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Exfiltration from sanitary sewers has been researched for many years because of
its potential impact on shallow groundwater or surface water, but measurements
of exfiltration in situ are rare. Most previous measurements of sanitary sewer
exfiltration have been done in the laboratory, in the field using natural, chemical
or pharmaceutical tracers or modeled. Relatively few studies have employed
physical measurements of volume loss in field settings. Here, we design, test, and
apply at a watershed scale, a new methodology for measuring volume loss from
sanitary sewer pipes that are currently in use and under typical operating
conditions (i.e., not pressurized). The measurement system works by: (1)
isolating a section of sanitary sewer between maintenance holes using a
sewer bypass or equivalent, (2) introducing roughly 4,200 L of water at a
controlled rate into the upstream inspection hole so that pipes remain one-
third to one-half full, (3) using vacuum pumps to recover the introduced water at
the downstream inspection hole, then (4) measuring differences in the volume
from what was pumped into the inspection hole to what was recovered. This
process is repeated up to six times to achieve a sensitivity of 0.95 L per
experimental pipe segment. This technique was applied to 23 pipe segments
of various ages and materials of construction that were selected to be a
representative sample of the pipes throughout San Diego. Collectively, these
pipes averaged averaged 3.78 × 10−2 L/s-km exfiltration rates (95%CI: 4.96 × 10−2,
2.60 × 10−2). Two of the pipe segments were infiltrating groundwater. Six pipe
segments were not statistically different from zero (i.e., no exfiltration). There was
no statistical difference between pipe segments of differing ages (p = 0.5) or
materials of construction (p = 0.3). This study represents an initial effort at
measuring exfiltration from in situ sanitary pipes. Future applications of this
methodology should focus on method optimization, measurements at
additional locations, and expanding measurements to collect data from
additional types of pipe to better understand the geographic portability of the
method and the relationship between exfiltration rates, pipe material, and
pipe age.
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Introduction

Exfiltration from the sanitary sewer has been the subject of research for more than
60 years (Amick and Burgess, 2000; Ducci et al., 2022; Ramseier, 1972; Rutsch et al., 2008;
Selvakumar et al., 2004; Vazquez-Sune et al., 1990; Yang et al., 1999). The concern from
watershed managers is the potential for exfiltrated sewage to impact shallow groundwater
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(Lee et al., 2015; Roehrdanz et al., 2017) or nearby surface waters
(Delesantro et al., 2022; Sercu et al., 2011; Sercu et al., 2009) with a
variety of potential contaminants including bacteria, nutrients, and
emerging contaminants (Delesantro et al., 2022; Sercu et al., 2011;
Sercu et al., 2009).

While exfiltration from the sanitary sewer has been identified as
a potential environmental problem, it is a particularly challenging
problem to quantify. Previous studies have employed a wide variety
of methodologies to measure exfiltration rates, including ex situ
testing in the laboratory (Ellis et al., 2009; Sercu et al., 2003;
Vollertsen and Hvitved-Jacobsen, 2003), inferred leakage rates
using chemical or naturally occurring tracers in situ (Barrett
et al., 1999; Kobayashi et al., 2021; Prigiobbe and Giulianelli,
2011; Rieckermann et al., 2005; Rivers et al., 1996; Wolf et al.,
2006), or by modelling (Karpf et al., 2009; Karpf and Krebs, 2011;
Sercu et al., 2005; Nguyen et al., 2021; Selvakumar et al., 2004). Each
of these techniques has advantages and disadvantages, but few
previous studies (Amick and Burgess, 2000) have attempted to
measure exfiltration from publicly operated sanitary sewer
pipes in situ.

One watershed where exfiltration is a concern is the lower San
Diego River (SDR) watershed in San Diego, California,
United States. San Diego is the fifth most populous county in the
United States (United States Census Bureau, 2024) and, as with most
cities in semiarid climates, San Diego has separate sanitary and
storm sewer systems. Yet, the SDR and its tributaries have a long
history of exceeding water quality objectives for fecal indicator
bacteria during wet weather throughout the watershed (Schiff
et al., 2023). In addition to fecal indicator bacteria, wet weather
is associated with concomitantly elevated levels of the HF183 human
fecal marker (Steele et al., 2018) and human specific pathogens
(Soller et al., 2017), demonstrating that some portion of fecal
indicator bacteria in the separate stormwater system are derived
from human sources of fecal contamination (Steele et al., 2018).

There are multiple potential sources of human fecal
contamination in the SDR watershed during wet weather. These
potential sources include unhoused persons (Hinds et al., 2024),
illegal discharges and illicit dumping (Schiff et al., 2023), sanitary
sewer overflows (Zimmer-Faust et al., 2021) and onsite wastewater
treatment systems. However, measurement of human fecal pollutant
inputs due to exfiltration does not exist.

Here we describe a study designed to measure volume loss
through exfiltration from gravity pipelines of publicly operated
sanitary sewer systems. The study describes the new technique
used to measure exfiltration in situ, the operating parameters of
the new methodology such as sensitivity, and application of the new
technique in sanitary sewer pipes of various ages and materials of
construction across San Diego.

Methods

We used a volumetric approach to measure exfiltration in situ,
whereby a discreet volume of water could be passed through a
section of underground pipe and recovered under controlled
conditions, with the difference in measured volume attributed to
exfiltration. In order to simulate typical water flows in underground
test pipes, a system consisting of three 1,250 L holding tanks, a 757 L

measuring tank with stilling well, a pump, a set of flow meters, and
multiple valves was devised. Water moved through the system via
hard piping constructed of laboratory-grade schedule 80 grey PVC
and braided polypropylene tubing. Pipes were either glued together,
per the manufacturer’s instructions or plumbed using threaded
fittings and PTFE pipe sealant. Connections from hard pipe to
braided polypropylene tubing were secured with crimped stainless
steel band clamps. A schematic of the system is shown in Figure 1.

Briefly, the pipe section being tested was first isolated using
inflatable plugs. Water contained in the holding and measuring
tanks was then pumped at a metered rate to exhaustion through the
underground test pipe via the upstream maintenance hole and
subsequently captured at the downstream maintenance hole
using a vacuum truck. During the test, an above ground flow
meter, two in-pipe flow meters, and two water level loggers were
employed to monitor flow rate and to maintain the water level in the
pipe between one-third and one-half full. The captured water in the
vacuum truck was then returned to the test and measurement tanks
by the vacuum truck and any volume loss (or gain) recorded. This
procedure was repeated up to 6 times at each site. A detailed
description of the system, its components, and standard
operating procedure is provided in Supplementary Material.

Validating the system and power analysis

A test of the holding tanks and measurement methods
was performed by filling the tanks, connecting the tanks to a
PVC manifold, and suctioning the water into a vacuum truck
(Ledwell Classic, Texarkana, TX). After approximately 4,200 L of
water were transferred to the tank of the vacuum truck, the truck
tank was then elevated 12–15° and pressurized, and the entire
volume of water transferred back to the original tanks. An initial
transfer prior to measurement was performed to prime the system
and fill in any voids that would sequester water, resulting in a false
loss measurement. To measure loss or gain of water from the
tanks, level measurements were taken from the stilling well, which
had a fixed scale measured in millimeters. The test was
repeated 4 times.

To calibrate the measurement tank, known volumes of water
(0.945, 3.78, and 37.85 L) were removed from the tank and the level
of water in the stilling well was measured. This was repeated ten
times at each volume and the mean and standard deviation were
calculated. This test was performed both with the holding tanks
connected to the measuring tank and with the measuring
tank isolated.

To confirm the ability to detect a loss in volume during field
tests, and to confirm the sensitivity of the measurement tank, known
volumes ranging from 1.97 to 18.93 L were removed during the runs
via a valve installed for this purpose on the PVC manifold. The
volume removed during field tests was measured using a graduated
cylinder and compared to the level loss measured in the stilling well.

Preliminary tests were also used to perform a power analysis to
determine the number of repetitions needed to detect a small loss. A
test of 6 runs which produced a standard deviation of 1.32 L was
used to calculate the statistical power. The analysis was performed in
R version 4.3.1 using the power.t.test function with a significance
level of 0.05 and a power of 0.8.
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Site selection

All sites were located on the coastal plain and foothills of
southern San Diego County, CA. More than two-thirds of the
soil in this region falls into Hydrogroup D: Soils with very low
infiltration rates, typically made of finer particles such as silty or clay
loams. Another 10% are classified as having low infiltration rates
(Hydrogroup C), with only 17% classified as having moderate to
high infiltration rates (Hydrogroups A & B) (SANDAG, 2024). The
climate is semi-arid, with average rainfall of 9.79″ per year.

Sites were selected based on a defined set of criteria. The first
criterion was that, due to the volume limitations of our equipment,
the inner diameter of test pipes could be no larger than 10 inches.
The second criterion was that there were no lateral connections
coming into test pipes betweenmaintenance holes. The third was the
capability to either stop, capture with a vacuum truck, or bypass
sewage flows around the test pipe segments. The fourth criterion was
that there was ample room to locate and operate the equipment near
the maintenance holes. The final and most important consideration

was that, since these pipes were predominantly under roadways,
traffic could be diverted and testing performed safely.

The materials with which sewers are constructed has changed
over time. The first municipal sewers in San Diego date back to
1888 and were constructed of vitrified clay. Since that time, a range
of additional materials has been used. These include vitrified clay,
but also iron, concrete, PVC, and most recently, lined pipe, which
includes cured-in-place pipe (CIPP) and to a lesser degree, Rib-Loc
(a spiral-wound PVC liner), which is installed within existing pipes
to rehabilitate older sewer lines without the need to dig them up. All
segments available for testing included multiple pipe sections, joints,
and the troughs of two maintenance holes. Our intention was to test
the a representative cross section of the types of sewer construction
materials and age classes of the existing pipes found in the watershed
(Table 2). To facilitate this, GIS layers from the entire lower San
Diego River watershed were utilized to determine the prevalence of
each type of pipe material present. This data was then stratified by
age into bins of <15 years, 15–30 years, 30–60 years, and >60 years,
which is consistent with trends in construction practices.

FIGURE 1
Schematic of in situmeasurement system for quantifying exfiltration. Blue arrows indicate direction of water flow. See Supplemental Information for
a detailed description of the measurement system and standard operating procedure.
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Isolating the pipe being tested

Sewer pipes were tested by passing approximately 4,200 L of
water through them under typical conditions (one-third to one-half
full), which required isolating the test pipe from the rest of the
collection system (Figure 1). To accomplish this, sewage in test pipes
was diverted or interrupted by using maintenance holes up and
downstream to pump sewage around the test pipe, capturing
upstream flow with a vacuum truck, or shutting down access and
water to buildings upstream of the test pipe. With sewage flow
interrupted, three commercially-available inflatable plugs designed
for this purpose were used to isolate each test pipe section; two in the
pipe section just upstream and one plug in the pipe section just
downstream of the pipe section to be tested. Prior to installing the
downstream plug, a GoPro camera and light package was installed
into the pipe, facing upstream, in order to capture video of any water
leakage around the plug. Once all three plugs were in place,
Signature® Bubbler flowmeter systems equipped with TIENet®

Area Velocity sensors (Teledyne ISCO, Lincoln NE) were
installed on spring rings into both the upstream and downstream
ends of the test pipe.

With the test pipe plugged and meters in place, the next step was
to fill the system tanks with water. The outlets of the three trailer
mounted holding tanks were closed and the holding tanks filled from
the top until the water rose just above the lower edge of the top
bulkhead in each tank. Water was then added to the 757 L exterior
measurement tank until it was about ¾ full. To ensure that the
inflatable plugs were not leaking and the line to be tested was
properly sealed, a static test was performed. Briefly, about 189 L of
water was released from the 757 L exterior measurement tank and
allowed to collect in the downstream inspection hole so that it just
covered the plug at the downstream inspection hole. After waiting
15 min for the water level to stabilize, water depth was measured
using a measuring stick devised for underground tanks which had
been coated with Gasoila® water-finding paste (FedPro, OH,
United States) which turns from brown to pink when wet. After
another 15-min interval, water in the downstreammaintenance hole
was remeasured. If the water level was stable, then the plug was
properly sealed and the test would proceed. If the water level had
dropped, the plug was checked for air leaks or other damage and
either reinserted or replaced, and the static test repeated. Only when
the static test revealed no leakage could testing begin.

Priming the measurement system

With the static test complete, the measurement system was
“primed” by running the entire volume of water tanks through the
system to fill any low spots (sags) in the pipe and fill any voids in the
vacuum truck or system piping. To begin the priming procedure the
vacuum truck, which had been cleaned and emptied prior to
arriving, was stationed at the downstream maintenance hole and
its hose positioned to capture the water in the trough in the bottom
of the vault with vacuum engaged. 22.68 L of 10% sodium
hypochlorite solution were added to the water prior to the
priming run. All valves on the water holding tanks were opened
and water pumped into the upstream inspection hole at a metered
rate, typically 50–70 L/min, to produce a one-third to one-half full

pipe condition. Water was captured by the vacuum truck at the
downstream maintenance hole. Once all water had been emptied
from the holding tanks, the pump was halted, valves were closed,
and the vacuum truck continued to operate for at least 15 min until
no flow was observed in the vault at the downstream end of
the test pipe.

The vacuum truck then returned the water to the holding and
measuring tanks. To reduce variability, a box was drawn with spray
paint or chalk on the ground around both rear wheels so that the
truck would return to the same position after each test run reducing
measurement variability introduced by the position of the truck
from test run to test run. The discharge port on the truck was then
connected to the inlet valve on the holding tank system. Valves at the
top of the holding tanks were closed, as was the outlet valve to the
measuring tank, while the holding tanks filled from the bottom
through the PVC manifold. Each holding tank valve was closed
individually when its level reached a predetermined point just above
the outlet of the upper bulkhead valves.

With the holding tanks full, the upper bulkhead valves and outlet
to the measuring tank were opened, allowing water to flow through
the upper bulkhead valves to the measuring tank. After 15 min,
upper bulkhead valves were closed, sequestering the majority of
water in the holding tanks. With the outlet valve to the exterior tank
still open and the vacuum hose still connected, the tank on the
vacuum truck was elevated to 12–15° and pressurized to ~5 psi,
forcing the remainder of the water into the measuring tank. When
large bubbles were observed, the inlet valve to the system was closed.
The hose was then depressurized and carefully disconnected from
the truck, making sure to capture any water still in the hose. Air was
removed from the system through a valve installed for this purpose,
ensuring any water that might accidentally escape was captured. All
water captured during this process was added to the measuring tank.
An initial measurement of water volume was taken by visually
recording the level in the stilling well using the mm scale
permanently affixed to the stilling well tube. Sodium thiosulfate
was added to neutralize the residual chlorine. The measurement of
water volume was taken again following the addition.

With the measurement system primed, a measurement of the
water level that had collected at the downstream plug was recorded
as described previously, effectively repeating the static leak test. This
measurement was taken before each subsequent test run to ensure
that there were no plug leaks that would allow volume loss or
infiltration of groundwater into the test pipe between test runs. The
vacuum truck was repositioned at the downstream inspection hole.

To initiate the test run, the vacuum truck at the downstream
maintenance hole was activated to preclude the creation of a hydralic
head, and all the water in the holding and measurement tanks was
pumped into the test pipe at a controlled rate as described previously.
When all water had left the holding and measurement tanks
(0.75–1 h), the outlet valve was closed and the pump switched off.
Once the flow at the downstream inspection hole ceased, which varied
by location, the vacuum truck continued to operate at full power for a
period of 15 min as described previously. Water was then returned to
the tanks following the same procedure described above for priming
the system. Once again, the water level in the exterior measuring tank
was recorded using the stilling well. The difference between the
starting height of the stilling well prior to pumping and the height
of the stilling well after refilling the holding andmeasurement tanks at
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the end of the test run was used to calculate the loss or gain of volume
from the test pipe. This procedure was repeated 3 to six times based on
the results of our power analysis and the observed variability of the
measurements in the field.

Data analysis

Data analysis required a three-step process. First, experimental
results were summarized as average experimental volume loss by
pipe segment (liters/experiment). Second, outliers were removed
and the remaining data were normalized by the length of pipe
segment tested and the duration of the experiment for more
appropriate comparisons (liters/s-km). Third, normalized
experimental results were statistically tested for significant
differences using a two-way ANOVA based on pipe material and
age group factors (R v 4.3.1, R Core Team, 2023).

Results

System validation

Initial validation testing of the system to see if the volume could
be recovered from the vacuum truck, was performed for four runs.
Across these four initial validation runs an average difference of
0.91 L (standard deviation of 2.3 L) was measured. Note that the
standard deviation included zero. This was followed by laboratory
calibration testing of the measurement variability of the stilling well
using calibrated volumes. Thirty laboratory calibration tests found
the level measurement in the stilling well was ~0.2 cm (with the
largest standard deviation of 0.075 cm) per liter of removed volume
in the measurement tank (Table 1).

This sensitivity testing was repeated in the field with comparable
results. Field sensitivity testing found an average level change in the
stilling well of 0.76 cm (n = 10, standard deviation 0.09 cm) per
3.785 L or 0.2 cm per liter of removed volume. These measurements
had increased variability compared to the laboratory calibration tests
but were not statistically different from the laboratory calibration
tests. The laboratory calibration measurement number was used to
calculate volume loss in situ due to its greater precision. Power
analysis performed on preliminary tests found 6 runs to be sufficient
to detect a difference (i.e., effect size) of 2.3 L and 3 runs to be
sufficient to detect a difference of 4.2 L (Figure 2).

In situ measurements of exfiltration

A total of 23 individual segments of public sanitary sewer pipe
were tested during the study. Sites were located throughout the San
Diego area (Figure 3; Table 2). Most sites were in the City of San
Diego, while others were in surrounding communities including
Lakeview, La Mesa or in unincorporated areas of San Diego County.
Note that the isolated test segments include multiple pipe sections,
joints, and the troughs of the maintenance holes. The pipes tested
consisted of 3 different materials and all were 8″ or 10″ inner
diameter. Pipe materials consisted of vitreous clay (n = 11), PVC
(n = 8), and lined (CIPP and Rib-Loc, n = 4). No concrete or cast

iron pipes were available for testing based on the site selection
criteria; both materials were rare in this watershed. Pipes ranged in
age from newly installed CIPP to 75-year-old vitreous clay. CIPP
ranged in age from <1 to 20 years, PVC pipe ranged in age
from <1 to 38 years, and vitreous clay pipe from 49 to 75 years,
since installation. Pipe test sections ranged from 80 to 394 feet
(Supplementary Table S1).

All but two of the pipes lost volume during testing (Figure 4).
Average volume lost ranged from zero to more than 76 L. Of the
21 pipes that lost volume, measurements from 15 were statistically
different from zero. Two pipes gained volume during testing due to
infiltration: One test pipe segment near an embayment gained
volume with the rising tide, and another gained volume due to
an obvious irrigation leak. A third pipe lost four times as much
volume as the next highest volume loss pipe. All three of these pipes
were removed from the data set for purposes of estimating average
volume loss due to exfiltration (Figure 5).

After normalizing the test system results by the time and length
of pipe during testing, the average volume loss varied by pipe
material with lined pipe losing the least and PVC the most
(Table 2; Figure 6A). There was no trend toward greater loss
associated with pipe age; volume loss across all age groupings fell
within a similar range (Figure 6B). Despite differences in mean
volume loss between pipe materials and ages, the results of two-way
ANOVA indicated no statistical difference in volume loss
(Supplementary Table S2).

FIGURE 2
Power analysis curve showing the increase in measurement
sensitivity based on increased number of test runs at a single site.
Vertical lines show where the curve crosses at 3 and 6 runs, horizontal
lines show where the power curve crosses at 2.3 L and 4.2 L.

TABLE 1 Results of the calibration and sensitivity experiments.

Volume
removed (L)

Average level change (cm) in stilling
well +/− standard deviation

0.945 0.215+/−0.047

3.785 0.815+/−0.075

37.85 8.155+/−0.037
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Discussion

The methodology developed for this study was able to
empirically measure volume loss in situ from public sanitary
sewer pipes under simulated normal operating conditions and
without pressure. Previous in situ studies of exfiltration at the
pipe level incorporated pressure tests (Dohmann et al., 1999;
Ullmann, 1994), which by their nature are likely to overestimate

leakage, or employed a water balance approach that relied on in-pipe
measurements of flow (Amick and Burgess, 2000). The main
advantage of the volumetric loss methodology employed in this
study is that it dispenses with the many assumptions and correction
factors necessary to carry out sewer exfiltration modeling and
replaces estimates with empirical results. Most previous studies of
sewer exfiltration rates have relied on either data driven or
physically-based models (see Nguyen et al., 2021 for a review).

FIGURE 3
Map of sampling sites showing the flowlines and boundaries of the lower San Diego River watershed.

TABLE 2 Sewer pipe characteristics and in situmeasuredmean volume loss. The pipe characteristics are grouped by pipematerial and age. Eachmaterial and
age group is also expressed as a percent of total sewer pipe in the San Diego River watershed. In situ measured mean volume loss is shown in liters per
second per kliometer, 95% confidence intervals, and number of pipes (N) in each category.

Material Age group % of pipe Volume loss

l per sec per km 95% CI N l per sec per km 95% CI N

Clay <15 0.1 -- -- 0 6.23 × 10−2 (1.68 × 10−3,
1.23 × 10−1)

8

15–30 0.9 -- -- 0

30–60 32.6 7.97 × 10−2 (−2.86 × 10−2, 1.88 × 10−1) 5

60+ 24.3 3.32 × 10−2 (−5.05 × 10−2, 1.17 × 10−1) 3

PVC <15 6.2 3.84 × 10−2 (−2.78 × 10−2, 4.90 × 10−2) 3 2.01 × 10−2 (−1.14 × 10−2,
6.16 × 10−2)

11

15–30 10.2 −3.23 × 10−2 (−1.412 × 10−1, 7.67 × 10−2) 4

30–60 10.8 5.88 × 10−2 (−1.33 × 10−2, 1.31 × 10−1) 4

60+ 2.2 -- -- 0

Lined Pipe <15 1.4 2.21 × 10−2 (5.45 × 10−3, 3.89 × 10−2) 4 2.84 × 10−2 (6.66 × 10−3,
5.01 × 10−2)

4
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FIGURE 5
Mean volume loss (liters per second per km) from the 20 test pipe segments across San Diego, CA United States between 2021–2023 after removing
outliers and normalizing across sites by the length of pipe and duration of testing.

FIGURE 4
Mean volume loss (liters per experiment) from the 23 test pipe segments across San Diego, CA United States between 2021–2023.
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Data driven models include a variety of statistical model types (e.g.,
Baur and Herz, 2002; DeSilva et al., 2005; Roehrdanz et al., 2017), as
well as artificial intelligence and machine learning models (e.g.,
Khan et al., 2010; Sousa et al., 2014; Hernández et al., 2018), while
physically-based models rely on groundwater recharge estimates
(Yang et al., 1999; Lerner, 2002; Wolf et al., 2012), water balance
principles based on consumption, precipitation and discharge rates
(e.g., Karpf and Krebs, 2005; Nakayama et al., 2006), sewer pipe
models (e.g., DeSilva et al., 2005; Peche et al., 2017), and exfiltration
estimates based on measurements of various sewage constituents
and their concentration in subsurface ground water (e.g.,
Rieckermann et al., 2005; Roehrdanz et al., 2017; Kobayashi
et al., 2021; Delesantro et al., 2022). These models, reviewed in
Nguyen et al. (2021), have produced a wide range of estimated

sewage exfiltration rates, from 2 to 1.4 × 10−9 of L/s-km with a
median exfiltration rate of 7.5 × 10−2 L/s-km (25th percentile: 1.7 ×
10−2; 75th percentile: 1.8 × 10−1). Our overall sewer exfiltration rate
estimate of 3.78 × 10−2 L/s-km, derived from empirical
measurements, falls within a similar range as the majority of
results reported by previous studies (Table 3).

Although our sewer exfiltration rates are within the same range
as multiple other studies (Table 3), they are orders of magnitude
higher than lowest rates reported by some (e.g., Chisala and Lerner,
2008). One possible reason for this disparity has to do with model
assumptions surrounding the colmation layer that forms on the
inside of sewer pipes. Many models of sewer exfiltration factor in the
clogging nature of the colmation layer which has been observed in
experimental settings to reduce flow through pipe defects over time

TABLE 3 Compilation of sewer exfiltration rate per pipe length in modeling studies (from Nguyen et al., 2021) compared to in situmeasurements from this
study.

Scale of study Exfiltration rate (L/s-km) Reference

Pipe scale 0.1 – 0.2 Blackwood et al. (2005)

Pipe scale 1.7 × 10−2 – 0.45 Trauth et al. (1995)

Multiple pipe segments across a watershed 3.78 × 10−2 This study

Pipe network of a city 1.2 × 10−2 Hoffman and Lerner (1992)

Catchment area of a city 1.4 × 10−2 Yang et al. (1999)

Catchment area of a city 1.4 × 10−9 – 0.179 Chisala and Lerner (2008)

District area of a city 3.0 × 10−2 – 7.5 × 10−2 Morris et al. (2006)

Multiple scales of the country 1.0–2.0 Amick and Burgess (2000)

Single pipe to catchment scales 6.2 × 10−2 – 17.9 × 10−2 Reynolds and Barrett (2003)

Review of various scale studies 1.7 × 10−9 – 0.179 Ellis et al. (2009)

FIGURE 6
Mean volume loss by categories of (A) pipematerial and (B) pipe age since installation. Error bars are 95% confidence intervals. Note that RIBLOC has
no confidence interval, as it had a single pipe in the category.
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(Vollertsen and Hvitved-Jacobsen, 2003). We employed paired in-
pipe flow meters and water level sensors, and took great care to
ensure that in-pipe flow did not exceed typical operating conditions
so as not to scour the colmation layer. However, we still observed a
greater volume loss than would be predicted by these models, which
may suggest the colmation layer in situ may not behave similarly to
laboratory conditions or that the less particle dense water used in our
tests may have led to additional incremental volume loss.

Based on ex situ experiments, Vollertsen and Hvitved-Jacobsen
(2003) suggest that sewer flushing and subsequent loss of the
colmation layer may temporarily increase exfiltration rates
through pipe defects. In our study, there were three occasions
when the test pipe had to be flushed before testing could proceed
(due to large non-sewage debris interfering with our ability to carry
out measurements). However, our exfiltration measurements from
these pipes were not dramatically different than for pipes that had
not been flushed. Interestingly, the largest volume loss was observed
on July 26, 2022, for a pipe which had been taken out of service years
prior to the study (Figure 2). One hypothesis in that this pipe, which
had been dry for many years prior to the study, had lost its colmation
layer. Regardless, for data analysis, we eliminated the anomalous site
tested on July 26, 2022, but retained the three sites that had been
flushed of non-sewage debris.

One factor that may have influenced our measured in situ
exfiltration rates is that we used potable water mixed with the
residual solids in our test pipe segments from the priming runs.
Thus, our test system utilized volumes with sewage particles, but
possibly at concentrations of solids lower than what may be found in
raw sewage from the tested segments. Further, the high chlorine
content in the water in the priming run (~500 ppt), although
subsequently neutralized to <2 ppm, may have also disrupted the
colmation layer. We employed flow meters, one at the pump
discharge and two in-pipe, to ensure flow rates during testing
mimicked typical operating conditions so as to prevent scouring
of the pipe surface. Nonetheless, if solids content is an important
factor limiting exfiltration in situ, then our system may be biasing
exfiltration rates high. In situ studies using raw or synthetic sewage
would be helpful in informing these results.

A second factor that may have influenced our measured in situ
exfiltration rates is that we only tested public sewer pipe segments
without lateral connections to private laterals. This was intentional
since our test procedure could not account for additions of unknown
volumes of water from private laterals and we could not intercept or
stop water usage from private connections. Because defects at lateral
connections have been identified as a location that can lead to
exfiltration (Decker, 1994), it is possible that our methodology may
actually underestimate exfiltration–or that private lateral exfiltration
may be as large or larger than public sewer exfiltration–because
some of these defects would have been missed by our methodology.
A separate study in San Diego that employed static testing of leakage
from private laterals estimated a mean rate of 0.33 L (sd = 0.55 L) per
hour (Schiff et al., 2024). However, these measurements also
excluded the connection between the private laterals and sanitary
sewers and thus did not capture potential losses at these connections.

A variable which we were unable to control was the type of soil
surrounding our test pipes. Laboratory experiments conducted using
different soil types have shown that the composition of the soil
surrounding a pipe may influence exfiltration rates (Karpf et al.,

2009). Our test sites were primarily located on the large alluvial plain
below SanDiego’s coastal mountains, where the soil characteristics are
primarily low infiltration throughout with only 17% of soils from high
infiltration hydrogroups. However, because we made empirical
measurements and had no way to examine the soil or the pipe
bedding material surrounding our test pipes, we cannot know
what, if any, influence soil type may have on exfiltration rates in
this study. Because this method was tested exclusively at sites in San
Diego, CA, its results are subject to the uncertainties associated with
its application under the specific geographic, environmental and
physical conditions present at the time of the study. For example,
methodological limitations and logistical concerns excluded pipes
more that 10″ in diameter, which excluded large trunk lines. Further,
no concrete pipes, which may be more common in other locales have
been largely replaced in this watershed and were therefore unavailable
for testing. Thus, any application of this measurement technique
outside the original study area will be subject to the set of uncertainties
inherent to that location and should be assessed accordingly.

Our measurements were conducted during periods of dry
weather over a two-year time span across all four seasons. It is
possible that groundwater levels could have influenced our results
since water saturation levels in soil have been shown to reduce
exfiltration rates in experimental settings (Karpf et al., 2009). In fact,
our test system quantified seawater infiltration at a coastal site due to
the rising tide through both continual increases in volume and
increasing conductivity of the test water. The test system also
measured infiltration of subsurface groundwater at a non-coastal
site. Further investigation identified a constant leak in a water main
less than 10 m from our test pipe segment.

The methodology developed during this study has broad
implications for managing exfiltration from sewer pipes (Steele et al.
in review). Local sewer agencies typically use video inspections to
monitor the condition of their collection systems. This standard
practice works well for finding major defects and assessing capital
improvement plans. However, many of the pipes we tested had minor
or no defects identified by their most recent video inspection.
Nonetheless, some of these pipe segments lost volume under test
conditions. Wolf et al. (2006) identified that video inspections were
not good predictors of public sewer exfiltration because video
resolution is not sufficient to detect small cracks or joint separations
that are still large enough for water to pass through. As such, future
research should focus on newmore sensitive technologies that could be
used in routine inspections of collection systems.

Obtaining empirical measurements from in situ sanitary pipes is
by its nature a challenging endeavor and would have been impossible
without an extraordinary degree of cooperation between the research
team and the sanitary collection system owners. The first hurdle was
simply to identify pipes of the desired age, material, diameter and
depth that had no lateral connections between manholes, an
acceptable slope, and where the normal flow of wastewater could
theoretically be halted, bypassed around the study site, or collected
using vacuum trucks. This was followed by field visits to determine if
sites were logistically suitable in terms of equipment placement and
could bemade safe for workers, who were often operating in roadways
where they were exposed to vehicular traffic. Finally, it required weeks
of planning for each sampling event to notify residents, control
parking, set up traffic control and schedule the equipment and
operators to be on-site from early morning until well into the
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early morning hours of the next day. Throughout the process,
wastewater utilities supplied their equipment, personnel and
operational and engineering expertise to make this study possible.
Simply put, it literally could not have been done without them.

Despite the challenges associated with in situ exfiltration
measurements, this new methodology has its place amongst the
other tools used to estimate exfiltration and produced results that
were very similar to the median value calculated from previous
studies regardless of disparities between methods (Nguyen et al.,
2021). Similar exfiltration rates were measured or modeled at the
pipe scale (e.g., Trauth et al., 1995), the catchment scale (e.g., Yang
et al., 1999; Reynolds and Barrett, 2003), or city scale (e.g., Morris
et al., 2006; Chisala and Lerner, 2008). Each method has its own set
of assumptions and bias, but together, the weight of evidence from in
situ measurements, ex situ measurements, and modeling may help
collection system managers understand exfiltration in their systems.
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