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1. ABSTRACT

Introduction and Background

The Capital Regional District (CRD) is a partnership of 13 municipalities (including
Victoria, the capital city of British Columbia) and 3 electoral areas with a total land area
of about 2,400 square kilometers, located at the southern tip of Vancouver Island. The
CRD provides services that are regional in nature including the sewerage system that
serves some 350,000 people. Within the Core Area of the region , municipal sewers feed
into the major CRD trunk sewers, which collect and convey sewage to two discharge
points. The outskirts of Greater Victoria is experiencing significant growth, (particularly
in its Western Communities), and that along with high inflow and infiltration in the older
downstream infrastructure overloads the systems capacity during rainstorms, often
resulting in sewage overflows.

The CRD's first sewers were installed in the early 1900s, and most are 70 to 100+ years
old . The older sewers were primarily constructed using vitrified clay (VC) pipe. In the
1950s, 60s, and early 70s asbestos cement (AC) pipe was predominately used . Since the
late 1970's, almost all sewers have been constructed using polyvinyl chloride (PVC)
pipe. The Western Communities were serviced and connected to the CRD trunk sewers
in 1996 using PVC pipe.

The Western Communities were originally characterized as having free-draining soils.
As a result , a relatively low inflow and infiltration (1&1) rate of 7,500 litres/ha/day (800
U.S. gallons/acre/day) was selected for design . For less permeable soils, a rate of 11,200
litres/ha/day (l ,200 U.S. gallons/acre/day) is typically used throughout the region.
Capacity upgrades to the Western Communities Trunk system, due to growth, were
scheduled for 20 15.

In 2002, during a major storm event, the six-year-old infrastructure reached 80% of its
design capacity eleven years ahead of the planned upgrades . A subsequent analysis of
the flows made it clear that population growth and 1&1 rates were far greater than



originally anticipated. More specifically, 1&1 rates in the newer areas were more than
twice the design rate, and appeared to be similar to those of less porous soils. 1&1 rates in
the older areas appeared to have increased as well. Fearing a continuing trend, the CRD
commissioned a study to investigate the relationship between 1&1 rates and sewer
infrastructure age, using sewer flow monitoring databases in Greater Victoria and
Vancouver. This relationship could then be used to more accurately determine future 1&1
rates and evaluate various funding levels by municipalities on the rehabilitation of the
sewage collection systems. The relationship can also be used for benchmarking by
comparing an individual basin to others of similar age.

2. KEYWORDS
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3. METHODOLOGY

To establish the relationship between 1&1 and sewer age, the following approach was
adopted:

•
•
•
•
•

Select 54 sewerage areas varying in infrastructure age;
Determine the average age of sanitary sewers in each catchment;
Select an analysis method to determine 1&1 return periods from monitoring data;
Derive the IOO-year, peak-hour 1&1 flow rate for each catchment;
Derive a relationship between age of sewer and IOO-year 1&1 rate;

Once a relationship has been derived, the CRD can use it to predict future sewer flows
provided only basic rehabilitation programs are employed. They can also use the
relationship to assess the benefits of more aggressive 1&1 reduction programs on the
scheduling of capital programs.

4. lOO-YEAR RETURN PERIOD CRITERIA

The IOO-year storm was the selected by the CRD as the design return period for facility
sizing based on commitments made to Provincial authorities under the CRD's Liquid
Waste Management Plan (LWMP). The LWMP stipulates that flows from this storm
must be conveyed to approved discharge locations without causing a sanitary sewer
overflow (SSO) to occur.

5. DEFINITIONS

Terminology for defining extraneous flows in sanitary sewers varies significantly from
one jurisdiction to another. The definitions and acronyms utilized in this paper are
defined in Table 1.



Table 1
Extraneous Flow Parameters

Component Acronym Calculated
Definition / ExplanationAs

Extraneous flow from the ambient long-
Groundwater Infiltration GWI term water table, not influenced by

individual rainfall events.
Rainfall that follows a path to the sewer

Rainfall-Induced Infiltration RII through the soil and/or from short-term,
rainfall-based increases in water table
elevation.
Rainwater that enters the sewer through

Stormwater Inflow SWI direct (non-soil) connections to the runoff
surface.
Total peak rainfall-sourced extraneous

Rainfall-Dependant Inflow
RDI&I SWI+RII

flow, averaged over intervals ranging from
& Infiltration 5 minutes to 24 hours depending on

catchment characteristics.

Inflow & Infiltration 1&1 RDI&I +
Total Inflow and Infiltration.

GWI

6. SELECTING THE CATCHMENT AREAS

Since the early 1990s, the CRD have maintained and operated a Supervisory Control and
Data Acquisition (SCADA) network that monitors over 75 stations. Many major storm
events have occurred in the region over that period including two lOO-year return period
storms (measured over the 2 to 24 hour durations) that occurred on November 10 and 23,
1990. However, since flow monitoring data from the larger catchment areas will be
significantly attenuated giving the appearance of lower 1&1 unit rates, it is critical that
only the smaller catchments are used in the analysis. For this reason, it was decided that
an average catchment size of 100 hectares (240 acres) was preferable with a maximum
catchment size of 400 hectares. Based on the above, 27 of the CRD's stations were used
in the analysis.

Although not as comprehensive as the CRD's dataset, municipalities in the Greater
Vancouver Regional District (GVRD), located in the lower mainland of British
Columbia, also have considerable flow data that could be analyzed. The data could be
used to assist in deriving the age-of-sewer versus 1&1 rate relationship provided the
underlying soil structure and rainfall amounts are comparable.

Comparison of Underlaying Soils

The cities of Surrey and White Rock (in the GVRD) were deemed to have soil conditions
comparable to Greater Victoria/CRD conditions. The (South) Surrey and White Rock
datasets reflect sewer response to rainfall for areas underlain by glacial tills or clays. Due
to comparable low permeabilities, similar responses can also be expected for areas
underlain by bedrock. Typically in these types of conditions, infiltrated rainwater
collects and is channeled in the much freer-draining utility trenches, resulting in the
generation of a hydraulic head on the pipes and consequently the pipe defects. This



mechanism is active in both the mainline sewer system and the sewer laterals, serving
individual parcels.

The opposite is true for sandy, boulder or cobble soils with deep groundwater tables.
Utility trenches in these areas typically don 't build up hydraulic head. As a result,
deteriorated sanitary sewers in these areas may have lower 1&1 rates. For this reason,
datasets from collection systems with porous soils were not included.

Comparison of Ra in fall Totals

Table 2 compares the lOO-year rainfall amounts from the Greater Victoria area to the two
selected GVRO areas.

R · f llT t lf 100
Table 2
Comparrson 0 -year am a oa s

100-yea r , 24-hour,
Area Rainfa ll Amount

(mm)

South Surrey/White Rock, GVRO 97

Gonzales Point (Victoria), CRO 106

Based on the similar rainfall totals listed above, it can be concluded that no additional
factoring is required as the totals are within 5% of the average. The selected GVRO data
therefore can be plotted directly on the CRO data .

7. ESTABLISHING AGE-OF-SEWERS DATABASE

The next step involved assembling information about the approximate age of the sewer
collection system. To do this, GIS databases from each municipality were assembled to
determine the average catchment age. The age of each pipe was linearly weighted by its
length . The following equation describes the age calculation process:

Catchment Age =E (length x age)

Total length

8. SELE CTION OF AN 1&1 ANALYSIS METHOD

Due mainly to budget constraints, flow monitoring programs are rarely undertaken on a
comprehensive, municipal-wide basis. Generally, such programs are completed over a
period of years. To complicate matters, no two rainfall events are the same, and it is
unlikely that a 'perfect' storm event, which matches the desired return period, will occur
during most flow monitoring programs . Therefore, the analysis method used must allow
direct comparison of the 1&1 response in any two basins, regardless of the year or



magnitude of the storms recorded. This enables a consistent 1&1 reporting process with
'apples-apples' comparisons.

This section reviews the 1&1 analysis methods currently available, and provides a
preferred method for use in this paper. It should be noted that the review focuses on
RDI&I (Rainfall-Dependent Inflow and Infiltration) determination methods and not
snowmelt or groundwater based determination methods.

Determining Comparable 1&1 Rates and Design Values

1&1 rates between catchments can be directly compared only when exactly the same
rainfall intensities are experienced across both basins. Comparing flows measured for
different events does not account for the difference in rainfall pattern, total depth,
intensity, duration, and antecedent soil moisture conditions, and can lead to erroneous
conclusions. Where same storm comparisons are not possible, several methods can be
used to determine 1&1 return periods:

1. Computer Models (1&1 Characterization Methods): A physically-based
hydrologic computer model can be used to simulate the response of sewer catchments
to rainfall. Each catchment is calibrated using flow monitoring data to establish the
individual components of the extraneous system flow (SWI, RII and GWI). Once
completed, the models can simulate antecedent soil and rainfall patterns and then may
be run under identical rainfall conditions. A 'design rainfall event' is usually selected
to simulate the typical response of each of the basins.

For the purposes of this study, we are concerned only with the total RDI&I
component of the flow hydrograph. Given this fact and the cost and time involved
with building 54 separate hydrological models, computer modeling was ruled out as
an analysis methodology.

2. Statistical Methods (1&1 Quantification): These methods vary greatly but are all
generally based on predicting flow response from a short or medium-term history of
sanitary sewer flow monitoring data and historical rainfall records.

Overview of Statistical Methods

A literature review was conducted to identify and assess different Rainfall-Dependant
Inflow and Infiltration (RDI&I) quantification methodologies. The objective of the search
was to determine a suitable method that could be applied in a cost-effective manner given
the number of stations to be analyzed.

RDI&I statistical methods can be grouped into the following categories:

•
•
•

constant unit rate methods;
percentage of rainfall volume (R-value) methods;
percentage of streamflow model methods;



III probabilistic methods;
III predictive equations based on rainfall/flow regression; and
III predictive equations based on synthetic streamflow and basin character.

To compare the various methods, an evaluation matrix was developed. A simple rating
system was developed to accurately predict a basin's flow response. One point was given
for each of the following criteria:

III resource intensive (data requirements);
III technical complexity (easy or difficult method to use);
II ability of method to account for antecedent moisture conditions;
III ability of method to account for spatial and temporal differences in rainfall; and
III ability of method to predict a peak hour design flow for the basin.

Consequently, each method was assigned a rating from 0 to 5 for each of the above
requirements and placed into a matrix for evaluation.

Key References Consulted

The following references were consulted during the literature review:

III Bennet et. al (1999), Using Flow Prediction Technologies to Control Sanitary Sewer
Overflow, Water Environment Research Foundation (WERF) Project 97-CTS-8.

III Greater Vancouver Sewerage and Drainage District (1993), III Quantification
Methodologies: A Summary ofNorth American Studies, G.V.S.D.D.

III Greater Vancouver Sewerage and Drainage District (1995), Inflow and Infiltration
Reduction Program - Fraser Sewerage Area: 1994-1995 III Analysis Results,
G.V.S.D.D.

III United States Environmental Protection Agency (1995), National Conference on
Sanitary Overflow (SSOs), Office of Research and Development, EPA/625/R-96/007

III Wright et. al (2001), Comparing Rainfall Dependent Inflow and Infiltration Methods,
Models and Applications to Urban Water System, Vol. 9, W. James, Ed.

Recommended 1&1Quantification Method

Based on the results of the evaluation matrix, the preferred method chosen is the RDI&I
Envelope method.

9. RDI&I Envelope

The RDI&1Envelope method was developed by the East Bay Municipal Utilities District
(San Francisco). It is a graphical method that summarizes rainfall and sewer flow events



gleaned from examining historical monitoring records. By plotting these results , the
relationship betw een rainfall volum e and RDI&I volume can be developed. It is even
possible to develop ' return-period' design flow values for RDI&I if necessary , based on
the rainfall analysis. Thi s approach can be used to develop overall RDI&I design values,
or can be used to rank different catchment areas based on their overall wet-weather
response.

Because the RD!&! Envelope method is statistical, it lends itself well to the situation
within the CRD, where the SCADA system provides up to IS-years of flow data. Flow
records therefore exist for a wide range of storm magnitudes.

Figure I shows an example of an RDI&I envelope developed using many years of flow
monitoring information. This parti cular plot uses instantaneous l -hou r flow s instead of
volumes to illustrate the flexibility of the method despite varying rainfall distributions.
However, the method was develop ed based on rainfall and RDI&I volumes rather than
flows, and experience has shown the volumetric approach to be more reproducible. It
was proposed that the method be adapted to use for peak-hour flows provided limits were
placed on catchment size and rainfall distribution .

Figure 1
Example of RDI&I Envelope Method
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Graphical RDI&I Characterization (1&1 Envelope)

Upper and lower boundaries are drawn on the graph to illustrate the effect of antecedent
soil moisture on the RDI&I response. The upper bound represents the maximum
expected RDI&I for a particular rainfall event following a prolonged wet period. The
lower bound represents storms that occur following dryer periods; this boundary provides
an estimate of the SWI component.

Rainfall depths for various return periods are calculated from the nearest rainfall gauging
station using statistically derived Intensity-Duration-Frequency (IDF) curves.

The point of intersection of the diagonal RDI&I line and the vertical line corresponding
to the rainfall depth of a specific storm return period represents an expected upper bound
to the RDI&I caused by that storm event with saturated soil conditions. Total 1&1 is
calculated by adding the maximum seasonal groundwater infiltration (GWI) to the
RDI&I value selected.

10. DETERMINING THE 100-YEAR 1&1 RATES FOR EACH CATCHMENT

The I&! Envelope method uses flow and rainfall monitoring data sets collected over
periods ranging from 6-months to many years to establish a rainfall to 1&1 rate
relationship. Since the severity of rainfall events can be established from IDF curves, the
corresponding severity of 1&1 rates can be estimated for all return periods when matched
to the most sensitive rainfall duration for a particular catchment. To determine the most
sensitive rainfall duration for a given catchment, peak I-hour RDI&I values are plotted
against rainfall totals at various durations, and a linear line is fit through each set of data
points. The best R-squared value from the fitted lines is chosen to identify the most
sensitive duration for that catchment. For newer sewers less than 40-years old, the 24
hour duration tends to dominate as the fast responding SWI components are smaller. In
older areas, durations as low as 4 to 6 hours dominated.

Once the most sensitive duration is established for a catchment, the results may be
utilized to establish 1&1 rates for a specific retum period.

Figure 2 illustrates the process of determining the lOa-year retum period RDI&I. Note in
this example, the data is presented for the most sensitive duration for the catchment in
question (24-hours).

As previously mentioned, the lOa-year storm was the selected by the CRD as the design
retum period for facility sizing based on commitments made to Provincial authorities
under the CRD's Liquid Waste Management Plan (LWMP).

The flow monitoring datasets varied from 6 months of data to 15 years of data. The
minimum data requirements for each catchment were four storm events with at least one
of the storms having a return period of 2 to 5 years. At least three of the storms must



have occurred during saturated soil conditions. To ensure that the resulting RDI&I rate
for the desired return period fully accounts for variance in conditions such as degree of
soil saturation, the resulting best-fit curve is shifted upwards to pass through the
maximum recorded RDI&I value.

Figure 2
Determination of ROlli Return Periods
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11. AGE OF SEWER AND 100-YEAR 1&1 RATE

Figure 3 plots the average age of each of the 54 independent sewer catchments with the
corresponding 100-year peak instantaneous 1&1 rate (i.e. peak hour). The trend is
consistent, accurate, and highly correlated as indicated by the R2 fit for the dataset of
0.90.

Impact of Historical Design and Construction Methods

It could be argued that care and attention to separate sanitary sewers and properly design
storm sewer collection systems did not formally begin until 1960; therefore, the trend for
recently constructed sewers may not experience such a dramatic rise after the next 50
years. Further, it could be argued the shift to PVC pipe in the seventies may also dampen
the rise in 1&1 rates from historical levels. However, even for the collection systems
younger than 50 years, the early trend is still evident (see Figure 4), and fits roughly the
same curve.



Figure 3
Determination between ROlli Age and Sewer Age
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Figure 4
Determination between ROlli Age and Sewer Age
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Deriving the Relationship

The equation to the right describes the
relationship in Figure 3 that can be used
to calculate the 100-year 1&1 rates based
on sewer collection system age.

1&1 Rate100 =12,355 e (O.0325*(sewer age»

where /&/ Rafe100 is in Uha/d and sewer
age is in years.

Fitting the equation to 54 independent basins from the CRD and GVRD, based on their
own unique flow monitoring programs, indicates that 1&1, contrary to established
opinion, can be predicted with remarkable accuracy with fairly simple controls for
climate, soil conditions, and construction standards. Further, it proves that 1&1 rates
increase significantly over the design life of the pipes.

Establishing 1&1Design Rates

Based on the above findings, the following table can be development, assuming no basin
rehabilitation is undertaken:

S t ASf D"ffesmn ates or I erent ewer WS em ~aes

Statement Design 1&1 Rates
(Llha/d)

Estimated 1OO-year 1&1 Rate at Sewer System Age - Year 0 12,500

Estimated 100-year 1&1 Rate at Sewer System Age - Year 50 40,000-63,000

Table 3
D . RDI&I R

It should be noted that these 1&1 rates include contributions from private service laterals.
Private service laterals include the entire main from the sewer connection at the property
line to the house. It has been documented in many studies that lateral contributions can
be as high as 70%, but on average is 50 to 60% of total 1&1 response.

It is also noteworthy that it may be extremely difficult to ever rehabilitate a basin to a
sufficient level to achieve RDI&I rates lower than 12,500 L/ha/d. This may be a
reasonable target for construction of new sewers, but may be too optimistic for
rehabilitated sewers.

In the case of CRD and GVRD sewer systems, the historical trend by the municipalities
has been towards rehabilitation programs maintaining the structural integrity of the
system. Very few "full-basin rehabilitation" programs have been undertaken within the
study areas. Based on Table 3, then, it may be possible to maintain a collection system
closer to the lower range provided rehabilitation programs go beyond structural repair.



12. DISCUSSION

Implications

The relationship established between age of sewer and 1&1 rates indicates that the design
rate for new sewers in the CRD should be 12,500 L1ha/d (i.e. Year 0) not 7,500. Even if
new sewers were rehabilitated every 50 years, resulting in an average basin age of 25
years, the corresponding 1&1 rate would still be estimated at 27,800 L1ha/d. This is
almost four times the design rate of 7,500 L1ha/d used in the Western Communities. The
implications of these finding are significant, and have an impact on the methods used to
determine design 1&1 rates for future sanitary infrastructure.

As a result of the findings of this study, the CRD evaluated the impact of various levels
of sewer rehabilitation / replacement funding that could be potentially adopted by the
member municipalities within the Core Area. Negotiations with these municipalities
resulted in agreement to base trunk sewer design criteria on an 1&1 rehabilitation strategy
that involved a municipal commitment on sewer rehabilitation funding levels. This
approach will ensure that trunk sewer facilities are sized appropriately to convey future
design flows incorporating allowances related to growth in both people and 1&1.

Further, although the construction and inspection methods used in the CRD for new
sewer pipe installation are well regulated, recommendations have been made to the
municipalities to review existing practices to reduce the 1&1 to sewer age relationship.


