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The standard design and cost estimation for a sewer network involves considerable time and financial
investment. There are, however, many cases where a rapid assessment of the sewer infrastructure or related
costs associated with a service zone might be required. Although there are numerous approaches to rapid
sewer infrastructure estimation in the literature, to date, no widely available tool has been developed that can
be applied to reliably estimate the expected sewer pipeline infrastructure associated with a service zone in
South Africa. The aim of this study was to develop a method for estimating the sewer pipeline infrastructure
required for a service zone, based on limited information, that could be applied to future developments. A
database of South African sewer network data was used in the development of three major study outcomes.
Study Outcome l involved developing regression models for estimating the total sewer pipeline length using
only basic service zone characteristics. Models were developed for different categories of land use and area
size, allowing for estimation of the total pipeline length as a function of the service zone area size, relief,
and the density of contributing users. Study Outcome Il involved determining the average pipeline diameter
distributions for different types of service zones, enabling disaggregation of the total pipeline length
into lengths per diameter. Study Outcome lIl involved determining the average number of manholes per
kilometre of sewer pipeline. Combined, the three study outcomes form an infrastructure estimation tool that
enables the sewer pipeline length per approximate diameter and the number of manholes associated with
a service zone to be estimated, applicable to service zones smaller than 450 hectares. This study illustrates
how the same methodology can be followed to develop similar tools which are applicable to other specific
regions or development types, provided an appropriate dataset is obtainable.

INTRODUCTION

In order to determine the sewer network infrastructure required for a particular service zone,
a detailed hydraulic design process is required, which involves considerable time and financial
investment. There are many cases where a rapid assessment of the sewer infrastructure or associated
costs might be required, such as in a feasibility study for a proposed development, or for infrastructure
management and cost projection on a town planning level. Therefore, the ability to quantify the
required sewer pipeline infrastructure associated with a service zone based on limited information
holds considerable value for project planning.

There have been many approaches in the literature to estimating sewer pipeline infrastructure. These
approaches can be grouped largely into three categories based on the aim, namely, the automated
generation of entire sewer networks, direct cost estimation methods, and methods for quantifying the
expected components of a sewer network. Tools for the automatic generation of sewer network plans
have shown great potential for the estimation of sewer network infrastructure and early-stage costing,
and there have been numerous approaches to this concept. Some studies focused on generating the
most likely real network for a specific location, such as the tool developed by Blumensaat et al. (2012)
for generating a realistic hydraulic model of a combined-type sewer for a specific area, using the road
layout and a digital elevation model (DEM) as inputs. Similarly, Greene et al. (1999) developed a tool
to design a complete sewer network using the GIS street network map, a topographical model, and
the user-stipulated locations of manholes as inputs. Another research focus area is the development
of algorithms to determine the optimal cost-efficient design of a sewer network by considering
all possible options and selecting the most cost-effective design. De Villiers et al. (2018) discusses
numerous studies that have considered different approaches for dual-optimisation of the layout and
hydraulic parameters of the network elements. In the study of urban drainage, several algorithms
have been developed for generating virtual sewer networks to be used as case studies where there
has been a lack of real case studies. These include Moderl et al’s (2009) ‘Case Study Generator,
Ghosh et al’s (2006) ‘Artificial Network Generator’ or ANGel, Sitzenfrei et al’s (2010a) ‘Virtual
Infrastructure Benchmarking’ or VIBe with a sewer network extension module developed by Urich
etal. (2010), and Sitzenfrei et al’s (2010b) upgraded ‘Dynamic Virtual Infrastructure Benchmarking’
or DynaVIBE algorithm. However, while there has been significant progress towards the automated
generation of entire sewer networks, most of these methods are not yet fully developed or accessible
for practical application on a project level. Therefore, there is still a need for a simpler approach to
cost and infrastructure estimation.

The advantage of direct costing methods is that minimal information and time are required to obtain

cost estimates. A cost benchmarking guide for water services was produced by the South African
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Department of Water and Sanitation or DWS (PULA, 2016),
which provides the typical unit costs of water services projects and
their individual infrastructure components, based on population
size and pipe material, with adjustment factors for other site-
specific considerations. Another popular direct costing approach
is a cost model expressing the sewer cost as a function of certain
basic characteristics of the service zone, such as that developed
by Balaji et al. (2015) relating the total installation cost to the
population size. Nonetheless, the ability to predict the required
sewer infrastructure components before obtaining an answer that
is only related to cost is still valuable for several reasons. To this end,
a variety of different approaches were found in the literature. Some
studies have investigated the correlation between sewer network
properties and urban surface information such as street layout,
with some degree of success (Haile, 2009; Kobayashi et al., 2011);
however, such urban surface methods are limited in that they are
applicable only to existing service zones. Numerous studies have
developed methods for predicting sewer network infrastructure of
a new development from basic population and area characteristics,
which would reasonably be known before the detailed design phase
(DHS, 2019; Heaney et al., 1999; Pauliuk et al., 2014; and Maurer
etal., 2013). However, despite the wealth of literature on the subject,
no methods were found that were developed using South African
or even African data on a scale that could be applicable to future
developments.

The main aim of this study was to develop a method for estimating
the sewer pipeline infrastructure required for a service zone,
based on limited information, which can be applied to future
developments. This aim necessitated three major study outcomes,
namely:

+  Study Outcomel: The development of a model for estimating
the total sewer pipeline length for a service zone using basic
service zone characteristics

o Study Outcome II: The development of pipeline diameter
distributions for disaggregating the total pipeline length into
lengths per diameter, for different types of service zones

o Study Outcome III: The quantification of the typical number
of manholes required along a length of pipeline, for different
types of service zones

The three study outcomes listed above were developed by
statistically analysing South African sewer network data. The
inherent assumption in this approach was that the sample networks
had been designed to an acceptable standard; therefore appropriate
steps were taken in the data collection process to ensure that this
assumption was satisfied as far as reasonably possible.

It is noted that this study considered only the infrastructure
components defined in the three study outcomes. The occurrence
of special structures or rising mains, which were considered
too specific a factor to predict statistically, were not included.
Furthermore, the infrastructure estimation tool developed in
this study is intended for application in new developments, and
therefore the sample networks used to develop the tool represented
networks on a development and suburb scale. Consequently, the
results account mostly for reticulation and collector sewers, with
bulk lines represented to a lesser degree. And, lastly, no allowance
was made for outside flow contributions from adjacent upstream
developments draining through the development of interest, and
the tool is only applicable to developments on the upstream end
of a catchment.

METHODS

The approach taken to realise the stated study outcomes was
a statistical one. This necessitated two major methodological
components, namely data collection and statistical analysis.
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Data collection

For the data collection component, a suitable and sufficient
data source, characterising a large number of service zones
and associated sewer networks, had to be identified. Data were
obtained from a specialised water services consulting firm in the
form of comprehensive sewer network models for 5 South African
municipalities located in the provinces of Gauteng, Western
Cape, Free State and Mpumalanga. The raw data represented
an amassed total of 20 660 km of gravity pipelines. From the
municipality-scale sewer network models, an appropriate dataset
of sample networks had to be extracted for statistical analysis,
on a scale representative of the development or single-project-
sized service areas considered for this study. Suitable sample
networks were identified by inspection on a case-by-case basis,
and it was ensured that the resulting dataset was varied in terms
of characteristics such as area size, land uses, population density,
network shape, and topography.

Before recording the characteristics of interest of the sample
networks, two types of modifications were made to the samples.
Firstly, in order to ensure that the dataset represented sewer
networks operating under acceptable conditions, flow simulations
were performed to verify that all pipes had sufficient spare capacity
under design flow conditions. Pipes with insufficient spare
capacity were resized appropriately, ensuring that the minimum
and maximum flow velocity requirements were still satisfied
throughout the network. Secondly, in order to practically obtain
a large enough sample size, it was sometimes necessary to isolate
sample networks by deleting connections which conveyed flow
originating outside of the sample service zone into the sample
network. This modification was only considered acceptable in
cases where it was clear that the layout of the sample network
was not influenced by the upstream connection, and all pipes
downstream of the deleted connection were resized appropriately
for the reduced design flow. Overall, care was taken to ensure that
the resulting diameters were representative of reality.

After identifying and correcting the sample networks, their
characteristics of interest were recorded, thus forming the dataset
for statistical analysis. The outcomes of interest were identified
as the total pipeline length, diameter distribution, and manhole
distribution. The potentially influential variables of interest were
identified as the land use, area size, flow, dwelling density, shape,
and topography. For each sample network, these characteristics of
interest were recorded in terms of the variables shown in Table 1.
For some of the characteristics of interest, such as topography,
multiple indicators were used so that the best-performing one
could be selected in the final analysis.

The dataset was divided into the four land use categories shown
in Table 2, based on the dominant land use category by flow
contribution. Table 2 contains only the land uses which were
present in the dataset, grouped logically based on flow production
patterns as well as typical sewer layout patterns associated with
each land use. The final dataset consisted of 473 sample networks,
of which 240 were ‘General Residential, 113 were ‘Low Income
Residential, 92 were ‘Non-Residential, and 28 were ‘Large.

Study Outcome | analysis

For the statistical analysis component, each study outcome
necessitated a unique statistical approach. For Study Outcome I,
the chosen method was to develop a multiple regression model to
express the total pipeline length as a function of a combination of
physical characteristics of the service zone, for each of the four
land use categories. This method was chosen to enable precise
estimation of the total pipeline length, as well as to allow the
relationship between the total pipeline length and the service zone
characteristics to be quantified and understood.
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Table 1. Variables representing network characteristics of interest

Network characteristic Variable Definition Reference
Pipeline length & Total pipeline length per The sum of all pipe lengths for each unique diameter -
diameter distribution diameter
Manhole distribution Number of manholes The total number of manholes and other junction structures -
Land use Land use category Land use category in Table 2 that best describes the sample -
network based on percent contribution to total peak daily
dry weather flow (PDDWF)
Area size Area The plane area size of a polygon drawn around the border -
of the service zone
Flow PDDWF The total user flow production in the form of PDDWF (kL/d) -
Dwelling density Number of unit hydrographs The total number of unit hydrographs of all land uses -
serviced by the network, assigned according to Table 3
Shape Circularity ratio Arx A Miller, 1953
P2
Centroid-mouth relative radius i . . -
Distance from centroid to mouth
JA
Topography Mean slope of perimeter Zavoianu, 1985

Mean slope of basin

Melton ruggedness number

Surface area ratio

Total relief
Mean relief

Elevation standard deviation

Deviation from mean elevation

L=24 @) -A ifA<(®)}

4

L=4(4) if A>(2)?

H _—-H

max min

JA

Real surface area

Plane surface area

Hmax - Hmin

H -H

mean mouth
The standard deviation of elevations of all DEM points
Hmean _ Hmoulh

Elevation standard deviation

Schumm, 1956

Melton, 1965

Zavoianu, 1985

Wilson and
Gallant, 2000

Wilson and
Gallant, 2000

*The network mouth was defined as the furthest downstream convergence point of the network, which is the first point to receive all the flows of the

service zone

Table 2. Land use categories

Land use category

Land use

General Residential

Very high income (low density) residential
High income (medium density) residential
Medium income (high density) residential
Cluster
Flats

Farm or agricultural holdings

Low Income Residential

Low income (very high density) residential

Non-Residential

Business or commercial
Educational
Government or institutional
Industrial
Mixed

Large

Large
Public open space
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Table 3. Assignment of unit hydrographs used to populate data
source models

Land use Unit representing one UH
Rural erf
Low density residential erf
Medium density residential erf
High density residential erf
Low-cost housing erf
Reconstruction and Development unit
Programme (RDP)

Informal unit
Cluster unit
Flats unit
Educational unit
Business or commercial 100 m? floor
Institutional 100 m? floor
Industrial 100 m? floor
Warehousing 100 m? floor
Large 100 m? floor
Mixed 100 m? floor
Parks ha
Mine ha
Farm or agricultural holding ha

In multiple linear regression analysis, a dataset is used to generate a
model of the form presented in Eq. 1, where y denotes the estimated
dependent variable, x; denotes the independent or predictor
variables, and f3; denotes the regression coefficients. To develop
a regression model, the right independent variables x; in the right
forms must be selected, and reliable estimates of the regression
coefficients f3; must be generated using regression analysis, such
that the model can produce acceptably accurate estimations of
the dependent variable y. The standard approach for regression
analysis is to first try the ordinary least squares regression (OLS).
In OLS, the regression coefficients f3; are estimated such that the
sum of the squared errors is at its minimum, where the errors (or
residuals) refer to the difference between the observed value and
the predicted value for each observation or data point.

y =B+ Bx,+B.x,+ ... + Bx, (1)

In order to develop the regression models for this study outcome,
a multi-step process was followed. Firstly, the candidate variables
were identified. The dependent variable was the total pipeline
length, and the candidate independent variables are displayed in
Table 4. Variables in the same variable group were prevented from
being incorporated in the same model due to multicollinearity
between them, which is the state of being highly correlated to each
other. For each possible combination of the variables in Table 4, an
OLS model was built, and any insignificant variables indicated by a
p-value > 0.05 (see Montgomery and Runger, 2014) were removed,
so that the final models contained only the independent variables
with a significant relationship with the dependent variable. It was
found that area size was by far the most significant variable, but
that variable groups representing network service density and
topography helped to refine the estimates. By comparing the
models in terms of comparative performance indicators, namely
the adjusted R? log-likelihood, Akaike’s Information Criterion
(AIC) and Bayesian Information Criterion (BIC), it was found that
the best-performing combination of variables was the area size,
mean relief, and number of unit hydrographs (UHs) per hectare.

During the variable-selection process, the problem of
heteroscedasticity or non-constant variance was identified, in
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Table 4. Candidate independent variables for Study Outcome | models

Variable group Variables Unit

X Plane area ha

X, PDDWF per hectare kL/(d-ha)
Unit hydrographs (UHs) per hectare  number/ha

X; Circularity ratio m

X, Centroid-mouth relative radius -

Xs Mean perimeter slope -
Mean basin slope -
Melton’s ruggedness -
Surface area ratio -
Total relief m
Mean relief m
Elevation standard deviation m

Ruggedness number -

Deviation from mean elevation -

which the model prediction errors increased with increasing
area size, thus reducing the accuracy of the estimated regression
coefficients. The heteroscedasticity was addressed using a
combination of two strategies. Firstly, the range of the area size
for each model was reduced by introducing different area size
categories within each land use category, which increased the
number of models required from four to nine. Secondly, weighted
least squares regression (WLS) was implemented. WLS is variation
of OLS in which the errors are weighted to prevent the large errors
from having a disproportional impact on the regression coefficient
estimates. This two-pronged approach adequately addressed the
heteroscedasticity. However, working with a reduced number of
data points for each model revealed a trend which was previously
concealed, namely that both mean relief and UHs per hectare
displayed a very mild nonlinear relationship with the total pipeline
length. This was addressed by applying nonlinear transformations
to both variables, namely, /mean relief and log ; (UHs per
hectre), which significantly improved the visual fit of the data,
and thus was considered to better represent the true variable
relationships. After addressing the heteroscedasticity and non-
linearity, all previous conclusions were re-evaluated, and found
to still be acceptable. Therefore, for each of the nine land use and
area size category combinations, a unique WLS regression model
was developed representing the total pipeline length as a function
of area size, ,/mean relief and log - (UHs per hectre). The final
models are presented in the Results section.

Study Outcome Il analysis

The purpose of this segment of the analysis was to develop pipeline
diameter distributions that could be used to disaggregate the
estimated total pipeline length into lengths of different diameters.
The distribution of pipe diameters does not lend itself to precise
statistical estimation, since pipe diameters are dependent on
specific factors, such as the network layout or individual pipe
slopes. Therefore, a simple and practical solution of finding
the average diameter distribution within certain categories of
similar networks was chosen. This pragmatic approach required
similar networks to be identified based on known service
zone characteristics, such as land use, area size, or population
density. In order to increase the viability of the chosen method,
the categories and category boundaries had to be set based on
logical consideration, such that meaningful differences between
the distributions would be obtained. For practicality, each pipe
diameter was rounded up to the nearest standard nominal
diameter, namely, 110, 160, 200, 250, 315, 355, 400, 450, 525, 600,
675, 750, and 825 mm.
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The factors that could potentially influence the diameter
distribution were identified as the population size, area size,
dwelling density, total design flow, per capita wastewater
production, and topography. Considering the data available in this
study, these factors could be accounted for by a combination of the
following variables: land use category, UHs per hectare, PDDWF
per hectare, plane area, and mean relief (the best topography
factor from Study Outcome I). In order to determine which of
these were actually significant, the effect of each variable on the
overall diameter distribution was evaluated by visual assessment
of partial regression plots, which show the relationship between
the dependent and a single independent variable, after the
effects of the other independent variables have been accounted
for (De Veaux et al., 2011). The overall diameter distribution
was represented using the total pipeline volume divided by the
total pipeline length, which signified the average cross-sectional
pipeline area (or effectively, the average diameter) of a network.
For each land use category, partial regression plots of the total
pipeline volume over length versus plane area, UHs per hectare,
PDDWEF per hectare, and mean relief were plotted. The partial
regression plots were analysed to assess which candidate variables
had the strongest influence on the average cross-sectional pipeline
area. Due to the small number of data points in the ‘Large’ land use
category, this land use was combined with the ‘Non-Residential’

land use to form ‘Non-Residential and Large’ This combined land
use category was only applied to Study Outcomes II and III.

The plots indicated that for both the ‘General Residential’ and
‘Low Income Residential’ land uses, plane area was the only
variable that exhibited any influence on the total pipeline volume
over length. For the ‘Non-Residential and Large’ land use
category, plane area exhibited the strongest influence on the total
pipeline volume over length, followed by mean relief, and, while
PDDWEF per hectare did appear to have some influence, the trend
was not consistent enough to be reliable. Based on the conclusions
drawn from the partial regression plots, it was established that
the ‘General Residential’ and ‘Low Income Residential’ land uses
should be subdivided according to plane area only, while the ‘Non-
Residential and Large’ land use should be subdivided according to
both plane area and mean relief. As a result, 17 unique diameter
distributions were generated, for 6 ‘General Residential” area size
categories, 4 ‘Low Income Residential’ area size categories, and 7
‘Non-Residential and Large’ combined area size and mean relief
categories. To aid in setting appropriate category boundaries in
terms of area size, Figs 1 to 3, showing the maximum pipe diameter
versus area size for each land use, were consulted to identify zones
of relative homogeneity (designated by the dotted lines). The final
diameter distributions are presented in the Results section.
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Figure 1. Maximum nominal diameter vs. plane area (‘General Residential’)
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Figure 2. Maximum nominal diameter vs. plane area, indicating zones of homogeneity (‘Low Income Residential’)
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Figure 3. Maximum nominal diameter vs. plane area, indicating zones of homogeneity (‘Non-Residential and Large’)
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Study Outcome lll analysis

Lastly, for Study Outcome III, a simple average of the number of
manholes per kilometre of pipeline was required. However, the
placement of manholes is in reality affected by factors such as
the connection density, network layout, and pipeline diameters.
Therefore, it was expected that this manhole frequency could
be influenced by certain service zone characteristics. After a
thorough investigation of the relationship between the total
number of manholes in a network and all of the other variables
available in this study (Table 1), it was established that the
number of manholes in a network is additionally influenced
by the area size and land use of the service zone. Therefore, the
manhole distribution was calculated as the average number of
manholes per kilometre of pipeline within 6 different categories
of land use and area size. The final distributions are presented in
the Results section.

RESULTS

It is noted that the final dataset used to generate the study outcome
components and corresponding results fell within the limits
specified in Table 5. Therefore, the results presented and discussed
in this section can only be considered applicable to service zones
with characteristics falling within the specified limits.

Total pipeline length models

Models for the estimation of total pipeline length were developed
for 9 different combinations of land use and area size categories,
using only 3 independent variables: plane area, mean relief and
UHs per hectare. The model form is presented in Eq. 2. The
variables y and x; are defined in Table 6, and the regression
coeflicients f3; are provided in Table 7.

y=B,+Bx, + B,yJx, + B,log ;(x,) )

Table 5. Ranges of the independent variables for model development and evaluation

Land use category Plane area (ha) Mean relief (m) UHs per hectare
General Residential 0-450 0-82 1.3-22.7
Low Income Residential 0-300 0-53 4.9-48.7
Non-Residential 0-120 0-52 0.4-21.0
Large 0-160 - -

Table 6. Model variables
Symbol Variable Unit Calculation
% Total pipeline length km -
X, Plane area ha -
X, Mean relief m Table 1
X3 UHs per hectare number/ha Number of unit hydrographs as per Table 1 divided by plane area

Table 7. Model regression coefficients: ‘Average’ (bold, centre row), with ‘lower confidence limit’ (italics, top row) and ‘upper confidence limit’

(italics, bottom row)

Land use category Area size (ha) B, B, B, B;
General Residential 0-20 —2.694 0.134 0.040 0.167
-1.845 0.157 0.154 0.254
-0.996 0.180 0.268 0.340
20-40 —5.809 0.109 0.258 0.334
-4.189 0.155 0.455 0.469
-2.569 0.202 0.653 0.604
40-100 -1.791 0.075 0.189 0.000
0.329 0.102 0.530 0.000
2.448 0.128 0.872 0.000
100-450 -10.301 0.099 0.950 0.000
-6.214 0.114 1.765 0.000
-2.128 0.130 2.580 0.000
Low Income Residential 0-40 —4.180 0.169 0.112 0.172
-2.974 0.187 0.244 0.297
-1.769 0.205 0.376 0.422
40-300 —27.043 0.134 0.144 0.949
-17.693 0.153 0.884 1.962
-8.343 0.171 1.624 2.974
Non-Residential 0-40 —0.845 0.064 0.009 0.069
-0.454 0.083 0.142 0.114
-0.062 0.102 0.274 0.160
40-120 —2.974 0.034 0.522 0.000
-0.972 0.060 0.885 0.000
1.029 0.087 1.248 0.000
Large 0-160 0.635 0.029 0.000 0.000
0.961 0.045 0.000 0.000
1.287 0.062 0.000 0.000
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For each regression coeflicient, three values are provided. The
‘Average’ value provides the estimate of the true coefficient. Using
the average coefficient values would provide the most likely
total pipeline length for a service area. The ‘Lower confidence
limit’ and ‘Upper confidence limit’ represent the boundaries of a
95% confidence interval on the coefficients. These are provided
to allow the minimum or maximum total pipeline length that
could reasonably be possible for a service area to be estimated.
It is also noted that in some model instances, UHs per hectare,
and sometimes also mean relief, were not significant. In such
cases, the regression coeflicients are zeros. Finally, it is important
to note that when interpreting the total pipeline length output
of the models, this output is constrained by the definition of a
sample network used in the collection of the data points. A
sample network endpoint or mouth was defined as the first point
receiving all the flows of the network. Therefore, the total pipeline
length models also represent the total pipeline length before
this convergence point. By extension, this implies that the short
length of pipeline which connects the network endpoint to the

nearest collector sewer should be accounted for separately, on an
application-specific basis.

Pipeline diameter distribution

Unique pipeline diameter distributions were developed for 17 differ-
ent categories of land use and area size, and mean relief to a lesser
degree. The diameter distributions for the ‘General Residential, ‘Low
Income Residential, and ‘Non-Residential and Large’ land use cat-
egories are presented in Table 8, Table 9 and Table 10, respectively.

Manhole distribution

The average number of manholes and junction structures
(collectively referred to as manholes) per kilometre of pipeline for
6 categories of land use and area size is presented in Table 11. The
‘Average’ value indicates the most likely true manhole frequency.
The ‘Lower confidence limit’ and ‘Upper confidence limit’ provide
the bounds of a 95% confidence interval on the manhole frequency,
to allow the minimum and maximum number of manholes that
could reasonably be expected to be determined.

Table 8. Percentage total pipeline length per diameter (‘General Residential’ areas)

Area size Nominal diameter (mm) % Small
(ha) 110 160 200 250 315 355 400 450 525 600 Total pipes*
0-15 13.5 86.5 100 100
15-50 4.0 94.6 0.4 0.8 0.2 100 99
50-100 6.4 90.4 0.7 2.0 0.2 0.2 100 97
100-200 5.7 89.5 0.5 29 0.5 0.8 100 95
200-300 29 88.7 13 4.8 19 0.3 100 92
300-450 1.1 90.6 1.2 3.5 0.9 1.7 0.4 0.2 0.0 0.4 100 92
*Small pipes have diameter < 160 mm
Table 9. Percentage total pipeline length per diameter (‘Low Income Residential” areas)
Area size Nominal diameter (mm) % Small
(ha) 110 160 200 250 315 355 400 450 525 600 675 Total pipes*
0-20 33.2 66.1 0.4 0.3 100 99
20-80 8.3 87.2 2.3 1.9 0.2 100 96
80-150 13.5 80.3 2.3 2.8 0.2 0.8 100 94
150-300 2.3 89.3 2.2 3.3 1.0 0.6 0.2 0.7 0.0 0.0 0.3 100 92
*Small pipes have diameter < 160 mm
Table 10. Percentage total pipeline length per diameter (‘Non-Residential and Large’ areas)
Area size Mean relief Nominal diameter (mm) % Small
(ha) (m) 110 160 200 250 315 355 400 450 525 600 825 Total Ppipes*
0-15 > 10 45.5 54.5 100 100
<10 6.3 93.7 100 100
15-70 > 14 102 833 2.7 2.5 0.0 1.2 100 94
<14 5.2 84.5 1.3 5.7 2.0 1.2 0.1 100 90
70-160 >18 2.1 89.9 3.1 4.4 0.5 100 92
<18 0.2 82.8 3.2 59 2.8 3.5 1.0 0.4 0.3 100 83
160-300 >0 1.3 69.5 1.6 17.0 3.7 2.8 2.0 1.6 0.1 0.4 0.1 100 71
*Small pipes have diameter < 160 mm
Table 11. Distribution of manholes and other junction structures
Land use category Area size (ha) Number of manholes per kilometre of pipeline
Average Lower 95% confidence limit  Upper 95% confidence limit
General Residential 0-20 22.6 21.6 23.5
and 20-50 21.3 20.4 221
Low Income Residential 50-450 20.0 19.5 206
Non-Residential 0-30 20.5 19.1 22.0
and 30-60 18.2 16.9 19.5
Large 60-160 17.0 15.8 18.1
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DISCUSSION

In this section, the results are discussed in terms of a logical
evaluation of their physical implications, and an appraisal of their
performance in terms of statistical performance indicators.

Total pipeline length models

The final model form (Eq. 2) contains nonlinear terms for mean
relief and UHs per hectare. This model form indicates that the
total pipeline length is expected to increase with increasing
area size, mean relief, and UHs per hectare, which is a logical
conclusion. For the mean relief and UHs per hectare, an increase
in either of these variables is associated with an increase in total
pipeline length, but at a decreasing rate. In the case of UHs per
hectare, this outcome could be physically interpreted as the
required length of each new connection to a network becoming
progressively shorter as a network changes from sparse to dense.
For mean relief, such an intuitive interpretation is not clear, but
the nonlinear relationship does seem reasonable. Additionally,
the final models show that UHs per hectare is not a significant
variable in the larger area size categories because the regression
coefficients are zeros. This outcome makes sense, since small
service zones might include a single development with a specific
layout and population density, but large service zones incorporate
more developments with a variety of population densities.
Therefore, for larger service zones, UHs per hectare approaches
an averaged value, thus losing its influence. Overall, in addition
to strong performance results, the total pipeline length models are
logical in their physical implications.

Table 12 presents the R? and mean absolute percentage error
(MAPE) values for the training and test datasets, where the
training dataset refers to the data points used to develop or train
the model, and the test dataset refers to 20% of the original data
points which were reserved exclusively for testing. The R* provides
a useful and intuitive representation of the model strength.
However, it must be analysed with some caution, as it can be
affected by the resolution of the scatter plot (the range of values
on the axes). The MAPE indicates the average size of the absolute
errors as percentages of the observed y-values. The indicator was
used to obtain an intuitive indication of the model accuracy.

Overall, the R? values ranged from moderately good to very good,
in the order of 0.6 to greater than 0.9, and these results were
validated well by the test data results. However, the ‘Large’ land
use case was an exception, where the test data R* of 0.04 indicated
a very poor performance on the test set. On closer inspection of
the ‘Large’ model, out of the five data points in the test set, there
were two major under-predictions, but the other three were
estimated reasonably accurately. It is therefore plausible that
the test data results were skewed by two extreme-value points.

The MAPE values were generally good. Models for the ‘General
Residential’ land use performed the best, with MAPE in the order
of 9-15%. The ‘Low Income Residential’ models also performed
reasonably well, with a MAPE in the order of 8-20%. The MAPE
for the ‘Non-Residential’ land use was overall a bit higher, in the
order of 19-25%. The ‘Large’ category did not perform as well,
with a MAPE in the order of 31-35%. All results were validated
by the test data, including the ‘Large’ land use.

Overall, the performance results suggest that the model
prediction accuracies range from good to moderate, with the
‘General Residential’ land use performing the best on average,
and the ‘Large’ land use performing the worst. The generally poor
performance of the ‘Large’ land use model is likely due to the
combined effects of the small dataset (25 data points, of which
only 20 were training points and 5 were reserved for testing), and
the fact that the ‘Large’ sample networks sometimes contained
partial sections of private industrial networks captured in the
source models. This inconsistency could also explain why the
area size was the only independent variable with a measurable
influence for this land use.

Pipeline diameter distribution

There was no clear method for quantifying the pipeline diameter
distribution performance meaningfully. However, insofar aslogical
distribution trends were concerned, the diameter distributions
performed well. Overall, the proportion of small pipes decreased
with increasing area size; the maximum nominal diameter
increased with increasing area size; and in ‘Non-Residential and
Large’ areas, flatter areas, or those with lower mean relief values,
had a smaller proportion of small pipes and larger maximum
diameters. In this sense the results were considered reflective of
reality and thus fairly reliable.

Considering the reliability of the individual distributions, the
most consistent trend was the percentage of small pipes (diameter
<160 mm). The percentage of small pipes was always greater than
90% for the residential land uses, and greater than 70% for the
non-residential land uses; and the individual values varied with
area size and mean relief. This finding suggests that at least 90%
(or 70% in the case of nonresidential land use areas) of the total
pipeline length can be expected, with a high level of confidence, to
consist of pipes 160 mm in diameter or less. In effect, the majority
of the pipeline network diameters could theoretically be estimated
to within less than 100 mm of accuracy.

The distributions of the large pipes (diameter > 160 mm) were
more random. This was possibly because the distribution of large
pipes in a network is dependent on the specific network layout
and the positions where the sub-networks converge. For example,
a 450 mm pipe converging with a 160 mm pipe might require

Table 12. Training and test data R? and MAPE for total pipeline length models

Land use category Area size (ha) R? MAPE (%)
Training data Test data Training data Test data
General Residential 0-20 0.84 0.86 14.8 12.6
20-40 0.80 0.91 12.6 9.3
40-100 0.61 0.80 139 13.1
100-450 0.87 0.94 13.4 9.6
Low Income Residential 0-40 0.91 0.93 19.9 17.3
40-300 0.94 0.98 10.2 7.7
Non-Residential 0-40 0.81 0.60 25.2 22.0
40-120 0.75 0.62 18.9 20.8
Large 0-160 0.64 0.04 35.0 30.6
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Table 13. Training and test data R* and MAPE for prediction of total number of manholes

Land use category Area size (ha) R? MAPE (%)
Training data Test data Training data Test data
Residential 0-20 0.97 0.74 17.3 18.7
20-50 0.97 0.84 16.7 14.3
50-450 0.98 0.95 15.4 14.6
Non-residential 0-30 0.95 0.77 19.3 26.8
30-60 0.98 0.88 1.5 10.7
60-160 0.98 0.89 1.5 8.9

a 525 mm pipe downstream of the convergence, but a 450 mm
pipe converging with a 315 mm pipe might require a 600 mm
pipe downstream of the convergence, thus skipping the 525 mm
category. Therefore the large-diameter distribution of any network
is likely to deviate significantly from the average in most cases,
which introduces considerable uncertainty for costing. However,
based on the previous paragraph, large pipes account for less
than 30% (predominantly less than 10%) of the total pipeline
length, somewhat reducing the impact of this uncertainty. It is
recommended that the distributions of the large-diameter pipes
be used as a guide, but that they remain open to interpretation by
the user based on the required level of conservativeness. To this
end, the plots of maximum nominal diameter versus plane area
for each land use contained in Figs 1 to 3, which were used to set
area size category boundaries, may also be helpful in identifying
the range of possible maximum diameters for an area.

Manhole distribution

It was found that, on average, there are about 20 manholes
per kilometre of sewer pipeline, but the number of manholes
per kilometre is influenced by the land use and area size.
Predominantly residential areas tend to have slightly more
manholes per kilometre, and predominantly non-residential
areas tend to have slightly fewer manholes per kilometre. This is
a logical outcome, since land use affects the network layout and
density, which in turn affect the number of pipe junctions, and
therefore, manholes. Another trend observed from the manhole
distribution table is that as the area size increases the number of
manholes per kilometre of pipeline tends to decrease. This is also
a logical outcome, since larger areas have more large-diameter
pipes, along which the maximum distance between manholes
is normally increased. It is noted that the calculated manhole
distribution may be affected additionally by the local municipal
regulations on minimum manhole spacings. Considering the
values in this study as a fair indication of the average case, then
the upper and lower confidence limit values will be helpful in
municipalities where the minimum allowed manhole spacings are
below or above average, respectively.

The accuracy of the manhole distributions was evaluated by
comparing the predicted versus actual number of manholes in a
sample network. Similarly to the total pipeline length models, R?
and MAPE were determined for the training dataset, and these
results were validated using the test dataset. The R* and MAPE
for the total number of manholes in each sample network are
presented in Table 13. The high R* values, which all exceed 0.95,
suggest that the estimations are made with considerable accuracy,
and this is validated well enough by the results from the test
dataset. The differences in the training data and test data R* values
were not considered large enough to be a cause for concern. The
MAPE for the different categories is in the order of 8 to 27%.
The relatively low MAPE values indicate a fairly high prediction
accuracy. Interestingly, the prediction accuracy was better for
large areas than for small areas. These results are validated by the
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results from the test dataset. Overall, the high R* and low MAPE
performance results suggest that the number of manholes is
predicted with a reasonably high level of accuracy.

CONCLUSIONS

Using the three study outcomes in combination, it is possible
to estimate the total sewer pipeline length per approximate
diameter and the expected number of manholes associated
with a service zone with a reasonable degree of confidence.
The only required input characteristics of the service zone are:
the dominant land use (in terms of PDDWF contribution, or
alternatively, UH contribution), area size, mean elevation of the
service zone, expected elevation of the network endpoint (the
lowest convergence point of the network), and the number of unit
hydrographs to be serviced by the network. The infrastructure
estimation tool developed in this study is applicable to South
African service zones on a development scale of 0-450 ha;
however, with a suitable dataset, a similar tool could be developed
for any locality or development type of interest.

While there are existing tools for feasibility-stage costing of
sewer projects, many of them require an assumption to be made
regarding the expected pipeline infrastructure, particularly in
terms of the total pipeline length per diameter or material. The
tool developed in this study could therefore offer considerable
benefits for improving the accuracy of the cost estimations that
can be made using existing costing methods. Furthermore, it
could also have potential in non-costing applications, such as:

o Updating infrastructure databases where information is
outdated or lost

o Serving as a design benchmark for new sewer schemes

o Aidingin preliminary wastewater treatment plant (WW'TP)
sizing calculations by allowing for more accurate infiltration
estimates, since infiltration is a function of pipeline length
and circumference

o Providing more detailed information for decision-making
when comparing a traditional WWTP and sewer network
to more modern decentralised solutions

o Helping urban planners to determine the wastewater
network size that achieves optimal economies of scale

In closing, it is noted that there will always be project-specific
variation which cannot be accounted for statistically, and the
results generated using the proposed infrastructure estimation
tool should be interpreted accordingly.
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SYMBOLS

A Area of a polygon drawn around the border of a
wastewater service zone

H_ .. Highest point elevation of a service zone

H, Mean elevation of a service zone

H_. Lowest point elevation of a service zone

H, ...  Elevation at the end manhole of a service zone

L Service zone length

P Perimeter of a polygon drawn around the border
of a service zone
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