.17
* Assumes sewer water level is at level tested for an entire year

Gal / yr.*
< 1,200
< 390
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Figure 5-4. Exfiltration at Site 2, 6 in (15.2 cm) VCP sewer

5.2.2

Soil Characteristics

The hydraulic conductivity tests were performed in accordance with the procedure given in
Appendix 4 and the results are shown in Table 5-7.
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Table 5-7. Measured Hydraulic Conductivity Values for Site 2
Sample Depth (ft.)
Hydraulic Conductivity (cm/s)
7
1.0E-03*
8
3.4E-04
9
5.5E-05
10
3.8E-04
11
1.0E-03*
12
4.8E-05
13
1.0E-05*
14
1.0E-03*
15
1.8E-03
16
7.3E-03
* Representative hydraulic conductivity values. Soil too disturbed to test.

5.2.3

Chemical tests

Moisture content and ion concentration were measured from soil cores taken from Site No. 2.
The moisture content and ions concentrations in the soil cores taken from this site are shown
in Figure 5-5. In these figures, dotted line bars represent the concentration of ions or caffeine
in OCSD primary influent wastewater and the star shows the leak depth. In this site, sewer
line serves only some restroom. Neither caffeine nor E.coli were detected in the soil samples.
.
5.2.4

Test Summary

•

The defect, “Fracture – Circumferential” does not exhibit exfiltration.

•

The first set of tests might have been too short to obtain valid data because low.
exfiltration rates may not reveal themselves in the course of less than ten min..
However, the second set of results confirmed the absence of exfiltration. Future tests
should be longer—2 hr, if possible, at each sewer water level.

•

The chemical and bacteriological results, no evidence of caffeine or E. Coli in the soil
near the defect, confirm the hydraulic measurements.
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Figure 5-5. Soil moisture content and chemical results, Site No. 2
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Site No. 3

Site No. 3 is located in an alley behind an office building near a coastal wetland, and the
tested defect is a medium offset joint.

5.3.1

Results of Exfiltration Test – Site No. 3 28 SEP 2004

The purposes of this test were: 1) to determine the exfiltration rate, and 2) to test lighting
modifications on the exfiltrometer.
The protocol used for this test is Test Protocol B (Appendix 2). As per Test Protocol B, the
functionality of the exfiltrometer was tested before and after it was placed into the sewer. The
functionality checks revealed that the exfiltrometer was working properly.
As the exfiltrometer was pulled through the sewer for the test, locating the defect proved
easy. Six miniature flashlights were placed on the exfiltrometer to use in lieu of the
exfiltrometer’s three existing LED’s. The greater light intensity improved the video
camera’s image considerably.
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Figure 5-6. Exfiltration at Site 3, 8 in (20.3 cm) VCP on 28 SEP 2004
The water level in the test section was initially set to 6 cm. For almost 2 hr at this depth, no
exfiltration was observed. The water level was then changed to 10 cm. For 2 hr at this
depth, no exfiltration was observed.
As the test section’s water level was raised to 10 cm, the output of the sewer water-level
sensor showed a spiking phenomenon. This is caused by the atmospheric float’s inability to
evacuate the air that becomes pressurized above the water in the sewer as quickly as the
pressure builds. A summary of test results is shown in Figure 5-6 and Table 5-8.

Table 5-8. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 3 on 28 SEP 2004
___Exfiltration Measurement___
_____Exfiltration Rate____
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
6
111
< 0.2
< 0.1
< 230
10
108
< 0.2
< 0.1
< 230
* Assumes sewer water level is at level tested for an entire year
5.3.2

Soil Characteristics
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The hydraulic conductivity tests were performed in accordance with the procedure given in
Appendix 3, and the results are shown in Table 5-9.
Table 5-9. Measured Hydraulic Conductivity Values for Site 3
Sample Depth (ft.)
Hydraulic Conductivity (cm/s)
6
1.0E-05*
Approximate depth
of sewer defect
7 through 18
1.0E-05*
19
1.13E-05
20
6.40E-06
21
0
22
1.06E-05
23
7.30E-06
24
1.88E-05
25
#
26
9.07E-05
27
0
28
4.02E-06
* Representative hydraulic conductivity values. Soil too disturbed to test.
# no recovery during soil coring. Sample not collected.

5.3.3

Chemical tests

Moisture content and ion concentration were measured from soil cores taken from Site No. 3.
The moisture content and ions concentrations in the soil cores taken from this site are shown
in Figure 5.7. In these figures, dotted line bars represent the concentration of ions or caffeine
in OCSD primary influent wastewater and the star shows the leak depth.
No exfiltration was observed at this test site. If there were any exfiltration from the defects,
we would expect a significant change in ion concentration adjacent and below the sewer.
All the soil samples were tested for fecal coliform and no fecal coliform could be detected in
these soil samples as well. Caffeine extraction showed no caffeine in soil samples from the
Site No. 3 although caffeine concentration in wastewater collected from Site No. 3 was
measured and it was about 90 μg/L.

5.3.4
•

Test Summary
The tested defect, “Offset Joint, medium” does not exhibit exfiltration.
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The packing of the joint may be resilient enough to maintain a seal at the joint,
despite the joint’s offset.

•

The additional light sources greatly improved the video camera’s image. Finding the
defect was much easier than in tests past. It would be ideal to have even more light
and lighting control. Ultimately, the flashlights and existing LED’s should be
replaced with stronger light sources that can be powered and dimmed through the
control box. The existing LED’s are switchable and powered through the control
box, but do not have dimmers. Three LED’s do not appear to provide an adequate
amount of light for the exfiltrometer’s video camera.

•

The chemical soil results support the exfiltrometer tests, showing no presence of
caffeine and E. Coli.
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Figure 5-7. Soil moisture content and chemical results, Site No. 3
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5.4 Site No. 4
The sewer at Site No. 4 serves a residential street in a neighborhood located in the coastal
plain. There are two defects at this site—A and B. They are approximately 200 ft away
from one another. One exfiltration test was performed at Defect A. Two exfiltration tests
were performed at Defect B. Soil samples were taken adjacent to Defect A only.

5.4.1.1 Results of Exfiltration Test – Site No. 4, Defect A 18 NOV 2004
The purpose of this test was to determine whether or not Defect A, a circumferential crack,
exhibits exfiltration, using Test Protocol B (see Appendix 2). The functionality checks
revealed that the exfiltrometer was working properly. The test results are shown in Figure 58 and Table 5-10.
The initial water depth in the test section was set to 6 cm (~¼ full). For almost 1 hr, the
defect appeared to be exhibiting exfiltration. The exfiltration rate at this depth was 0.35 L/hr.
The sewer water depth was then raised to 10 cm (~½ full). For almost an hr at this depth,
the exfiltration rate increased only slightly to 0.37 L/hr, despite a near doubling of the
pressure head.
The results are presented in Figure 5-8 and summarized in Table 5-10. They show a very
small, but measurable rate of exfiltration, about 0.3 L/hr. If constant throughout a year this
correspond to about 800 Gal/yr.

Table 5-10. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 4, Def. A on 18 NOV 2004
___Exfiltration Measurement___

_____Exfiltration Rate_____

Depth of Water at
Test (min.)
Volume (L)
L / hr.
Defect (cm)
6
57
.33 ± 0.2
0.35 ± 0.2
10
52
.32 ± 0.2
0.37 ± 0.2
* Assumes sewer water level is at level tested for an entire year and no change in the
ground water level
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Figure 5-8. Exfiltration at Site 4, Defect A, 8 in (20.3 cm) VCP sewer on 18 NOV 2004

5.4.2.1 Soil Characteristics
The hydraulic conductivity tests were performed in accordance with the procedure given in
Appendix 3. The test results are shown in Table 5-11.

5.4.3.1 Chemical tests
Moisture content and ion concentration are shown in Figure 5-9. In these figures, dotted line
bars represent the concentration of ions or caffeine in OCSD primary influent wastewater and
the stars show the leak depth.
At the time of soil sampling from this site, a small rate of exfiltration was detected. If there
were a significant rate of exfiltration from the defect, a significant change in moisture content
and ion concentration adjacent and below the sewer defects would be expected. However, no
change was observed. Similarly, neither E.coli nor caffeine was detected in the soils taken
from this site.
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Table 5-11. Hydraulic Conductivity Values for Site 4, Defect A
Sample Depth (ft.)
Hydraulic Conductivity (cm/s)
3
6.1E-06
4
1.2E-05
Approximate depth
5
0
of sewer defect
6
0
7
1.6E-06
8
4.7E-06
9
1.0E-03*
10
1.4E-06
11
1.0E-03*
12
4.1E-06
13
1.0E-05*
14
0
15
1.9E-04
16
1.0E-03*
17
#
18
1.0E-03*
19
1.0E-03*
20
1.0E-03*
21
#
22
1.0E-03*
23
0
24
0
* Representative hydraulic conductivity values. Soil too disturbed to test.
# No recovery during soil coring. Sample not collected.

5.4.4.1 Test Summary
•

The tested defect, ”Crack - Circumferential”, exhibits a low rate of exfiltration.

•

The chemical and bacteriological tests show no clear evidence of the exfiltration in
the adjacent soil.
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Figure 5-9. Soil moisture content and chemical results, Site No. 4
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5.4.1.2 Results of Exfiltration Test – Site No. 4, Defect B 28 OCT 2004
The purpose of this test was to determine whether or not Defect B, a broken pipe with visible
soil, exhibits exfiltration, using Test Protocol C. The functionality checks revealed that the
exfiltrometer was working properly. The results of the test are shown in Figure 5-10 and
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Figure 5-10. Exfiltration at Site 4, Defect B 8 in (20.3 cm) VCP sewer on 28 OCT 2004

The initial water depth in the test section was set to 5 cm (10:26). For almost ½ hr (10:26 to
10:53), the defect appeared to be exhibiting infiltration.
The sewer water depth was then raised to 6 cm (10:56). From 10:56 to 11:07, the defect
again exhibited infiltration at a rate similar to that seen between 10:26 and 10:53. From
11:07 to 11:12, however, the infiltration rate increases markedly. The reason for the increase
is not understood. One possible explanation is that the upstream plug may have lost enough
pressure to allow wastewater upstream to enter the test section. Because this phenomenon is
not well understood, this infiltration is omitted from Table 5-12.
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At approximately 11:15 am the downstream plug was deflated and the sewer water level fell
to below 3 cm. Below 3 cm, the sensor’s diaphragm is not submerged, so is not reading
water depth. The upstream plug was deflated at 11:19, which accounts for the large spike in
the sewer water level. For about an hr with both plugs deflated (from 11:25 am to 12:15
pm), the sensor’s reading changed according to flow in the sewer. Some of the flow through
the sewer is trapped temporarily between the deflated plugs. The space between the deflated
plugs serves to damp the flow of the sewer, hence the peaks in sewer water level between
11:25 and 12:15.
After raising the test section water height again to 5 cm at 12:17 pm, the defect again
exhibited an infiltration rate (12:17 to 12:43) similar to the previous rate recorded at 5 cm
(10:26 to 10:53).

Table 5-12. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 4 B on 28 OCT 2004
Exfiltration Measurement
Exfiltration Rate
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
5
25
- 0.53
- 1.3
- 3,000
5
28
- 1.62
- 3.5
- 8,100
* Assumes ground water level is constant for an entire year
The test was terminated when one of the inflatable plugs ruptured. Because the plug
ruptured, a final functionality check could not be performed.

5.4.2.2 Soil Characteristics
Soil samples were not collected adjacent to Defect B. Soil samples were, however, taken
adjacent to Defect A. Because the two samples are only 200 ft apart, the soil characteristics
should be similar. See Section 5.4.2.1 for the soil characteristics near Defect A.

5.4.3.2 Chemical Test Results
No soil samples were collected adjacent to Defect B. Because infiltration, not exfiltration,
was observed, it was believed that any chemical evidence of wastewater that might have been
in the soil was washed from the soil.
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5.4.4.2 Test Summary
•

It appears that the tested defect, “Broken, Soil Visible”, exhibits infiltration.

•

A sewer defect exhibiting infiltration on this date makes sense. A rain gage operated
near the test site recorded a cumulative rainfall of 7.74 inches between October 17th
and 28th (www.ocgov.com). This was an intense period of rainfall for this part of
Southern California. The average annual rainfall for this area is approximately 13
inches.

5.4.1.3 Results of Exfiltration Test – Site No. 4, Defect B 1 FEB 2005
The purpose of this test was to determine whether Defect B would exhibit exfiltration or
continue to exhibit infiltration, using Test Protocol C. The functionality check revealed that
the exfiltrometer was working properly before the test. The plug failed at the end of the test
(11:46 am), so a functionality check could not be performed when the exfiltrometer was
pulled out of the sewer. The test results are shown below in Figure 5-11 and Table 5-13.
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Figure 5-11. Exfiltration at Site 4, Defect B 8 in (20.3 cm) VCP sewer on 1 FEB 2005
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The initial water depth in the test section was set to 9 cm at 10:25. For approximately ½ hr,
the defect appeared to be exhibiting infiltration.
Both plugs were then deflated (10:57), the test section was drained (10:57 to 11:20), and the
plugs were inflated again at 11:20. The test section was initially almost empty (a water depth
of 3 cm). Again, for approximately ½ hr, the defect exhibited infiltration.

Table 5-13. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 4 on 1 FEB 2005
Exfiltration Measurement
Exfiltration Rate
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
various
25
- 9.0
- 22
- 51,000
various
28
- 12.3
- 26
- 60,000
* Assumes ground water level is constant for an entire year
5.4.2.3 Soil Characteristics
Soil samples were not collected adjacent to Defect B. Soil samples were, however, taken
adjacent to Defect A. Because the two samples are only 200 ft apart, the soil characteristics
should be similar. See Section 5.4.2.1 for the soil characteristics near Defect A.

5.4.3.3 Chemical Test Results
No soil samples were collected adjacent to Defect B because infiltration, not exfiltration, was
observed

5.4.4.3 Test Summary
•

Defect B “Broken, Soil Visible” again exhibited infiltration, not exfiltration. This
test (1 FEB 2005) was performed 3 months after the first test (28 OCT 2004) and
showed that Defect B continued to exhibit infiltration after the three months period.

5.5

Site No. 5

Site No. 5 is located in a residential neighborhood in northern Orange County.
5.5.1

Results of Exfiltration Test – Site No. 5 13 DEC 2004

The purpose of this test was to determine whether the defect, a longitudional crack connected
to a joint, exhibits
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exfiltration using Test Protocol C. The functionality checks revealed that the exfiltrometer
was working properly. The test results are shown below in Figure 5-12.
The initial water depth in the test section was set to 10 cm (about ½ full). For 59 min. (14:54
to 15:53 pm), the defect exhibited exfiltration. The exfiltration rate at this depth was 0.26
L/hr. A longer test would have been conducted, had daylight permitted.
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Figure 5-12. Exfiltration at Site 5, 8 in (20.3 cm) VCP sewer on 13 DEC 2004
The inhigh in variability of the water level in the sewer shown in Figure 5-12, as compared
to the previous graphs, is only a reflection of the scale used here. It is amplified to show the
decline in the water level over just one cycle of the control system, needed because the
exfiltration rate is low. The elevation differences shown are only 0.5 mm apart so the
fluctuations recorded less than that, reflecting minor disturbances from passing trucks etc.
The results are summarized in Table 5-14 and show a small rate of exfiltration.
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Table 5-14. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 5 on 13 DEC 2004
Exfiltration Measurement
Exfiltration Rate
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
10.65
59
.26 ± 0.2
0.26 ± 0.2
600
* Assumes sewer water level is at level tested for an entire year
5.5.2

Soil Characteristics

The hydraulic conductivity tests were performed in accordance with Appendix 3 and the
results are shown in Table 5-15. The hydraulic conductivity of the soil near the sewer defect
is relatively high.

Table 5-15. Measured Hydraulic Conductivity Values for Site 5
Sample Depth (ft.)
Approximate depth
of sewer defect

5.5.3

Hydraulic Conductivity (cm/s)

7
1.0E-03*
8
1.0E-03*
9
2.3E-04
10 and 11
1.0E-05*
12 through 17
1.0E-06*
18
1.0E-03*
19
1.0E-03*
20
0
21
1.0E-03
22
0
23
7.2E-03
24
8.6E-04
* Representative hydraulic conductivity values. Soil too disturbed to test.
Chemical Results

Moisture content and ion concentration were measured from soil cores taken from Site No. 5.
Figure 5-13 shows moisture content and ion concentrations in the soil cores taken from this
site.
Caffeine was detected in most of the soil samples below the sewer defect but at the same
locations no E.coli was detected. There is no increase in moisture content below the defect
and there is no correlation between ion concentration in soil and wastewater in the sewer line.
If there were a significant exfiltration from the defect, we would expect a significant change
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in ion concentration adjacent and below the sewer defects. However, the presence of
caffeine clearly shows that there is a transport of wastewater components downwards from
the defect.

5.5.4
•

Test Summary
The tested defect, “Crack, Longitudinal”, exhibits exfiltration. The crack is connected
to a joint, and the test section included the joint, so the measured exfiltration is the
combined flow from the crack and any possible leak from the joint.

•

The caffeine results are in agreement with observed exfiltration.

•

No E. Coli were detected, again probably reflecting their removal in the
soil/suspended solids layer immediately outside the defect, as well as their inability to
survive in the low, < 12 %, moisture environment below the defect.
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Figure 5-13. Soil moisture content and chemical results, Site No. 5
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Site No. 6

Site No. 6 is located in an alley of a residential neighborhood in northern Orange County.
5.6.1 Results of Exfiltration Test – Site No. 6 15 DEC 2004
The purpose of this test was to determine whether the defect, a longitudinal crack, exhibits
exfiltration using Test Protocol C. The functionality checks revealed that the exfiltrometer
was working properly.
Upon locating the defect with the exfiltrometer’s video camera, it could be seen that it was
adjacent to a sewer lateral (Figure 5-14). The engineering report of this sewer defect showed
only an image of the defect from a radial perspective (looking at the pipe wall, not down
through the pipe), so it couldn’t be known ahead of time that a sewer lateral was near.
Despite a sewer lateral being only inches away from the defect, an attempt to quantify the
defect’s exfiltration rate was made.
Residents whose homes might be served by the lateral in question were canvassed and asked
not to use any water for 2 hr. A while after the test had commenced, it became clear that the
sewer lateral was delivering wastewater to the sewer test section. The test section’s water
depth sensor’s reading was increasing and the video camera’s image was clear enough to see
water trickling from the lateral. The test at this defect was, therefore, aborted.
It was then decided to test a fine crack adjacent upstream of the main defect. The results of
the test are shown in Figure 5-15 and Table 5-16 below.
The initial water depth in the test section was set to 9.79 cm (about ½ full). For the 21 min.
of the test (from 15:00 to 15:21), the defect exhibited exfiltration. The exfiltration rate was
0.92 L/hr. A longer test would have been run, had daylight permitted.

Table 5-16. Exfiltration Rates from 8 in (20.3 cm) Sewer at Site 6 on 15 DEC 2004
___Exfiltration Measurement___
_____Exfiltration Rate_____
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
9.79
21
.321 ± 0.2
0.92 ± 0.6
2,100
* Assumes sewer water level is at level tested for an entire year
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Sewer lateral

Sewer defect

Figure 5-14. Original sewer defect sought to be tested. Lateral above defect precluded
the defect from being tested. Another defect was found nearby and was tested.
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Figure 5-15. Exfiltration at Site 6, 8 in (20.3 cm) VCP sewer on 15 DEC 2004
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Soil Characteristics

The hydraulic conductivity tests were performed in accordance with the procedure given in
Appendix 3. The test results are shown in Table 5-17. The hydraulic conductivity of the soil
near the defect is relatively poor.

Approximate depth
of sewer defect

Table 5-17. Measured Hydraulic Conductivity Values for Site 6
Sample Depth (ft.)
Hydraulic Conductivity (cm/s)
10
1.0E-05*
11
1.0E-05*
12
#
13
1.0E-03*
14
2.3E-03
15
2.4E-04
16
1.3E-03
17
1.0E-03*
18
1.0E-03*
19
7.9E-03
20
1.8E-02
21
8.5E-05
22
1.2E-02
23
2.8E-02
24
6.0E-03
* Representative hydraulic conductivity values. Soil too disturbed to test.
# No recovery during soil coring. Sample not collected.

5.6.3

Chemical Test Results

Moisture content and ions concentrations, in the soil cores taken from Site No. 6, are shown
in Figure 5-16. In these figures, dotted line bars represent the concentration of ions or
caffeine in OCSD primary influent wastewater and the stars show the leak depth.
Caffeine and E.coli were detected in most of the soil samples taken below the defect, which
corresponds the observed exfiltration through the defect. Soil sample taken at about 8 ft has
high ions concentration, but this location is above the sewer defect and these values do not
represent exfiltration.
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Moisture contents indicate that soil samples below the defect were not saturated. In this
unsaturated zone, wastewater would not flow along a straight line, but rather through
preferential flow paths or along cracks and voids, and also wastewater and other fluids could
travel up through the soil due to capillary rise. Evaporation then removed the moisture but
left the ions behind in small concentrated pockets.

5.6.4

Test Summary

•

The tested defect, a longitudional crack, exhibits exfiltration.

•

The defect, a hairline crack, exhibits a similar exfiltration rate to the two other
hairline cracks previously tested.

•

The caffeine results support the results of the exfiltration test.

•

The moisture results suggest that the exfiltration volumes are small in comparison to
the natural ground water movement with the high moisture content near the surface
likely resulting from the ½ inch of rainfall 6 days before the test.

•

At this test site E. Coli were found at two separate depths below the defect. This
result is different from those obtained at the other sites, and a ready explanation is not
available.

•

The testing showed that defects in the immediate vicinity of a lateral can be tested,
and, indeed a lateral itself can also be tested, but it will require that the lateral be
temporarily plugged at the clean-out outside the dwelling.
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Figure 5-16. Soil moisture content and chemical results, Site No. 6
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Site No. 7

Site No. 7 is located in a residential neighborhood in northern Orange County. The sewer
runs from a residential street into an adjacent park. The defect tested was a medium offset
joint.

5.7.1 Results of Exfiltration Test – Site No. 7 16 DEC 2004
The purpose of this test was to determine whether or not the defect exhibits exfiltration using
Test Protocol C. The functionality checks revealed that the exfiltrometer was working
properly. The results of the test are shown in Figure 5-17 and Table 5-18.
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Figure 5-17. Exfiltration test results for Site No. 7, 6 in (15.2 cm)VCP on 16 DEC 2004
Locating the defect proved easy. The video camera provided an exceptionally clear view of
the offset joint.
The water depth in the sewer test section was set to 6.4 cm (about 40% full). The exfiltration
test lasted for close to 2½ hr. The defect did not exhibit exfiltration.
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Table 5-18. Exfiltration Rates from 6 in (15.2 cm) Sewer at Site 7 on 16 DEC 2004
Exfiltration Measurement
Exfiltration Rate
Depth of Water
Test (min.)
Volume (L)
L / hr.
Gal / yr.*
at Defect (cm)
6.4
145
< 0.2
< 0.08
< 190
* Assumes sewer water level is at level tested for an entire year
5.7.2

Soil Characteristics

The hydraulic conductivity tests were performed in accordance with the procedure given in
Appendix 3. The results are shown in Table 5-17. The hydraulic conductivity of the soil near
the defect is relatively high.

Table 5-19. Measured Hydraulic Conductivity Values for Site 7
Sample Depth (ft.)

Hydraulic Conductivity (cm/s)

3
4
5 through 11
12
* Representative hydraulic conductivity values.

Approximate depth
of sewer defect

5.7.3

1.0E-07*
1.0E-03*
1.0E-03*
3.6E-04
Soil too disturbed to test.

Chemical Test Results

Moisture content and ion concentration were measured from soil cores taken from Site No. 7
and the results are shown in Figure 5-18. In these figures, dotted line bars represent the
concentration of ions or caffeine in OCSD primary influent wastewater and the stars show
the leak depth.
The caffeine and ions profiles match the expectations laid out by the exfiltrometer. No
exfiltration was observed through the defect in this test site. No caffeine and E.coli was
detected from soil samples at this test site and there is no significant change in ion
concentration and moisture content close to the sewer defect.

5.7.4
•

Test Summary
The tested defect, “Joint Offset, medium” does not exhibit exfiltration. This result is
in keeping with the medium offset joint tested previously at Site No. 3.
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Figure 5-17 shows some fluctuations of the water level in the sewer test section over
the course of the test. The fluctuations are only 1 or 2 mm. The day of the test saw
strong Santa Ana wind conditions (30-50 m.ph), which likely caused the air pressure
in the sewer to fluctuate as the erratic winds changed speed.

Chapter 5 References
Fetter, C.W., Applied Hydrogeology, 4th edition, Prentice Hall, Englewood Cliffs, N.J.,
2001
Watershed and Coastal Resources Division of the County of Orange, 22-Nov-2004,
http://www.ocgov.com/pfrd/envres/Rainfall/data/2004-05/station_121.asp
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Figure 5-18. Soil moisture content and chemical results, Site No. 7
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6. SUMMARY and CONCLUSIONS
The main objective of this project was to develop a methodology to quantify the rate of
exfiltration from defects typically observed in CCTV inspections of OCSD sewer lines. A
device, the Exfiltrometer, was developed to fulfill this objective. The device isolates an
individual defect, and uses a control volume approach to determine the leakage (exfiltration)
rate.
A set of 6" and 8" sewers were selected for testing, based on previous CCTV surveys and
accessibility constraints. These diameters account for the majority of sewer miles in most
collection systems. (The Exfiltrometer would need to be modified in the future to fit larger
diameter sewers). Seven different defects were examined in detail. Exfiltration rates were
measured, and soils adjacent to the defects were also tested for wastewater contamination via
chemical and biological indicators. Hydraulic conductivity was also measured.
In addition to testing of typical defects, soil coring and testing was also performed at an
existing septic tank site. The purpose of the septic tank tests was to verify the bacteriological
and chemical makeup of the soil adjacent to the underground leakage. Results presented in
Chapter 3 showed that caffeine could be detected below up to 10 ft directly below the leach
pit, but did not spread laterally. (The 10 ft represents the maximum possible coring depth
of30 ft below the ground surface). E. Coli were not detected, nor was a significant change in
the inorganic soil chemistry observed.
The Exfiltrometer is envisioned to be used to measure individual defects only. Obviously, it
is not feasible to test all defects in a given system.
The combined results of the defect testing are summarized in Table 6-1 below.
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Table 6-1. Summary of Exfiltration Test Results and Soil Analyses (at ½ full water level)

Refer
ence
Sites

Soil
Type

Hydraulic
Conductivity
(cm/s)

Measured
Exfiltration
(short term)
Rate
(L/hr)

Equivalent
Annual
Exfiltration
Ratea
(gal/yr)

Caffeine

E.
Coli

n/a

Sand

1.0 E -2f

~ 25e

~ 56,000e

Yes

No

BSV

Clay

1.0 E-7

4.2 ± 0.1

9,700

n/a

n/a

Site

NASSCO
Sewer
Defect
Code

Septic
Tank
1b

-----------------------------------------------------------------------------------------------------------------------------------Clayey
NDd < 1,600
No
No
2
FC
3.4 E-4
NDd < 0.7
R
Sand
e
Clayey
g
1.0 E-5
NDd < 0.1
3
JO
NDd < 230
No
No
Silt
u
l
a
r
S
e
w
e
r
s

4A

CL

Clay

1.2 E-5c

0.37 ± 0.2

860

4B

FC

Clay

1.2 E-5c

- 26 ± 0.2

- 60,000

No

No

Infiltrationg

Clayey
1.0 E-3
0.26 ± 0.2
600
Yes
No
Sand
Clayey
1.0 E-3
0.92 ± 0.6
2,100
Yes
Yes
6
CL
Sand
Silty
7
JO
1.0 E-7
NDd < 0.08
NDd < 190
No
No
Clay
a
Assumes sewer is 1/2 full for entire year and the exfiltration rate is constant
b
Not representative of a typical sewer defect. Defect has never been exposed to wastewater
c
Value at a soil depth above the sewer defect. Sample at defect disturbed
d
No exfiltration detected. Minimum detectable flow rete shown (depends on length of test)
e
Estimated from 20 persons @ 20gal/d to three leach pits (one observed to be dry)
f
Typical value from Appendix 9
g
Sites 4A & B located between the same two manholes, but Site 4A was tested before the rainy season
5

CL

Conclusions
1. Quantitative determination of exfiltration from individual sewer defects is feasible, and
the amount of exfiltration can be determined within +/- 0.2 liters per test. If a three hour
test interval is used this corresponds to +/- 0.067 L/hr or +/- 160 gallons per year. For
greater precision, longer tests can be conducted.
2. The test at Site 1 showed the highest exfiltration rate, 4.2 L/hr, or about ten times higher
than observed at the other sites. However, this site is an anomaly. It is located above the
first lateral, so it has not been exposed to any wastewater flow. Clogging of defects by
solids may explain this discrepancy.
3. There is considerable variability in exfiltration rates. Three sites had no detectable
amount of wastewater at the test durations used (the duration varied from site to site due
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to the concurrent development and adjustments of the Exfiltrometer). The other three
sites had exfiltration rates between 0.26 and 0.92 L/hr. (Assuming a steady flow, this
corresponds to 600 and 2,100 gal/yr), while one site showed INfiltration.
4. The variability among sites can be very localized. Site 4A showed exfiltration, while Site
4B showed infiltration, even though the two defects are located between the same two
manholes. The limited development testing did not allow a detailed investigation of this
interesting result.
5. The exfiltration rates summarized in Table 6-1 are probably significantly above the actual
rates occurring at the sites because they are measured at a water level corresponding to
the sewers flowing ½ full. Water levels can be expected to vary throughout the day, but
most of the time sewers were observed flowing less than half full, and water level marks
observed on the inside of the tested sewers showed the maximum water levels mostly to
be significantly below ½ full.
6. The exfiltration rates observed, 0.26 to 0.96 L/hr from the sites showing exfiltration, are
low in comparison to the ASTM exfiltration standard for new sewers. The ASTM
standard allows (Chapter 1) for 4.8 L/hr of exfiltration per 100 ft section of 8 in sewer as
measured by the ASTM method (full, slightly surcharged sewer).
7. It is noteworthy that neither of the two offset joint failures exhibited exfiltration.
Similarly the significant difference in exfiltration rates between Sites 5 and 6 is
interesting, and cannot readily be explained from these preliminary measurements
8.

Inorganic ions were not good indicators of exfiltration as seen from the ion profiles in
Chapter 5. If there is a significant exfiltration from a defect, the expectation would be that
the soil water composition in the vicinity, and below the defect, should be nearly similar
to the sewage composition. However, a similarity was not observed, and this supports the
observed low exfiltration rates.

9. Coliform bacteria, also, were not found to be good indicators of the presence of
exfiltrated sewage. This result corresponds to the EPA reported results from septic tank
studies (Chapter 3), where coliforms were not detected after 2 ft of transport below septic
tank bottoms.
10. Caffeine shows promise of being a good indicator of sewage in soil below sewer defects.
11. Caffeine is present in raw wastewater at about 100 µg/L and can be detected semiquantitatively down to about 0.25 µg per sample (one liter sewage or 10 ml soil water)
after extraction. This means that if the soil moisture was entirely comprised of undiluted
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sewage, it would contain 1 μg caffeine, which is well above the 0.25 μg quantifiable
limit. A ten-fold dilution of the exfiltrated sewage can be detected, but not quantified
(Figure 3-4)
12. The number of sites investigated is too small to draw broad conclusions about the overall
rate of exfiltration in the collection system.
13. The repeatability of the testing, annual variations at individual sites, and the effect of tidal
changes on exfiltration were not included in this development study.
14. The Exfiltrometer can also quantify infiltration, as seen at Site 4B.
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Regional Water Quality Control Board
Exfiltration Monitoring and Reporting
Program R8-2002-0014

Appendix 2
Exfiltration Test Protocol

A2-1

Exfiltration - Test Protocol A
Before placing the exfiltrometer in the sewer, its functionality is tested. Both plugs are
inflated to 15 lb/in2 in order to check for air leaks. The downhole pressure transducer is
placed in a cup of water to see if it responds to the change in pressure. The controller
module is set to pump water from the reservoir when the pressure transducer is removed
from the cup of water. The pressure transducer is removed from the cup of water to see if
the controller switches the reservoir’s pump on.
Prior to the test, a rope is run through the sewer between the two manholes on either end
of the sewer containing the defect. The sewer line is cleaned (jetted with pressurized
water) with professional sanitation equipment as the rope is fished through the sewer.
Jetting the sewer helps remove any debris (plastic bags, peach pits, etc.) that might
contribute to errant test results. For example, if a plastic shopping bag were to find its
way underneath one of the exfiltrometer’s inflatable plugs before inflation, the plug
might not seal correctly. If a bag were to be lodged between the downstream plug and the
sewer pipe, water from the test section could leak out and exaggerate exfiltration. If a
bag were to come between the upstream plug and the sewer pipe, sewage could
potentially leak into the test section, possibly allowing one to believe there is infiltration,
rather than exfiltration, at the defect.
Before the exfiltrometer is fished through the sewer, masking tape is applied to its
umbilical cord in order to provide a visual cue as to when the exfiltrometer is near the
defect as it is being pulled through the sewer. The distance from the manhole of origin to
the defect is known ahead of time and the masking tape is applied to the umbilical cord
approximately the same distance from the center of the exfiltrometer.
After attaching one end of the rope to the free end of the exfiltrometer (the plug without
the attached water and air lines; sensor and mulitconductor cables), the exfiltrometer is
fished through the sewer to the defect. With the aid of the exfiltrometer’s waterproof
video camera and the masking tape on the umbilical cord, the exfiltrometer is positioned
appropriately at the defect—with an inflatable plug on either side.
Once the exfiltrometer has been positioned in the sewer at the defect, the upstream plug is
inflated. After the upstream plug is inflated to 30 lb/in2 and any remaining wastewater
has drained out of the test section, the downstream plug is also inflated to 30 lb/in2 The
test section is now sealed on both ends. The upstream plug, inflated to 30 lb/in2, will
resist about 15 ft of head of upstream wastewater back-up. The downstream plug resists
flow of water out of the test section.
After the plugs have been inflated, the controller is set to maintain a specific water level
in the downhole test section. A typical starting depth might be between 1 and 2 inches.
If there is exfiltration through the defect, water leaves the test section through the defect.
The controller then pumps water from the reservoir into the test section in order to

A2-2

maintain the set water level. Over a period of time, the exfiltration rate of the defect is
determined by profiling the reservoir’s change in volume over time. The water level can
be changed to any depth at any point to initiate a new test. A deeper water level may
involve more of a specific defect, causing a greater exfiltration rate. A deeper water level
also exposes a defect to greater hydrostatic pressure, thereby potentially increasing the
exfiltration rate.

Exfiltration – Test Protocol B
Test Protocol B is identical to Test Protocol A, aside from utilizing a more thorough
functionality test of the exfiltrometer. Please refer to Test Protocol A for the remainder
of the test procedure.
Before placing the exfiltrometer in the sewer, its functionality is tested. A clear
polycarbonate tube, 8 ft in length and 5 inches in diameter, is brought along to the test
site for this purpose. The exfiltrometer is pulled into the middle of the tube, where there
is a valve used to simulate a sewer leak (exfiltration). The inflatable plugs are inflated to
30 lb/in2.
The controller is set to maintain a water level in the test section between 2 and 3 inches
and begins pumping water from the reservoir to the test pipe’s test section. When the test
section’s water level has stabilized at the set level, the height of the water level in the
reservoir is measured with measuring tape and noted. The depth level reading from the
reservoir’s pressure transducer is also noted. The valve used to simulate a sewer leak is
then opened. The flow from the valve is collected in a graduated cylinder.
When the graduated cylinder is full, its volume is compared to the change in volume of
the reservoir. First, the new height of the water level in the reservoir is measured with
measuring tape. The change in height is determined and, from the known geometry of
the cylindrical reservoir, the change in volume is calculated. Secondly, the new depth
measured by the reservoir’s pressure transducer is noted and the change in depth is
determined. The volume change is then calculated from this data. The volume contained
in the graduated cylinder should be the same as the two computed reservoir volume
changes.
In addition to being executed before the exfiltrometer is placed into the sewer for
exfiltration testing, the functionality test described is executed again after the
exfiltrometer has been pulled out of the sewer.

Exfiltration – Test Protocol C
This protocol is identical to Test Protocol B, aside from a few variations.
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In Test Protocol B, functionality checks are conducted before and after an exfiltration
test. The functionality checks compare the volume of water collected in a pitcher from a
simulated leak in a simulated sewer (plastic tube) to the volumes associated with the
change in the reservoir’s water level. The change in water level in the reservoir is
measured two ways: 1) with a tape measurer and 2) using the water-depth sensor in the
reservoir. It is the goal of the functionality check to see if these volumes closely agree.
Utilizing Test Protocol B, sometimes there was a significant difference between the
volume captured in the pitcher and the volumes predicted by the water level change in the
reservoir. Test Protocol C addresses these discrepancies.
There can be a greater or lesser volume captured in the pitcher (compared to the volumes
predicted by the reservoir water-level change) depending upon the water level in the
sewer (calibration test pipe) and the imprecise volume of water delivered from the
reservoir. If, for example, the water level in the sewer was set to 5 cm, the controller
might pump water from the reservoir after the sewer level has fallen 0.2 cm to 4.8 cm.
Because the reservoir’s delivery of water to the sewer is imprecise, when finished, the
sewer water level might, for example, be 5.2 cm or less—4.9 cm. If the water level was
5.2 cm, the pitcher would collect the volume associated with 5.2 – 4.8 cm = 0.4 cm
before the pump would turn on again. The pump may then only deliver enough water to
raise the level to 4.9 cm. This cycle would put more water in the pitcher than that
delivered by the reservoir. Conversely, if the water level in the sewer were 4.9 cm to
begin with, the pitcher would only collect the volume associated with 0.1 cm once it fell
to 4.8 cm. At this point, the reservoir could deliver more water than necessary to fill the
sewer back up to 4.9 cm. In this case, the volume caught in the pitcher would be less
than that delivered from the reservoir.
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Hydraulic Conductivity Methodology
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Appendix 3 – Hydraulic Conductivity Measurement Method
The equipment utilized to measure hydraulic conductivity is called a permeameter. There
are two types of permeameters, constant-head and falling-head. The goal is to design a
permeameter such that it will be able to function as either a constant-head or falling-head
permeameter.
The constant-head method is used for soils with relatively larger grains, such as sand. The
falling-head method is used for more cohesive soils with smaller grains and lower
hydraulic conductivities, such as clay. For the constant-head method, water is passed
through a saturated sample. Water is continuously supplied, and the overflow mechanism
allows the hydraulic head to remain constant. For the falling-head method, a falling head
tube is attached, and water is passed through a saturated sample. This time, however,
water is not supplied continuously. The initial head level is marked, and after time, “t”
has passed, the new head is recorded.
According to Applied Hydrology, by C. W. Fetter (Pearson Education, 2001),
measurement of hydraulic conductivity is based on Darcy’s Law:

Qt = −

KAt (h A − hB )
L

For the constant-head method, two modifications are utilized to enable the use of
convenient measurement.
1. V for Qt
2. h for − (h A − hB )
where L is the length of the sample (cm)
A is the cross-sectional area of the sample (cm2}
h is the hydraulic head (cm}
K is the hydraulic conductivity (cm/s, or L/hr/cm2}
t is the time (s}
Thus, the resulting formula is:
VL
Ath
where, V is the volume of water discharged in time (L}
K=

For the falling-head method, the volume of water drained from falling head tube and the
volume of water discharged from the sample are equivalent.
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dh
dt
KAC h
=
L

1. q in = − At
2. q out

Setting these two variables equal to each other results in the following expresion

− At

dh KACh
=
dt
L

A 1
dh
= − K C dt
At L
h
A 1
⇒ ln h − ln h0 = − K C t
At L

⇒

Rearranged, the final equation is:
K=

d t2 L h0 where dt is inside diameter of the falling head tube
ln( )
dc is inside diameter of the sample tube
d C2 t
h
ho is initial hydraulic head level
h is final head level after time
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Design
Two brass manifolds are connected, and 8 glass tubes are attached to the connected
manifolds via brass quick-connect fittings (Figure 1).The glass tubes serve as falling head
tubes. At the end of each manifold, a valve is connected. These valves serve as an inlet
and an outlet for the water supply. The manifolds, with all attachments, are fastened to a
frame. The outlet is connected to a drain and the inlet valve is connected to a rubber tube
connected to an overflow reservoir, if the constant-head method is used, or directly to the
water source if the falling-head method is used. A soil sample is prepared by inserting
porous stones, springs, and plugs into both sides of the sample (Figure 2). A maximum of
8 samples can be tested at a time. Using plastic fittings, the plastic hoses are connected to
the falling head tubes, and then to one side of a soil sample. The other side of the soil
sample is connected to another plastic hose, which is then connected to a graduate
cylinder in order to measure the discharge volume.

Overflow

Water
outlet

Water inlet
Valves for each sample
Falling head
tubes
Overflow
tube for
constanthead

Water outlet
from soil sample

Sample
Water supply

Graduate cylinders
measure the discharge

Water inlet for
soil sample

Figure A3-1. The front view of the permeameter.
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Process
6.1 Constant-head method
1.
2.
3.
4.
5.
6.
7.
8.
9.

The soil sample is saturated.
Porous stones are inserted into both sides of the soil sample.
Plugs are inserted into the both sides of the soil sample.
The soil sample is set up on the stand.
The inlet and the outlet hoses are attached.
The permeameter is filled up with water.
The water flow is set such that water is barely flowing out of overflow.
The beginning time of the test is recorded.
Measure the length of the sample and the hydraulic head of the sample. Sample
tube is identical for all samples, as thus, the cross-sectional area is the same for all
samples.
10. After time “t,” record the discharge volume, “V.”
11. The hydraulic conductivity is calculated based on the formula shown previously.

Soil sample

Springs are inserted
between plugs and
porous stones

Plug

Porous stone
Figure A3-2. An example of a soil sample.
6.2 Falling-head method
1. Steps1 through 6 are identical to the constant-head method shown above.
2. The water supply is turned off.
3. The length of the sample, “L,” and the initial head, “ho” are measured
4. After time “t,” measure the final head, “h,” is measured.
The hydraulic conductivity is calculated based on the formula shown previously.
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Appendix 5 Ion chromatography results
In this study, an ion chromatograph (Dionex DX-120) with an AS14 column was used to
measure the concentration of anions in soil and wastewater samples. A sample of ion
chromatograph for a soil sample taken from Site #5 is shown in Figure A5-1. Peaks1 through
3 correspond to chloride, nitrate, and sulfate, respectively.
1

3

2

Figure A5-1 Ion chromatograph result- Site #5, Soil P1-11
Standard curves were used to calculate ion concentrations in each sample. Ion concentration
values for one soil sample (Site #5, soil P1-11). Are presented in Table A5-1

Table A5-1 Ion concentration Site #5, Soil P1-11
Moisture Content Cl
NO3
Sample
Percent
mg/l Soil moisture
P1-11
12
702
55

SO4
2067

A sample of ion chromatograph for OCSD primary effluent wastewater is shown in figure
A5-2.
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3

1

6

2

4

5

Figure A5-2 Ion Chromatograph- OCSD Primary Effluent Wastewater
Peaks1 through 6 correspond to acetate, fluoride, chloride, nitrate, bromide, and sulfate,
respectively. Ion concentration values for an OCSD primary effluent sample are summarized
in Table A5-2.
Table A5-2 Ion concentration results-OCSD
wastewater
Mg/L
Sample
Wastew
ater

F

Cl

NO3

SO4

3

248

1

445
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Analysis of Caffeine in Soils
Adjacent to Sewer Defects

Water Quality & Treatment Laboratory, UC Irvine

OCSD Exfiltration Study

Appendix 6 Caffeine Extraction
1

Chemicals and standards

Liquid-liquid extraction was performed with methylene chloride, and the extracts were dried
and re-dissolved in HPLC solvent (a mixture of water and acetonitrile, 75 and 25%
respectively). The HPLC was run with a varying solvent composition, starting with 75/25 %
water/acetonitrile and ending with a 100% acetonitrile. All the chemicals used were HPLC
grade. Acetonitrile was obtained from Omnisolv. Ethyl acetate and methylene chloride were
obtained from Fisher Scientific and caffeine powder was obtained from Aldrich Sigma.
In this project, internal standards were used in analyses of liquid samples.
In soil samples, because of the long extraction times required (12 hr) for caffeine extraction
and limitations to divide small volume of extracts, direct external standards were used.
Caffeine extracted from soil samples using Soxhlet extraction with ethyl acetate as solvent.
In liquid-liquid extraction, internal standard was added before the extraction step. Three
internal standards were tried to test for percent recovery in extraction. The internal standards
used were theophyline (1,3-dimethylxanthine, C7H8N4O2), 1,7-dimethylxanthine, and
caffeine. Percent recovery of theophyline and 1,7-dimethylxanthine were lower than caffeine.
As a result caffeine was used as an internal standard.

2

2.1

Caffeine extraction

Liquid-solid extraction

In soil samples, organic compounds were extracted from wet soil using Soxhlet extraction
method (EPA method 3540C). A Soxhlet extraction unit with 250 mL flask capacity and 80
mm H x 33 mm OD thimbles was used. Caffeine was extracted from 50 g of wet soil for 12
hr with 100 mL of ethyl acetate as solvent. These extracts were evaporated to dryness
followed by re-dissolving into 5 mL of water- acetonitrile (HPLC solvent) solution. Caffeine
standard solutions were made with different concentration levels of caffeine in DI water. All
standards were evaporated to dryness followed by re-dissolving into 5 mL HPLC solvent.
Samples were injected into HPLC/MS.
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Sample calculation and graphs for liquid-solid extraction

This test was done to evaluate the test method. Soil sample was washed and dried in oven
overnight. 10 mL of caffeine solution (100 μg/L DI) was added to 50 g dry soil and mixed.
Caffeine was extracted from 50 g wet soil using Soxhlet extraction method for 12 hr. Extracts
were evaporated to dryness followed by re-dissolving into 5 mL HPLC solvent. Samples
were filtered and injected into HPLC. Moisture content was measured and the result is given
in table A6-1. HPLC/MS analysis graph is shown in figure A6-1 and peak 1 is the caffeine
peak.
Table A6-1 Moisture Content- Soil Saturated with Caffeine Solution

Sample
Soil

Pan
0.9771

Pan +soil Pan +soil
Dry soil
(wet)
(dry) Wet-Dry
(g)
7.1571 6.1048 1.0523 5.1277

%Moisture
content
21

mL
water in
50 g wet
soil
10.3

Water Content= [pan + soil (wet)] – [pan + soil (dry)]
Dry soil (g) = [Pan + soil (dry)] – (pan)
% Moisture Content = 100 x (water content)/ [Dry Soil (g)]
Based on calculated moisture content, volume of caffeine solution in 50 g wet soil was 10.3
mL.
Caffeine Peak
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Figure A6-1 HPLC/MS Graph- Caffeine Peak in Soil Sample
To make up caffeine standard, 0.5, 1, and 2 mL of caffeine solution (100 μg caffeine/100 mL
DI water) were evaporated to dryness followed by re-dissolving into 5 mL HPLC solvent. All
samples were injected into HPLC/MS. Caffeine standard curve is shown in Figure A6-2.
Based on this graph, caffeine concentration in soil sample is about 0.85 μg/50 g wet soil,
which corresponds to 10.3 mL soil-water. Based on this result, percent recovery in liquidsolid extraction was 85 percent.

Peak Area

Caffeine Standard Curve- Low Concentration
140
120
100
80
60
40
20
0
0

0.5

1

1.5

2

2.5

Concnetration (ug / 5 mL HPLC solvent)

Figure A6-2 Caffeine Standard Curve
2.2

Liquid-liquid extraction

In liquid samples, organic compounds, including any caffeine, were extracted from 250 mL
of sample by liquid-liquid extraction (modified EPA 553) with methylene chloride as
caffeine solvent.
Caffeine concentration was measured in primary effluent wastewater samples from Orange
County Sanitation District’s (OCSD) wastewater treatment plant. For each test a one-liter
liquid sample was divided into four parts (250 mL each). Three parts were spiked with
known concentration of caffeine solutions as internal standards and one part left unspiked.
Caffeine was extracted from all four parts using 180 mL of methylene chloride, as solvent. In
the liquid-liquid extraction method, ethyl acetate cannot be used as a solvent so methylene
chloride, which has higher density than wastewater, was used. All the extracts were
evaporated to dryness followed by re-dissolving in 5 mL HPLC solvent as the final solvent.
All of the final solvents were filtered and injected into HPLC/MS. Caffeine concentration
was also measured at three different wastewater treatment plants in Orange County. Average
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caffeine concentration in primary effluent in Plan #1 was 79 μg/L, in Plant #2 was 97 μg/L,
and in Plant #3 was 211 μg/L.

2.2.1

Sample calculations for Caffeine extraction from OCSD wastewater

Caffeine peaks for OCSD primary effluent wastewater and three spiked samples are shown in
Figure A6-3. Peak number 1 is the caffeine peak for wastewater; peak numbers 2 through 4
are caffeine peaks for wastewater plus 10, 50, and100 μg/L caffeine spikes, respectively.
Caffeine standard curve is shown in figure A6-4.

1

2

3

4

Figure A6-3 HPLC/MS – Caffeine Peaks for OCSD Wastewater and Internal Standards

From caffeine standard curve, Figure A6-5, caffeine concentration can be calculated for
wastewater sample. Caffeine concentration for this wastewater sample is approximately 82
μg/L.
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Figure A6-4 Caffeine Standard Curve for Wastewater Analysis

3

Analytical Repeatability

For liquid-solid extraction, replicating soil samples were assessed to determine the accuracy
of the test method. Five soil columns (Diameter = 4.2 cm and Height = 8 cm) were saturated
with OCSD primary effluent wastewater sample. Average moisture content measured was
20%. Caffeine was extracted from these soil samples. The mean value of caffeine
concentration was 40 μg /kg dry soil and 162 μg /L soil water, with the standard deviation 7
μg /kg and 27 μg /L, respectively. The values for five soil samples are shown in Table A6-2.
Table A6-2 Caffeine ConcentrationSoil Samples Saturated with OCSD Primary Effluent
Sample

Caffeine

Caffeine

µg/kg dry soil

µg/L soil water

S1

34

135

S2

45

180

S3

47

190

S4

32

130

S5

44

175

Mean =

40

162

Standard deviation =

7

27
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The accuracy of the test method for liquid-liquid extraction was assessed through measuring
matrix spike recoveries and replicating sample testing. Caffeine concentration was measured
in four OCSD primary effluent wastewater samples. The mean value was 78 μg/L with the
standard deviation of 20 μg/L. Table A6-3 shows the values for four wastewater samples.
Percent recovery in liquid-liquid extraction was 75%.
Table A6-3 Caffeine Concentration- OCSD Primary Effluent
Caffeine

4

Sample

µg/ l

Wastewater 1

52

Wastewater 2

80

Wastewater 3

82

Wastewater 4

100

Mean

78

Standard deviation =

20

Minimum Detection Limit (MDL) in HPLC Analysis

The minimum detection limit (MDL), based on the U.S. EPA definition, is “the minimum
concentration of a substance that can be measured and reported with 99% confidence that the
analyzed concentration is greater than zero and is determined from analysis of a sample in a
given matrix containing the analyzed".
In EPA method #553, lowest caffeine concentration that can be measured is about 3 μg/L.
With modifying this test method in our laboratory, we were able to lower minimum detection
limit to 0.25 μg caffeine. In Figure A6-5 a caffeine peak is shown for a solution with 0.25 μg
caffeine in 5 mL HPLC solvent. A caffeine concentration, below 0.25 µg/ 5 mL HPLC
solvent, either extracted from one liter wastewater or 50 g soil, is detectable, but is not
quantifiable.
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Caffeine Peak

Figure A6-5 HPLC/MS graph- Caffeine Peak (0.25 ug)
Caffeine standard curve in low concentration is shown in Figure A6-6. The standard curve is
reasonably linear but work is continuing on improving the minimum detection limit. A new
HPLC/MS-MS system with enhanced sensitivity will be installed and used in our
experiments.

Peak Area

Caffeine Standard Curve- Low Conc.
160
140
120
100
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0
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0.4
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Caffeine (ug/ 5 ml HPLC solvent)

Figure A6-6 Caffeine Standard Curve- Low Concentration
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Appendix 7 – Methodology for Testing Soil for the Presence of Coliform Bacteria
This test protocol is used to find bacteriological traces of wastewater in soil.
Approximately 20 to 30 g of each soil sample is placed in a small disposable cup. From
this cup, 2 to 10 g of soil is transferred to a sterilized 150 mL beaker. 50 mL of a sterile,
phosphate-buffered solution is added to the beaker and the beaker is placed on a stirring
table at 140 rev/min for 30 min. After the beakers have been on the stirring table for 30
min, they are removed and the suspended soil particles are allowed to settle.
The 5-15 g of the soil that remains in the disposable cup is transferred to an aluminum
dish of known mass. The soil and dish are then weighed with a digital scale. The soil
and dish are placed in an oven at 103 °C for 24 hr. The mass of the dried soil and dish is
then determined by weighing on the same scale that was used in the previous step. The
change in mass is the moisture content of the soil that has evaporated. The soil moisture
content is determined as follows:
% Soil Moisture =

( mass of soil and dish, wet ) − ( mass of soil and dish, dry )
x100
( mass of soil and dish, wet ) − ( mass of dish )

The phosphate-buffered solution (PBS) is utilized to liberate bacteria that naturally clings
to negatively charged soil particles. The ions in the PBS have a stronger attraction for the
negatively charged soil particles and tend to replace the bacteria at their attachment
points to the soil. The result is more bacteria being freed into solution, which allows their
enumeration by the U.S.EPA Standard Method 10029--bacteriological test for drinking
water. The PBS has the following constituent concentrations: NaCl (8.0 g/L), KCl (0.2
g/L), Na2PO4 (1.15 g/L), and KH2PO4 (0.2 g/L).
U.S.EPA Standard Method 10029 is designed to determine the number of Escherichia
and total coliform bacteria per unit volume of solution. While the method is approved by
the U.S.EPA for drinking-water tests, it was also designed for use with solutions with
higher concentrations of coliform bacteria, such as raw wastewater.
Escherichia coliform (E. coli) is the species of primary interest for this study because it is
frequently present in abundant numbers in untreated wastewater. E. coli is found in the
intestinal tracts of warm-blooded animals and is shed with stool upon defecation. A
typical concentration of E. coli in domestic wastewater is 100,000 organisms per 100 mL
of wastewater. Because of its abundance, the presence of E. coli is a good indication that
wastewater is present in soil.
Standard Method 10029 utilizes a vacuum-filtration device (Figure 1). An appropriate
amount of solution is drawn through a sterile pipet and dispensed onto a 47-mm diameter
cellulose filter. The filter’s maximum pore size is 45 μm, which does not allow E. and
total coliform to pass through. Once the solution in the pipet is dispensed onto the filter,
a valve is opened that introduces a vacuum to the underside of the filter. The pressure
differential across the filter causes the solution to be driven through the filter, leaving the
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filter essentially dry, with any solids, including the bacteria of interest (if present), left on
the filter.

Figure A7-1. Vacuum-filtration manifold used with 47-mm cellulose filters.

The absorbent pad of a 50-mm Petri dish is saturated with 2 mL of nutrient broth (mColiBlue24, made by the Hach Company). The filter is then placed upon the pad in the
Petri dish. After the filter is placed on the absorbent pad, the lid is placed on the dish and
the dish is turned upside down. The turning allows gravity to feed the filter with nutrient
broth. The Petri dish is then placed in an oven at 35 ± 0.5°C for 24 hr. This sequence of
steps is shown in Figures 2a-2d.

Figure A7-2a. Dispensing nutrient broth onto
absorbent pad.

Figure A7-2b. Placing filter into Petri dish
with sterile forceps.
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Figure A7-2c. Placing lid on Petri dish.

Figure A7-2d. Petri dish is turned upside
down before being placed in oven.

At the end of the 24-hour incubation period, if coliform bacteria are present, they show
up as blue (E. coli) and red (total coliform) dots. Each dot represents one organism that
has, throughout the 24-hour period, replicated itself to the point where the colony it has
formed is visible.
In Standard Method 10029 it is recommended that the solution passed through the filter
should yield 20 to 80 organisms per filter. If there are more organisms, the colonies tend
to blend together, making them more difficult to enumerate. An example of a population
density unsuitable for enumeration is shown in Figure 3a. For this sample, undiluted
primary effluent (untreated wastewater that’s been through a clarifier) from the Irvine
Ranch Water District’s treatment facility has been run through the filter. A population
density that lends itself well to accurate enumeration. Is presented in Figure 3b.
Once the bacteria have been enumerated, their concentration, per unit soil, is
determined. For example, if 18 E. coli bacteria were counted on a filter that had 5 mL of
soil/buffered solution passed through it and the mass of the soil in the soil/buffered
solution is 3.463 g, the E. coli concentration would be:
18 E. coli bacteria
= 52 E. coli
gm soil
⎛
⎞
5 mL solution used
( 3.463 gm soil ) ⎜
⎟
⎝ 50 mL of total solution in bea ker ⎠
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Figure 3a. Filter
indicating
presence of
Escherichia and
total coliform
bacteria. The
population density
is too high to
enumerate
individual colonies
accurately. The
square shape is
atypical. The dye
that forms the grid
on the filter may
have formed a
dam for the
wastewater
sample—
preventing it from
spreading out
more randomly
across the filter.

Figure 3b. Filter
indicating presence
of Escherichia and
total coliform
bacteria. The
population density,
while slightly higher
than the
recommended 20-80
colonies per filter,
lends itself well to
accurate
enumeration.
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Appendix 8

Rainfall Records for
July 2003-March 2005

0.07R
27.08R
39R

0.00
0.00
0.00
0

Aug

0.02
0.31
0.54
3

0.22

2.20
0.24

0.25
3.25
7.74
7

0.31

0.01

Nov

1.00
0.17
0.15
3.25
0.73

Oct

0.08
1.53
2.61
5

0.48
1.53
0.10

0.08

0.42

Dec

0.28R
4.59R
8.64R
10R

0.18

0.04
0.02

4.59
1.70

R
R
R

0.60
0.47
0.09

0.06
0.89

Jan

0.23
1.58
6.52
8

0.38
0.88
0.88
1.58
0.69

0.55
1.46

0.10

Feb

0.03
0.62
1.03
6

0.03

0.62

0.16
0.04

0.02
0.16

Mar

0.00
0.00
0.00
0

Apr

Note:Period times are 8:00 AM Pacific Standard Time

Cooperative Observer Rainfall Data
Year to Date: Annual Daily Precipitation Accumulations

------------------ Notes ------------------All recorded data is continuous and reliable
except where the following tags are used...
R ... Rainy Day in accumulated period
All Totals are in Inches
Figures refer to period ending 800 hours.

0.00
0.00
0.00
0

Sep

Santa Ana - Sta. 121
Rainfall in Inches, Daily

http://www.ocgov.com/pfrd/envres/Rainfall/data/2004-05/station_121.asp (1 of 2)4/14/2005 12:30:52

Annual Mean
Annual Total
Tot. Wet Days

Summaries
---------

Mean
Maximum
Total
Wet Days

0.00
0.00
0.00
0

Jul

Day

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

SANTANA
11.01
2004/05

Site
Variable
Year

Output 03/31/2005

Annual Precipitation Table

0.00
0.00
0.00
0

May

Site
Year

0.00
0.00
0.00
0

Jun

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Day

SANTANA
2004/05
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Orange County, Santa Ana Raingage Data

2003-2004 Season Rainfall Data
Station: Santa Ana, PFRD Station #121
Last Update: 06/30/2004
Observation Time: 8:00 AM
Observer: OCPFRD
DAY
1

JULY AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN

0.36

1

0.48 0.58

2

0.27 0.75 0.09

3
4

DAY

2
3

0.08

4

5

5

6

6

7

0.05

7

8

0.10

8

9

9

10

10

11

11

12

0.01

12

13

0.35

13

14

14

0.13

15
16

15

0.02

16

17

17

0.13

18
19

0.31

18
19

20

20

21

21

22

0.45

22

23

0.85

23
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Orange County, Santa Ana Raingage Data

24

0.02

24

25

0.08

25

26

0.45

2.54

26

27

27

0.10

28

28

0.06

29

29

30

30

0.15

31

31

0.21 0.00 0.00 0.00 0.82 0.83 0.37 4.90 0.57 0.71 0.00 0.00 TOTAL

TOTAL

Season Total 8.41
-- Legend -A - Estimated
NR - No Record
D - Date Uncertain
P - Included in Following Total

C - Incomplete
B - Partially
Estimated
T - Trace

Remarks:

A8-3
http://www.ocgov.com/pfrd/envres/Rainfall/data/2003-04/station_121.asp (2 of 2)4/14/2005 12:35:32

Appendix 9
Representative Hydraulic Conductivity
Values for USGS Soil Classifications

Table B-3 is from the following paper:
J. A. Connor, R. L. Bowers, S. M. Paquette, C. J. Newell, July, 1997, “Soil
Attenuation Model for Derivation of Risk-Based Soil Remediation Standards,”
Groundwater Services, Inc., Houston, Texas (713) 522-6300

References the above authors used to construct Table B-3:
Freeze, R.A., and J.A. Cherry, 1979, Groundwater, Prentice-Hall, Inc.,
Englewood Cliffs, NJ.
Rawls, W.J., and D.L. Brakensiek, 1985, "Prediction of Soil Water Properties for
Hydrologic Modelling", in Proceedings of Symposium on Watershed
Management, pp. 293-299, ASCE, New York.

APPENDIX B
Advisory Group Information and Lists

MEMORANDUM
Date:

September 28, 2005

Subject:

WDR Leakage Methodology Advisory Group

The Project Team requested that an Advisory Group be constituted for the purpose of providing
overview, guidance, and commentary on the scope and findings of the project in an informal
setting. The Advisory Group was made up of representatives from OCSD, the Steering
Committee, University of California, Brown and Caldwell, staff of the Santa Ana Regional Board
and Los Angeles Regional Board, staff from the County of Orange and Orange County Health Care
Agency, and EPA Region 9.
The Advisory Group convened on two occasions and met with the Project Team, in March of 2004
and again in March of 2005. The meetings lasted approximately four hours including lunch. An
exchange of information took place during the meetings.
The Project Team felt that the project benefited from the comments and suggestions offered by the
Advisory Group.
The first meeting of the Advisory Group was held on March 4, 2004 on the UCI Campus. A copy
of the meeting agenda, sign-in sheet, and Powerpoint presentation are attached.
The second meeting of the Advisory Group was held on March 14, 2005 on the UCI Campus. A
copy of the invitation list, sign-in sheet, meeting agenda, and Powerpoint presentation are attached.

BC Memo 5.doc

AGENDA - PROGRESS MEETING
SEWER SUBSURFACE LEAKAGE METHODOLOGY
UCI CAMPUS, IRVINE, CALIFORNIA
THURSDAY, 04 MAR 2004, 10 AM
Room 3161, Engineering Gateway (Bldg #321):
1. Welcome and Introductions – 10 min. (sign up sheet needed)
2. Background Information on WDR Order R8-2002-0014 (NA) – 10 min.
3. Status of Research Project (SE & JS) – Literature Research, ASTM allowed leakage, field
research
4. Description of Exfiltrometer (AC)
Room 808, Engineering Tower (Bldg #303):
5. Walk to Laboratory and demonstration of Exfiltrometer (AC)
Room 3161, Engineering Gateway (Bldg #321):
6. Preliminary Flow Exfiltration Results (to date) (AC)
a) Tustin site (no prior flow in sewer)
b) UCI Tennis Courts site (minimal flow in sewer)
c) Midway City SD site (B-2)
d) Midway City SD site (B-3)
7. Chemical test results from the two (B-2 and B-3) sites in Midway Cities (PA)
8. Caffeine as a possible tracer (PA)
9. Fatty acids in soil extracts as a possible indicator of exfiltration (JS)
10. Outline of work till completion of this phase (30 JUN 04) (SE & JS)
11. Outline of next phases – funded by OCSD area WDR effort:
a) For WDR compliance - Develop statistical information of possible exfiltration and link to
NASSCO PACP defect coding (type of failure, types and age of sewers, soil at sewer
failure)
b) Non WDR mandated research (Unfunded):
Develop a model to estimate from a) the typical TMDL from sub-surface discharge from
sanitary sewers and septic systems to the ground water basin below a typical watershed.
Leakage from storm drainage pipe joints and defects and private property sanitary
sewers are not studied at this time.
12. Adjourn at 2:00 PM

Subsurface Discharge
Reporting Methodology

Why do We Need to
Estimate Leakage from
Sanitary Sewers?

for the
Orange County Sanitation District
4 March 2004

Requirement of the WDR to
Develop Methodology
“The discharger shall report SSOs resulting from pipe
breaks, leaking sewer pipes and joints, and other
subsurface discharges of sewage as part of the
SSMP, based upon a methodology developed by the
Steering Committee. Subsurface discharges of
sewage, that reach the ground surface, shall be
reported immediately in accordance with C.1,
above.”
— WDR page 6, par 8

How to Estimate Leakage
1.

Understand allowable leakage in new
construction

2.

Define the defects that cause leakage

3.

Define representative leakage rates
from a sample of defects and good
pipes

Other Concerns
 Migration
 Impacts

of bacteria

to groundwater?

Historical Data on Types of
Sanitary Sewer Defects


Literature search for previous estimates /
methodologies



Analyze OCSD database of repairs

1

Literature Estimates of Sanitary
Sewer Leakage






Summary of Repairs OCSD
(District 7, 1995–1999)

Rauch and Stegner (1994) – studied defect in a
laboratory setting, found rapid clogging of fill
around the leak in the pipe

Pipe

Misc.

25%

13%
8%
5%

Ellis, et. al. (2002) – studied effects of sediments
on sewer exfiltration and repeated Rauch and
Stegner results
US EPA (2002) – examined septic system design
criteria and defined a short bacteria migration
distance in some geological media environments

Joint

Joint Defect Type Totals
with Light Roots

1493

8

with Medium Roots

614

Separated

8

with Moderate Offset

303

Major Corrosion

5

with Heavy Roots

272

Cracked

4

Exposed Aggregate

482

Grease

62

Exposed Rebar

267

Reverse Set-up

24

Discoloration Debris

259

Erosion

15

Protruding Tap

10

with Infiltration

79

with Slight Offset

2

Icicles

125

with Severe Offset

77

Misaligned

1

Corrosion

122

Open Code 1

12

Discoloration Grease

102

Roots in Joint, Light

10

Pipe Defect Type Totals
378

with Grease

with Sag

221

Liner

49%

Miscellaneous Defect Type Totals

with Mineral Deposits

with Circular Crack

Root

Example of Pipe Fracture
13

with Piece Missing

9

Roots in Service, Moderate 131

with Deposits

8

Roots in Service, Severe

123

with Hole

5

Roots in Service, Light

117

Collapsed

4

with Longitudinal Crack

87

with Corrosion

3

Broken

46

Roots in Crack

3

Cracked and Quartered

16

with Open Crack

2

2

Example of Intruding Roots
at the Joint

How to Measure Leakage Rates
from Sewer Pipes?


ASTM Method – flood sewer and monitor water
level decline in manholes (does not indicate
which defects require repair)



Fell Electroscan – measures electro-conductance
that is related to defect aperture area



Direct Measurement – isolate the defect and
measure water loss (UCI / OCSD approach)

What Does the Exfiltrometer
Look Like?

Exfiltration Liquid

Test of Pipe Crack at End of Sewer above First Lateral
Tustin
Soil Condition: Dry Cracked Sandstone

Elevation of Stand Pipe (feet)
6

Water Elevation (feet)
4

3.5

0.4 ft (4.8 inches)

5

Test of Pipe Crack inregular (low flow) Sewer
UCI Soil Condition: Moist

0.166 ft (2 inches)

3
4

2.5

3

2

0.25 ft

0.02 gpm
1.22 gph
29 gpd

2
1

Stand Pipe

1.5

0.08 gpm
4.9 gph
118 gpd

1

Sewer Elevation

0.5

0

0
0

50

100

150

200

Time (minutes)

250

300

350

400

0

10

20

30
40
Time (minutes)

50

60

70

3

How to Estimate Impact to
Adjacent Soils?


Relate the estimates of exfiltration to actual
bacteria measurements in soil



Examine indicator chemicals as a signature
of water migration from sewer defects


Ions (chloride, nitrate, TDS)



Chemicals (caffeine)



Organics (TOC)

Soil Core from Near Defect,
OCSD

Boring to
Collect Cores
for Soil
Analyses

Alignment of Test Data to the
Sewer Line


Conduct sufficient leakage tests



Link test results to


NASSCO PACP CCTV



FELL electroscan data



Develop defect specific possible leakage rates



Utilize GIS techniques to display sewer system
defect info and repair priorities

Remaining Work in Phase Ia

Remaining Work in Phase Ib

Conduct 4 Exfiltration Tests:

Investigate non-conventional Tracers
to assess extent of Exfiltration

Two in Westminster Area
Sandy-silty soil, high GW Table
Two above I 5
More porous soils, low GW Table

* Caffeine
* Fatty acid profiling of bacterial growth

All with chemical analyses of adjacent
soils

4

Future Phases
II For WDR Compliance (OCSD Funded)

Questions ?

* Statistical info of possible exfiltration
linked to NASSCO PACP coding
III Non – WDR (No funding yet)
* Models to estimate TMDL’s from subsurface sewer & septic tank discharges
to typical GW basins.

5

AGENDA - PROGRESS MEETING
SEWER SUBSURFACE LEAKAGE METHODOLOGY
UCI CAMPUS, IRVINE, CALIFORNIA
MONDAY, 14 MARCH 2005
Map at www.uclub.uci.edu/directions.htm

University Club (Bldg #801 on East Peltason Drive)
10:00 to 11:30 - Presentation
1. Welcome and Introductions – 10 min. (JS)
2. Background Information on WDR Order R8-2002-0014 (NA) – 10 min. (NA)
3. Summary of March 4, 2004 meeting (SE)
4. Status of Research Project (JS)
5. Description of Exfiltrometer (AC)
6. Preliminary Flow Exfiltration Results (AC)
7. Chemical test results (PA)
8. Caffeine tracer results (PA)
9. Status of Leakage Methodology
a) Potential exfiltration link to NASSCO PACP defect coding (type of failure, types and age of
sewers, soil at sewer failure) (AC & MM)
b) Potential exfiltration link to soil properties (JS & SG)
c) Non WDR mandated research (Unfunded): (JS & SE)
Develop a model to estimate from a) the typical TMDL from sub-surface discharge from
sanitary sewers and septic systems to the ground water basin below a typical watershed.
Leakage from storm drainage pipe joints and defects and private property sanitary
sewers are not studied at this time.
11:30 to Noon – Demonstrate the Exfiltrometer and Calibration (Bldg #323)
Noon to 1:30 pm - Lunch and Discussion at the University Club (Bldg #801)
10. Adjourn at 1:30 PM

Esmond, Steve
Distribution List Name:

WDR Advisory Group

Members:
A.J. Holmon
Adam Coghill at home
Adam Coghill at UCI
Anwar, Pervaiz
Blake Anderson
Bob Ghirelli
Bob Kreg
Bob Von Schimmelmann
Brett Sanders
Brian Kelley
Chris Crompton
Damikolas, Marc
David Hanson
Dindo Carrillo
Ed Torres
Gary Stewart
George Tchobanoglous
Gerald Thibeault
Greg Lavato
Ivar Ridgeway
Jan Scherfig
Jeff Mack
John Norton
Joyce, Charlie
Keith Elliot
Keith Linker
Ken Greenberg
Ken Theisen
Konya Vivanti
Larry Honeybourne
Lynn Jensen
Mac McLaughlin
Mahin Talebi
Michael Yang
Monica Mazur
Najak Amin
Nick Arhontes
Parasto Azami
Patrick McNelly
Rob Hamers
Robert Kreg
Sam Guha
Steve Esmond
Su Han
Terresa Moritz
Todd Broussard
Victor Vasquez
Virginia Grebbien

ajh@ci.garden-grove.ca.us
adam.coghill@cox.net
acoghill@uci.edu
PAnwar@BrwnCald.com
BAnderson@ocsd.com
rghirelli@ocsd.com
bkreg@rcmiller.com
rvon@cityoforange.org
bsanders@uci.edu
kellb@rb9.swrcb.ca.gov
Chris.Crompton@rdmd.ocgov.com
MDamikolas@BrwnCald.com
hansd@rb9.swrcb.ca.gov
dcarrillo@ocsd.com
ETORRES@OCSD.COM
gstewart@rb8.swrcb.ca.gov
gtchobanoglous@ucdavis.edu
GThibeault@rb8.swrcb.ca.gov
lovato.greg@epa.gov
iridgewa@rb4.swrcb.ca.gov
scherfig@uci.edu
jmack@rb4.swrcb.ca.gov
nortonj@exec.swrcb.ca.gov
CJoyce@BrwnCald.com
kelliott@rb8.swrcb.ca.gov
klinker@anaheim.net
Greenberg.ken@epa.gov
ktheisen@rb8.swrcb.ca.gov
konyav@ci.garden-grove.ca.us
lhoneybourne@hca.co.orange.ca.us
ljensen@ocsd.com
rmclaughlin@ocsd.com
mtalebi@ocsd.com
mnyang@rb4.swrcb.ca.gov
mmazur@hca.co.orange.ca.us
namin@rb8.swrcb.ca.gov
narhontes@ocsd.com
pkhosrav@uci.edu
pmcnelly@ocsd.com
rbhinc@pacbell.net
bkreg@scap.occoxmail.com
sguha@ninyoandmoore.com
sesmond@brwncald.com
shan@rb4.swrcb.ca.gov
tmoritz@city.newport-beach.ca-us
tbroussard@surfcity-hb.org
vasqu@rb9.swrcb.ca.gov
VGrebbien@ocwd.com

1

Subsurface Discharge
Reporting Methodology

Presentation Overview
Project Background
Exfiltration Results
Flow Measurements
Water Quality Results
Demonstration
Results vs. NASSCO Codes
Future Work

for the
Orange County Sanitation District
and its WDR Partners
14 March 2005

Water Quality & Treatment Laboratory, UC Irvine

Summary of Repairs OCSD

14 March 2005

2

Pipe Defect Type Totals

(District 7, 1995–1999)

Pipe

Misc.

25%

13%
8%
5%

Joint

Root
Liner

49%

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

3

Requirement of the WDR to
Develop Methodology

14 March 2005

378

with Grease

Sag

221

with Piece Missing

9

Roots in Service, Moderate 131

with Deposits

8

Roots in Service, Severe

123

with Hole

5

Roots in Service, Light

117

Collapsed

4

with Longitudinal Crack

87

with Corrosion

3

Broken

46

Roots in Crack

3

Cracked and Quartered

16

with Open Crack

2

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

13

4

Summary of March 2004 Mtg.

“The discharger shall report SSOs resulting from pipe
breaks, leaking sewer pipes and joints, and other
subsurface discharges of sewage as part of the
SSMP, based upon a methodology developed by the
Steering Committee. Subsurface discharges of
sewage, that reach the ground surface, shall be
reported immediately in accordance with C.1,
above.”
— WDR page 6, par 8
Water Quality & Treatment Laboratory, UC Irvine

Circular Crack

5

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

6

1

How to Estimate Leakage

ASTM Standard C 1091-02 (VCP)

1.

Understand allowable leakage in new
construction – ASTM Standards

2.

Define the defects that cause leakage
(Only lower defects 3-9 O’clock )

3.

Measure representative leakage rates
from a sample of defects
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

200 gal per day and inch-mile
For an 8” sewer, this corresponds to

Rauch and Stegner (1994) – studied defect in a
laboratory setting, found rapid clogging of fill
around the leak in the pipe



Ellis, et. al. (2002) – studied effects of sediments
on sewer exfiltration and repeated Rauch and
Stegner results
US EPA (2002) – examined septic system design
criteria and observed a short bacteria migration
distance for most septic tanks studied
14 March 2005

Water Quality & Treatment Laboratory, UC Irvine

9

How to Estimate Impact to
Adjacent Soils?

ASTM Method – flood sewer and monitor water
level decline in manholes (does not indicate
which defects require repair)



Fell Electroscan – measures electro-conductance
that is related to defect aperture area



Chem/Bact Changes in Adjacent Soil



Direct Measurement – isolate the defect and
measure water loss (UCI / OCSD approach)
Water Quality & Treatment Laboratory, UC Irvine



Relate the estimates of exfiltration to actual
bacteria measurements in soil



Examine indicator chemicals as a signature
of water migration from sewer defects

Direct
push



Ions (chloride, nitrate, TDS)



Chemicals (caffeine)

8



Boring to
Collect Cores
for Soil
Analyses



14 March 2005

Sewer Leakage Rates in-Situ



Water Quality & Treatment Laboratory, UC Irvine

(or 292,000 gal/mile-yr for ½ pipe)

7

Literature Estimates of Sanitary
Sewer Leakage



1,600 gal/mile-day or
584,000 gal/mile-yr

14 March 2005

10

14 March 2005

12

Some
problems

Hydraulic Conductivities
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

11

Water Quality & Treatment Laboratory, UC Irvine

2

Soil Core from Near Defect,
OCSD

Hydraulic Conductivity
 May

have Significant Effect of Leakage
Rate from Visually Observed Defects

 Will

affect how Fine Particles in
Sewage will Change the Exfiltration
Rate over Time

 Compare
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Measuring Hydraulic Conductivity

to “Old” Slow Sand Filters

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

14

How Exfiltrometer Works
Exfiltrometer
Reel, Control Box,
& Reservoir
(representative)

Sewer Test
Section

Inflatable
Plug

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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How Exfiltrometer Works
Control
Box
Umbilical
Cord

Sewer
WaterDepth
Sensor

Plug A

Video
Camera

Sewer
Defect

Water Quality & Treatment Laboratory, UC Irvine

Inflatable
Plug

14 March 2005

16

How Exfiltrometer Works

Plug B

Lights
Sewer
WaterDepth
Sensor

Atmospheric
Float

Inflatable
Sewer
Plugs

Reservoir

Reservoir
Water-Depth
Sensor

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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3

Exfiltrometer Improvements

Site 1 Pipe Defect

Device Improvements
Length 100> 250 ft and bi-directional
Improved TV and DVD recording

Field Test Improvements
Pre- and post-calibration
Sewer cleaning and upstream plug
More refined measurement of end levels in sewer
(+/- 0.3 mm water level accuracy = 50 mL in 8” sewer)

14 March 2005

19

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Results for Site 1: Exfiltration (Defect Has Never Seen Sewage)

Site 1 Characteristics

30

18
16

25

vitrified-clay pipe
not yet sampled

Visible

10

6
4

5
2

Depth of water
at defect (cm)

11
15.4
a)

14 March 2005

368

350

333

315

298

280

263

245

228

210

193

175

Time (min.)

BSV—Broken, Soil

Water Quality & Treatment Laboratory, UC Irvine

158

140

88

123

70

105

0
53

0

fractures

 NASSCO:

8
Reservoir

35

 Multiple

10
15

18

 Soil

12

Sewer

0

 8”

Reservoir Volume (L)

14
20

Sewer Test Section Water Depth (cm)

Water Quality & Treatment Laboratory, UC Irvine
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Site 6 Pipe Defect

Exfiltration Rate
L / hr.
Gallons / yr a)

4.2
17.5

9700
40,400

Assumes annual flow at constant measured rate

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

22

Site 6 Characteristics

(similar defect)

 8”
Crack

vitrified-clay pipe

 Sandy

soil

 Hairline

crack at 8 o’ clock

 NASSCO:
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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CL, Longitudinal Crack

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

24

4

Results for Site 6: Detailed View

Sewer

15:14

15:12

15:10

15:08

15:06

15:04

15:02

9.70
14:58

9.75

11.60
14:56

9.80

11.65

14:54

10

5

9.85
Sewer

11.70

14:52

20

10

9.90

11.75

14:50

30

Reservoir

9.95

11.80

14:48

15

10.00

11.85

14:46

40

20

10.05

11.90

14:44

50

10.10

Reservoir

11.95

14:42

60

14:40

new defect found;
slight crack tested;
exfiltration
observed

gameplan revised; lunches
taken; Vactor truck dumping;
hunt for defect in same sewer
ensues

infiltration--sewer
lateral located inches
from defect

14:38

Reservoir Volume (L)

25

no testing activity during this
period--instrument
preparation, Vactor truck
leaving to dump wastewater,
etc.

Reservoir Volume (L)

functio
nality
check

Sewer Test Section Water Depth (cm)

30

Sewer Test Section Water Depth (cm)

12.00

15:00

Results for Site 6: Exfiltration, Complete Test

Time

0
15:25

15:09

14:53

14:37

14:21

14:05

13:49

13:33

13:17

13:01

12:45

12:29

12:13

11:57

11:41

11:25

11:09

10:53

10:37

10:21

10:05

0

Depth of water
at defect (cm)

Time

9.79
a)

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Site 3 Pipe Defect

Exfiltration Rate
L / hr.
Gallons / yr a)

1.3

2970

Assumes annual flow at constant measured rate

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Site 3 Characteristics

 8”

vitrified-clay pipe

 Clay

soils

 NASSCO

Code: JO—Offset Joint,

medium

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Results for Site 3: no exfiltration

28

Site 4B Pipe Defect

30

25

20
Reservoir Volume (L)

14 March 2005

Reservoir
20
15
15
10
10
Sewer
5

5

15:45

15:34

15:23

15:12

15:02

14:51

14:40

14:29

14:19

14:08

13:57

13:46

13:36

13:25

13:14

13:03

12:53

12:42

12:31

12:20

0
12:10

0

Sewer Test Section Water Depth (cm)

25

Water Quality & Treatment Laboratory, UC Irvine

Time

Depth of water
at defect (cm)

11

Water Quality & Treatment Laboratory, UC Irvine

Exfiltration Rate
L / hr.
Gallons / yr a)

0

14 March 2005

0

29

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

30

5

Results for Site 4, Defect B: infiltration
16

25
Sewer

14

Vitrified-Clay Pipe

 Clay

Soils

 Pipe

Fracture, 6 to 9 o’ clock

Fracture

10

15
Reservoir

8
10

6
4

5
2

11:46

11:42

11:38

11:34

11:30

11:26

11:22

11:18

11:14

11:10

11:06

Time

Depth of water
at defect (cm)

various
Water Quality & Treatment Laboratory, UC Irvine

11:02

10:58

10:54

10:50

10:46

10:42

10:38

FC, Circumferential

10:34

0
10:30

0
10:26

 NASSCO:

12

10:22

 8”

Reservoir Volume (L)

20

Sewer Test Section Water Depth (cm)

Site 4B Characteristics

14 March 2005
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Exfiltration Rate
L / hr.
Gallons / yr a)

- 15

Water Quality & Treatment Laboratory, UC Irvine

Bacteriological Tests

- 35,500
14 March 2005

32

Bacteriological Tests


Only 2 sites showed E. Coli
- all others negative



EPA manual shows low transport of E.
Coli in soils under septic pit (~50 cm)



Extracted bacteria from soils with
phosphate-buffered solution
(Ogunseitan, 1998)

EPA Standard Method 10029, Bacteriological Test for Drinking Water
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Chemical Tests

Water Quality & Treatment Laboratory, UC Irvine

Cl, NO3, SO4
a

possible
“Fingerprint
Molecule”
Water Quality & Treatment Laboratory, UC Irvine

CH3
N

O

N

of Domestic Sewage

 Slowly

Biodegradable

N

 Water

Soluble

N

 Non-volatile

O

 Caffeine,

34

Caffeine as Tracer
 Present

 Ions:

14 March 2005

CH3

CH3

14 March 2005

35

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

36

6

Caffeine Concentration In
Sewage

Extraction Methods


Caffeine- Primary Effluent Sewage Samples
Wastewater Treatment Average Caffeine (ug/l)
1
80
2
97
3
212
Average=
119

From Wastewater:
Liquid-Liquid extraction (EPA
method 553)
HPLC-MS (EPA method 553)



From Soil:
Soxhelt extraction (EPA method
3540C)

Inserty #
samples
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

HPLC-MS (EPA method 553)
37

Minimum Detection Limit (MDL):
0.xx µg in collected sample



Improvements:

14 March 2005

38

HPLC-MS Equipment & Method

EPA Method 553 And
Improvements


Water Quality & Treatment Laboratory, UC Irvine

Solvent
Autosampler

Increased the amount of soil sample (5x)
High Pressure
Pump

Increased caffeine in sample to MS by
evaporating and re-dissolving into HPLC
solvent

Column

Mass
Spectrometer

Computer
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

40

14 March 2005
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HPLC Graph- Typical
 Standard

Total Peaks
Caffeine detention time ~ 10 min

curve

1, ,5, 01
Mass 195 Peaks

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine

7

HPLC- MDL (Std 0.25, 01 ug)

Caffeine Concentration In
Sewage

Total Peaks

Caffeine- Primary Effluent Sewage Samples
Wastewater Treatment
Caffeine (ug/l)
1
80
2
97
3
212

Caffeine Peak

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

44

Septic Tank
Reference Study Site
 Lab

of caffeine sol in soil if found

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

To evaluate caffeine as a sewage
tracer

45

Water Quality & Treatment Laboratory, UC Irvine
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Septic Tank- Plan View of soil core

Septic Tank- Figure Isometric

drilling locations
Leach Pit D

Location C3

Location C2

To Flood-Control
Channel

Location C4
30”

Leach Pit A

Leach Pit C

Leach Pit B

Street-Level Access
Port for Leach Pit C

38”

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine

36”

14 March 2005
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Analysis From Pit of Septic Tank- Location C4

Analysis from Septic Tank- Location C2

Moisture Content

% Moist

Cl

C2-20-21
C2-23-24
C2-26-27
C2-29-30
C2-32-33
C2-35-36
C2-38-39
C2-41-42

C2-20-21

5

10

C2-23-24

C2-23-24

C2-26-27

C2-26-27

C2-29-30

C2-29-30

C2-32-33

C2-32-33

C2-35-36

C2-35-36

C2-38-39

C2-38-39

C2-41-42

C2-41-42

15

20

25

30

0

Percent

200

NO3

C4-22

C4-22

C4-22

C4-23

C4-23

C4-23

C4-24

C4-24

C4-24

C4-26

C4-26

C4-26

C4-27

C4-27

C4-27

C4-28

C4-28

C4-28

C4-31

C4-31

C4-32

C4-32
0

0

Cl

NO3

C2-20-21

400

600

800

0

Concentration, mg/l soil w ater

200

400

600

800

1000

5

10

1 200

SO4

20

25

30

C4-31
C4-32
0

% Moist

Concentration,mg/l soil w ater

50

100

C2-20-21

150

200

250

0

300

Caffeine

C4-22

C4-22

C4-23

C4-23

C4-24

C4-24

C2-29-30

C4-26

C4-26

C4-26

C2-32-33

C2-32-33

C4-27

C4-27

C4-27

C2-35-36

C2-35-36

C4-28

C4-28

C4-28

No Caffeine Was Detected

C2-38-39

C2-38-39

C4-31

C4-31

C2-41-42

C2-41-42

C4-32

C4-32

0

500

1000

1500

2000

0

Concentration, mg/l soil w ater

Water Quality & Treatment Laboratory, UC Irvine

200

400

600

0

No. Colonies
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Chemical Test Results- Site 3
Moisture Content

B4-3

B4-3

B4-4

B4-4

B4-4

B4-6

B4-6

B4-7

B4-7

B4-8

B4-8

B4-11

B4-11

B4-11

15

20

25

30

35

Percent

40

C4-24

C4-31
C4-32
0. 02

0. 04

0. 06

0.08

0. 10

0.12

0

1

2

Concentration, mg/ L soil w ater

Concentration, mg/L soil w ater

Water Quality & Treatment Laboratory, UC Irvine

3

4

5

6

No. Colonies

14 March 2005
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Migration outside of pipe

Trench

B4-14

B4-14
10

C4-23

0. 00

2500

350

B4-12

B4-12

5

2000

300

B4-7

B4-10

B4-10

0

1500

250

B4-6

B4-8

B4-10

B4-14

1000

200

NO3

Cl

B4-3

B4-12

500

150

Total Coliform

C2-26-27

C2-23-24

C2-26-27

100

C4-22

C2-29-30

C2-23-24

50

Concentratrion, mg/L soil w ater

Concentration, mg/L soil w ater

SO4

Total Coliform

C2-20-21

15

0

100

200

300

400

500

600

700

800

Concentration, mg/l soil w ater

0

50

100

150

200

250

300

350

Concentration, mg/l soil w ater

SO4
B4-3

Anions

B4-4
B4-6

No Caffeine Was Detected

B4-7

No Coliform Was Detected

B4-8
B4-10
B4-11
B4-12

Moisture

B4-14
0

200

400

600

800

1000

1200

1400

Concentration, mg/l soil w ater

Water Quality & Treatment Laboratory, UC Irvine
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Water Quality & Treatment Laboratory, UC Irvine

Moisture Content

6

With Exfiltration

Cl

B5-4

B5-4

B5-5

B5-5

B5-6

B5-6

B5-7

3

No Exfiltration

NO3

B5-5

B5-7

B5-8

 Site

52

Chemical Test Results- Site 4

Results from Exfiltration Sites
 Site

14 March 2005

B5-7

B5-8

B5-9

B5-9

B5-10

B5-10

B5-12

B5-12
0

5

10

15

20

25

30

Percent

B5-9

B5-12
0

50

100

150

200

250

0

300

50

4

Infiltration, but Soil Coring
before Rain Period

B5-4

B5-4

B5-5

B5-5

No Caffeine was Detected

B5-7
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250

300

B5-7
B5-8

B5-8
B5-9

B5-9

B5-10

B5-10

B5-12

B5-12
500

1000

1500

0

2000

Water Quality & Treatment Laboratory, UC Irvine

1

2

3

4

5

No. Colonies

Concnetration, mg/l soil w ater

14 March 2005

200

B5-6

B5-6

0

Water Quality & Treatment Laboratory, UC Irvine

150

Total Coliform

SO4

 Site

100

Concentration, mg/l soil w ater

Concentration, mg/l soil w ater

14 March 2005
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Chemical Test Results- Site 6
P2-7

P2-7

Sam ple

P2-10
P2-12

P2-9

P2-9

P2-10

P2-10

P2-11

P2-11

P2-12

P2-12

P2-14

P2-14
P2-16

P2-16

P2-17

P2-17

P2-17
0

5

10

15

20

25

0

30

50

100

1 50

200

250

0

300

Percent

P2-7

P2-7

P2-8

P2-8

P2-8

P2-9

P2-9

P2-9

P2-10

P2-10

P2-10

P2-11

P2-12

P2-12

P2-14

P2-14

P2-15

P2-15

P2-16

P2-16

P2-17

P2-17
250

500

750

1000

1250

1 500

Concentration (mg/l)

1 50

200

250

300

E. Coli

Caffeine

SO4

1 00

Concentration (mg/l)

P2-7

0

50

Concentration (mg/l)

P2-11

inorganic ions did not show
relation to sewage concentrations that
would be expected if there was a large
flow of sewage through defects.

P2-15

P2-15

P2-15

 Major

P2-8

P2-8

P2-8

SOIL RELATED CONCLUSIONS

NO3

Cl

Moisture

 Caffeine

show promise as tracer

P2-11
P2-12
P2-14
P2-15
P2-16
P2-17
0.00

0.20

0.40

0.60

0.80

1.00

0

1 .20

Concentration, mg/l soil w ater

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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2

3

4

5

6

No. Colonies

55

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005

56

Summary Table
Demonstration

Results from all 7 sites with:
•Number 7 Sites
•NASSCO
•Pipe characteristics
•Soil type
•Hyd Conductivity
•Bact results
•Caffeine results

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine
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Summary Results
Site
1*

NASS
CO
BSV

Soil
Type
Pend.

2

FC

Silt

3.4 E-4

3

JO

Clay

6.4 E-6#

4B

FC

Clay

1.6 E-6

- 35,500

5

CL

Silt

2.3 E-4

1,000

Y

N

6

CL

Sandy 2.3 E-3
Silt
Silt
3.6 E-4#

2,970

Y

Y

Zero

N

N

7
JO
* Not regular sewer

Hyd Con Exfilt
cm/sec gal/yr a
Pend.
9,700

#Below defect

Water Quality & Treatment Laboratory, UC Irvine

Caffeine
n/a

E.
Coli
n/a

Zero

N

N

Zero

N

N

 Example

of HYD Cond

Infiltration

a Near ½ Full

14 March 2005
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Water Quality & Treatment Laboratory, UC Irvine
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Conclusions I

Conclusions II

• Exfiltrometer works very well – can
measure to +/- 50 mL / test

• Exfiltration values observed per
defect are MUCH lower

• Infiltration can be measured

0 – 3,000 gal/yr

• Caffeine may be a useful
indicator of exfiltration

than ASTM standard of

• Soil type may be VERY significant

292,000 GAL/mile-YR 8” Pipe ½ full
i.e. ~ 100 small defects / mile

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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8” Sewer on Minimum Slope

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Future Research (Beyond WDR)
* Statistical info of possible exfiltration
linked to NASSCO PACP coding

QL = 3,000 Gal/Year
Q = 81.7 MGal/Year
QL
Q

QL
Q

* Models to estimate current “Daily
Loading” from sub- surface sewer &
septic tank discharges to the
GW basin.

= 0.004%

Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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Issues for Future Research
* ‘Micro’ Soil Conditions cannot be
predicted, 30-40 ‘random’ sites?
Can be combined with joint tests

Questions ?

* Should 10-12” lines be tested?
(more difficult – flow bypass)
* Need regulatory ‘help’ to local
entities for permissions
* Can one or two defect be studied
in detail?
Water Quality & Treatment Laboratory, UC Irvine

14 March 2005
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APPENDIX C
Chronology of VCP Pipe Development

APPENDIX C

APPENDIX B

APPENDIX B

APPENDIX D
ASTM Acceptance Standard for
Exfiltration/Infiltration for VCP Sewer Lines

