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Abstract

Geographical information system (GIS)-supported sewer-system analysis has major advantages over the use of traditional stand-
alone sewer programs, especialy with regard to establishing network topology, input of sewage contribution data, querying,
displaying and mapping of results. Thispaper reportson the devel opment of aGl S-supported sewer analysissoftware packageusing
ArcView GIS. It supports all the stages of sewer-system analysis, viz. defining the topology of a sewer network, the specification
of sewage flow contribution parameters, the allocation of sewage-contributing areas to sewer manholes, hydraulic analysis and
displaying the analysis results. A sewer program has been developed for hydraulic analysis and written in Avenue, the internal
programming language of ArcView. The sewer program is therefore fully integrated with ArcView, and al the functionality of
ArcView isavailable during the sewer-system analysis. Such an integrated software package where theinput data, sewer program,
Gl Sand programresultsareall dynamically linked isthe perfect environment for scenario management. The software package has
already been successfully applied to themain sewer system of thenner Cape M etropolitan Region (Inner CMR), aspart of anM.Sc.

thesisin Geography and Environmental Studies.

Introduction

Theuseof geographical information systems(GIS) incombination
with stand-al one sewer programsto support sewer-systemanalysis
has been known for quite some time. The integration of these
systems, viz. the specially designed interfacesto transfer datafrom
the GISto the external program and to transfer the results back to
theGlSwas, however, not alwaysperfect. Thefurther devel opment
of such asystem can also be cumbersome because of the complex
link between the GIS and the externa program, which must be
updated all thetime. Poorly integrated Gl S sewer packagesusually
have no significant advantage over normal stand-alone sewer
programs, sincethedatainput, sewer program and program results
are till separate and isolated elements. These products usually
haveincluded an optional export functionality to GIS/AutoCAD —
the focusis thus mainly on the sewer program and the GIS sideis
totally neglected. Off-the-shelf GIS systems usualy have no
significant built-in sewer-systemanalysisfunctionality —they have
to betailored for the specific use. It istherefore important to have
apowerful internal programminglanguagetofurther customisethe
GIS environment and to supplement existing functionality to
support sewer-system analysis.

Sewer-system analysis using ArcView

ArcView, a sophisticated desktop mapping application by means
of which spatial data can be visualised, explored, queried and
analysed geographically (Hutchinson and Daniel, 1995; ESRI,
19964) isaperfect platformfor sewer-system analysis, becausethe
packageiswell-knownfor itsuser-friendly graphical user interface
(GUI) and it has apowerful object-oriented internal programming
language, called Avenue (Razavi, 1995; ESRI, 1996b). With
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Avenueprogramming code (alsoreferredtoasscripts) theArcView
environment can further be customised and standard built-in
functionality can be enhanced to support al phases in sewer-
system analysis. By writing the sewer program (hydraulic engine)
in Avenue, the sewer-system analysis can take place completely
withinthe GISand interfaces (suchasDLL, DDE or common data
exchange files) will therefore no longer be necessary. A better,
more direct and dynamic link is therefore established between the
Gl Sandthesewer program. All of thefunctionality and components
of ArcView (together with the enhanced functionality) can then be
utilised during the sewer-system analysis.

For the purpose of discussion, sewer-system analysishasbeen
divided into six stages (Fig. 1), viz.:

e definition of sewer networks

e selection of sewer network

e gspecification of sewage flow contribution parameters

« alocation of sewage-contributing areas to sewer manholes
e hydraulic analysis

e display of the analysisresults.

Thenewly developed sewer package hasalready been successfully
applied to the main sewer system of the Inner Cape Metropolitan
Region (Inner CMR) as part of an M.Sc. thesisin Geography and
Environmental Studies (Sinske, 1998) and supports each stage of
the analysis. These six stages are described in the sections that
follow.

Definition of sewer networks and drawing-up of
attribute tables

The location of the manholes in the sewer networks, the pipe-
manhol etopol ogy and attributes such as pipe slope, diameter, type
of material and absoluteroughnessareall defined at thisfirst stage
of theanalysis (Fig. 1). X, Y co-ordinates of each manholein the
sewer networks, aswell aspipeinvert levels, and attributes such as
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Stage 1:

Define sewer networks and assign
attributes

Select sewer network to analyse

|

Stage 2:

Stage 3:
Set sewage flow contribution
parameters
Stage 3(a) Stage 3(b) Stage 3(c) Stage 3(d)
Income class Per capita sewage Hourly peak Extraneous flow
categories production factors factor
Stage 4:
Allocate sewage-contributing areas to
sewer manholes
Stage 4(a) Stage 4(b)
Census EAs Non-residential land use

(in residential areas) areas

Stage 5:

Specify additional flows
Set hydraulic parameters
Perform hydraulic analysis

I

Display analysis results

Stage 6:

Extract from ASCII File

Manhole [Y X
No. (+3700000)

Invert |from |to Length Invert
Level |MH MH (m) Drop

Slope Type and |Inside
Class Diam

(mm)

M311 33601.22) 53089.87| 65.53

M312 33604.14|  53158.75 64.77|M311 [M312 68.93762| 0.76|1: 90.707|Concrete 375

M313 33610.87| 53310.64| 64.35|M312 [M313 152.0402| 0.42|1: | 362.000|Concrete 375

M314 33614.63 53393.52| 64.07|M313 |M314 | 82.96438| 0.281: | 296.301|Concrete 375

O M31

Import into ArcView and create O M312
point theme 0 M313

O M314

Avenue Script: Drawpipes

- creates sewer entities (polylines)
- builds topology
- creates basic attribute table

Attributes of_l_sewer theme

Shape  |Start'Mh |End_Mh v
Polyline  |M311 M312 M311
Polyline  [M312 M313 M312
Polyline M313 M314

M313

M314
Attributes of sewer theme after the join
Shape  |START_MH [END_MH [SLOPE |[DIAM [TYPE [k (mm)
Polyline M311 M312 90.707| 375|Concrete 1.00]
Polyline  [M312 M313 362.000| 375[Concrete |  1.00)
Polyline  [M313 M314 296.301| 375[Concrete |  1.00)

Figure 1
GIS-supported sewer-system analysis using ArcView GIS

diameter, type of material and absol ute roughness, can be obtained
from a GPS field survey and stored in ASCI| datafile format. An
Avenue script has been written to convert the data contained in the
ASCII datafileinto ArcView pointand polylinethemesrepresenting
the manholes and sewer pipesin the sewer networks respectively
(Fig. 2). The script also generates corresponding attribute tables
that contain the start-and-end manhole code of each sewer pipein
the network and this establishes the pipe-manhol e topology (Fig.
2). The pipe attributes necessary for the analysis areisolated from
the ASCII file and joined with the sewer network attribute table
(Fig. 2). The script can build fully automatically the topology of a
main sewer system with no sewer branches, as well as a sewer
network with tree-like branches. The latter, however, can only be
built fully automaticaly if the downstream manhole of each
manhole in the system has been recorded in the field survey file.
Without thisinformation, the script can only build topology semi-
automatically, whereby the user has to define the sewer branches
by clicking on the manholes in the direction of flow. The semi-
automatic graphical method for definingtopology is, however, still
agreat improvement on the manual data entry method where the
user had to enter the start-and-end manhole code of each pipeina
spreadsheet type editor.

Selection of sewer network

Once each of the sewer networks in the sewer system has been
defined as described in stage one, the particular sewer network to
be analysed can be selected from a customised ArcView menu
system situated at the end of the standard ArcView menu (Fig. 3).
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Figure 2
Definition of sewer networks and drawing-up of attribute tables

The program will then automatically zoom to the selected sewer
network for specification of sewageflow contribution parameters,
allocation of sewage-contributing areas to manholes and further
hydraulic analyses.

Specification of sewage flow contribution
parameters

Sincetheper capitasewageproductionisgreatly influenced by the
living standard of the population (Department of Housing, 1995),
as characterised by variables such as number of people per census
enumerator area (EA) and average per capita income, census data
canbeusedtoestimatesanitary sewer flows(Shamsi and Schneider,
1993). There is often also a correlation between the hourly peak
factor of sewer flowsand theaverage per capitaincomeof aregion
(Van Schalkwyk, 1996). The model requiresthat the sewage flow
contribution parameters, viz. per capita production (for residential
areas) and per area unit flows (for non-residential areas), hourly
peak factors and extraneous flow (wet weather) factors should be
specified for each income class and land-use type of the sewer
catchment areas within the study area. Appropriate income class
categories can be obtained from a statistical analysis or from a
geographical overlay analysis, based on theincomevs. residential
density relationship of the study area. The parameters can then be
entered in database tables, where each record (row) contains the
parametersfor the catchment area of aparticular sewer network in
the study area. During the next stage of model specification
sewage-contributing areas are allocated to manholes.
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Remarks:

» The analysis results for a pipe
in the Cape Town Main Sewer
are shown.

* The visible themes are:

- manholes of the Cape Town
Main Sewer (Cpt.shp)

- pipes of the Cape Town Main
Sewer (Cpt_main.shp)

- the land-use theme
(Lcl_cmaz2.shp)

* The selected menu item is the
first menu item of the custom-
ised menu.

T

B
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« The four buttons, on the far ﬁ LR
right side, just above the scale i [iTi]
box, are four customised forb R |
buttons to trigger important o i
tasks. 1al |
ik [I]%
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Figure 3
ArcView sewer package
Allocation of sewage-contributing areas to sewer Extractfiomattibutes of census theme ______——
manholes Polygon |  34206|BELLVILLE |BELLVILLE 37| 4 2. o 5 843| 59522
Polygon 34207|BELLVILLE g:/L,:eILLE 379 3| al . 0| 3 731 30450.2]
Theallocation of sewage-contributing areasto sewer manholescan  [roygon T 32208[perviie g:/L,\wILLE 519l 1] 1] . 1 3] 1o007] 4807
be done by graphical selection in ArcView. Avenue SCl'iptS have Polygon 34210[BELLVILLE g:/L,\wILLE a76| 8| 24 . 1 1 1077| 56219
been written to allocate census EAs to sewer manholes and to Ny
allocatenon-residential areasto the sewer manholes. Thescript for
theresidential censusEA allocation determinesthetotal population
of each income class in the selected set of census EAs from the v

census theme and writes this information in the sewer network
attributetableinfieldsreserved for low-, middle- and high-income
populations respectively (Fig. 4).

Thescript for theallocation of non-residential areasdetermines
the total area of each land-use type in the selected set of land-use
areasfrom aland-usetheme and also writesthisinformation in the
sewer pipe attribute table in fields reserved for areas of different
land-use types (Fig. 5). Both these scripts write cross-referenced
information in two separate tables. One table lists all manhole
identification codes with corresponding census EA identification
codes (Fig. 4) and the other tablelistsmanhol eidentification codes
with corresponding land-useareaidentification codes(Fig. 5). This
cross-referencedinformationisvery useful for scenario management
of both current and future census EA/land-use areaall ocation. The
allocation can easily be updated for each scenario by using the
cross-referenced information tablesto select the census EAg/land-
use areas that are currently allocated to a sewer manhole (Fig. 6)
and then add/remove from the selection certain census EAs/land-
use areas. Different future scenario layers can a so be loaded, and
the new sewage contribution parameters will be automatically
fixed to the corresponding manholes, via the cross-referenced
information.

Once these steps have been completed the system is virtually
ready to continue with the hydraulic analysis as described in the
next section.
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Select census EAs and
corresponding manhole with
standard ArcView graphical

selection tools

|

M311
M312
M313
IDSENS = 34208
l M314
Avenue script: Get_EAs
Updates sewer attribute table
Updates cross-reference table
Updated sewer attributes Cross-reference
START_M|END_M |...-> |RES |RES |[RES3 START_ |ID_SEN
H H 1 2 MH 5
M311 M312] 0] 5006] 4067, M313| 34206
M312 M313| o) o) 0 M313| 34207
M313] M314 0| 843| 731
Figure 4
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Extract from attributes of land-use theme Hydraulic analysis

LANDUSE MLC LANDUSECOD |AREA LANDUSEID
Commercial Tygerberg 3 775924.277 1 L. . .
Educational & Community Tygerberg 2] 801020.256 2 Additional flows and the hydraulic analysis parameters
Industrial Tygerberg 6| 751563.905, 3 (minimum and maximum flow velocity) should be specified
Medium-Density Residential Tygerberg 10 187170.479] 5 before eXeCU“ ng the hydraul | c analyg S, An Avenue S:ri pt has
Informal Settlements Tygerberg 7 191535.611 6 . . .
T ygeTherg S T16075055 > been written to perform thq hydraulic anal ysis and can be run
] . ] from the customised ArcView menu, mentioned earlier. The
l script basically does the following tasks (Fig. 7):
e Attribute dataof the sewer network to be analysed areread
Select land-use areas and H :
corresponding manhole with and stored in dqta arrays (in Avenue, the data arrays are
standard ArcView graphical represented by list structures).
selection tools «  The pipe directly downstream of each pipe in the sewer
network is determined and the downstream pipe number is
l stored in asuitable data array.

e Theindividua flowineachpipeiscalculated. Theprogram
extracts the following data from the data arrays when
performing the calculations: per capita and per area

Ma11 production figures, the number of people in each income
M312 class, non-residential areas, as well as the hourly peak
factor and extraneous flow factor.

LANDUSE_ID =2

LANDUSE_ID =1

LANDUSECOD = 4

LANDUSECOD =3
AREA = 801020.256

AREA = 775924.277

LANDUSE_ID =3

M313
O a4 e The flow in each pipe is routed downstream, and the
accumulated flow in each pipeis calculated.
Avenue script: Gel_Areas e Thecapacity of the pipesto carry the wet-westher flow is
) checked. The Darcy-Weisbach flow formula is used, in
LL,J,;',)(? :ttfs Csﬁ,“lir,ae‘ft;,“;,‘ii?;?,'.i combination with the Colebrook and White roughness law
(Valentin, 1995).
e |If the capacity is sufficient to carry the wet-weather flow,
Updated sewer attributes Cross-reference thenthedry-weather flow vel ocity, dry-weather flow depth
START_MH |[END_MH |-> |AO |A1 |A2 A3 A4 |> START_MH  |LANDUSE_ID I’a[io, Wet'Weather ﬂOW VeIOCity and Wet-Weather ﬂOW
M311 M312; 0| 0 0] 1611216 183641| 0 M313| 1 .
Ve R o e ) 5 o5 VEE > depth ratio are calculated. The status of the dry- and wet-
M313 M314 of o] of 775924] 801020] 0 weather flow velocity isalso checked to ascertain whether
they are within the alowable limit as defined by the

analysis parameterswhich were set before execution of the
Figure 5 analysis. The program uses alook-up table to find the y/d
Allocation of land-use areas to sewer manholes

= 7
Ladli=gls

Remarks:

e By using the cross-referenced
information, itis possible to label
each census EA with its corres-
ponding manhole identification
code, which is stored as an
attribute in the census theme
attribute table.

¢ Subsequent queries can then
also be done, as shown in the
figure, where all census EAs
allocated to manhole 22B were
found and highlighted.

¢ Theland-use theme, which also
contains cross-referenced infor-
mation, can be queried in very
much the same way.

Figure 6
Mapping of manhole census EA allocation
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and v/v, ratios for agiven Q/Q, , ratio (Hosang ~ Extract from attributes of sewer theme
and Bischof. 1993: Valentin 1995) Shape |START_MH |[END_MH |SLOPE |DIAM |k (mm) |Resl |Res2 |Res3 |-> |A3 A4...->
. Theana'ys S’reﬂJltS’: ﬂOW Vel C;Cl tles,ﬂOWl ng depth Polyline [M311 M312 90.707| 375 1.00] 0] 5006| 4067 1611216 183641
at. d fl Stat f b th d eath d Polyline [M312 M313 362.000] 375 1.00] 0| 0| 0| 0| 0|
rafios an ow R !JS or bo ry-V\_I er an Polyline |M313 M314 296.301| 375 1.00] 0] 843| 731 775924 801020
wet-weather conditions are then written to the
sewer pipe attribute table.
Display of analysis results Extract from look-up table 2
SR e mam R AT Avenue script: Analyse
Once the analysis results have been written to the ggg; ggz EZ reads info 1 ibute tabl
. . H . . . - Reads Info from sewer attribute e
attrlbutt_a tables the re_sults of apart_lcular sewer pipe — — 926 —p |- Reads info from look-up table
can be instantly obtained by clicking on it with the 5000 005 o - Reads sewage flow contribution parameters
identify tool of ArcView (Fig. 3). By usingthepowerful r T Y - Calculates flow in pipes
ArcView query builder, attributes can be queried, 0.010 0.07 034 :g;ec%ﬁ:ltgefr:vsacjcég:fr;:ig Igneg velocity in pipes
such QS'[O flag and display a'_' pipeswith insufficient 0.012 0.07 036 - Writes analysis results to sewer attribute table
capacity. The two tables with the cross-referenced
information, discussed earlier, can bejoined with the

attribute tables of the census theme and land-use

!

themerespectively, for subsequent attribute mapping.

. . START_MH[END_MH[SLOPE [DIAM [> [Qdry [vdry [y:d (dry) [Qwet [Vwet [y:d (wet) [STAT
The Arcview akr:notr_:ltlcin toal can thhpin be used to M311 M312 00.707| 375| . | 56.62] 155 037 67.95] 164] 041 0
produce maps that display the manhole census EA |7 M313 | 362000 375 . | 5662 092 055 67.95| 0.96] 062 O
and manholeland-use areaallocation (Fig. 6). Sewer  [ya13 M314 | 296.301] 375 . | 71.82] 105 060] 86.18] 1.08] 068 0
pipeattributesand analysisresultscanbedisplayedin .
variouscolour- andline-thicknesscategoriesby using |
the ArcView thematic mapper. Finally, maps of the sewer system v
in context with the surrounding area can be produced with the STATUS _|DESCRIPTION
standard ArcView layout module. -2{no flowin pipe
-1|pipe cap insufficient !
Conclusions e e
pipe cap OK, vel <vmin!

. . . . Figure 7 2|pipe cap OK, vel >vmax!
The integrated ArcView sewer package provides a user-friendly Hydraulic analysis 3[Pump vel OK
analysistool whereinput data, sewer program and output dataare 2[Pump vel < vmin!
dynamically linked. Themajor advantagesof thissoftware package 5[Pump vel > vmax !

over stand-alone sewer programs are:

* Pipe-manhole topology can be built very fast with the newly
developed sewer package. Depending on the type of network
and available field data, the topology can be built either fully
automatically or semi-automatically. In both cases, thetopol ogy
can be established much faster than with normal stand-alone
sewer programswherestart-and-end manhole codeshaveto be
entered manually in data editors.

*  Thesewagecontribution data, consisting of thecensusEAsand
land-use areas, can be graphically selected with standard
ArcView selection tools. When using a normal stand-alone
sewer program, adatafile hasto be set up containing the raw
sewage contribution data, such as number of people and area
sizes. Thedataaretransferred manually from paper mapstothe
digital file format, which is a tedious process.

e Attribute mapping and the drawing-up of final maps of the
sewer network, as discussed earlier, can be performed with
standard ArcView functionality. Stand-aloneprogramsusually
have only limited mapping functionality, and the program
results usually have to be exported to mapping software, or to
aGlIS, suchasArcView. Itisvery inconvenient to transfer data
between two software packages since thelink betweenthemis
often not dynamic.

e Byfullyintegratingthesewer programwith ArcView, all of the
ArcView functionality such astheselectiontools, query builder,
etc. and the ArcView components such as views, tables,
graphs, layouts and scripts, can be utilised during the sewer-
system analysis. Although stand-alone programs may have
(after avery long devel opment time) some of thisfunctionality
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incorporated, they will, however, still not be so effective and
reliable as the built-in ArcView tools, which have been
developed by a large organisation (ESRI) and tested by an
extensive user base.

The sewer software package, which can aready do scenario
management (“what if” analyses), should be further devel oped to
become a powerful planning tool for the design of new sewer
systems. In the new release of ArcView (part of the ArcGIS 8
system), the use of Avenue scripting has been replaced by the
internal programming language Visua Basic for Applications
(VBA) (ESRI, 2001). A new VBA version of the sewer software
package, based on the principles presented in this paper, isalready
in the final stages of development and will soon be released.
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