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introduction
Landslides are considered one of the most 
destructive natural hazards in the world, 
accounting for approximately 9% of the 
natural disasters that occurred worldwide 
during the 1990s (Yilmaz 2009), caus-
ing large numbers of casualties and huge 
economic losses in the mountainous areas 
of the world (Dai et al 2002). Landslides 
are very common in northern Algeria, 

where they are triggered by a combination 
of several factors linked to the site geology, 
land morphology, hydrology and climate, as 
well as antropic activities (Bahar & Djerbal 
2016). Studies have revealed that several 
landslides occurred in many regions, such as 
Constantine (Benaissa et al 1989; Lafifi et al 
2009; Bougdal et al 2013), Medea (Medjnoun 
2014), and Kabylie (Machane et al 2009; 
Bouaziz & Melbouci 2015; Meziani et al 

geotechnical characterisation 
and back analysis of a 
landslide in marl deposit: 
a case study of algiers 
sahel (coast), algeria
M Filali, A Nechnech, J de Rosa, H Gadouri, B Meziani

The purpose of this study is to present the results of geotechnical investigations and landslide 
analysis in a marl deposit at the Sahel (coast) of Algiers in northern Algeria, where many landslides 
take place in the Plaisancian marls, particularly following rainfall periods each year, causing 
severe damage to infrastructures and buildings. The physico-mechanical characteristics of the 
soils obtained from three different sites (El-Achour, Daly-Brahim and Ouled-Fayet) were analysed 
to identify the mechanism of these landslides. In the study, the laboratory test results providing 
grain-size distribution, Atterberg limits, water content, shear strength, and compressibility were 
analysed. The findings showed that, although the soils were characterised by slightly higher 
plasticity at Ouled-Fayet, they were generally homogeneous in the studied sites. The upper 
soils, generally weathered, exhibited low shear strength parameters, which are lower than the 
undisturbed formation beneath. The stability analysis based on limit equilibrium methods (LEM) 
showed the significant influence of pore water pressures on slope stability, suggesting that the 
weathered soils are prone to instability processes due to the effect of long rainy periods.
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2018). Algiers is one of the cities affected by 
this geological hazard which causes severe 
damage to structures and infrastructure. 
After the independence of Algeria (in 
1962), rapid urbanisation took place, which 
extended to marginal lands southwest of 
the Sahel (coast) of Algiers once the areas 
became more favourable for construction. 
El-Achour, Daly-Brahim, Ouled-Fayet and 
Sidi-Abdellah are among the new urbanisa-
tion areas which are affected by landslides.

The superficial or deep instability pro-
cesses (rotational or complex) were mainly 
observed in the Plaisancian marls and sandy 
clays providing the transition between 
the Plaisancian and molassic Astien facies 
(Aymé 1965). Some studies showed that the 
landslide triggers in most cases were linked 
to rainfall or to antropic actions which 
cause modification of the soil stress state 
(Bahar & Djerbal 2016). The study of Bièvre 
et al (2016), on the other hand, purported 
that the variations in the soil strength 
parameters due to weathering may also be 
one of the important causes of instability.

This study focused on the Plaisancian 
marls that outcrop in a large area of urban 
expansion in the southwest Algiers Sahel 
(coast) where an important deterioration 
of the mechanical properties of the marls 
is one of the main causes of the slope 
instability processes. This study analysed 
the results of laboratory tests (grain-size 

distribution, index properties, direct shear, 
and compressibility tests) obtained from 
inspections of an existing database of soil 
laboratories and companies. In order to 
conduct a deep investigation, the study 
examined several samples from the subsoil 
of El-Achour (site A), Daly-Brahim (site B) 
and Ouled-Fayet (site C). Other tests were 
also carried out to evaluate both the residual 
strength parameters and the susceptibility 
to progressive failure. Finally, a back-analysis 
based on limit equilibrium methods (LEM) 
was performed to examine the role of soil 
mechanical deterioration due to weathering, 
and the role of pore water pressures on the 
slope stability of the study area.

study area
The study area is located on thick deposits 
of Plaisancian marls in the southwest of the 
Algiers Sahel (coast) (Figure 1). The geo-
logical formation of the Plaisancian marls 
outcropping in the Algiers Sahel, with a 
thickness of more than 200 m, is a homo-
geneous massive deposit of sedimentary 
rocks resulting from organic and mineral 
sediments in a shallow marine environ-
ment (Bouteldja et al 1997). The marls are 
covered by an Astien series of sandy clay 
and sandstone, which form the plateaus 
(a high plain or tableland) of El-Achour 
and Ouled-Fayet to the northeast that 
have been subjected to intense erosion 

(Meghraoui 1988). The Sahel is a succes-
sion of hills formed by Plaisancian marls 
with a slope inclination varying from 5% 
to 30% (Derriche & Cheikh-Lounis 2004). 
The topography resulted from the post-
Astien tectonics, which caused the uplift 
of the Atlas Mountains and the formation 
of the Sahel anticline and the depression 
of Mitidja (Royer et al 1961; Aymé 1956). It 
should be noted that the landslides, char-
acterised by wavy morphology (Bougdal 
2007), occur in the weathered marl hori-
zons of which the thickness varies with the 
degree of weathering, reaching about 8 m 
in depth, even at a slope inclination greater 
than 10%. The degree of weathering affects 
the strength parameters and therefore the 
slope stability of the Plaisancian marls.

MethodologY
The methodological approach adopted by 
the study included the different phases as 
summarised below.

In the first phase, several technical 
reports were collected from different public 
administrations, soil laboratories and 
companies. These reports were analysed 
to obtain physical and mechanical data on 
the soil of El-Achour (site A), Daly-Brahim 
(site B), and Ouled-Fayet (site C) (Figure 2).

In the second phase, the landslide area 
was selected in Daly Brahim (site B) to 

Figure 1 Geological map of study sites (Royer et al 1961)
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support the collected data. In this area, 
some samples were extracted for further 
laboratory investigation conducted essen-
tially to evaluate the grain-size distribu-
tion, the Atterberg limits, compressibility, 
and the residual strength parameters.

In the final stage, slope stability analy-
ses were performed for site B to evaluate 
the effect of both strength parameters 
and pore water pressure on the slope 
safety factor.

data collection method
Data for the study was collected from 
the technical reports obtained from the 
archives of local authorities, soil laborato-
ries and companies. Thus, 80 reports and 
additional field data were analysed. This 

data provided 156 laboratory test results 
including grain-size distribution, index 
proprieties, shear-strength parameters, 
compressibility and swelling properties.

During this study, some samples from 
Daly Brahim were extracted and nine 
laboratory tests were performed to support 
collected data, by providing additional 
information on grain-size distribution, 
Atterberg limits, compressibility, and 
shear-strength parameters.

laboratory tests
Laboratory tests were performed on 11 soil 
samples from site B. Eight disturbed 
samples were taken on the scarp of shallow 
landslides between 0.5 m and 1 m depths 
and three undisturbed soil samples were 

taken at depths of about 5, 12 and 27 m. 
Laboratory tests were performed accord-
ing to the AFNOR standards (French 
Standardization Association). Grain-size 
distribution was evaluated by mixed 
sieve-sedimentation analysis, as described 
in NFP 94-056 and NFP 94-057, and the 
Atterberg limits were measured using the 
procedure described in NFP 94-051.

The volume-change behaviour was 
evaluated by oedometer tests on the mate-
rial taken from different depths according 
to XP P94-090-1. The shear test results 
collected from reports were carried out 
according to NF P-071-1, at a shear rate 
of 0.016 mm/min, which is lower than 
the maximum shear rate suggested by 
the standard (vmax = 125/t100 mm/min, 
with t100 = end of consolidation time) for 
all the considered samples. All tests were 
performed on the samples at three different 
levels of normal stress.

slope stability analysis
The slope stability analyses were per-
formed for site B to examine the effect 
of both strength parameters and pore 
water pressures on the slope safety fac-
tor. The analyses were performed using 
the computer programme SLOPE/W (by 
Geoslope International Ltd) based on LEM. 
Moreover, the Morgenstern-Price method 
(1965) was used and a slip surface reaching 
the base of the weathered soil was ana-
lysed. Pore-water pressure distribution at 
the basis of stability analysis was evaluated 
by the SEEP/W programme (by Geoslope 
International Ltd) and different hydraulic 
boundary conditions were considered.

results and discussion
The stratigraphy of the three investigated 
sites was reconstructed on the basis of the 
material extracted from 22 boreholes (loca-
tions indicated in Figure 2). The analysis 
shows that the weathered marls close to 
the ground surface are greenish-yellow 
mottled. The weathered horizon thickness 
reaches to about 8 m; beneath this depth, 
the undisturbed marls are generally very 
consistent and hard. Figure 3 shows a 
scheme of the typical soil stratigraphy.

Physical characteristics 
and index properties
The grain-size distribution curves 
(Figure 4) show that the considered soils 
are fine-grained in all three sites, with 
more than 70% dry weight composed of 

Borehole 0.001 0.005 0 0.01 Dd

Figure 2  The geographical layout of the study area indicating the boreholes from where the 
examined soils were extracted

El Achour Dély Brahim Ouled Fayet

0–3 m

0–8 mOrganic soil

Weathered marls

Compact marls

Figure 3 Typical soil stratigraphy
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particles smaller than 80 µm. The clay 
fraction is important and can reach about 
59%. Derriche and Cheikh-Lounis (2004) 
observed that the shallow weathered 
marls can contain a grain-size component 
coarser than those of the deep marls. 
They claim that such coarser components 
fill the deep shrinkage cracks formed 
through the weathered marls. The curves 
in Figure 4 show that particles coarser than 
0.8 – 1 mm were found also in the deeper 
unweathered soil. The origin of such par-
ticles was not investigated in this work.

Figure 5 depicts the results of the varia-
tion in dry unit weight (γd), water content 
(w), saturation degree (Sr), liquid limit (LL), 

plasticity index (PI), and calcium carbonate 
content (CaCO3) with depth. As Figure 5 
depicts, the dry unit weight of the weath-
ered layer of sites A and B increases from 
about 14 kN/m3 close to the ground surface 
to about 19 kN/m3 at a depth of about 8 m, 
below which, in the underlying undisturbed 
formation, it is almost constant. It is worth 
noting that some samples were extracted 
in May, and others between October and 
March of the following year. Irrespective 
of the month of sampling, the weathered 
marls were saturated (Sr = 100%) or almost 
saturated at the investigated depths. This 
result has important consequences for the 
response of pore water to rain, as shown in 

the section of slope stability analysis. The 
water content decreases from about 30% 
close the ground surface to an average of 
about 15% in the undisturbed formation. 
Site C, in contrast, has a dry unit weight 
and water content almost constant along 
the verticals, and close to the minimum 
and maximum values, respectively, of the 
corresponding parameters of the other 
two sites. The higher water content and 
lower dry unit weight of site C are probably 
due to the presence of more expansive 
clay minerals. In fact, the Atterberg liquid 
limits of site C are generally higher than 
the other two sites (Figures 5 and 6), 
whereas the clay fractions are similar. This 
site is actually known for its high swelling 
potential (Medjnoun 2014), associated with 
the predominance of illite-montmorillonite 
minerals (Bougdal 2007).

The experimental results indicate that 
a high clay fraction is dominant in all three 
sites. The clay soils, weathered from the 
parent rock mass, contribute to landslide 
occurrence due to their chemical and phys-
ical properties (Yalcin 2007). The intense 
rainfall in the region probably causes 
osmotic phenomena of water adsorption 
which leads to the mechanical deteriora-
tion of the shallow layers of weathered 
marls (Picarelli & Di Maio 2010), with 
important implications for the stability of 
the considered slopes (Di Maio et al 2015; 
Di Maio et al 2017).

compressibility
Figure 7 shows the e-logσ’n curves 
obtained for undisturbed samples, which 
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were extracted from both the weathered 
and unweathered formations of site A 
(Figure 7a), site B (Figure 7b) and Figure 7d), 
and site C (Figure 7c). It should be noted 
that the volume change behaviour was 
evaluated by oedometer tests on the mate-
rial sampled from several different depths. 
The profiles of compression index (Cc), 
swelling index (Cs), and over-consolidation 
stress (σ’c) are reported in Figure 8. The 
comparison between σ’c and the effective 
vertical field stress (σ’v) of the corresponding 
sample showed that the considered soils are 
over-consolidated. The over-consolidation is 
mainly due to the erosion of an overburden 
constituted by more than 100 m thick 
deposit of sandstones and Astien sands 
(Bougdal 2007). Most of the considered 
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samples show a loss of the over-consolida-
tion effects, whereas the deeper samples 
(e.g. those in Figure 7(d)) still maintain it. 
Figure 7(d) compares both the oedometer 
loading and unloading curves of the undis-
turbed soils (sampled from a depth of about 
27 m at site B) and the curves of the same 
soils reconstituted at the LL.

Figure 7 indicates that the undisturbed 
soil is strongly over-consolidated, and its 
curves have an average slope very close to 
that of the unloading curve of the recon-
stituted soil. The Cc values ranging from 
0.08 to 0.2 indicate that the soils have low 
to medium compressibility known to be 
a characteristic of marls and weathered 
marls, respectively (Carter & Bentley 2016).

shear strength parameters
Figure 9 illustrates the results for Daly-
Brahim subsoil. The shear tests were carried 
out on samples of weathered marls, consti-
tuted by 60% – 70% silt and 40% – 30% clay, 
i.e. on the fine-grained samples of Figure 4. 
The tests provided average values of cohe-
sion c’ and friction angle φ’ of about 20 kPa 
and 14°, respectively. However, beyond this 
depth (more than 8 m), both the average c’ 
and φ’ increase up to about 45 kPa and 16°, 
respectively. Figure 9 refers to undisturbed 
materials, thus the shear behaviour depends 
not only on the grain-size distribution and 
plasticity but also on the soil fabric and on 
the soil stress-strain history. The obtained 
failure curves, with low friction angles and 
relatively high cohesion intercepts, are typical 
of over-consolidated materials. The mechani-
cal deterioration of the shear parameters 
in weathered marls is probably due to the 
phenomenon of weathering. On the one 
hand, the weathering of the marls involves 
physical and chemical processes which lead 
to strength degradation (Eberhardt et al 
2005; Picarelli & Di Maio 2010), the effects 
of which can be evaluated by laboratory tests 
on intact soil samples. In the field, however, 
other weathering effects can occur. Shunchao 
and Vanapalli (2015) reported that drying and 
wetting cycles can induce the development of 
fissures and cracks, which modify the original 
structure of the clay, thereby decreasing the 
stress level and increasing both water inflow 
and porosity.

Besides the collected results, other 
experimental results were obtained from the 
laboratory tests conducted within the scope 
of this study. The shear behaviour from peak 
to residual shear strength was evaluated on 
two samples (S01 and S04) extracted from a 
depth of 5 m in weathered marls (S01) and 

from about 12 m (S04) in unweathered marls, 
respectively. Sample S01 was consolidated 
under a normal stress of 197 kPa, and was 
then sheared (Figure 10). The first two cycles 
were performed at low displacement rates 
(v = 5 µm/min). The following cycles were 
performed faster in order to obtain a com-
plete alignment of the clay particles within a 
few days. At a displacement of about 40 mm, 
the rate was lowered to 5 µm/min again, after 
which additional cycles were performed to 
obtain the drained residual shear strength 
parameters, residual friction angle φ’r and 
residual cohesion c’r (Figure 12). The same 

specimen was subsequently consolidated 
under a higher normal stress at 297 kPa and 
sheared again to the residual conditions. 
Figure 11 presents the results obtained for 
a specimen of sample S04 extracted from 
the unweathered formation. The specimen 
was consolidated and then sheared to the 
residual conditions at a rate of 5 µm/min. 
Figure 12 shows that the residual friction 
angle of weathered marls is φ’r =11°. Under the 
reasonable hypothesis that c’r is null, φ’r of the 
sample of unweathered marls is 13°, a little 
bit higher, probably because of the difference 
in grain size distribution and c.f. (Figure 4). 
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Both values are consistent with the presence 
of important percentages of clay minerals 
(Lupini et al 1981). The comparison between 
the peak strength lines and the residual ones 
shows the dramatic drop in strength from 
peak to residual, indicating the susceptibility 
of the soil to progressive failure.

slope stability analysis
The stability analyses were performed for a 
slope from Daly Brahim (site B), where the 
instability problems mainly occur in the 
upper weathered marl horizons (Figure 13).

The calculations were performed with 
reference to the section A-A’ (Figure 14a). 
The pore-water pressure distributions for 
the analyses in 2D and drained conditions 
were evaluated by the code SEEP/W for the 
domain represented in Figure 14b. Since 
the soils have high values of the degree of 
saturation and the water level recorded in 
some piezometers ranges from 0.3 m to 
10 m depths, the soil was always studied 
saturated so that three different hydraulic 
boundary conditions were considered:
1. hydraulic head equal to the elevation of 

the ground points on the two vertical 
boundaries AB and CD, and water pres-
sure u = 0 on the ground surface

2. hydraulic head 5 m lower than in the first 
case on the two vertical boundaries and 
null unit flux (q = 0) on the ground

3. hydraulic head 10 m lower than in the 
first case on the two vertical boundaries 
and null unit flux on the ground.

The first condition on the ground (u = 0) 
corresponds to continuous rain with inten-
sity higher than the soil hydraulic conduc-
tivity, while the second condition (q = 0) 
corresponds to dry weather. The results 
of the stability analyses performed using 
SLOPE/W for the worst slip surface are 
illustrated in Figure 15a, and for the three 
water pressure distributions are shown 
in Figure 15b in terms of c’ – φ’ couples 
which provide a safety factor SF = 1. The 
figure shows that the strength parameters 
characterising the peak strength of the 
undisturbed, not weathered, formation are 
much higher than those corresponding to 
failure along the considered slip surface, 
even in the case of u = 0. In contrast, the 
parameters of the weathered formation are 
closer to those corresponding to failure, 
for the case of u = 0 on the ground surface 
(condition 1) corresponding to continuous 
rain with intensity higher than the vertical 
permeability. The values of residual friction 
angle φ’r (11°–13°) are equal to or even lower 
than the parameter that brings the slope to 
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failure under the third hydraulic condition. 
It is thus reasonable to hypothesise that 
the real available strength parameters are 
intermediate between the peak and the 
residual ones.

As a matter of fact, the considered 
landslide located in site B occurred after 
considerable rainfall in 2011. In most cases, 
the infiltration of precipitation into the slide 

surface triggers a landslide (Eberhardt et al 
2005). The investigated part of the shallow 
marls shows a decrease in mechanical inter-
lock parameters. The weathering and addi-
tional water infiltration can further reduce 
the shear-strength parameters. The increase 
in pore water pressures decreases the shear 
strength, thus reducing the factor of safety 
(Bahar & Djerbal 2016; Liu & Li 2015).

conclusions
The purpose of this study was to report 
the results of geotechnical investigation 
and landslide analyses in marl deposits. 
The Plaisancian marls that outcrop in the 
urban expansion areas in the southwest of 
the Algiers Sahel (coast) are often affected 
by slope instability processes. In order to 
evaluate the impact of weathering and 
climate on the safety factor of the slopes, 
back-analyses of a landslide that occurred 
at one of the sites were also performed. 
The results of the study reveal that the soils 
of the unstable slopes considered at EL 
Achour, Daly Brahim, and Ouled Fayet are 
fine-grained and exhibit medium to high 
plasticity; and the Atterberg liquid limits of 
Ouled Fayet soil are generally higher than 
those of the other two sites. The upper 
greenish-yellow mottled soils are weathered 
and generally present significantly higher 
water content than the undisturbed sample 
below. The latter is generally very consistent 
and hard. The thickness of the weathered 
horizon reaches about 8 m and the insta-
bility processes generally occur in the 
weathered marls. A comparison of strength 
parameters obtained by the laboratory tests 
and strength parameters obtained by back 
analyses shows that the most critical condi-
tions are reached in the weathered marls 
during long rain periods, and the available 
strength parameters are intermediate 
between the peak and the residual ones. It is 
worth noting that the considered pore water 
pressure distributions were obtained consid-
ering steady-state hydraulic conditions. The 
time required to reach these conditions can 

Figure 13 Landslide area at Daly Brahim (Site B)
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be strongly influenced by the presence of 
cracks and fissures which act as paths of fast 
water flow or pressure propagation.
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introduction
One of the most common hydraulic risks 
on a pavement surface is the accumulation 
of surface runoff caused by insufficient sur-
face drainage. Hydroplaning and splash and 
spray, the two phenomena associated with 
insufficient surface drainage and ponding 
water on a pavement surface, are directly 
proportional to the water film depth on 
a pavement surface. Three techniques to 
reduce the water depth on a pavement 
surface are:

 Q regulating the pavement geometry
 Q utilising different pavement surface 

textures
 Q implementing efficient surface drainage 

systems.
The placement of slotted drains between 
adjacent lanes on wider pavements with 
three to four carriageways is a recom-
mended drainage technique to enhance 
surface drainage (Anderson et al 1998).

Slotted drains are normally identified 
as pipe segments cut along the longitu-
dinal length to form an opening and are 
often spaced with bars perpendicular to 
the pipe opening to form slotted inlets. 
Slotted drains are installed within a pave-
ment structure to intercept sheet flow by 

functioning individually, or are installed 
to operate with a concrete barrier placed 
along the slotted drain’s longitudinal length. 
The decision whether to implement a 
median barrier with a slotted drain usually 
depends on the geometric design and the 
total width of the pavement. Various slot-
ted drain installations are implemented on 
South African pavements (for example on 
the Gauteng Freeway Improvement Project 
(GFIP) and on airport runways) to improve 
surface drainage. However, for numerous 
pavement designers the implementation of 
slotted drains as surface drainage systems 
in South Africa is still a questionable drain-
age solution due to uncertainty around the 
drainage capabilities and maintenance pos-
sibilities of these drains.

The operation of slotted drains on pave-
ments has potential disadvantages. Slotted 
drains are highly susceptible to clogging 
(Figure 1) and the implementation of slot-
ted drains in environments where signifi-
cant sediment and debris are presented is 
not recommended, as severe ponding can 
develop on the pavement surface, creating 
safety hazards for pavement users (Brown 
et al 2009). Slotted drains, subjected to 
traffic loads within trafficking areas, are 

the interception capabilities 
of slotted drains as pavement 
surface drainage systems
B Jansen van Vuuren, M van Dijk, W J vdM Steyn

The following two slotted drain installation scenarios were reviewed in this paper: a slotted 
drain operating individually without a median barrier and a slotted drain operating with an 
adjacent barrier installed along the longitudinal length of the drain. The interception capability 
of the two installation scenarios was experimentally reviewed and compared while imitating 
various conditions typically expected on South African pavements. The applied sheet flow, 
slotted inlet sizes and pavement slopes (longitudinal and cross slopes) were varied throughout 
the experiment. Interception efficiencies of the slotted inlets were experimentally calculated as 
a ratio of total intercepted sheet flow to the total sheet flow applied to the pavement layouts. 
The sheet flow applied during the experiment was analysed to estimate the rainfall intensities 
and flow depths that can typically occur on the different pavements for which the interception 
capability of the slotted inlets was reviewed. It was estimated that rainfall intensities of more 
than 1 000 mm/hr and flow depths higher than 10 mm were imitated during the experiment. 
More than 98% of the maximum applied sheet flow of approximately 3.0 ℓ/s/m was intercepted 
by the 30 mm slotted inlets regardless of the pavement slope values and type of slotted 
drain layout. The conclusion reached was that both these slotted drain installation scenarios 
operating in practice for the conditions tested would have the capability to sufficiently remove 
the surface water to promote road safety during wet pavement conditions.
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likely to deteriorate and cause unevenness 
on the roadway surface. The location, spac-
ing and the inlet size of the slotted drains 
installed on pavement surfaces should thus 
be kept in mind when designing for these 
pavement drainage systems.

The cleaning of slotted inlets can be 
relatively easy but should be maintained 
on a regular basis in high-sediment areas. 
Special equipment is used, such as cleaning 
paddles or cleaning brushes which match 
the shape and the profile of the bottom 
of the drain for cleaning smaller slotted 
drains. A water compressor can also be 
used to clean more significant drains where 
a high force of water and air is blown 
into the slotted inlets to remove clogging 
materials. Debris is then manually removed 
from the catch basin. The clogging of 
debris can become problematic, as heavy 
stormwater can easily transport sediments 
and debris over a large pavement area, 
causing clogging of the slotted inlets.

Slotted drains functioning as pavement 
surface drainage systems can be evaluated 
on their capability to intercept and remove 
surface water, as well as their ability to 
dispatch debris. The primary objective of 
this paper was to evaluate slotted drain 
performance by experimentally reviewing 
the interception efficiencies of two differ-
ent slotted drain layouts. Various factors 
affecting the interception efficiencies of 
slotted drains were imitated during the 
experiment to evaluate whether these 
drains are able to sufficiently remove sur-
face water from a pavement.

hydroplaning and splash and spray
Hydroplaning, also defined as aquaplaning, 
is the partial or full separation between the 
wheels of a vehicle and the pavement sur-
face, caused by the excessive water pressure 
accumulated between the vehicle’s wheels 
and the pavement surface. An increase 
in the water pressure (which is initially 
equal to the forces exerted by the wheels) 
causes a reduction in skid resistance, which 
ultimately leads to non-existent steering 
ability. Hydroplaning is directly propor-
tional to the depth of the water film on the 
pavement surface and is highly influenced 
by fundamental factors such as the driving 
characteristics, vehicle dynamics, pavement 
conditions (geometric design, drainage 
design and maintenance) and several 
environmental factors (Chaithoo & Allopi 
2012). According to Brown et al (2009), 
hydroplaning can occur at travelling 
speeds from 89 km/hr with water depths 

starting at 2 mm. NAASRA (1974) states 
that water depths ranging between 2.5 mm 
and 5 mm can cause friction loss between 
tyres and the pavement surface without 
actual aquaplaning occurring. However, the 
critical water film depth for aquaplaning 
to initiate may vary between 4 mm and 
10 mm depending on other characteristics 
of the pavement surface (NAASRA 1974). 
The South African Road Agency Limited 
(SANRAL 2013) recommends that the 
water film thickness on the pavement 
surface during a 1:5-year storm should not 
exceed 6 mm to reduce aquaplaning risks 
to within acceptable limits.

Another safety concern associated with 
wet pavement conditions is the “splash and 
spray” effect. When a vehicle travels on a 
wet pavement surface, the tyres of the vehi-
cle accumulate the water from the pavement 
surface and spread clouds of small droplets 
into the air, resulting in poor visibility and 
unsafe driving conditions for road users.

water film depths
A review of relevant literature has shown 
that the water film depth (WFD) on a pave-
ment surface can accurately be predicated 
with a variety of empirical or analytical 
methods. These methods apply influencing 
variables such as drainage flow path slopes, 
drainage flow path lengths, rainfall intensi-
ties, Manning n-values, time of concentra-
tion and texture depths.

The RRL (Road Research Laboratory) 
method (Russam & Ross 1968) is an 
approved method to determine the water 
film depth on pavements in South Africa. 

This method is defined by two concepts, 
namely the gradient (slope) and distance 
(length) of the drainage flow on the pave-
ment surface. The drainage flow path 
length is the minimum distance that the 
water must flow from the point at which 
it falls on the surface to the edge of the 
pavement and is measured along its flow 
path slope which depends on a combina-
tion of the pavement width, cross slope and 
longitudinal slope. The following equations 
are used and adapted from the SANRAL 
drainage manual (SANRAL 2013) to esti-
mate the water film depth on a pavement 
surface according to the RRL method:

To calculate the slope of the flow path 
(laminar flow conditions are assumed):

Sf = √n1
2 + n2

2 (1)

 Sf = flow path slope (%)
 n1 = pavement cross fall (%)
 n2 = pavement gradient (%)
(The flow path slope is determined 
assuming a planar road surface, without 
super-elevation.)

To calculate the length of the flow path 
(laminar flow conditions are assumed):

Lf = W * 
Sf

n1
 = W * 1 + ⎫

⎪
⎭
n2
n1

⎫
⎪
⎭

2
 (2)

 Lf = length of flow path (m)
 W = pavement width (m)

The water flow depth can consequently be 
determined as:

Figure 1 Clogging of slotted inlets



Journal of the South african institution of civil engineering Volume 62 Number 4 December 2020 13

d = 4.6 * 10–2 * (Lf * I)0.5 * Sf
–0.2 (3)

 d = water flow depth (mm)
 I = rainfall intensity (mm/h)

Gallaway et al (1979) developed a dif-
ferent empirical method for the United 
States Department of Transportation in 
cooperation with the Federal Highway 
Administration (FHWA) to accurately 
predict the water film depth (WFD) on a 
pavement surface. This method, detailed in 
the Texas Department of Transportation’s 
(TxDOT) hydraulic design manual 
(Bohuslav 2004) is an empirical relation-
ship between the drainage flow path 
length, the pavement slope, the rainfall 
intensity and the mean texture depth of 
the pavement surface. Gallaway (1979) and 
Oakden (1977) both recommended that 
the WFD on a pavement surface should be 
limited to a maximum depth of 4 mm.

WFD = z * 
TXD0.11 * L0.43 * I0.59

S0.42
 – TXD (4)

 WFD =  water film depth above the top of 
the surface asperities (mm)

 z = constant (0.01485)
 TXD =  mean pavement texture depth 

(mm, 0.5 mm for design)
 L = length of drainage path (m)
 I =  rainfall intensity (mm/h, with a 

minimum of 50 mm/hr)
 S = slope of drainage path (%)
(The values for the variables provided were 
obtained from TxDOT’s hydraulic design 
manual (Bohuslav 2004)).

Chaithoo and Allopi (2012) developed an 
independent software tool to determine 
flow depths on pavement surfaces by 

considering various hydraulic factors. The 
calculations confirmed that the flow depth 
of surface water will increase when the 
width of the road increases or the road gra-
dient increases. Conversely, the flow depth 
will decrease if the road cross fall increases.

Anderson et al (1998) have studied and 
identified three different techniques to 
control water film thickness on pavement 
structures:

 Q Controlling the pavement geometry
 Q Implementing textured pavement sur-

faces (asphalt, grooved concrete, ultra-
thin friction course (UTFC))

 Q Installing effective drainage 
appurtenances.

The surface drainage systems implemented 
to reduce water film depths on pavements 
should have the capability to intercept 
surface water efficiently with a minimum 
susceptibility to clog.

interception efficiency 
of slotted inlets
The interception efficiency (E) of an 
inlet is the ratio between the total 
amount of water flow intercepted and 
the total amount of flow approaching the 
inlet, expressed as a percentage. This is 
dependent on a number of influencing 
factors, such as the inlet characteristics 
(length, width, curb opening, etc), the 
pavement slopes (longitudinal and cross 
slopes), the velocity, and the flow depth 
of the approaching flow. The intercep-
tion efficiency of an inlet decreases as 
the approaching flow velocity increases 
towards the inlet, as well as when the flow 
width of the approaching flow is greater 
than the inlet width (Brown et al 2009).

The interception efficiency of an inlet is 
expressed by the following equation:

E = 
Q

Qi
  * 100 (5)

 E = interception efficiency (%)
 Q = total flow (m3/s)
 Qi = intercepted flow (m3/s)

Some slotted inlets are installed in the 
centre of highways or multi-carriageway 
pavements to operate individually or with 
a type of barrier placed along the longi-
tudinal length of the drain. This barrier 
can improve the road safety during wet 
pavement conditions, as the surface water 
which is not intercepted by the inlets accu-
mulates against the barrier without flowing 
to the opposite side of the roadway. These 
two installation scenarios were experimen-
tally evaluated in this paper.

Methods

description of test facility
Two different experimental layouts were 
designed and constructed to simulate slot-
ted drains operating under two different 
installation scenarios in practice (Figure 2). 
Layout 1 (A) was built to simulate the 
operation of a slotted drain functioning 
individually without an adjacent median 
barrier, which in practice is installed with 
the same gradient as the cross slope of 
the pavement. Layout 2 (B) was built to 
simulate the operation of a slotted drain 
functioning with an adjacent median bar-
rier, which in practice is installed with the 
same gradient as the median barrier (hori-
zontally to the cross slope of the pavement 
with a zero per cent slope).

The layouts were designed and con-
structed with similar full-scale dimensions 

Pavement cross fall (%)
No median concrete barrier

Carriageway for passing traffic

Slotted drain installation

Carriageway for incoming traffic

A

Median concrete barrier

Pavement cross fall (%)

Carriageway for incoming traffic

Carriageway for passing traffic

Slotted drain installation B

Figure 2  Cross-section of the installation scenarios of slotted drains: (A) with no median barrier, (B) with median barrier
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as the precast concrete slotted drains manu-
factured by Salberg Concrete Products (Pty) 
Ltd in South Africa. The inlet sizes of the 
proprietary slotted drains reviewed in the 
experiment were 20 mm, 40 mm and 60 mm 
wide. Figure 3 shows the proprietary slot-
ted drain installation in practice, followed 
by Figure 4 that shows the cross- sectional 
slotted drain design, with the respective 
dimensions summarised in Table 1. The 
test procedures and results discussed in this 
paper were only for the two layouts with the 
20 mm slotted inlet width.

Each layout was constructed from 
1.22 m × 2.44 m shutter wood representing 
a pavement section, a slotted inlet and a 
fixed catchment drainage area underneath 
the slotted inlet of the layout to capture 
intercepted surface water for flow measure-
ments. The surface of the pavement sections 
was treated with bitumen paint and sieved 
sand particles (between 1 mm and 2 mm) 
to obtain an asphalt-like surface texture. An 
average surface texture depth of 0.628 mm 
was achieved by the sand patch test 
method (CSRA 1984). The different layouts 
were placed individually on portable and 

Table 1 Proprietary slotted drain dimensions

d
im

en
si

on
s type of slotted drain

slotted 
drain 
Ø150

slotted 
drain 
Ø300

slotted 
drain 
Ø450

D (mm) 150 300 450

H (mm) 260 410 600

W (mm) 255 410 600

L (mm) 1 250 1 250 1 250

Wx (mm) 97.5 (98) 165 250

Wy (mm) 97.5 (98) 165 250

Wz (mm) 60 80 100

Sd (mm) 55 55 75

Sw (mm) 20 40 60

Hm (mm) 130 205 300

Mass (kg) 163 312 720

Figure 3 Slotted drain installation

Model 
length 
(Lm)

A-A

Length (L)

A-A

Flow 
direction

Model width (Wm)

Width (W)

Plan view

Width (W)

W1 Wz W2

Sw

Sd

PVC gutter fixed underneath 
slotted inlet

Section A-A

Figure 5 Layout 1 design

H

WySw

Wz

WxL

Sd

D

Hm

W

Figure 4  Cross-sectional design of proprietary slotted drain
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adjustable support footings to achieve dif-
ferent pavement slope configurations during 
the experiment. The pavement section and 
the slotted inlet of Layout 1 were fixed to 
adjust as a unit on the support footings, 
while the pavement section of Layout 2 
was partially fixed to the slotted inlet with 
a stitchbond fabric membrane. The mem-
brane performed as a hinge which allowed 
the pavement section to adjust independent-
ly from the slotted inlet system on the sup-
port footings for different slope configura-
tions. More additions were made to Layout 2 
imitating the operation of a median barrier. 
A small piece of shutter board with a height 
of 95 mm was fixed to the end of the slot-
ted inlet, which in practice represents the 
bottom part of the median barrier. Figures 5 
and 6 are schematic illustrations of Layout 1 
and Layout 2 respectively, followed by the 
layout dimensions as specified in Table 2.

The experiment was conducted in the 
hydraulic laboratory of the University of 
Pretoria next to a large sump which served 
as a water reservoir for the experiment. The 
experimental setup consisted of a water 
supply system, a water catchment area, the 
constructed pavement section and a water 
drainage system. The experimental setup is 
illustrated schematically in Figures 7, 8 and 
9 with the components listed in Table 3.

In Figure 7 a submersible pump (A) was 
used to deliver water from the sump through 
a network of pipes, filling a self-constructed 
catchment area (PVC gutter). Two PVC ball 
valves were used to control the volume of 
water applied to the system. Valve 1 (B), 
was manually operated to bypass the excess 
volume of water to discharge back into the 
sump, while Valve 2 (C) was used to control 
the flow rate delivered through the pipe 

A-A

Model 
length 
(Lm)

Length (L)

A-A

Model width (Wm)

400 mm Width (W)

Flow 
direction

Plan view

Width (W)

Wx WyWz

Sw
95 mm

Simulating a 
concrete barrier

Sd

PVC gutter fixed underneath 
slotted inlet

Section A-A

Waterproof 
membrane 
stitchbond 

functioning as 
a hinge

Figure 6 Layout 2 design

Table 2 Layout 1 and Layout 2 dimensions

dimensions (mm) layout 1 layout 2

Lm 2 740 2740

Wm 1 500 980

L 2 440 2 440

W 1 220 255

W1 480 n.a

W2 680 n.a

Wx n.a 98

Wy n.a 98

Wz 60

Sw 20

Sd 55

A

BPump supply 
water from the 

sump
Bypass 

way

Valve 1

Main supply 
way

Goose neck flow outlet

L

K

M

B-B

A-A

C

Valve 2

Water supply system

Water drainage system

Sensus IPERL flow meter 2

Gutter outlet 2

Gutter outlet 1

Constructed 
pavement 

section

Flow  
direction

J

4 × adjustable 
footings for model 

support and 
changing slopes

B-B
A-A

Water catchment area

1 
60

0 
m

m

Senus 
IPERL flow 

meter 1

D

Heliflex hose 
pipe

Figure 7 Plan layout of experimental setup
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network into the water catchment area. A 
Sensus IPERL flow meter (D) was used to 
measure the applied flow rate.

In Figure 8 the self-constructed water 
catchment area was a 2.1 m long gutter 
section fixed to two adjustable footings 
for support (H). The catchment area was 
located just above the pavement section 
of the layout and was elevated as required 
for the different slope setups of the lay-
outs. Water settled in the gutter before 
discharging uniformly over the side onto 
the pavement section of the layouts. An 

insertion rubber strip (G) was sealed to the 
frontal side of the gutter to prevent water 
leakage underneath the gutter. Shade net-
ting (E), was fixed to the front side of the 
gutter to enhance sheet flow conditions by 
reducing the water turbulence when exiting 
the gutter.

In Figure 9 the sheet flow intercepted 
by the slotted inlet was captured in the 
gutter fixed underneath the slotted inlets 
of the layouts. A drainage system was con-
nected to two gutter outlets to drain the 
intercepted water, preventing the gutter 

to overflow. Another Sensus IPERL flow 
meter (L) was connected to a pipe on 
the drainage system to measure the total 
volume of water intercepted by the slotted 
inlet. Any water not intercepted by the 
slotted inlet flowed directly into the sump 
below the installation. A gooseneck flow 
outlet (M) was installed at the end of the 
drainpipe, ensuring that the drainpipe was 
constantly full to conduct accurate flow 
measurements.

Figure 10 shows the experimental setup 
with the water flow direction and slopes.

Water drainage system

Gutter outlet 1

Goose neck outlet 
installed in drainage 

pipe system

1 100 mm 1 500 mm

Gutter outlet 2 Fixed gutter underneath 
the model inlets to capture 

intercepted flow

M

L

Sensus IPERL flow meter 2

Section B-B

Figure 9  Components of the water drainage system

Water catchment area

Shade netting

Water supplied 
from pump 

into PVC gutter

E

Insertation rubber 
strip fixed to the front 

side of the gutter

Adjustable support 
footings for 

changing the slopes 
of the layouts

J

G
F

H

Perforated pipe 
outlet inside 
PVC gutter

2 100 mm

Adjustable support 
footings for water 

catchment area

Section A-A

Figure 8  Components of the water catchment area

Table 3 Components of the experimental setup

layout section component description Position layout section component description Position

Water supply system

Submersible pump A

Water catchment 
area

Shade netting E

Valve 1 (bypass valve) B Perforated pipe outlet F

Valve 2 (control valve) C Rubber insertion G

Flow meter 1 D Adjustable support footings H

Pavement section
Adjustable support footings J Water drainage 

system

Flow meter 2 L

Treated pavement surface K Goose neck flow outlet M
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test procedures and measurements
Different flow rates were reviewed in the 
experiment. The flow rates were regulated 
by opening or closing the two valves (B and 
C in Figure 7). Flows were recorded after 
a few minutes when a smooth sheet flow 
runoff had been obtained on the pavement 
surface. Flow measurements were manually 
logged every 180 seconds for four consecu-
tive periods at a constant discharge. Flow 
depths were measured with a digital point 
gauge across the width of the sheet flow at 
three different positions – left, middle and 
right. The pavement slope was altered by 
adjusting the heights of the support foot-
ings individually. Once the specific slope of 
the pavement layout had been obtained, the 
test procedure was repeated for different 
flows. A droplet of liquid dye was applied 
to the sheet flow to obtain a visual illustra-
tion of the flow path for different slopes. 
Data obtained from the flow measuring 
devices (with a calibrated accuracy of 2%) 
was used to determine inlet interception 
efficiencies for each test configuration as 
the ratio between the total intercepted flow 
and the total applied sheet.

layout components 
and test variables
Table 4 reflects the characteristics and test 
values of the layouts.

data analYsis and 
results discussion
Six different slope combinations were 
tested for the five different flow rates that 

were applied to the layouts. Longitudinal 
and cross slopes were varied up to 6% 
as flow measurements were taken three 
times per constant applied sheet flow. The 
applied flow rates were measured with the 
flow meter connected to the water supply 
system, and intercepted flow rates were 
measured with the flow meter connected 
to the drainage system of the experimental 
setup. The interception efficiency (%) 
was determined by dividing the average 
intercepted flow rate by the average applied 
flow rate (see Equation 5). These results are 
summarised in Tables 5 and 6.

Both layouts with a 20 mm wide slotted 
inlet intercepted more than 98% of the 
applied sheet flow up to approximately 

3.0 ℓ/s. It was found that the median bar-
rier of Layout 2 did not have any effect on 
the interception efficiency of the inlet, as 
the sheet flow was intercepted without 
overflowing the inlet before the barrier 
could be in function.

Additionally, the applied flow rate per 
square metre was analysed to estimate 
the rainfall intensities (I) and water flow 

Table 4 Layout characteristics and dimensions

layout characteristics unit value

Roadbed width for 
approaching flow

m 0.5

Roadbed length m 2.44

Slotted drain length m 2.44

Slotted drain inlet widths mm 20; 40; 60

Calculated mean 
texture depth (MTD) of 
pavement surface

mm 0.628

Longitudinal slope % 0 – 6

Cross slope % 2 – 6

Bottom height of the 
barrier

mm 95

Approaching flow width m 0.5 – 1.6

Approximate sheet flow 
supply capacity

ℓ/s 3.0

Table 5  Interception efficiency test results, 
Layout 1 with a 20 mm wide slotted inlet

slope 
configuration 

(%)

Average flow 
rates (ℓ/s)
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0.650 0.644 99.15

1.159 1.148 99.04

1.881 1.856 98.62

2.300 2.263 98.39

2.922 2.872 98.29

4

0.420 0.419 99.56

1.111 1.100 99.00

1.559 1.546 99.17

2.172 2.148 98.89

2.987 2.952 98.82

6

0.617 0.613 99.40

1.224 1.211 98.94

1.611 1.594 98.97

2.437 2.407 98.78

2.993 2.950 98.58

2

6

0.570 0.567 99.35

1.307 1.300 99.43

1.907 1.887 98.93

2.494 2.463 98.74

2.970 2.917 98.19

4

0.691 0.685 99.20

1.137 1.128 99.19

1.633 1.617 98.98

2.702 2.669 98.77

3.002 2.961 98.64

6

0.698 0.693 99.20

1.117 1.111 99.50

1.802 1.789 99.28

2.304 2.280 98.96

3.011 2.961 98.34

Figure 10 Layout setup

Cross slope Longitudinal slope

n2n1

Flow path slope SfFlow direction

Reference point for 
slope measurements

Calculate flow path slope:

Sf = n1
2 + n2

2

Where:
 Sf  – Flow path slope
 n1 – Cross slope
 n2 – Longitudinal slope
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depths (d) that can typically occur on 
different pavement widths, for which the 
interception capability of the slotted inlets 
was reviewed. Calculations were made for 
pavement widths up to four carriageways, 
assuming that each carriage way is 3.6 m 
wide. The variables used in the calculations 
are shown in Figure 11.

The rational method was used to 
convert the applied sheet flow to rainfall 

intensity for a specific flow area (SANRAL 
2013):

Q = 
C * I * A

3.6
 (6)

 Q = peak flow (m3/s)
 C =  run-off coefficient (C = 1 for this 

study) (dimensionless)
 I =  average rainfall intensity over a 

catchment (mm/hr)

Table 6  Interception efficiency test results, 
Layout 2 with a 20 mm wide slotted inlet

slope 
configuration 
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Figure 12  Calculated rainfall intensities and path lengths

Applied flow rate  
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Flow path slope
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Flow path length (L
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Reference point for 
slope measurements

Figure 11 Variables of calculations
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 A =  flow area (A = Lf *1000 flow path 
length per unit width) (km2)

The rainfall intensities were plotted against 
the different flow path lengths (per metre 
width) obtained from the applied flow rates 
during the experiment (Figure 12). The flow 
path length, calculated using Equation 2, is a 
function of the slope of the pavement (longi-
tudinal and cross slope) and the pavement 
width (calculated for 3.6 m, 7.2 m, 10.8 m, 
14.4 m). A longer flow path represents a 
larger pavement area (m2) and vice versa. 
Figure 12 shows that longer flow lengths 
resulted in smaller rainfall intensities for a 
constantly applied flow rate. Similarly, for 
a constant flow path length, higher applied 
flow rates represent higher rainfall intensi-
ties tested in the experiment.

The flow depths that will occur on 
the different pavement widths were esti-
mated using the RRL method (Equation 3), 
Gallaway method (Equation 4) and the 
broad-crested weir equation (Equation 7 
below) (SANRAL 2013):

Q = Cd * b * H * √g * H  (7)

 Q = flow rate (m3/s)
 Cd = discharge coefficient (0.6)
 b = total width of flow (m)
 H = energy head (flow depth) (m)
 g = gravitational acceleration (9.81 m/s2)

The estimated flow depths were summa-
rised in Table 7 for a maximum flow rate 
of 3.0 ℓ/s.

Depending on the slopes and width of 
the pavement, which affect the flow path 
length, calculations have shown that the 
flow rates applied during the experiment 
can simulate rainfall intensities of more 
than 1 000 mm/hr and flow depths of 
higher than 10 mm. The layouts reviewed 
under the test conditions have sufficiently 
intercepted more than 98% of the applied 
sheet flow.

conclusions
The following conclusions were drawn 
by reviewing the interception capability 
of the slotted drain installation scenarios 
presented in this paper:

 Q Both pavement layouts with an inlet 
width of 20 mm intercepted more 
than 98% of the applied flow rate with 
a capacity of approximately 3.0 ℓ/s/m 
length.

 Q The imitation of placing a median bar-
rier along the longitudinal length of the 
slotted inlets did not affect the intercep-
tion capabilities of the inlets, as all the 
sheet flow was intercepted before the 
barrier could be in operation.

 Q Both outlets tested in the experiment 
have the capability of intercepting 
surface water with flow depths higher 
than the recommended flow depth of 
not exceeding 6 mm to reduce aqua-
planing risks to within acceptable limits 
(SANRAL 2013).

 Q The installation of the slotted drains 
as pavement surface drainage systems 

is concluded to be a safe and efficient 
method to remove surface water from 
pavement surfaces.
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introduction
In general, observed rainfall data can be 
obtained from continuously recording 
rainfall stations or from daily rainfall sta-
tions. In South Africa, daily rainfall data 
is recorded at a fixed daily interval and is 
more abundant, reliable and generally have 
longer record lengths than the digitised 
sub-daily rainfall data (Smithers & Schulze 
2000b; 2004). Hence, due to the availability 
and quality of daily rainfall data, these 
data sets are more often used to estimate 
design rainfall. Design rainfall is derived 
from observed rainfall data and comprises a 
depth and duration associated with a given 
return period (T) or annual exceedance 
probability (AEP) (Gericke & Du Plessis 
2011). Design rainfall for durations < 24-h is 
normally classified as ‘short duration’ design 
rainfall and is generally estimated directly 
from continuously recorded rainfall. ‘Long 
duration’ design rainfall typically ranges 
between one and seven days and can be 
estimated from both continuously recorded 
and daily rainfall data. However, design 
point rainfall estimates are only applicable 
to a limited area, and for larger areas, the 
average areal design rainfall depth is likely 
to be less than the maximum design point 
rainfall depths (Siriwardena & Weinmann 
1996). Areal reduction factors (ARFs) are 
used to describe this relationship between 

design point and areal design rainfall, i.e. 
design point rainfall depths are converted 
to an average areal design rainfall depth for 
a catchment-specific critical storm duration 
and catchment area (Alexander 2001).

Numerous factors can have a significant 
impact on the estimation of ARFs, e.g. 
geographical location, rainfall types, catch-
ment geomorphology, and methodological 
approaches (Asquith & Famiglietti 2000; 
Svensson & Jones 2010; Li et al 2015). In 
terms of geographical location, it has been 
shown that the 1-day ARFs in the United 
States of America (USA) exceeded the 
equivalent ARF estimates in Australia, 
while the ARFs decline more rapidly in the 
semi-arid southwestern USA than in the 
rest of the USA (Svensson & Jones 2010). 
Different rainfall-producing mechanisms, 
e.g. convective versus frontal rainfall, will 
produce different spatial rainfall patterns 
and consequently result in different ARF 
values (Eggert et al 2015). For example, 
Skaugen (1997) established that ARFs 
for both convective and frontal rainfall 
decrease with increasing return period, but 
the rate of decrease for convective rainfall 
is noticeably larger than that for frontal 
rainfall. In the USA, areal rainfall was 
found to decrease in comparison with the 
corresponding point rainfall with increas-
ing return periods (Asquith & Famiglietti 
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2000; Allen & DeGaetano 2005). In 
contrast, Grebner and Roesch (1997) dem-
onstrated that ARFs in Switzerland (catch-
ment areas > 4 500 km²) are independent of 
the return period. Most studies conducted 
on the estimation of ARFs have concluded 
that catchment geomorphology (e.g. area, 
shape and topography) and topographical 
rainfall biases (e.g. leeward and windward 
effects) have an insignificant influence on 
ARFs (Allen & DeGaetano 2005; Svensson 
& Jones 2010). However, Singh et al (2018) 
highlighted that differences in ARFs in 
New Zealand are ascribed to differences 
in topography and rainfall type. Kim et al 
(2019) also showed that storm-centred ARF 
values obtained from storms of a different 
shape, i.e. elliptical versus circular, could 
be different by up to 20%. In catchment 
areas less than 800 km², ARFs are generally 
a function of the point and areal rainfall 
intensity, as the relationship between 
rainfall intensity and soil infiltration is pre-
dominant. In catchment areas greater than 
800 km² and less than 30 000 km², ARFs 
are mainly a function of the area and storm 
duration (Alexander 2001; SANRAL 2013).

ARFs can be estimated using either 
analytical or empirical methods (Pietersen 
et al 2015). The first analytical methods 
were based on simplified algorithms and 
limited verification processes (Siriwardena 
& Weinmann 1996; Svensson & Jones 2010). 
Hence, several new analytical methods 
have been proposed during the last four 
decades, e.g. storm movement (Bengtsson & 
Niemczynowicz 1986), crossing properties 
(Bacchi & Ranzi 1996), spatial correlation 
structure (Sivapalan & Blöschl 1998), scaling 
relationships (De Michéle et al 2001), and 
temporal-spatial rainfall dependence (Mineo 
et al 2018). Empirical methods could be 
classified as either geographically centred or 
storm-centred approaches. The geographi-
cally centred approach describes the rela-
tionship between average areal design rain-
fall over a geographically fixed area and a 
corresponding design point rainfall value. In 
the storm-centred approach, the estimation 
of average areal design rainfall is not limited 
to a fixed geographical area, but rather asso-
ciated with the extent of individual dynamic 
storm rainfall events and the way in which 
the rainfall intensity decreases with distance 
from the central maximum rainfall core 
(Alexander 2001; Svensson & Jones 2010).

Internationally, extensive national-scale 
ARF studies are limited to the United 
Kingdom (NERC 1975), USA (USWB 
1957; 1958) and Australia (Siriwardena & 

Weinmann 1996; Podger et al 2015). Due to 
insufficient rainfall monitoring networks 
and a lack of short duration rainfall data, 
most of the data-intensive analytical and 
empirical methods developed often fail to 
successfully incorporate the variation in 
predominant weather types, storm dura-
tions, seasonal factors and return periods 
(Skaugen 1997; Asquith & Famiglietti 2000; 
Allen & DeGaetano 2005, Pavlovic et al 
2016). In recent years, radar information has 
also become more readily available in many 
parts of the world and assists in improving 
the spatial and temporal resolutions to 
estimate ARFs, e.g. Peleg et al (2018) and 
Kim et al (2019). According to Pavlovic et 
al (2016), the differences between analytical 
and empirical ARF estimation methods cur-
rently in use are also more pronounced for 
shorter storm durations and larger catch-
ment areas, while being partially dependent 
on the return period. Thus, in general, most 
of these methods are inappropriate to use 
at a comprehensive set of temporal and 
spatial scales in larger catchments. Similarly, 
in South Africa the estimation of ARFs is 
limited to the storm-centred approaches 
of Van Wyk (1965) and Wiederhold (1969), 
while Alexander (2001) also developed a 
geographically centred approach based 
on the UK Flood Study Report (FSR) 
methodology.

The Van Wyk (1965) study was conduct-
ed on a small scale (catchment areas ≤ 800 
km²) in the Pretoria region, Gauteng, to 
derive probabilistically correct ARF values 
which vary with return period. Wiederhold 
(1969) used a modified version of the Van 
Wyk (1965) method to establish ARFs for 
170 storms over large catchment areas 
between 500 km² and 30 000 km² within 
18 regions delineated for South Africa. 
However, the latter ARFs are regarded as 
being probabilistically incorrect, since the 
ARF estimates remain constant irrespective 
of the return period under consideration. In 
the case of Alexander (2001), the UK FSR 
methodology was adjusted to account for 
short duration rainfall over small catchment 
areas, since it was argued that estimates 
of shorter duration rainfall based on the 
extrapolation from longer durations are 
unreliable when viewed in the light of the 
storm mechanisms which produce high-
intensity rainfall for durations less than ten 
minutes. Hence, with the latter adjustments 
being implemented, the practitioner can 
estimate average catchment rainfall from 
point rainfall statistics using a geographi-
cally centred approach. However, as in 

the case of Wiederhold (1969), the ARF 
values are also regarded as probabilistically 
incorrect. Nowadays, the local derivation 
of probabilistically correct ARFs is also 
regarded as problematic due to the overall 
deterioration of our rainfall monitoring 
network, both in terms of data availability, 
quality and resolution.

Based on the shortcomings highlighted 
above, it is clear that the estimation of ARFs 
is internationally an on-going research ques-
tion, particularly in South Africa. Typically, 
practitioners would use storm-centred 
derived ARFs in a geographically centred 
sense, which will most probably then result 
in either an over- or underestimation of the 
actual fixed-area storm event. Hence, the 
primary objective of this study is to estimate 
geographically centred ARFs using daily 
rainfall data and a modified version of Bell’s 
method (1976) to derive the unique relation-
ship between average design point rainfall 
and average areal design rainfall estimates 
at a catchment level. Consequently, this 
will investigate how ARF values vary with 
catchment area (400 km² < A < 5 000 km²), 
rainfall type and storm duration (1, 8, 16, 
24, 72 and 168 hours), and return period 
(2 – 200 years) in 23 quaternary catchments 
of the C5 secondary drainage region in 
South Africa. The specific objectives are to:

 Q establish mathematical relationships 
between the estimated ARFs and rainfall 
variables (e.g. mean annual precipitation 
(MAP), storm duration and return peri-
od), catchment geomorphology (e.g. area, 
shape and geographical location), and/or 
a combination of these, and

 Q compare the derived ARF algorithms 
with a selection of empirical ARF meth-
ods currently used in South Africa in 
order to assess any differences.

Materials and Methods
This section provides a general overview 
of the study area and the detailed method-
ology applied.

study area
The pilot study area (C5 secondary drain-
age region), as shown in Figure 1, covers 
34 795 km² and is situated within the larger 
primary drainage region C in South Africa 
(DWAF 1995). The C5 secondary drainage 
region is one of 148 secondary drainage 
regions found in South Africa and is further 
divided into two tertiary drainage regions, 
namely the Riet River (C51) and Modder 
River (C52) catchments, which are further 
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subdivided into 23 quaternary catchments, 
e.g. C51A, C51B to C52L (Midgley et al 1994).

The pilot study area is located in a 
summer rainfall region characterised by 
convective rainfall. The average MAP is 
424 mm and decreases from 685 mm in 
the east to 275 mm in the west (Lynch 
2004). The rainy season starts in early 
September and ends in mid-April with a dry 
winter following. The topography is gentle 
with elevations varying from 1 021 m to 
2 120 m above mean sea level. The average 
catchment slopes vary between 1.7% and 
10.3% (USGS 2016). The 223 South African 
Weather Services (SAWS) daily rainfall 
stations located within and close to the 
boundary of the pilot study area are shown 
in Figure 2. It is evident from Figure 2 that 
the daily rainfall monitoring network is 
generally denser in the mid-eastern parts of 
the pilot study area as opposed to the north-
western parts. The minimum number of 
rainfall stations in each of the 23 quaternary 
catchments (C51A – C52L) is based on the 
criteria re commended by Siriwardena and 
Weinmann (1996), i.e. a minimum of three 
rainfall stations for catchment areas up to 
500 km² plus one additional station for every 
500 km² thereafter.

extraction, infilling and averaging 
of observed point and areal rainfall
A daily rainfall database was established by 
evaluating, preparing and extracting daily 
rainfall data from the SAWS rainfall stations 
present in the pilot study area, as well as 
from the neighbouring rainfall stations. The 
Daily Rainfall Extraction Utility (DREU) 
(Lynch 2004) was used for the extraction of 
the daily rainfall data series. In considering 
the impact that an incomplete month and 
consequently an incomplete year could have 
on the record length of a particular rainfall 
station, the default infilling techniques 
available in the DREU, e.g. inverse distance 
weighting, expectation maximisation, 
median ratio and/or monthly infilling, were 
used for the infilling of missing daily rainfall 
data. Infilling of daily rainfall values was 
necessary in some cases to obtain a mini-
mum record length of at least 30 years.

The 1-day fixed time interval point 
rainfall annual maximum series (AMS) was 
firstly identified and extracted from the 
observed rainfall data. In order to obtain 
the 3-day and 7-day fixed time interval 
point rainfall AMS, a ‘moving window’ 
approach was applied to the 1-day fixed 
time interval point rainfall to provide 
the accumulated 3-day and 7-day totals, 

respectively. The highest accumulated 
values within each hydrological year were 
then used as the 3-day or 7-day fixed time 
interval point rainfall AMS values. This 
process was repeated for each hydrological 
year to result in a complete 3-day and 7-day 
fixed time interval point rainfall AMS at 
each rainfall station. The 1-day, 3-day and 
7-day point rainfall AMS at each rainfall 
station were then multiplied with cor-
responding Thiessen weights to provide a 
single, weighted point rainfall AMS repre-
sentative of all the rainfall stations within a 
particular quaternary catchment. The use 
of the Thiessen polygon method (Wilson 
1990) is justified by the even spatial dis-
tribution of the rainfall stations and the 
relatively flat topography of the pilot study 
area, while it was also the preferred method 

in various international ARF studies, e.g. 
Bell (1976), Stewart (1989), Siriwardena 
and Weinmann (1996), and Podger et al 
(2015). In considering the large amount of 
data and repetitive computations required, 
using the Create Thiessen Polygons exten-
sion in the ArcGISTM environment further 
simplified the process and ensured that a 
consistent approach was followed.

In terms of obtaining the areal rainfall 
AMS, the same procedure was followed, 
except for the Thiessen weighting proce-
dure. In the latter case, catchment rainfall 
values were determined by multiplying the 
daily rainfall values with a corresponding 
Thiessen weight to result in a weighted daily 
catchment rainfall series. Thereafter, the 
areal AMS values were extracted from the 
estimated daily catchment rainfall series.

Figure 1  Location of the study area (after Gericke & Smithers 2014)
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disaggregation of fixed 
interval rainfall
The fixed time interval point and areal 
rainfall AMS at each rainfall station were 
disaggregated to continuous measures of 
n-hour rainfall using the methodology as 
proposed by Smithers and Schulze (2003; 
2004) and as subsequently implemented 
in the C5 secondary drainage region by 
Gericke and Pietersen (2018). In essence, for 
storm durations exceeding 24-h, the n-day 
fixed time interval point and areal AMS 
values were converted to continuous meas-
ures of n-hour rainfall using the conversion 
factors proposed by Adamson (1981) for 
selected storm durations, e.g. 1.11 for 1-day 
to 24 hours, 1.05 for 3-days to 72 hours, and 
1.02 for 7-days to 168 hours. For storm dura-
tions ≤ 24-h, the scaling factors proposed by 
Smithers and Schulze (2003) were used to 
downscale the mean of the 24-h AMS values 
to ultimately obtain the n-hour (e.g. 1-h, 8-h, 
16-h and 24-h) point and areal AMS values.

Probabilistic analysis of point 
and areal rainfall
The selection of the most suitable theoreti-
cal probability distribution was based on 
the statistical properties (mean, standard 
deviation, skewness and coefficient of 
variation) of each point and/or areal rainfall 
AMS. Typically, the Log Normal (LN), 
Log-Pearson Type 3 (LP3), General Extreme 
Value (GEV) and Generalised Logistic 
(GLO) probability distributions were con-
sidered for the frequency analyses, and the 
probable weighted moments (PWM) and 
linear moments (LM) were used to estimate 
parameters for the purpose of probabilistic 
curve fitting. However, Smithers and Schulze 
(2000a) highlighted that the GEV probability 
distribution is regarded as the most suit-
able distribution to estimate 1-day design 
rainfall values in South Africa, while the 
GEV probability distribution was also used 
to estimate ARFs in various other interna-
tional studies, e.g. Dyrrdal et al (2016) and 
Peleg et al (2018). Therefore, based on the 
aforementioned recommendations, the GEV 
distribution was utilised in this study for the 
probabilistic curve fitting. The probabilistic 
analyses of the point and areal rainfall AMS 
were conducted separately to result in sepa-
rate design point and areal design rainfall 
frequency curves. In essence, the design 
point rainfall values were firstly estimated 
from a single set of Thiessen-weighted AMS 
values as obtained from multiple rainfall sta-
tions in each catchment. This approach was 
used to provide a catchment-based design 

point rainfall frequency curve. The following 
steps were followed:
a. Extraction of the point rainfall AMS 

values at each rainfall station within a 
particular quaternary catchment.

b. Weighting of the point rainfall AMS 
values using Thiessen polygons to result 
in weighted point rainfall AMS values 
representative of all the rainfall stations 
in a particular quaternary catchment.

c. Estimation of the first four PWMs (β1, 
β2, β3 and β4) and subsequent four 
L-Moments (λ1, λ2, λ3 and λ4) having at 
least 30 years of data (≥ 60 years preferred).

d. Estimation of the shape parameter (k 
in Equation 1), coefficient of the shape 
parameter (c in Equation 2), location 
parameter (ε in Equation 3) and scale 
parameter (α in Equation 4) as required 
for the GEV distribution:

k = 7.8590c + 2.9554c2 (1)

c = 
2

3 + τ3
 – 

ln 2

ln 3
 (2)

ε = λ1 – 
α(1 – Γ(1 + k))

k
 (3)

α = 
λ2k

(1 – 2–k) Γ (1 + k)
 (4)

 where τ3 is L-skewness of the data set, 
Γ is the gamma function and λ1 and λ2 
are the first and second L-moments, 
respectively.

e. Estimation of the regional T-year design 
point rainfall value PPS(T) in Equation 5) 
and associated AEP (Equation 6) by 
fitting the parameters to the GEV 
distribution:

PPS(T) = ξ + 
α(1 – (–ln(1 – AEP))k

k
 (5)

AEP = 
⎫
⎪
⎭
1
T

⎫
⎪
⎭
 (6)

Similarly, probabilistic analyses of the areal 
rainfall AMS (extracted and weighted at a 
daily time interval) were conducted at a qua-
ternary catchment level to result in a single 
representative areal frequency curve which 
condenses information from all the areal 
rainfall AMS within a particular quaternary 
catchment. As mentioned before, the areal 
AMS values were estimated by multiplying 
a representative Thiessen weight, at a daily 
time interval, with the corresponding daily 
rainfall values. This procedure resulted in 

one areal AMS applicable to a particular 
quaternary catchment. Subsequently, a 
similar probabilistic curve-fitting procedure 
as listed above was applied to the areal AMS 
to result in a single set of T-year areal design 
rainfall values (PAS(T)) applicable to each 
quaternary catchment under consideration.

estimation of areal reduction factors
The estimation of ARFs is based on a ‘modi-
fied version’ of Bell’s (1976) method, since 
the AMS of point and areal rainfall are used 
as opposed to the partial duration series 
(PDS) used by Bell (1976). This adjustment 
from the PDS to the AMS will incorporate 
the variation of ARFs with AEPs, instead 
of possibly excluding the highest observed 
rainfall value in a specific hydrological year 
by using equally ranked observations from 
a common base period. The ARFs were 
expressed as the ratio of areal to average 
design point rainfall with associated AEPs. 
Sample values of the fixed-area ARFs were 
estimated using steps (a) to (e) as described 
in the previous section and expressed using 
Equation 7, i.e. the ratio between the catch-
ment areal design rainfall and the average 
design point rainfall estimates for corre-
sponding return periods.

ARFT = 100
 

PAS(T)

PPS(T)
 (7)

where ARFT is the areal reduction factor 
at a specific return period (%), PAS(T) is 
the catchment T-year areal design rainfall 
(mm), and PPS(T) is the average T-year 
design point rainfall (mm).

One set of ARFs was estimated for each 
quaternary catchment with storm durations 
of 1, 8, 16, 24, 72 and 168 hours with cor-
responding return periods of 2, 5, 10, 20, 50, 
100 and 200 years. The ARFs from individual 
quaternary catchments were pooled together 
to estimate sample ARFs for a combination 
of catchment areas, storm durations, MAP 
and T values at a tertiary catchment level. 
These sample ARF values were then used to 
derive functional ARF algorithms, which are 
discussed in the next section.

derivation of regressions 
to estimate arfs
Regression analyses were performed to 
estimate the relationship between the 
dependent criterion variable (ARF) and 
the independent predictor variables. The 
following independent predictor variables 
were considered for inclusion: (i) catchment 
area (A, km²), (ii) storm duration (D, hours), 



Volume 62 Number 4 December 2020 Journal of the South african institution of civil engineering24

(iii) return period (T, years), and (iv) MAP 
(mm). As a result, linear backward stepwise 
multiple regression analyses with deletion 
were performed at a 95% confidence level to 
establish ARF algorithms representative of 
the physiographical indices influencing the 
temporal and spatial rainfall distribution 
at a tertiary catchment level. Hypothesis 
testing was performed at each step to ensure 
that only statistically significant independ-
ent variables were retained in the model, 
while insignificant variables were removed. 
Partial t-tests were used to test the signifi-
cance of individual independent variables, 
while total F-tests were used to determine 
whether an ARF as a dependent criterion 
variable is significantly correlated to the 
independent predictor variables included 
in the model. A rejected null hypothesis 
[F-statistic of observed value (F) > critical 
F-statistic (Fα)] was used to identify the sig-
nificant contribution of one or more of the 
independent variables towards the predic-
tion accuracy. The Goodness-of-Fit (GOF) 
statistics were assessed using the coefficient 
of multiple-correlation (Equation 8) and 
the standard error of estimate (Equation 9) 
(McCuen 2005).

Ri² = 

N
∑
i=1

(yi – x)2

N
∑
i=1

(xi – x )2

 (8)

SEy = 
1

v

N
∑
i=1

(yi – xi)2
0 . 5

 (9)

where Ri is the multiple-correlation coefficient 
for an equation with i independent variables, 
SEy is the standard error of estimate, xi is the 
observed value (dependent variable), x is the 
mean of observed values (dependent variables), 
yi is the estimated value of dependent variable 
xi, i is the number of independent variables, N 
is the number of observations (sample size), 
and v is the degrees of freedom (N-I with 
y-intercept = 0).

assessment and comparison of arfs
The derived ARF algorithms were compared 
to a selection of ARF estimation methods 
currently recommended for general use in 
South Africa (Pietersen et al 2015), e.g. Van 
Wyk (1965; Equation 10), Wiederhold (1969; 
Equation 11) and Alexander (2001; Equation 
12) by considering six gauged catchments 
located in the pilot study area. Typically, the 
key attributes of the six gauged catchments 
include: (i) catchment area (30 km² ≤ A ≤ 2 
500 km²), (ii) critical storm duration (1-h ≤ 

D ≤ 24-h), (iii) return period (10-year ≤ T ≤ 
200-year), and (iv) MAP ranging between 
430 mm and 565 mm.

ARFVW = 100[Exp(–0.000068ITA0.77)] (10)

ARFW = 100[[1.04 – 0.08Ln(A)]D0.02A0.28)] (11)

Table 1 Quaternary catchment daily rainfall information (after Pietersen 2016)

Quaternary
catchment

A
(km²)

Ns Nx
Ro

(years)
Ri

(years)
Rt

(years)
infilling

(%)

C51A 675 11 4 552 141 693 20.3

C51B 1 691 17 6 775 347 1 122 30.9

C51C 624 7 4 349 120 469 25.6

C51D 922 10 4 506 194 700 27.7

C51E 806 9 4 410 130 540 24.1

C51F 876 9 4 389 151 540 28.0

C51G 1 835 24 6 1 040 424 1 464 29.0

C51H 1 781 18 6 741 429 1 170 36.7

C51J 1 051 11 5 496 208 704 29.5

C51K 3 628 32 10 1 623 681 2 304 29.6

C51L 2 029 11 7 556 236 792 29.8

C51M 1 518 7 6 410 94 504 18.7

C52A 937 12 4 582 186 768 24.2

C52B 949 10 4 460 240 700 34.3

C52C 600 8 4 362 118 480 24.6

C52D 471 6 3 289 71 360 19.7

C52E 897 10 4 558 142 700 20.3

C52F 688 16 4 777 439 1 216 36.1

C52G 1 789 15 6 788 202 990 20.4

C52H 2 373 14 7 711 157 868 18.1

C52J 1 922 15 6 667 293 960 30.5

C52K 4 331 32 11 1 559 585 2 144 27.3

C52L 2 404 24 7 1 191 465 1 656 28.1
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ARFA =  [90 000 – 12 800 Ln(A) +  
9 830 Ln (60D)]0.4 (12)

where ARFVW, ARFW and ARFA are the 
areal reduction factors (%) as derived 
using the methodologies used by Van Wyk 
(1965), Wiederhold (1969) and Alexander 
(2001), A is the catchment area (km²), D is 
the storm duration (hours), and IT is the 
rainfall intensity (mm.h-1) based on the 
average design point rainfall depth (PT).

results and discussion

analysis and disaggregation 
of fixed interval rainfall
The number of daily rainfall stations used 
(Ns), the minimum number of rainfall 
stations required (Nx) based on the 
Siriwardena and Weinmann (1996) criteria 
(cf. Section: Study area), observed (Ro), 
infilled (Ri) and total (Rt) record lengths, 
and corresponding percentage of infilling 

applicable to each quaternary catchment 
are summarised in Table 1 (page 24).

It is evident from Table 1 that the num-
ber of rainfall stations used (Ns) exceeds 
the minimum number of rainfall stations 
required (Nx) in each quaternary catch-
ment. On average, the number of rainfall 
stations used exceeded the Siriwardena and 
Weinmann (1996) criteria by a ratio of 2.6, 
while the individual ratios varied between 
1.2 and 4. These results confirm that the 
overall distribution and location of the daily 
rainfall stations are uniform and sufficient 
for the purpose of this study. In Table 1, 
the observed rainfall data represents 15 791 
years, as opposed to the 6 053 infilled years, 
meaning that 72.3% of the total record 
lengths is based on observed data. At a 
quaternary catchment level, the percentage 
of infilling varied between 18.1% (C52H) 
and 36.7% (C51H), respectively. The latter 
high percentage of infilling in QC C51H 
could be ascribed to a large percentage of 
missing data, and as a result more extension 
was required to match the record length 
of the other surrounding rainfall stations. 
Overall, the rainfall data infilling process 
was carefully interrogated, and infilling 
was limited to periods within the observed 
record length under consideration, i.e. no 
backward extrapolation of the observed 
record in time. The Thiessen polygons used 
to convert the fixed interval observed point 
and areal rainfall at each rainfall station into 
average catchment rainfall values are shown 
in Figure 3.

A typical example of the fixed interval 
rainfall values converted and scaled to 
n-hour catchment rainfall using the 
Adamson (1981) conversion and average 
Smithers and Schulze (2003) scaling fac-
tors, respectively, are shown in Figure 4.

It is quite evident from Figure 4 that 
the converted and scaled averaged catch-
ment rainfall for durations ≤ 24-h tend to 
follow the same trend. Overall, in most of 
the quaternary catchments under consid-
eration, the converted catchment rainfall 
values steeply increase up to 8 hours, 
whereafter a flatter and constant increas-
ing slope is evident. In contrast, the scaled 
catchment rainfall values are characterised 
by an ever-increasing slope, with a notable 
flattening of the slope followed by an 
increased slope between 8-h and 24-h. For 
long durations > 24-h, both the converted 
and scaled catchment rainfall values tend 
to increase at a constant rate, although the 
converted catchment rainfall values are 
generally higher (Gericke & Pietersen 2018).

Table 2  Example of areal and design point rainfall estimates for various record lengths in 
quaternary catchment C51M (Pietersen 2016)

 T
(years)

Record length (years) for D = 24-h

10 20 30 40 50 60 70

Areal design 
rainfall (mm)

2 35.4 32.0 35.3 37.1 35.9 34.4 33.6

5 38.9 43.5 46.5 48.8 49.6 49.8 49.2

10 39.6 49.4 51.8 55.0 58.1 60.9 59.9

20 40.0 53.9 55.9 60.0 65.9 72.3 70.5

50 40.1 58.5 59.8 65.3 75.4 88.2 84.6

100 40.2 61.3 62.1 68.5 82.2 101.0 95.4

200 40.2 63.6 63.9 71.2 88.6 114.7 106.5

Design point
rainfall (mm)

2 47.5 45.0 48.7 50.2 49.3 47.2 46.0

5 53.6 56.6 60.1 61.7 63.1 63.4 62.7

10 55.3 61.9 65.0 67.0 70.7 73.9 72.6

20 56.1 65.8 68.4 70.8 76.9 83.7 81.4

50 56.6 69.5 71.4 74.4 83.8 96.1 91.8

100 56.8 71.5 73.0 76.4 88.2 105.2 98.9

200 56.9 73.0 74.1 77.9 92.0 114.0 105.5
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Figure 4  Example of converted and scaled n-hour catchment rainfall in quaternary catchments 
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Probabilistic analysis of 
point and areal rainfall
An example of the probabilistic analyses 
results for both the average design point and 
areal design rainfall values for D = 24-h at 
10-year ascending record length increments 
in quaternary catchment C51M is listed in 
Table 2 (page 25).

Generally, the results in Table 2 are char-
acterised by a high variability, especially for 
record lengths ≤ 30 years. Both the design 
point and areal design rainfall values are 
more consistent for longer record lengths. 
For instance, the variation between point 
and areal values for any return period is less 
significant with an increase in record length. 
Hence, this also supports the use of a mini-
mum infilled record length of 30 years for 
the probabilistic analyses. A typical example 
of the probabilistic plot results based on 
the ranked point AMS values in quaternary 
catchment C51M for D = 24-h is illustrated 
in Figure 5.

In Figure 5, the probability distribu-
tion estimates proved to be comparable 
for return periods ≤ 20 years; however, 
differences of up to 20% were evident at 
T = 200-year. Overall, the estimates based 
on the GEV/LM probability distribution 
proved to be statistically robust with respect 
to sampling variability when ARFs or design 
rainfall values need to be estimated and was 
therefore used in all 23 quaternary catch-
ments. The latter results are also in agree-
ment with other studies, e.g. Siriwardena 
and Weinmann (1996), Smithers and 
Schulze (2000a), Dyrrdal et al (2016) and 
Peleg et al (2018).

estimation of areal reduction factors
Figure 6 is an example of the typical rela-
tionship between average design point and 
areal design rainfall values at a quaternary 
catchment level. By applying Equation 7, 
geographically centred and probabilisti-
cally correct ARF sample values could 
be obtained from Figure 6, as shown in 
Figure 7. In Figure 7 it is evident that the 
ARFs are the same for durations less than 
24-h, since both the point and areal rainfall 
were scaled from the 1-day values using 
the same scaling technique having similar 
scaling parameters and/or statistics in a 
particular rainfall cluster as identified and 
proposed by Smithers and Schulze (2003). 
As an alternative, and to address these ARF 
values being similar for durations < 24-h, 
accumulated continuous measures of 
n-hour (short duration) rainfall data should 
be used.

The ranges of ARF variability at tertiary 
catchment levels C51 and C52 are shown in 
Figures 8a and 8b, respectively.

In considering Figures 7 to 8b it is clear-
ly evident that the ARFs are not constant 
and tend to increase with both an increase 
in return period and storm duration. In 
both tertiary catchments C51 (Figure 8a) 
and C52 (Figure 8b) the ARF values range 
between 58% (T = 2-year; D < 24-h) and 
100% (T = 100-year; D > 72-h). However, in 
quaternary catchments C51C, D, K and L, 

and C52D and F, the ARF values exceeded 
unity (> 100%) at T = 200-year and also 
tended to increase with an increase in 
catchment area. The latter deviation from 
the expected norm, i.e. ARFs decrease as 
the catchment size increases, could be 
ascribed to: (i) differences in the catchment 
shapes, (ii) different rainfall distribution 
patterns, i.e. whether storm events are 
aligned along the catchment or perpendic-
ular to it, and/or (iii) the presence of uni-
form rainfall covering the whole catchment 
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Figure 5  Example of the 24-h probability distribution for design point rainfall in quaternary 
catchment C51M (Pietersen 2016)
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during higher return period events, 
irrespective of the catchment size under 
consideration. The sample ARFs, which 
either equalled or exceeded unity (≥ 100%), 
not only confirmed the possible presence 
of uniform rainfall events being associated 
with higher return periods (T ≥ 100-year), 
but also confirmed that design point 
rainfall estimates are only representative 
of a limited area. As highlighted before, 
the above ARFs from individual quater-
nary catchments were pooled together to 
produce sample ARFs for a combination of 
catchment areas, storm durations, return 
periods and MAP values at a tertiary catch-
ment level, i.e. C51 and C52. Consequently, 
these pooled sample ARF values served as 
criterion variables during the derivation of 
the ARF algorithms.

derivation of regressions 
to estimate arfs
Backward stepwise multiple linear regres-
sion analyses with deletion at a 95% 
confidence level resulted in the best predic-
tion model for ARFs at a catchment level. 
All the independent predictor variables 
initially considered, e.g. A, T, D and MAP 
were retained and included in the calibrat-
ed equation(s) applicable to each tertiary 
drainage region. Hence, the same equa-
tion format (Equation 13), with different 
regional calibration coefficients (Table 3), 
was used in C51 and C52, respectively.

ARFy = x1MAP + x2A + x3T + x4D (13)

where ARFy is the estimated ARF (%), A is 
the catchment area (km2), D is the storm 
duration (hours), MAP is the mean annual 
precipitation (mm), T is the return period 
(years), and x1 to x4 are the regional cali-
bration coefficients (Table 3).

In considering the GOF statistics and 
hypothesis testing results, as listed in 
Table 4, it is evident that the best results 
were obtained in the C52 tertiary drainage 
region, with the standard error of the ARFy 
estimate = 6.6% and an associated coef-
ficient of multiple-correlation = 0.85.

Scatter plots of the ARFT (Equation 7) 
and ARFy (Equation 13) values associated 
with all the quaternary catchments in 
each tertiary drainage region are shown in 
Figure 9 to highlight any regional differ-
ences. In Figure 9, the ARFy values com-
puted using Equation 13 displayed a low 
to moderate degree of association with the 
ARFT values (Equation 7), with r² values 
ranging between 0.2 (C51) and 0.5 (C52). 
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Figure 7  Geographically centred ARFs for corresponding return periods and storm durations in 
quaternary catchment C51M (Pietersen 2016)
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Such low r² values are not only indicative 
of a low degree of association, but also 
highlight the heterogeneity between ARFs 
in different quaternary catchments due to 
the non-uniform rainfall distribution. The 
latter influence of non-uniform rainfall 
distribution on the ARF estimates was 
confirmed by the estimation of individual 
r2 values at a quaternary catchment level. 
Typically, the r² values ranged from 
0.48 ~ 0.80, thus confirming that the 
rainfall distribution is more uniform over a 
smaller geographically fixed area.

However, in the C51 tertiary drainage 
region, it is clearly evident that the ARFy 
values (Equation 13) are quite sensitive to 
MAP variability, especially for MAP values 
beyond the calibration range, i.e. values 
lower and higher than the minimum (326 
mm) and maximum (576 mm) MAP values 
used during the calibration process. In addi-
tion, factors that might have an influence 
on the degree of association between the 
ARFT (Equation 7) and ARFy (Equation 13) 
values in the 23 quaternary catchments are: 
(i) catchment shape, (ii) geographical cen-
tredness of ARF estimates, (iii) orientation, 
direction and spatial extent of non-uniform 
rainfall not covering the whole catchment, 
and (iv) potential rainfall data quality dis-
crepancies. Overall, the above results con-
firmed that ARFs vary with catchment area, 
storm duration, return period and MAP.

assessment and comparison of arfs
The ARF estimates based on Equations 10 
to 13 in the six gauged catchments located 
in the pilot study area are summarised in 
Table 5. In comparing the ARF estimates, a 
number of notable trends are evident from 
Table 5.

In catchment areas (A) < 1 000 km², the 
ARFVW estimates based on Equation 10 
(Van Wyk 1965) tend to be nearly constant 
and vary between 91% and 97%. In catch-
ment areas (A) > 1 000 km², the ARF values 
decrease with an increase in catchment 
area, storm duration and return period. 
The ARFW estimates based on Equation 11 
(Wiederhold 1969) also decreased with an 
increase in both catchment area and storm 
duration, while they remained constant for 
the various return periods. It is important 
to note that both Equations 10 and 11 
are storm-centred approaches, which are 
essentially not suitable to estimate the 
catchment areal design rainfall from design 
point rainfalls. In doing so, the practitioner 
would by default incorrectly assume that 
extreme design point rainfall and extreme 

areal design rainfall are produced by the 
same rainfall event or rainfall type. As in 
the case of Equation 11, the ARFA estimates 
based on Equation 12 (Alexander 2001) 
also decreased with an increase in both 
catchment area and storm duration, while 
being constant for the various return 
periods. However, Equation 12 resulted in 
ARFA estimates that are between 15% and 
27% higher. The latter differences also tend 

to decrease with an increase in both catch-
ment area and storm duration.

In contrast, the ARFy estimates based on 
Equation 13 (this study) increased with an 
increase in catchment area, storm duration 
and return period, except in catchment 
C5H054 where the ARFs tend to be lower 
than those ARFs estimated in the smaller 
catchments. The latter increase of ARFs 
with an increase in catchment area, storm 

Table 3 Regional calibration coefficients applicable to Equation 13 (Pietersen 2016)

region
regional calibration coefficients (* 10-2)

x1 x2 x3 x4

C51 15.645 0.557 8.119 11.230

C52 13.784 0.333 5.783 11.831

Table 4  Summary of GOF statistics associated with the application of Equation 13 in the C51 and 
C52 tertiary drainage regions (Pietersen 2016)

criterion/region c51 c52

Coefficient of multiple-correlation (Equation 8) 0.97 0.85

Standard error of estimate (Equation 9, %) 9.8 6.6

F-observed value (F-statistic) 9 006.0 18 604.4

Critical F-statistic (Fα) 2.4 2.4
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duration and return period is also in agree-
ment with the trends witnessed in the 
design rainfall values (cf. Section: Estimation 
of areal reduction factors) used to estimate 
the ‘observed’ ARFs (Equation 7). On aver-
age, the ARF estimates based on Equations 
10 to 13 differed from one another with 
between 4% and 26%, with smaller differ-
ences associated with higher return periods. 
The highest individual differences, up to 
31%, are evident between the storm-centred 
approaches, i.e. Equations 10 and 11, but the 
differences also decreased with an increas-
ing return period. The highest degree of 
association is evident between Equations 
10 and 12, with differences limited to 8%. 

However, Equation 10 varies with the return 
period, while Equation 12 remains constant 
irrespective of the return period under 
consideration.

Based on the above results, it is evident 
that the storm-centred approaches, which 
resulted in lower ARFs associated with 
higher return periods, are unable to repre-
sent the spatial and temporal distribution 
of severe storm mechanisms (T > 50-year) 
that produce high-intensity rainfall with 
cell core areas exceeding the areal range 
and storm duration under considera-
tion. Furthermore, constant ARF values 
associated with variable return periods, 
e.g. Equations 11 and 12, are regarded as 

probabilistically incorrect. Hence, despite 
the fact that the ARF estimates based on 
Equation 13 increased with an increase 
in catchment area, it is the only method 
that could be regarded as probabilistically 
correct, i.e. ARFs increased with both an 
increase in return period and storm dura-
tion. The latter also confirmed that the 
current ARF methodologies used in South 
Africa are only applicable to specific tem-
poral and spatial scales.

conclusions
In this paper, an improved methodology to 
express the spatial and temporal rainfall 
variability at a quaternary catchment 
level by means of geographically centred 
and probabilistically correct ARFs was 
developed. The ARF values obtained are 
regarded as being probabilistically correct 
since the relationships between average 
areal design rainfall and average design 
point rainfall estimates for various catch-
ment areas, storm durations, return peri-
ods and MAP values at a catchment level 
were established. The major findings could 
be summarised as follows:
a. Design point rainfall estimates are 

only representative of a limited area. In 
larger catchment areas the average areal 
design rainfall depth is likely to be less 
than the maximum design point rainfall 
depths, except in cases where uniform 
rainfall events covering the whole 
catchment area are associated with 
higher return periods (T ≥ 100-year).

b. ARFs are not constant and vary with 
catchment area, storm duration, return 
period and MAP. In applying Equation 7 
to the geographically centred and prob-
abilistic ARF sample values obtained 
from the observed daily rainfall data, 
the ARF values increased with both an 
increase in return period and storm 
duration. However, in some quaternary 
catchments, the ARF values exceeded 
unity (> 100%) at T = 200-year, and also 
tended to increase with an increase in 
catchment area.

c. Estimated ARF values that increase 
with an increase in catchment area 
could mainly be ascribed to differences 
in catchment shape and the orientation, 
direction and spatial extent of rainfall 
events in relation to the catchment area 
under consideration.

d. The geographically centred approach 
based on a modified version of Bell’s 
method has proved to be appropriate for 

Table 5 ARF estimation results at a gauged catchment level (Pietersen 2016)

Catchment
(A, km²)

MaP
(mm)

D
(hours)

T
(years)

IT
(mm.h-1)

eq. 10 eq. 11 eq. 12 eq. 13

C5H022
(38)

563 1.6

10 31.3 96.6

76.9 95.1

78.5

20 36.3 96.0 79.1

50 43.1 95.3 80.8

100 48.8 94.7 83.7

200 54.4 94.1 89.5

C5R005
(116)

563 3.5

10 20.6 94.7

72.5 92.2

79.0

20 24.0 93.9 79.6

50 28.6 92.7 81.3

100 32.6 91.8 84.2

200 36.6 90.8 90.0

C5H054
(688)

502 16.9

10 4.6 95.3

73.6 88.8

74.1

20 5.3 94.7 74.6

50 6.2 93.7 76.4

100 7.0 93.0 79.3

200 7.8 92.2 85.1

C5R001
(922)

473 21.3

10 4.0 94.9

74.7 88.1

82.3

20 4.6 94.2 83.2

50 5.5 93.1 85.6

100 6.2 92.2 89.6

200 6.9 91.4 97.8

C5H003
(1 650)

543 18.3

10 4.4 91.5

71.1 83.6

83.1

20 5.1 90.1 83.7

50 6.0 88.5 85.4

100 6.7 87.3 88.3

200 7.4 86.0 94.1

C5H012
(2 366)

434 20.2

10 3.8 90.2

71.0 81.7

84.2

20 4.4 88.8 85.0

50 5.2 86.8 87.4

100 5.9 85.2 91.5

200 6.6 83.6 99.6
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the pilot study undertaken and bounded 
within a ‘fixed’ catchment area, i.e. the 
C5 secondary drainage region.

e. The derived algorithm(s) (Equation 13) 
provided improved probabilistic ARF 
estimates in comparison to the geo-
graphically and storm-centred methods 
currently used in South Africa.

f. The current South African ARF meth-
odologies (Equations 10 – 12) are only 
applicable to specific temporal and 
spatial scales and do not account for any 
regional differences. Only Equation 10 is 
regarded as being probabilistically cor-
rect, i.e. ARFs vary with return period. 
However, both Equations 10 and 11 are 
storm-centred approaches which are 
currently generally incorrectly applied 
by practitioners in a geographically cen-
tred manner. Furthermore, Equation 12 
is the only geographically centred 
method currently used in South Africa, 
although it was transposed from meth-
ods developed in the United Kingdom 
with little local verification and is also 
regarded as being probabilistically 
incorrect, since the ARF estimates 
remain constant irrespective of the 
return period under consideration.

Conversely, in view of the results obtained 
from this study, especially as shown 
in Figure 9, it is also evident that the 
methodology used in this study need 
to be reinvestigated and expanded to 
other catchments in South Africa and/or 
internationally by incorporating: (i) the 
use of circular test catchments as opposed 
to actual catchments (with a unique 
shape, orientation and size) to eliminate 
the impact of catchment size and shape 
on rainfall distribution patterns, (ii) the 
further refinement, calibration and verifi-
cation of the derived ARF algorithms at a 
circular catchment level, (iii) the region-
alisation of the ARF algorithms, (iv) the 
estimation of ARF index values to enable 
the transfer of hydrological information 
from gauged to ungauged sites, and (v) the 
development of a software interface to 
enable practitioners to apply and use the 
regionalised ARF algorithms. The incor-
poration of the above-listed steps towards 
the estimation of probabilistically correct 
ARFs are warranted to eliminate the cur-
rent shortcomings experienced.

At a national level, it is envisaged that 
the implementation and expansion of both 
the identified research values, adopted 
methodology and recommendations for 
future research will contribute towards 

improved ARF estimations using a geo-
graphically centred approach. Fortunately, 
the additional research conducted by Du 
Plessis et al (2020) on radar-based storm-
centred ARFs in South Africa is almost 
completed, with radar imagery from SAWS 
and the North West University (NWU) 
being used to compile 1-, 3- and 24-h 
design rainfall information to derive storm-
centred ARFs. Consequently, these updated 
geographically centred and/or storm-
centred approaches to ARF estimation will 
ultimately contribute towards improved 
design flood estimations.
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introduction
Water resources management, plan-
ning and supply form an integral part of 
the functionality of water utilities (e.g. 
local authorities, municipalities and/
or water boards) throughout the world 
(Ormsbee 2006). This is particularly the 
case in semi-arid and arid regions where 
rainfall is low and water resources are 
scarce. The use of computer modelling 
systems for the simulation of water dis-
tribution networks (WDNs) can aid water 
utilities with the identification of problem 
areas within a water supply system, as well 
as enable the planning processes required 
for the ever-changing urban landscape. 
Availability of data and the format in 
which the data is available, pose significant 
challenges to the effective management of 
WDNs. By developing a more standardised 
method in which data can be stored, evalu-
ated and processed to enable the modelling 
of a WDN, better management practices 
could be implemented, specifically within 
the Namibian and South African context.

Internationally, substantial research 
has been published on the relevance and 
applicability of WDN models implemented 
using EPANET software (Saminu et al 

2013; Gama et al 2015; Ramana et al 2015; 
Georgescu et al 2016; Kara et al 2016; Shital 
et al 2016). Detailed guidelines on the 
compilation of a WDN model from existing 
geographical information systems (GIS) 
and end-user data are generally not avail-
able, especially within the southern African 
context. According to Berardi et al (2014), 
data availability is a major issue in many 
water utilities. Although some water utili-
ties have network data in GIS format, the 
accuracy is not always acceptable, and 
some data is missing. In addition, the lack 
of efficient decision-support systems, that 
might exploit detailed information of the 
WDN, further reduces the motivation for 
improving the accuracy of data collection 
(Berardi et al 2014).

Saminu et al (2013) and Shital et al 
(2016) described the compilation of a 
WDN model by manually entering the data 
into the EPANET interface. However, the 
utilisation of different methods by means 
of which large data sets are processed 
in QGIS, and subsequently exported to 
EPANET, have not been fully implemented 
in a single study or method (Salmivirta 
2015). The use of a transitional package, i.e. 
plugin, to convert GIS data into EPANET 

Methodological approach for 
the compilation of a water 
distribution network model 
using Qgis and ePanet
A L Muller, O J Gericke, J P J Pietersen

This paper presents the development of a methodological approach based on the integration 
of free-of-charge open-source software, e.g. QGIS and EPANET, and engineering practices 
applicable to water distribution network design. The use of QGIS and EPANET, as well as the 
integration thereof with sound engineering practices and judgement, proved to be both viable 
and practical to enable practitioners to create a water distribution network model of an existing 
network in smaller developments or towns. Typically, in the latter smaller developments or 
towns, the professional cost associated with the additional time required when commercial 
licensed software is used, could be lower than the actual cost associated with the procurement 
of the licensed software itself. Hence, the developed process flow diagrams will not only 
potentially save time and money in comparison to a traditional, manual approach in EPANET, 
but will also provide guidance to practitioners and assist smaller municipalities in southern 
Africa facing challenges in terms of outdated records and budget constraints. It is envisaged 
that the implementation of the overall methodology will contribute to improved water 
infrastructure planning, design and management, especially in the southern African context 
where water resources are scarce and service delivery remains a pressing issue.
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readable file formats may be required. 
Advances in open-source software have 
resulted in the development of numerous 
such add-in/plugin packages for a wide 
range of applications within QGIS. Most 
of these add-ins in the public domain are 
made available free-of-charge and are 
frequently updated. Therefore, it is neces-
sary to realise that the development of new 
WDN modelling tools is an on-going pro-
cess that evolves on an almost daily basis 
along with advances in technology.

Despite the availability of all these add-
in packages and tools currently available 
in QGIS, no comprehensive methodology 
for the development of a WDN model 
based on existing GIS data is available. 
Methodologies that do exist, e.g. Saminu 
et al (2013) and Shital et al (2016), do not 
address the extensive acquisition and/or 
processing of data and the tedious develop-
ment of a WDN model. In essence, the 
acquisition of the required data sets may in 
some cases even prove to be a more tedious 
exercise than the compilation of the WDN 
model itself. Unavailability of data and the 
lack of record-keeping by water utilities are 
some of the factors that further complicate 
the practitioner’s task of compiling a 
WDN model.

Based on the shortcomings discussed 
above, the need for a methodological 
approach is highlighted and justified. 
Such a methodological approach should 
enable practitioners to process large 
amounts of data and perform topological 
analyses on GIS-based feature classes, to 
ultimately create a representative WDN 
model. Hence, the primary objective of this 
study is to develop such a methodological 
approach based on the integration of free-
of-charge open-source software, e.g. QGIS 
and EPANET, and engineering practices 
associated with water distribution network 
design. Since the proposed methodologi-
cal approach would enable practitioners 
to create a water distribution network 
model of an existing network in smaller 
developments or towns, the professional 
cost associated with the additional time 
required when commercially licensed 
software is used, could be lower than the 
actual cost associated with the procure-
ment of the licensed software itself. Hence, 
the developed process flow diagrams will 
not only potentially save time and money 
in comparison to a traditional, manual 
approach in EPANET, but it will also 
provide guidance to practitioners and assist 
smaller municipalities in southern Africa.

WDN models for any development or 
town should therefore no longer be seen 
as a tedious exercise, due to the advances 
in GIS software to process large data 
sets, provided that the data sets are up 
to date and well maintained. A summary 
of the study area is contained in the next 
section, followed by a description of the 
methodologies adopted and the results 
obtained. This is followed by the discussion 
and conclusions.

studY area
Swakopmund is located on the western 
coastline of Namibia in the Namib Desert 
in southwestern Africa. The elevations 
within the town range from 45 m above 
mean sea level to 0 m at the shore (USGS 

2015). The topography enables the distri-
bution of water by means of gravity feed 
for the greater part of the town, with a 
pressure tower and booster pumps for 
the higher-lying areas in the network. 
Essentially, the coastal towns of Walvis 
Bay, Swakopmund and Henties Bay are 
supplied with fresh water from the Central 
Namib Water Supply Scheme based at 
Swakopmund. The scheme is managed 
by NamWater and abstracts groundwater 
from wellfields in the Omaruru and Kuiseb 
Rivers, which are the nearest sources of 
potable water to the towns (Christelis 
& Struckmeier 2011). A vast array of 
consumers are served by the WDN of 
Swakopmund and the analyses conducted 
in this study are based on information 
from approximately 8 920 water meters 

Figure 1  Water supply schemes to Swakopmund (Christelis & Struckmeier 2011)
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used to monitor water consumption on a 
continuous basis. The details pertaining to 
the water supply schemes to Swakopmund 
are shown in Figure 1. Shortfalls in the 
water supply capabilities at the NamWater 
wellfields are supplemented by desalinated 
water from the Orano (previously known 
as Areva) desalination plant. The lat-
ter shortfall in water supply, especially 
surface water, could be ascribed to the 
fact that Namibia is an arid country, with 
the mean annual precipitation (MAP) 
of Swakopmund being less than 50 mm 
(Mendelsohn et al 2003). Hence, with no or 
limited fresh surface water sources, the low 
MAP further exacerbates the challenges 
faced by the Swakopmund Municipality in 
terms of assurance of water supply.

MethodologY and results
The methodology described in this section 
provides an overview of the processes that 
were followed, whilst the results are pre-
sented directly thereafter to highlight the 
exact nature and sequence of activities and 
the corresponding results.

Methodological framework
The methodological framework developed 
consists of process flow diagrams which 
could serve as a practitioners’ guideline to 
integrate open-source software and engi-
neering practices when WDN models of 
an existing network need to be compiled. 
Typically, the framework is inclusive of the 
following key processes (Figure 2):

 Q Data acquisition – inclusive of con-
sumption figures, network connectivity 
and elevation, and cadastral, pipe net-
work, reservoir and pump data sets.

 Q Data processing – inclusive of data 
verification, filling of gaps, topology 
verification, data validation, allocation 
of friction factors, the compilation of 
EPANET data sets, and the subsequent 
processing and analysis thereof.

data acquisition
Spatial data pertained to the location 
of pipelines, demand nodes and supply 
nodes (e.g. reservoirs and tanks) form the 
backbone of any WDN model. During the 
compilation of a WDN model, comprehen-
sive data collection of the above-mentioned 
components is of high importance (Gama et 
al 2015). In this study, various data sources 
were identified to compile the Swakopmund 

WDN model. Typically, information was 
obtained from client records (as-built draw-
ings, GIS data sets, computer aided design 
(CAD) drawings and hard copies of archived 
drawings), client representatives (mainte-
nance personnel, operators and manag-
ers), field surveys and in some instances 
aerial imagery for above-ground pipes. 
Fortunately, with the advent of GIS, data 
is nowadays better structured, maintained 
and stored by the municipality. However, 
in some cases alternative data sources 
were used in the absence of primary data. 
Innovative thinking and sound engineering 
judgement need to be demonstrated by any 
practitioner in cases where data sources are 
either incomplete or unsuitable. For exam-
ple, historical aerial imagery may indicate a 
pipeline trench route during construction, 
while hand-held GPS devices can be used 
to pin site features such as valves, hydrants, 

Table 1  Summary of the preferred (primary) and secondary data sources for the compilation of a WDN (Muller 2020)

data set Primary source(s) secondary source(s) other

Consumption 
figures

Consumer billing records

 Q Derived consumptions based on zoning 
and design norms

 Q Municipal bulk meter readings in 
conjunction with design norms

Aerial photography to determine the zoning 
category

Demand-time 
patterns

Recorded flow metering at strategic points 
in the network, i.e. flow logging

Peak demand factors as per design norms
Combination of peak demand factors from 
design norms and engineering judgement

Elevation data
 Q Detailed survey data
 Q Aerial survey data

SRTM data (USGS) 1:50 000 Topographical maps

Cadastral data
 Q Municipal records
 Q SG records

Aerial photography

Pipe network 
data

 Q Municipal records
 Q As-built data
 Q Local knowledge

 Q Site survey data, e.g. position of valves, 
hydrants, etc

 Q Underground surveys

Reservoir data
 Q Detailed survey data
 Q Municipal records
 Q As-built data

 Q Field measurements
 Q Aerial photography

Pump data
 Q Municipal records
 Q Site observations
 Q Data collection

Data acquisition Data processing

WdN coMPIlATIoN METhodoloGy

 Q Consumption figures
 Q Elevation data
 Q Cadastral data
 Q Pipe network data
 Q Network connectivity
 Q Reservoir data
 Q Pump data

 Q Data verification
 Q Filling of gaps in data
 Q Topology verification
 Q Validation of data
 Q Allocate friction factor values to vector line entities 

in the attribute table based on pipe material
 Q Compilation of export data sets to EPANET
 Q Processing and analysis in EPANET

Figure 2  Overview of the WDN compilation methodology
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pipeline routes, etc, after which, the data 
can be digitised and processed for further 
use. A summary of the preferred (primary) 
and secondary data sources used in this 
study to compile a WDN model, is listed in 
Table 1.

It is important to note that special care 
should be taken to ensure that all data 
sets and information received from the 
municipality are stored separately from 
all working files. This measure serves to 
prevent corruption or alteration of source 
data during processing. The use of revi-
sion numbers and unambiguous file name 
allocations for new or processed files will 
prevent the loss of data and the use of 
incorrect or outdated data for processing 
and analysis purposes.

Consumption figures
Account data comprising historical water 
consumption should be available from 
the Financial Department of a water 
utility if no data is available from the 
Engineering Department. These data sets 
were processed using Microsoft Excel, 
and any redundant columns containing 
administrative data (i.e. name of owner, 
street address and property valuation) were 
discarded in cases where it would not be 
required at a later stage. In GIS, the ‘tabular 
joins’ function was used to facilitate the 
linking of spatial data sets (i.e. shapefiles) 
and non-spatial table formats, i.e. comma 
separated values (CSV) and database file 
(DBF), provided that there was at least one 
unique corresponding column in each of 
the data sets. For example, if meter read-
ings are available without GPS coordinates, 
the probability is high that erf numbers are 
present in one of the reference columns of 
the data received from the water utility. Erf 
numbers, in turn, are normally associated 
with projected and coordinated cadastral 
shapefiles. By making use of the erf num-
bers as common join field, the consump-
tion figures can be linked to the shapefile.

Elevation and cadastral data
Both the elevation and cadastral data 
were obtained from the Swakopmund 
Municipality. In some cases, elevation data 
may not be as readily available from the 
water utility as expected. Suitable alterna-
tive sources for elevation data include 1-arc 
second Shuttle Radar and Topography 
Mission (SRTM) data from the United 
States Geological Survey (USGS), 1:50 000 
topographical maps, or topographical 
surveys by means of conventional methods. 

SRTM data can be downloaded in a 
GeoTiff format which consists of a raster 
with associated numerical values, i.e. eleva-
tions, allocated to all cells. The 1:50 000 
topographical maps can be obtained from 
the Surveyor-General (SG) in raster format. 
Contour data from the 1:50 000 topograph-
ical maps should be converted to vectors 
by tracing the contour lines with polylines, 
whereafter the process as described for 
the creation of a digital elevation model 
(DEM) from contour lines can be followed. 
In South Africa the National Geospatial 
Information (NGI) provides digital contour 
data, 1:50 000 topographical maps in vec-
tor format, as well as digital terrain model 
(DTM) data files. The digitising of contours 
to generate a DTM or DEM should only 
be considered as the last resort, since the 
process is regarded as inaccurate.

Pipe network data
Skeletonisation refers to the process of iden-
tifying selected pipes within a WDN that 
are deemed to have the greatest importance 
and which need to be included in a WDN 
model (Mays 2000). The latter process 
largely involves a significant amount of engi-
neering judgement to determine which pipes 
and/or components are to be included and/
or excluded from a WDN model. Typically, 
the pipe network data includes GIS shape-
files, CAD drawings, scanned as-built 
drawings (raster images) and field drawings. 
Where uncertainty existed regarding the 
accuracy of the data, or where there was 
contradictive data for certain pipe sections, 
field surveys were conducted.

Network connectivity remained a chal-
lenge for the case study area. Due to the 
age of the infrastructure in the town, the 
data from the layouts resulted in numerous 
crossing lines representing pipelines. Where 
crossing lines were encountered, uncertainty 
arose as to whether these pipelines are con-
nected by a crossing piece, two tee pieces 
or whether there is any connection at all. In 
cases where as-built drawings did not clearly 
indicate connections between crossing pipes 
of varying diameter, the pipelines were 
regarded as separate lines. The probability 
that crossing pipes of equal diameter were 
connected was considered high, and these 
pipes were modelled accordingly, while the 
contrary was true for pipes varying signifi-
cantly in diameter.

The status of isolation valves in the 
network, albeit open or closed, may have 
a notable impact on pressures and flow 
velocities in the WDN. Isolating valves 

can either be closing clockwise or counter-
clockwise, making it difficult to determine 
whether a critical zone valve is closed or 
opened. Especially older isolating valves do 
not have appropriate markings that indi-
cate the closing direction of the spindle, 
making the determination of their ‘open’ 
or ‘closed’ status a tedious exercise. As an 
initial approach for the compilation of the 
WDN model, an ‘all-valves-open’ approach 
was followed for all pipes, except where the 
status of the valves in the network could 
be confirmed. It is proposed that a similar 
approach should be followed initially when 
new WDN models are compiled, after 
which the identification of closed valves 
and pressure zones may be done as part of 
the calibration of the WDN model.

All line features representing pipelines 
were defined by only two vertices, as the 
linking of nodes and line features during 
later stages of the model development 
depended on lines being defined as such. 
The Explode Lines geo-algorithm in the 
Processing Toolbox was used for the crea-
tion of single-line features from polylines 
that originated from the data as received 
from the municipality. The aforementioned 
geo-algorithm creates a new vector layer 
in which each line of the original layer is 
replaced by a set of lines, representing the 
segments in the original line. Although 
EPANET is capable of processing polylines, 
the creation of denser Voronoi polygons 
(due to an increased number of nodes) 
is more beneficial during the allocation 
of demands to the WDN. A preliminary 
check for duplicate entities was done prior 
to commencing with data processing.

Reservoir data
The Engineering Department of any 
municipality or water utility should be 
able to provide the relevant information 
pertaining to the elevation data and storage 
capacities of reservoirs. Typical elevation 
levels that are of significance include the 
full storage level (FSL), floor level (FL) and 
normal service level (NSL). In the event that 
the aforementioned data is not available, 
physical measurements can be conducted 
on-site by using conventional methods.

Pump station data
Pump stations in a WDN are largely lim-
ited to booster pump stations and lifting 
pump stations that supply elevated tanks. 
The pump data used is based on site visits, 
performance criteria provided by the sup-
pliers and actual recordings.
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data processing
Upon receiving all the data from the vari-
ous sources, as mentioned above, the next 
step was to verify the data and conduct 
cross-checks between data sources where 
possible. Under ideal circumstances it would 
be preferable to have multiple data sources 
which support each other; however, this is 
seldom the case. For Swakopmund, an as-
built database of approximately 28 drawings 
was georeferenced. The georeferenced draw-
ings enabled cross-checking of the CAD and 
GIS data, which proved to be quite accurate 
for the majority of the WDN in cases where 
as-built drawings were available.

Setup of attribute tables and 
verification of attribute data
The digitising and conversion of data into 
shapefiles commenced after all the data 
had been acquired and verified. During 
this step, special care was taken to ensure 
that the spatial projection of the data was 
correct, as all further measurements would 
be dependent thereon. In Namibia, the 
Transverse Mercator projection is used 
with the Schwarzeck Datum, while it is not 
uncommon to encounter data sets using 
the WGS 84 Datum (Mugnier 2006). In 
the latter instance it may be necessary to 
apply x and y constants, depending on the 
source of the data. Open-source data sets 
may be in geographical (latitude/longitude) 
projection, which in turn needs to be 
projected and transformed to correspond 
with the specific projection and associ-
ated datum under consideration to enable 
any geometry calculations. Depending on 
the requirements of the water utility and 
the extent and nature of the project, the 
number of and details contained in the 
initial attribute fields may vary. Attribute 
fields should at least contain the length and 
diameter of the pipes, along with a unique 
identification number (ID).

Filling of gaps in data
Further verification of attribute data entailed 
the verification between data sources and 
the contents of the attribute data table, i.e. 
pipe diameters in the line vector shapefile 
representing the pipelines should be the 
same as the diameter and material as indi-
cated on the georeferenced drawings. With 
the attribute tables compiled for the various 
vector features, columns were sorted, and 
empty data fields were identified. Attribute 
data fields were sorted numerically to 
identify which features lacked attribute data. 
Alternatively, ‘Styles’ were applied according 

to attribute data and the missing data was 
represented visually in QGIS.

Topology verification
Topology describes the relationships 
between points, lines and polygons that 
represent the features of a geographical 
region (QGIS Development Team 2016). The 
relationship between features proved to be 
a crucial point of interest, which required 
significant attention. Problems regarding 
topology included duplicate records (both 
for pipes and metered data), short pipe 
sections, i.e. less than 1 m in length, and ill-
connected lines. Most of the latter instances 
could be ascribed directly to bad draughting 
practice during the initial digitising of the 
water network drawings.

In cases where different pipelines did 
not converge at their start or end vertices, 
the connectivity between the pipes could 
not be accurately exported to EPANET, 
which ultimately resulted in errors during 
the initial analysis. In addition, duplicate 
features would also result in erroneous 
connectivity between entities exported to 
EPANET. On the other hand, if duplicate 
pipes were exported and did not register as 
errors during the analysis, inaccurate flow 
and pressure results would be modelled due 
to the flow being split between two pipes of 
the same diameter and length.

As for metered data represented by a 
point shapefile, duplicate features would 
cause an increase in point demand values; 
hence, an increase in flow and head loss. 
A challenge posed by duplicate records/
features is that it cannot easily be identified 
visually. The ‘must not have dangles’, ‘must 
not have duplicates’ and ‘must not have 
invalid geometries’ rules were applied in 
the Topology Checker plugin (Figure 3) to 
conduct the topology verification for the 
line vector layers.

All duplicate line features were listed in 
the ‘Error’ field after the application of the 
‘must not have duplicates’ rule. Duplicate 
entities were deleted carefully to ensure 

that no data was lost in the process. Ill-
connected features were identified during 
the application of the ‘must not have dan-
gles’ rule. The latter identified lines were 
typically not connected to other lines at 
both ends. In some instances, the dangles 
were representative of the on-site pipeline 
network where single lines terminate at the 
properties of end users, thus not forming 
part of a ring-feed supply. For the remain-
ing dangles which were identified, the lines 
were edited graphically and connected 
as required.

The topology of the point file contain-
ing the average consumption figures was 
evaluated by applying the same rules as 
used for the line features, except for the 
‘must not have dangles’ rule. Pipelines 
with a length attribute of less than 1 m 
were regarded as redundant features. The 
practical analysis of such short sections of 
pipe was not deemed viable; hence, the data 
was filtered to indicate these sections and 
rather combine them into single segments 
with the longer adjoining pipeline features.

Validation of processed data
Subject to the compilation of the data sets 
containing the WDN data, the data was 
circulated to the municipal representatives 
in the Technical and GIS Departments 
for comment. The data was presented in 
drawing format and comments thereon 
were received. Typical inputs from the 
Swakopmund Municipality included infor-
mation on pipelines that had been decom-
missioned, new pipelines that were installed, 
but that were not digitised and included 
in the GIS database, and clarification on 
connectivity where bulk mains and reticula-
tion mains crossed. The distribution and 
updating of data were done over a period 
of approximately one month, with updated 
information being redistributed to repre-
sentatives for further comments. The meet-
ings held with the team of representatives 
from the municipality and the use of visual 
aids, e.g. a digital data projector to highlight 

Figure 3  Topology Checker plugin
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the WDN features, yielded much quicker 
results, since the updating of attribute fields 
and connectivity of the features could be 
resolved immediately.

Allocation of friction factors 
to vector line entities
Friction factors were allocated based on 
a representative Hazen-Williams (HW) 

C-factor of 140, which is a common value 
between asbestos cement (AC) and unplas-
ticised polyvinyl chloride (uPVC) pipes 
(Mays 2000). Further calibration, especially 
in terms of friction factors, was done at a 
later stage, since the initial HW C-factor 
of 140 was deemed to be too high and 
secondary losses would therefore not be 
accounted for sufficiently.

Compilation of data sets for EPANET
The correct setup of attribute fields was 
fundamental in the compilation of the 
data sets prior to export to EPANET using 
the GHydraulics plugin. Despite some 
of the automated features built into the 
GHydraulics plugin, a manual approach 
was followed in addition to ensure that the 
topology of the exported data was correct, 
especially with regard to junction creation 
and connectivity with line features. The 
required attribute fields for exportation to 
EPANET are listed in Figure 4.

Qgis compilation of a wdn model
This section describes the use of QGIS 
to compile input data sets for WDN 
modelling in EPANET. A brief overview 
of the setup of project parameters within 
EPANET is also provided.

Elevation data
Contour data for Swakopmund was sup-
plied by the municipality from their GIS 
database. The contours were generated 
from a grid aerial survey which was con-
ducted simultaneously with the aerial pho-
tography of the town. A DEM was created 
from the contour shapefile. The following 
steps were followed during the creation of 
the DEM:
a. Contour lines were split into separate 

line segments by distance. The V.split.
length geo-algorithm splits vector 
lines into shorter segments using a 
maximum specified distance between 
nodes. The resulting length of all seg-
ments is expected to be equal and not 
longer than the given length parameter. 
Normally 10 m lengths should be suf-
ficient, depending on the processing 
capabilities of the computer being used.

b. Nodes were extracted from lines using 
the Extract Nodes geo-algorithm, which 
uses a line or polygon layer to generate a 
point layer with points representing the 
nodes in the input lines or polygons.

c. Bearing in mind that the start and end 
vertices of the different line segments 
overlap, duplicate points were created by 
the Extract Nodes geo-algorithm. The 
latter duplication was removed by using 
the Delete Duplicate Geometries geo-
algorithm. In other words, duplicated 
geometries are identified and removed 
without considering their attributes. 
Hence, in cases where two features have 
identical geometries but different attrib-
utes, only one of them will be added to 
the resultant layer.

ATTRIBUTE FIEldS FoR EXPoRTATIoN To EPANET

Line features (pipes)

 Q ‘DC_ID’ which contains the pipe’s unique ID reference
 Q ‘LENGTH’ based on the measured geographical length
 Q ‘NODE1’ indicating the start node of the line feature
 Q ‘NODE2’ indicating the end node of the line feature
 Q ‘DIAMETER’ specifying the diameter of the pipe in millimetres
 Q ‘ROUGHNESS’ according to the pipe material’s friction factor and friction formula applied 

(millimetres for Darcy-Weisbach equation and unitless for the Hazen-Williams equation)
 Q ‘MINORLOSS’ showing the minor loss coefficient for bends, tees, etc. located on the line 

segment
 Q ‘STATUS’ which serves as a function to simulate shut-off valves which can either be set 

to ‘Closed’ or ‘Open’
 Q ‘START_X’ containing the value of the x-coordinate of the first node of the line feature 

(generated by ‘$xat(0)’ python command)
 Q ‘START_Y’ containing the value pf the y-coordinate of the first node of the line feature 

(generated by ‘$yat(0)’ python command)
 Q ‘START_CRD’ containing a combination of the ‘START_X’ and ‘START_Y‘ fields
 Q ‘END_X‘ containing the value of the x-coordinate of the first node of the line feature 

(generated by ‘$xat(1)’ python command)
 Q ‘END_Y‘ containing the value of the y-coordinate of the first node of the line feature 

(generated by ‘$yat(1)’ python command)
 Q ‘END_CRD‘ containing a combination of the ‘START_X‘ and ‘START_Y‘ fields

Point features (junctions)

 Q ‘DC_ID’ which contains the junction’s unique ID reference
 Q ‘NODE’ indicating the node name, typically consisting of the prefix (i.e. ‘J’) and the 

unique ID reference (i.e. ‘J1987’)
 Q ‘ELEVATION‘ specifying the elevation of the node
 Q ‘X‘ containing the value of the x-coordinate of the point feature (generated by ‘$x‘ 

python command)
 Q ‘Y‘ containing the value of the y-coordinate of the point feature (generated by ‘$y‘ 

python command)
 Q ‘CRD’ containing a combination of the ‘X‘ and ‘Y‘ fields

Figure 4  Attribute fields for exportation to EPANET

Figure 5  Add Raster Values to Points geo-algorithm
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d. The final step in the compilation of the 
DEM was completed by using the SAGA 
Nearest Neighbour geo-algorithm.

The Add Raster Values to Points geo- 
algorithm (Figure 5 on page 37) was used 
to extract data from the specified raster 
(DEM) layer and to add attributes from the 
DEM to a selected point file (junctions). 
Consequently, the geo-algorithm creates 
a new point layer based on the sampling 
points’ positions and the attributes 
extrapo lated from the underlying raster 
cells. In using such an approach, elevation 
values from GeoTiff or other elevation 
data files in raster format can typically be 
applied to the nodes within a WDN model.

Creation of junctions
Junctions were created by converting 
polyline vertices to points using the 
Convert Polygon/Line Vertices to Points 
geo-algorithm. The resultant point 
shapefile consisted of numerous duplicate 
features which were deleted. Attribute 
fields as per Figure 4 were allocated to the 
point features representative of junctions 
in the WDN model. All the attribute fields 
containing numerical values were entered 
as such to have a ‘precision’ of up to 4 
decimal places.

Linking start and end nodes 
with line attribute data
The ‘START_CRD’, ‘END_CRD’ and ‘CRD’ 
fields (cf. Figure 4) provided common 
join fields between the line features layer 
and the junctions layer. After selecting 
the properties menu of the line features 
shapefile, a join was created between the 
‘START_CRD’ attribute field of the line fea-
tures shapefile and the ‘CRD’ attribute field 
of the point shapefile. The corresponding 
‘DC_ID’ attributes were then copied to the 
‘NODE1’ attribute field. The process was 
repeated for the ‘END_CRD’ attribute join 
as well, and the corresponding ‘DC_ID’ 
attributes were populated to the ‘NODE2’ 
attribute field.

Creation of Voronoi polygons 
from network nodes
Voronoi polygons were created by using 
the junctions’ layer as input layer to 
obtain areas of representative demands 
which could be allocated to the junctions. 
Figure 6 represents the various input 
fields to be completed for the Voronoi 
polygons function. The created layer was 
renamed and saved as a separate polygon 
shapefile. The validity of the created 

Figure 6  Input fields applicable to the Voronoi polygons geo-algorithm

Figure 7  Layout of the Voronoi polygons from junctions (Muller 2020)
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layer, i.e. intersections, closed holes, and 
fix node ordering, was verified with the 
Check Geometry Validity geo-algorithm. 
No errors or validity issues were identified 
during the analysis. However, should such 
errors occur, a systematic approach needs 
to be followed by the visual inspection of 
each geometry issue and correcting the 
geometries accordingly. The Voronoi poly-
gons applicable to the study area are shown 
in Figure 7.

Adding consumption figures 
to Voronoi polygons
The point file associated with the con-
sumption figures of each water meter was 
overlaid in the GIS model. All these points 
are located within the Voronoi polygons. 

An average consumption figure associ-
ated with each water meter (represented 
by a point in the vector point file) was 
assigned to a specific attribute field in the 
‘Swakopmund Water Meter Points’ point 
shapefile as shown in Figure 8.

The Join Attributes by Location 
geo-algorithm was used to combine the 
consumption figures from the individual 
points into a single value for each Voronoi 
polygon. The Voronoi polygon shapefile 
created from the junctions and the point 
file containing the consumption data were 
set as the target vector layer and the join 
vector layer, respectively. The geometric 
predicate was set to include all points that 
are contained within the polygon areas of 
the Voronoi layer. It is important to note 

that the attribute summary setting must 
be set to: ‘Take summary of intersecting 
features’; otherwise the consumption 
figures would not be inclusive of all records 
contained within a Voronoi cell, but would 
only include the value of the first data 
record encountered. Statistics for summary 
settings were required to be set to ‘SUM’, 
since the total sum of the consumption 
figures per Voronoi cell is required. The 
‘Joined Table’ setting was also selected to 
keep all records, including non-matching 
target records, especially in cases where 
a Voronoi polygon may not contain any 
consumption figures covered by its area. A 
resultant layer was also created which con-
tains the original Voronoi polygon features 
and the sum of the consumption figures 
located within each polygon area.

Addition of consumption figures to nodes
A common attribute field, i.e. DC_ID, 
exists between the Voronoi polygon and 
point shapefiles. Hence, the common 
attribute field was also transferred to the 
joined layer to link the consumption fig-
ures to the junctions as shown in Figure 9. 
At this point, special care was taken to 
ensure that the consumption figures’ 
units were correct, i.e. litres per second. 
Other units may be used, but it should be 
noted that the setup of the project defaults 
within EPANET has to align with the unit 
values allocated during this step. For the 
Swakopmund data set, the average annual 
daily demand (AADD; kℓ/day) figures 
were multiplied by a 1 000 and divided 
by 86 400, resulting in demand values 
in litres per second. The calculation was 
done during the transfer of the attribute 
values from the joined attribute column to 
the junctions’ demand attribute column. 
An expression was compiled using the 
expression dialog for the calculation of 
attribute values.

With reference to Figure 9, it is impor-
tant to note that the ‘sumCONSUMPTIO’ 
field refers to the sum of all the AADDs 
of the demand nodes located within a 
Voronoi polygon.

Exportation of data using 
the GHydraulics plugin
All the fields that were required for the 
successful exportation of information were 
populated and the associated shapefiles 
were created. By selecting the settings tab 
under the GHydraulics menu as shown in 
Figure 10, the relevant shapefile layers were 
allocated to the correct predetermined 

Figure 8  Metering points contained within each Voronoi polygon (Muller 2020)
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fields within the GHydraulics plugin. No 
reservoirs, pumps, tanks, etc, were added 
to the GIS database for export to EPANET. 
For smaller networks, inputs can be made 
to run the analysis within QGIS using 
EPANET as analysis engine. However, 
troubleshooting using the latter method 
becomes difficult when compared to the 
clear error messages generated within the 
EPANET interface.

The Darcy-Weisbach (litres per sec-
ond) template was exported, due to the 
fact that the demands allocated to the 
individual junctions were in litres per 
second. Although the friction factor was 
specified for the Hazen-Williams equation, 
the Darcy-Weisbach template was used 
for exportation purposes. The required 
adjustments to the head loss equation were 
implemented in EPANET.

wdn model setup in ePanet
The hydraulic analysis of the WDN was 
done by means of EPANET. It was pre-
ferred to conduct all hydraulic analyses 
using only the EPANET software to mini-
mise risks of instability where EPANET is 
used in the background as analysis engine. 
As the software develops in the future, it 
may be more feasible to conduct analyses 
within the QGIS environment; however, 
the functionality of the GHydraulics plugin 
did not lend itself towards the full scope of 
the analysis, especially in terms of demand 
patterns and peak factors.

Demand patterns
Time-based demand patterns based on 
a variable daily consumption can be 
activated in EPANET. These patterns can 
either be based on actual recorded diurnal 
patterns obtained during flow logging 
within the WDN, or it could be based on 
theoretical data.

Hydraulic project parameters
Firstly, the applicable reservoir data was 
entered into EPANET at the appropriate 
locations within the model, and subsequent 
components such as valves, control valves 
and pumps were added as well. By  making 
use of the ‘Darcy-Weisbach litres per 
second’ template within the GHydraulics 
plugin, the hydraulic project parameters 
were set up automatically. The GHydraulics 
plugin does not have a standard template 
for the Hazen-Williams equation in 
combination with the ‘litres per second’ 
flow units. Upon accessing the INP-file in 
EPANET, the flow units were confirmed to 

be in ‘litres per second’ and the head loss 
formula was set to ‘H-W’ for the Hazen-
Williams equation.

ePanet analysis
The preceding steps enabled and culmi-
nated into the actual hydraulic modelling 
analysis being performed in EPANET. 
According to Rossman (2000), as sum-
marised below, EPANET will issue spe-
cific ‘Error and Warning’ messages when 
problems are encountered in performing a 
hydraulic modelling analysis:
a. Pumps cannot deliver the flow or head
b. Network is disconnected
c. Negative pressures exist
d. System unbalanced
e. Hydraulic equations are unsolvable, i.e. 

numerically unstable.
The most common error encountered dur-
ing the setup of the Swakopmund EPANET 
WDN model was associated with network 
connectivity. From these identified errors, 

corrective measures were proposed as set 
out in the preparatory steps described in 
the previous sections. In essence, error 
identification and verification became an 
iterative process of correcting identified 
errors in the GIS shapefile, exporting 
data to EPANET, setting up the EPANET 
parameters, and data analysis. The error 
verification process continued until a suc-
cessful performance of the WDN model 
was achieved.

After several rounds of editing of the 
GIS data, exporting of the data to EPANET, 
and repeating the analysis, errors regarding 
connectivity became less abundant, and 
corrections were made within EPANET. 
However, it is important to emphasise that 
all changes to the EPANET model were 
duplicated in the GIS shapefile to maintain 
an identical representation of the WDN 
in both the GIS and EPANET models. 
The aforementioned process would apply 
to minor changes to individual pipes or 

Figure 9  Vector join settings for linking consumption figures to junctions

Figure 10  Menu for the multiple GHydraulics commands
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nodes, as the setup of hydraulic param-
eters and other EPANET functions will 
not be required. In cases where concerns 
regarding the practicality and the danger 
of ‘duplication’ using the aforementioned 
procedure exist, it is recommended that all 
changes be limited to the GIS model and 
the resulting data should subsequently be 
exported to EPANET. Such an approach 
will ensure identical data sets being used in 
both the GIS and EPANET environment. 
In terms of updating the GIS and hydraulic 
models upon the installation of new pipes 
or decommissioning or upgrading of 
existing pipelines, similar procedures are 
recommended to ensure that both the GIS 

and EPANET models are representative of 
the actual on-site conditions.

discussion
In this paper, methodological procedures 
were described to enable the effective inte-
gration of QGIS and EPANET. Based on 
the methodology adopted and the results 
obtained, summative guidelines in the 
form of process flow diagrams as part of a 
methodological framework are presented in 
Figures 11 and 12, respectively.

It is evident from these figures that the 
two key processes, i.e. data acquisition and 
data processing, were achieved. In essence, 

the processing and analysis of all the data 
were accomplished by integrating QGIS 
and EPANET, whilst recognising standard 
engineering practices associated with water 
distribution network design. However, 
consideration was given to the fact that the 
context and specific needs of water utilities 
may differ and that all the data sets might 
not be as readily available as in the case of 
the study area.

QGIS software containing improved fea-
tures and processing capabilities is released 
on a frequent basis, e.g. QGIS Version 3.8.2 
‘Zanzibar’ (August 2019) and QGIS Version 
3.10 ‘A Coruña’ (November 2019). Amongst 
the plugins that were developed for the 

dATA  AcQUISITIoN Consumption figures

Metered data available
 Q Obtain meter readings from municipality
 Q Calculate average consumptions for individual consumers
 Q Link consumption with location data either by:

– GPS coordinates from meter reading database
– Use erf number link with cadastral data

No metered data available
 Q Erven information from Town Planning Department
 Q Calculate demands based on zoning category
 Q Confirm whether bulk meter data is available to compare with demand calculations based 

on zoning category
 Q Use aerial photography for identification of zoning:

– Industrial areas
– Shopping centres/businesses
– Institutional buildings
– Residential erven

Elevation data

 Q Contour data
 Q If no contour data is available from 

municipal records the following 
sources can be considered:
– 1-arc second SRTM data from 

USGS
– 1:50 000 topographical maps
– Physical surveys

Cadastral data

 Q Town Planning Department
 Q Surveyor-General
 Q Aerial photography

Pipe network data

As-built drawings
 Q GIS files and/or electronic drawings
 Q Scanned hard copy drawings
 Q Georeferenced and scanned drawings digitised in GIS

Other sources
 Q Field surveys
 Q Local knowledge and information obtained from technical staff

Figure 11  Data acquisition flow diagram (Muller 2020)

Network connectivity

 Q ‘All-valves-open’ approach except for confirmed closed system valves
 Q Record of decommissioned pipes (to be confirmed by technical staff)
 Q Crossing pipes should be resolved by:

– Referencing to as-built data sources
– Obtaining data from technical staff
– Field surveys of current network status (especially bulk pipelines)

Reservoir data

Data available
 Q FSL, FL and NSL

No data
 Q Field surveys

Pump data

 Q Obtain pump data from relevant sources
 Q Field verification of pump data
 Q Physical testing of pumping equipment (where practical)
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latter versions, the QEPANET plugin exhib-
its similar functionalities as the GHydraulics 
plugin used in this study. Hence, it is recom-
mended that the improved functionalities of 
the QEPANET plugin and further integra-
tion of analyses within the QGIS package 
should be investigated and the required 
processes should be documented in a meth-
odological manner.

Future studies should be directed 
towards the quantification of recommended 
man-hours and determination of associated 

consultation fees for the development of a 
WDN model based on various parameters 
such as: (i) WDN size and area, (ii) data avail-
ability, (iii) length of pipes in the network, 
(iv) number of nodes to be analysed, and (v) 
level of modelling detail required. The latter 
parameters would provide municipalities 
with guidelines to be used for budget ing 
purposes, while practitioners would also 
then have a baseline guide to determine the 
required resources and time to be allocated 
for the compilation of a WDN model. In 

addition, the development of standard 
guidelines stipulating the minimum require-
ments (level of detail and methodology) of a 
completed WDN model for municipalities in 
southern Africa may prove valuable to pro-
vide municipalities with a benchmark when 
the terms of reference need to be compiled 
for the appointment and evaluation of service 
providers. Such a set of standards may also 
provide common ground for different analy-
sis software packages, i.e. commercial and 
open-source software packages.

dATA  PRocESSING

Figure 12  Data processing flow diagram (Muller 2020)

EPANET

Project parameter setup
 Q Head loss formula
 Q Units
 Q Time patterns
 Q Reservoir data
 Q Pump data

Hydraulic modelling analysis
Perform error checking and if any changes are required 
to spatial data (i.e. data originating from GIS), the changes 
should either be applied:

 Q In both the spatial GIS data set and the EPANET model
 Q In the spatial GIS data set and exported to EPANET

Data verification

 Q Use multiple sources as reference
 Q Set up attribute tables and verify initial attribute data
 Q Initial pipe attribute fields:

– ID
– Length
– Diameter
– Friction factor

 Q Optional fields:
– Material
– Year of installation
– Any other information applicable

Filling of gaps in data

 Q Identify all missing records by sorting attribute table columns 
numerically or alphabetically in GIS

 Q Apply standard engineering principles where data is missing:
– Continuation of 110 mmØ line for a ring feed
– If Pipes 1 and 3 are connected by Pipe 2  and the diameter of 

1 = 3, it is logical that 2 should also = 1 and 3
–  If all surrounding and connecting pipes are of equal diameter, 

it can be assumed that the missing pipe information should 
be equal to that of the surrounding diameters

– Obtain input from technical staff

Validation of data

 Q Supply layout drawing with processed network data to 
municipality for verification and comment

 Q Update GIS information (if required)
 Q Repeat process until satisfactory results are obtained

Topology verification

 Q Remove duplicate records for pipes as for metered data
 Q Apply a filter to identify all sections of pipe less than 1 m in 

length and update network connectivity
 Q Join ‘ill-connected’ pipelines where the start or end vertices do 

not coincide

Allocate friction factor values to vector line entities 
in the attribute table based on pipe material

Compilation of export data sets to EPANET

 Q Setup of required attribute fields (line features – pipes)
 Q Create nodes at line vertices and then delete duplicate nodes 

which were generated due to overlapping start and end 
vertices of line features

 Q Setup of required attribute fields (point features – junctions)
 Q Link the start and end nodes with line attribute data using a 

join between the line and point features’ coordinate columns
 Q Create Voronoi polygons from network nodes and verify the 

layer validity; correct any issues prior to continuing
 Q Use the sum of all consumptions (consumption data point file) 

within the created Voronoi polygons and apply as attributes for 
Voronoi polygons

 Q Apply the attributes from the sum of the cosumptions within 
the Voronoi polygons to the network nodes – with this the 
demand is allocated, but ensure the correct use of units

 Q Export the data using the GHydraulics plugin



Journal of the South african institution of civil engineering Volume 62 Number 4 December 2020 43

conclusions
The developed methodological approach 
and associated process flow diagrams will 
not only provide guidance to practitioners, 
but could ultimately possibly also enable 
and assist municipalities in southern Africa 
facing challenges in terms of technical 
skills shortages, service delivery backlogs, 
outdated records and budget constraints – 
hence, the justification for such a method-
ology based on open-source software that 
does not require annual licensing or addi-
tional capital expenditure typically associ-
ated with commercial software products.

It is envisaged that the implementation 
of the methodology and the recommenda-
tions for future research will contribute to 
improved water infrastructure planning, 
design and management, especially in the 
southern African context where water 
resources are scarce and service delivery 
remains a pressing issue.
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introduction
Bridges are the most important and costly 
communication components in transporta-
tion systems. Since the most serious river-
bridge destruction factor during floods is 
the scouring around its foundation and 
abutments (Aksoy & Eski 2016), knowing 
the scour-affecting factors such as the flow 
pattern and bed shear stress is vital.

A very important point about flows 
in natural waterways is the main channel 
overflow and water spreading into the sur-
rounding lands known as the floodplain. 
Here, due to such specific geometrical 
and hydraulic conditions as low depth, 
high roughness and existing obstacles, the 
flow pattern becomes complicated and its 
analytical study becomes difficult. Under 
floodplain flow conditions, the high flow 
velocity difference between the main chan-
nel and the floodplain creates an interaction 
zone at the inter-subsection boundaries, 
and the velocity exchange in this region 
causes great energy loss and shear stress. 

In studying the hydraulics of compound 
sections, the analysis becomes more com-
plicated when the floodplain experiences 
a width variation for any reason. Effects of 
the floodplain cross-section variations will 
cause the flow to change from uniform to 
non-uniform and extra momentum/turbu-
lence exchange between the main channel 
and the floodplain. One reason for this is 
constructing bridges in compound sections. 
At the bridge section, some part of the river 
floodplain is usually blocked for economic 
reasons (e.g. to reduce span), causing the 
river to face a contraction in its path during 
a flood. Figure 1 shows a schematic view 
of a bridge on a channel with a compound 
cross-section where the roadway embank-
ment has blocked part of the floodplain with 
a skew angle Ø. In this study, the ratio of the 
roadway embankment length normal to flow 
(LR) to the floodplain width (Bf) is defined 
as the contraction ratio (LR/Bf).

Numerous numerical and experimental 
studies have been done so far to determine 

effects of the skew angle 
and road embankment 
length on the hydraulic 
performance of bridges 
on compound channels
A Mahjoob, F Kilanehei

The flow pattern and bed shear stress are important factors to determine the scour potential 
regions in river bridges. This study has developed a 3D numerical model to simulate the flow 
around bridge abutments in a compound channel, and study the simultaneous effects of 
the bridge skew angle and contraction ratio (i.e. the roadway embankment length normal to 
the flow to the floodplain width) on the velocity distribution and the bed shear stress. After 
the model performance was verified, 13 cases were considered with different skew angles 
and contraction ratios. The results showed that the flow was more complex around the 
flow-splitting embankment than around the flow-guiding one, because of the flow-roadway 
embankment confrontation. At a zero skew angle, an increased contraction ratio increased 
the velocity around both abutments significantly; velocity increased by 67% and 40% when 
the contraction ratio rose from 0.25 to 0.50 and from 0.50 to 0.75, respectively. This velocity 
increase around the flow-splitting embankment was also visible for 15°, 30° and 45° angles; 
unexpectedly, the increase was less for the 45° angle than for the other cases. A shear stress 
study around the flow-guiding embankment showed that in all three cases an increased skew 
angle reduced the maximum shear stress mildly at contraction ratios of 0.25 and 0.50, and 
severely at 0.75. The trend of the maximum shear stress variations around the flow-splitting 
embankment was different for different contraction ratios – at a contraction ratio of 0.25 it was 
the highest at 45°, but for contraction ratios of 0.50 and 0.75, the maximum was 30°.
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the flow pattern and scouring around 
rectangular-section bridge abutments. 
Kandasamy (1989) did extensive studies 
on the effects of the abutment length on 
the clear water scouring in a rectangular 
channel and presented the results for four 
different zones. Dongol (1994) studied 
the effects of the abutment length on the 
scouring and plotted his data with those 
of Tey (1984) and Kandasamy (1989) for 
wing-shape abutments, and with those of 
Kwan (1984) for semicircular abutments. 
In a similar work, Melville (1997) added 
more data to those of Dongol (1994) for 
wing-shape abutments and abutments with 
vertical and inclined walls.

Molinas et al (1998) performed experi-
ments on vertical abutments for flows with 
Froude numbers in the range 0.3–0.9 and 
contraction ratios 0.1, 0.2 and 0.3 (ratio of 
the abutment length normal to the flow 
to the total channel width) and showed 
that the bed shear stress and velocity at 
the abutment increased up to 10 times 
compared to those upstream. Ahmed and 

Rajaratnam (2000) studied the flow field 
around a wing-shape abutment and con-
cluded that the approaching flow turned 
into a complex 3D one upstream and 
around the abutment. They also found that 
the bed shear stress around the abutment 
(τ/τ0) reached a maximum value equal to 
3.63 near the nose (τ = bed shear stress and 
τ0 = shear stress of the bed approaching 
flow). Teruzzi et al (2009) studied shear 
stresses on the bottom wall near the bridge 
abutment numerically, analysed the 3D 
flow against the abutment with emphasis 
on its effects on shear stresses and pressure 
gradients, and discussed their scouring 
potentials. Kara et al (2015) studied the 
effects of the free surface modelling on the 
flow around the bridge abutments using 
both the level-set and rigid-lid methods 
along with the LES (large eddy simulation) 
turbulence model and showed that the tur-
bulence structure of this flow was strongly 
influenced by the water surface deforma-
tion, while the bed shear stress was quite 
similar for both models.

Various researchers have studied the 
flow pattern and scouring around bridge 
abutments in compound sections besides 
simple rectangular ones. By proposing a 2D 
depth-averaged turbulence model for a free 
surface flow in a 2-stage channel around 
bridge abutments on the floodplain, Biglari 
and Sturm (1998) concluded that the 
measured and computed depth-averaged 
velocities agreed well, but they emphasised 
that more 3D studies were needed to check 
the compound channel effects on the flow 
characteristics in regions close to obstacles. 
Sturm and Chrysochoides (1998) experi-
mentally studied scouring around various 
lengths of bridge abutments under clear 
water conditions in a compound channel. 
To predict the scouring depth, Sturm 
(1999) proposed an equation that depended 
on local values of hydraulic variables near 
the nose of the abutment. In another study, 
Sturm (2006) did some tests on different 
compound-section geometries considering 
the main channel–floodplain flow distribu-
tion in the contracted section, sediment 
size, backwater caused by the abutment 
obstruction, abutment shape, velocity of 
the approaching flow, and the flow depth. 
Developing a 2D depth-integrated model 
and a laboratory hydraulic version, Morales 
and Ettema (2013) studied the velocity 
and shear stress in the flow fields around 
bridge abutments in compound channels, 
considering different discharges, channel/
abutment geometrical parameters and flow 
patterns. Using the existing Flow-3D com-
mercial model, Kocaman (2014) evaluated 
the computational fluid dynamics perfor-
mance in predicting the water surface level 
profile at bridges in compound channels 
with and without piers; the studied bridges 
were single- and/or double-span with 
semicircular openings, and single-span 
with semi-ellipsoid opening. He used the 
standard k-ε turbulence model to estimate 
the eddy viscosity, compared the numerical 
and laboratory results, and showed that 
they conformed well to those of the afflux 
profile upstream of the bridge. In another 
study, Atabay et al (2017) proposed an 
analytical method to calculate the height 
of afflux around bridges in compound 
channels. Chua et al (2019) used the LES 
method to investigate the flow/turbulence 
structure around varying-length bridge 
abutments in a channel with an asymmet-
ric compound section.

Another important point in bridge 
hydraulics is the skew angle and its impact 
on the flow and bridge-pier scouring. This 
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Roadway embankment
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Ø

Figure 1  A schematic view of a skew bridge on a compound channel where part of the floodplain 
has been blocked by the road embankment: (a) 3D view, (b) Plan

Bf

Bm

Bf

Floodplain

Floodplain

Main 
channel

Flow 
direction

Ø

LR

(a)

(b)



Volume 62 Number 4 December 2020 Journal of the South african institution of civil engineering46

has been studied by many researchers so 
far, e.g. Lança et al (2012), Yang et al (2017), 
and Shahhosseini and Yu (2019). Studies 
on the effects of the bridge skew angle on 
abutments are more limited. Using a 3D 
numerical model and three groyne angles 
(45°, 90° and 135°) relative to the upstream 
flow, Haltigin et al (2007) studied the 
scouring-hole geometry near the groyne and 
showed that different lengths/angles of these 
structures affected it; the highest and lowest 
erosion belonged to 45° and 135°, respec-
tively. Seckin (2007) performed some tests 
to study the abutment skew angle effects 
on the afflux in bridges in compound chan-
nels. Using the Flow-3D commercial model, 
Erduran et al (2012) simulated the flow 
around bridge skew angles in compound 
channels and compared the water surface 
profile with the test results obtained at the 
Birmingham University Hydraulic Lab; the 
comparison showed good agreement.

As mentioned earlier, numerical/experi-
mental studies done, so far, to investigate the 
effects of the contraction ratio on the flow/
scouring pattern in rectangular/compound 
channels are numerous, but those on the 
bridge skew angle are few. This study has uti-
lised a 3D numerical model to investigate the 
simultaneous effects of the bridge skew angle 
and contraction ratio in compound channels 
on the flow patterns and the bed shear stress.

setting up of 3d model
To simulate the flow, the 3D Navier Stokes 
equations and continuity equation have been 
used. By considering the Boussinesq approxi-
mation with incompressible flow conditions, 
these will be as follows (Schlichting 1979):

∂uj

∂xj
 = 0 (1)

∂ui

∂t  + 
∂(uiuj)

∂xj
 =  – 

1

ρ 

∂P

∂xi
 + 

∂

∂xj
 (νt)

⎫
⎪
⎭

∂ui

∂xj
 + 

∂uj

∂xi

⎫
⎪
⎭

  

+ 
fi

ρ
 (2)

where t, g, P, ρ, vt , fi and ui are time, 
gravitational acceleration, pressure, fluid 
density, eddy viscosity, body force and 
the velocity Cartesian components in the 
xi directions, respectively. In the present 
study, the horizontal eddy viscosity (vt

h) 
is determined by the Smagorinsky model, 
while the vertical eddy viscosity (vt

v) is 
computed by the 1D k-ε model. The hori-
zontal eddy viscosity is specified according 
to the Smagorinsky model by the following 
equation (Smagorinsky 1963).

vt
h = (CS∆)2√2.Sij .Sij  (3)

where Cs is the Smagorinsky constant vary-
ing from 0.1 to 0.8, ∆ is the length scale for 
the grid filter and Sij is the filtered strain-

rate tensor ⎫
⎪
⎭
Sij = 

1
2

⎫
⎪
⎭
∂ui
∂xj

 + ∂uj
∂xi

⎫
⎪
⎭

⎫
⎪
⎭
.

The 1D k-ε model uses transport equa-
tion for turbulent kinetic energy, k, and 
dissipation of turbulent kinetic energy, ε, in 
the vertical direction. The vertical eddy vis-
cosity from the 1D k-ε model is as follows:

vt
v = Cμ  

k2

ε
 (4)

In the above expression, Cμ  is an empirical 
coefficient, which is usually a constant 
equal to 0.09 and k and ε are computed 
from the following transport equations:
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where P = vt
v 
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 is the 
 
production term due to velocity shear; σk, 
σε, C1є and C2є are empirical parameters 
with constant values equal to 1, 1.3, 1.44 
and 1.92 respectively (MIKE3 2007).

In regions of particular interest, small 
mesh-size grids will lead to more precise 
results and the computational domain 
should have a longer length to either 
connect the region to the closest known 

boundary (which may be quite far from the 
river bridge) or prevent unwanted bound-
ary reflections near the model region; fine 
grids cause inefficient computations in long 
regions. One solution to this problem is to 
use unstructured meshes that form finer 
grids near the bridge and coarser ones else-
where in the region; here, an unstructured 
triangular mesh has been used to discretize 
the domain in the horizontal direction, and 
a structured grid has been used to divide it 
in the vertical direction to form prisms with 
triangular horizontal faces with similar x 
and y for each corresponding vertex. Such 
grids (Figure 2) fit into complicated geom-
etries and enable local mesh refinements.

The finite volume fractional step method 
was used to solve the governing equations. 
The transport equation (advection and diffu-
sion) is solved in the horizontal plane using 
the second-order explicit scheme while the 
Crank-Nicholson implicit scheme is deployed 
in the vertical direction. In the developed 3D 
model, a hydrostatic pressure assumption is 
applied at top layer cells. More details about 
boundary conditions, numerical scheme, free 
surface modelling and solving the system of 
equations can be found in Namin et al (2004) 
and Kilanehei et al (2011).

Model validation
To evaluate the performance of the developed 
numerical model, its results were compared 
with those of the laboratory tests used on 
unsymmetrical compound channels to inves-
tigate the velocity and shear stress param-
eters. To assess vortexes, the flow around 

Water surface

Bed level

XY

Z

Figure 2  Three-dimensional grid layout – unstructured (triangular) and structured grids in the 
horizontal and vertical planes, respectively
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impermeable groynes were used on one side 
of the symmetrical compound channel.

unsymmetrical compound channel
To validate the model for flow simulation 
capability in compound channels, the 

laboratory data of Tominaga and Nezu 
(1991) were used; they did their tests 
using Laser Doppler Anemometry 
(LDA). In the laboratory model, the main 
channel width (b) was 20 cm and the 
water depth (H) was 8 cm, and there 

z

x

y

D

h

H

B

b

Figure 3 Geometrical configuration of the compound cross channel (Tominaga & Nezu 1991)

Figure 4 Longitudinal velocity distribution along different transverse sections
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was a floodplain with a width (B-b) equal to 
20 cm only on one side (Figure 3). The water 
depth (h) in the floodplain was 4 cm and the 
8 376 cm3/sec discharge was simulated in a 
flume 12.5 m long with a slope of 0.0006397.

These conditions were also applied to 
the numerical model. Figure 4 compares 
the longitudinal velocity distribution along 
different transverse sections. In this figure, 
U is the x-direction velocity, Umax is the 
maximum x-direction velocity, Y is the 
y-direction distance from the floodplain 
wall and Z is the z-direction distance from 
the main channel bed. The solid-line graph 
is related to the current numerical study 
and the dotted one corresponds to the 
laboratory model. When Y < 20, the section 

Table 1 RMSE and MAPE values of transverse sections

Y/h=1.2 Y/h=1.8 Y/h=2.75 Y/h=3.0 Y/h=3.65 Y/h=4.5 Y/h=4.75

RMSE (%) 1.98 1.96 2.88 2.77 2.49 2.06 3.66

MAPE (%) 2.38 1.87 2.83 2.75 2.65 2.09 4.25
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lies in the floodplain and when Y > 20, it 
lies in the main channel.

To analyse the results quantitatively, the 
root mean square error (RMSE) and the 
mean absolute percentage error (MAPE) 
were determined as follows:

RMSE = 
n
∑
i=1

(Ui
Exp – Ui

Num)2

n
 × 100 (7)

MAPE = 
1

n 

n
∑
i=1

 
Ui

Exp – Ui
Num

Ui
Exp

 × 100 (8)

where Num and Exp superscripts represent 
the numerical and experimental model 
results, respectively. The RMSE and MAPE 
values are presented in Table 1 (page 47)
for each transverse section. The mentioned 
values show the accuracy and consistency 
of numerical prediction. It is worth men-
tioning that the slight error increase in the 
numerical calculations at transverse sec-
tions near the walls (Y/H = 2.75, Y/H = 3.0 
and Y/H = 4.75) could be due to the sec-
ondary flows.

As mentioned before, the bed shear 
stress distribution is important in sedi-
ment transport and scouring studies. Bed 
shear stress distribution for laboratory and 
current studies are shown in Figure 5; the 
dots relate to the former and the solid line 
corresponds to the latter (here τw is the 
average shear stress).

As shown, when the floodplain 
approaches the main channel junction, 
the shear stress increases due to their 
momentum transfer. RMSE and MAE are 
9.09% and 7.69%, respectively, showing the 
accuracy and consistency of the numerical 
predictions.

flow around impermeable 
groynes on one side of the 
symmetrical compound channel
The laboratory data of Ahmed et al (2010) 
was used to assess the numerical model’s 
flow simulation capability in compound 
channels with obstacles on its floodplain. 
The experiments, conducted at Saitama 
University in Japan, used a 15 m long, 
0.5 m deep, 0.5 m wide symmetrical com-
pound section flume with a main channel 
width (B) of 0.1 m and a total water depth 
(H) of 0.24 m, and two symmetrical 
floodplains with width b equal to 0.2 m 
(floodplain relative width b/B = 2.0). The 
flow was a steady type with a discharge (Q) 
equal to 0.015 m3/s and a floodplain water 
depth (h) equal to 0.08 m (Figure 6).

z
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b B b
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H

h

Figure 6 Geometrical configuration of the compound channel cross section (Ahmed et al 2010)
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Figure 7  Contour maps of longitudinal velocity (U) for a single groyne on one floodplain: 
(a) Numerical model (current study), (b) Laboratory model (Ahmed et al 2010)
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Figure 5 Bed shear stress distribution in the compound channel
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The experiment was conducted using a 
straight impermeable wooden groyne 0.01 m 
thick and a relative length (groyne length Lg 
to the floodplain width) of 0.75 fixed verti-
cally to the main channel centerline and to 
the flow direction (Ahmed et al 2010).

Similar conditions were applied to the 
developed model for which the contour 
maps of the longitudinal velocity (U) are 
shown in Figure 7 where vortices are formed 
at the groyne downstream. The flow is total-
ly one-way in the laboratory and proposed 

numerical models at distances 6.67 and 7.46 
times the groyne length, respectively, and 
the maximum vortex width occurs in them 
at 1.65 and 1.6 times the groyne length, 
respectively, concluding that the numerical 
predictions are accurate and consistent.

results
To perform the current study, some 
dimensions were assumed for the sym-
metrical compound channel’s cross-section. 
Floodplain width (Bf) is 140 m, main chan-
nel width (Bm) is 70 m, the height difference 
between the main channel bottom and the 

Table 2 Bridge skew angles and contraction ratios for different cases

case number

1 2 3 4 5 6 7 8 9 10 11 12 13

Skew angle (Ø) —- Zero Zero Zero 15° 15° 15° 30° 30° 30° 45° 45° 45°

Contraction ratio (LR/Bf) —- 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
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floodplain beds is 2 m, the height difference 
between the floodplain beds and the road-
way surface is 5 m, the slope of the sidewalls 
of the main channel and floodplains is 
45 degrees, and the channel’s longitudinal 
slope is 0.0005 (Figure 8 on page 49). The 
roughness of the main channel bed differs 
from that of the floodplain; hence, it has 
been taken as 0.03 for the main channel 
and 0.05 for the floodplain in all the related 
simulations. The bridge abutment width 
in the roadway is 11 m and the slope of the 
route’s side embankments is 3 (horizontal) 
to 1 (vertical). Also, LR is the vertical projec-
tion of the roadway embankment.

The effects of the roadway contraction 
ratio (LR/Bf) and skew angle (Ø) on the 
velocity distribution and bed shear stress 
have been studied in this research, where 
the flow-splitting and flow-guiding embank-
ments are expressed, for simplicity, as north-
ern and southern abutments, respectively.

Thirteen cases, with bridge skew angles 
and contraction ratios as shown in Table 2 
(page 49), were considered to study the 
issue with the numerical model (Case 1 had 
no bridges) based on the variables shown in 
Figure 8.

velocity distribution at 
the bridge location
Figures 9–11 show the velocity values and 
streamlines in plan for Cases 2–13 (items for 
each contraction ratio are shown separately).

These figures show how the flow and 
velocity are distributed across the bridge. 
Horizontal vortices, formed mainly behind 
the abutments, are also visible.

The dimensionless ratio of the maxi-
mum velocity in the main channel is shown 
in Figure 12 where Vmax0 is the maximum 
velocity in the main channel (Case 1 in 
Table 2, no-bridge compound channel), 
Vmax-mc is the maximum velocity in the 
main channel area and CR is the contrac-
tion ratio.

As shown, when the contraction ratio 
equals 0.25, an increased skew angle 
increases the maximum velocity so that 
at a 45° skew angle (Case 11) the increase 
is 15% compared to the zero skew angle 
mode (Case 2). A point worth noting is 
that, in the main channel, the maximum 
velocity does not necessarily occur exactly 
along the bridge axis (parallel to the route); 
it may increase slightly before or after 
the bridge location where the southern 
abutment skew angle seems to direct the 
flow in the entire opening width along the 
bridge axis, which reduces the velocity Figure 10 Streamlines and velocities with the contraction ratio of 0.50
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exactly at the bridge location. A more 
uniform discharge distribution along the 
bridge direction reduces the peak velocity 
in the bridge opening.

When the contraction ratio equals 0.50, 
an increased skew angle does not change 
the maximum velocity considerably, 
because the flows forming behind and in 
front of the northern and southern abut-
ments do not change significantly, resulting 
in a more uniform discharge distribution. 
In this case, the maximum velocity occurs 
along the bridge axis, except at a skew 
angle of 45° where it occurs slightly before 
and after the bridge.

Conditions change somewhat when the 
contraction ratio equals 0.75. In the main 
channel with a 15° skew angle, the velocity 
is 20% more than that with a 0° skew angle, 
and when the skew angle tends to 45°, the 
maximum velocity in the main channel 
nearly equals the no-skew angle mode. In 
this case, by increasing the skew angle from 
15° to 30° and 45°, the length of the road 
embankment is increased and necessary 
space is provided to create a recirculation 
zone upstream of the northern abutment. 
The formation of this zone guides the 
flow to the main channel and reduces the 
peak velocity.

Figure 13 shows the dimensionless 
ratio of the maximum velocity around the 
southern abutment (Vmax-sa) in a bridge-
affected area for different contraction 
ratios. As shown, at all skew angles the 
maximum velocity around this abutment 
increases with an increase in the contrac-
tion ratio, and the maximum increase 
(for a fixed skew angle) is related to a 15° 

skew angle where the difference between 
contraction ratios of 0.25 and 0.75 is about 
164%. The figure also shows that, at all 
three contraction ratios, an increase in the 
bridge skew angle reduces the maximum 
velocity around the southern abutment. 
The maximum velocity reduction rates at 
contraction ratios of 0.25, 0.50 and 0.75 are 
21%, 46% and 36%, respectively.

According to the flow pattern formed 
upstream of the southern abutment, it can 
be concluded that the skew angle causes 
the southern abutment to act as a guide 
wall leading the flow uniformly into the 
main channel at the bridge location which 
reduces the flow–abutment confrontation.

Around the northern abutment, the 
situation is more complicated, and Figure 14 
shows the dimensionless ratio of the 
maximum velocity around this abutment 
(Vmax-na) for different contraction ratios. 

As shown, the general trend at contraction 
ratios of 0.25 and 0.50 is similar for different 
skew angles; with an increase in the skew 
angle up to 30°, the maximum velocity 
around the northern abutment has slightly 

reduced, but at a skew angle of 45°, it has 
increased again (more so for a contraction 
ratio of 0.25). For skew angles ≤ 30°, the 
channel’s extended width (along the bridge 
length) allows the flow to adapt itself to the 
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abutment shape and pass the bridge opening 
almost evenly, but at a skew angle of 45° the 
flow–abutment confrontation increases so 
much that the velocity around the northern 
abutment is increased. At a contraction 
ratio of 0.75 where the flood passage gets 
narrower and the skew angle increases up 
to 30°, the flow–abutment confrontation 
causes the maximum velocity to increase 
slightly around the northern abutment, but 
at a skew angle of 45° the dead zone formed 
upstream of this abutment widens and 

adjusts the flow circulation so that it passes 
the bridge opening almost uniformly, caus-
ing the maximum velocity to reduce around 
this abutment.

As mentioned before, the flow around 
the northern abutment is more complex 
than that around the southern one because 
there is a flow–abutment confrontation. 
Conditions are so complex that defin-
ing a specific trend for the flow passing 
the bridge is very difficult, because the 
channel and bridge geometry are quite 

influential, and each case needs careful 
study. However, as was predicted, at a skew 
angle of 0, the increase in the contraction 
ratio (the decrease in the bridge span) 
causes the velocity to increase considerably 
around the northern and southern bridge 
abutments. The velocity increased by 67% 
when the contraction ratio increased from 
0.25 to 0.50 and by 40% when it increased 
from 0.50 to 0.75. This velocity increase 
around the northern abutment can also be 
observed for the contraction ratio increase 
for other skew angles (15°, 30° and 45°), 
with the only difference being at a skew 
angle of 45° where the percent velocity 
increase is lower than those of the other 
cases due to the formation of a dead zone 
behind the northern abutment.

Another interesting point is that the 
maximum velocity in the main channel, 
around the northern abutment and south-
ern abutment, occurs at a contraction ratio 
of 0.75 and skew angles of 15°, 0° and 30°, 
respectively. Maximum velocity values are 
almost equal to each other.

shear stress at the bridge location
The shear stress parameter is another 
important flow hydraulic criterion at the 
bridge abutment. Figure 15 (where Smax0 
is the maximum shear stress in the whole 
section in the no-roadway embankment 
mode) shows the nondimensionalised 
maximum shear stress around the 
southern abutment (Smax-sa) for different 
contraction ratios.

As shown, for all contraction ratios 
an increased skew angle reduces the 
maximum shear stress around the southern 
abutment. This reduction is moderate 
at contraction ratios of 0.25 and 0.50, 
and severe at a contraction ratio of 0.75 
(especially at skew angles 0°–30°). For a 
constant skew angle, as the contraction 
ratio increases, the maximum shear stress 
increases, and results confirm this.

As mentioned earlier, conditions were 
more complex around the northern abut-
ment. Figure 16 shows the dimensionless 
ratio of the maximum shear stress around 
the northern abutment (Smax-na) for dif-
ferent contraction ratios. When it is 0.25, 
the maximum shear stress does not change 
much for skew angles up to 30°, but at a 
skew angle of 45° the shear stress almost 
doubles in the northern abutment zone 
due to the flow–abutment confrontation. 
At contraction ratios of 0.50 and 0.75, the 
maximum shear stress is higher than the 
0.25 case, but with a different trend. In 

Vm
ax

-s
a/

Vm
ax

0
1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

Skew
50403020100

Southern abutment

CR = 0.25 CR = 0.50 CR = 0.75

Figure 13 The dimensionless ratio of the maximum velocity around the southern abutment

Vm
ax

-n
a/

Vm
ax

0

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

Skew
50403020100

Northern abutment

CR = 0.25 CR = 0.50 CR = 0.75

Figure 14 The dimensionless ratio of the maximum velocity around the northern abutment



Journal of the South african institution of civil engineering Volume 62 Number 4 December 2020 53

these contraction ratios, changes are small 
at skew angles of zero and 15°, but at 30° 
the stress is increased considerably due to 
the flow–abutment confrontation. In both 
0.50 and 0.75 contraction ratios, the maxi-
mum shear stress decreases sharply due to 
an increase in the skew angle up to 45° and 
reaches to about the zero-skew angle case. 
This is also due to the formation of a dead 
zone upstream of the abutment that acts 
like a guide wall causing a uniform flow 
and a reduction in the maximum shear 
stress around the northern abutment.

conclusions
Determining the flow field and bed shear 
stress is a necessity for studying the scour 
of bridges. Since the bridge skew angle and 
the contraction ratio are the factors that 
affect the hydraulic performance of river 
bridges, this paper has studied the flow 
around bridges in compound channels with 
different contraction ratios (0.25, 0.50 and 
0.75) and various skew angles (0°, 15°, 30° 
and 45°). Accordingly, a 3D flow model was 
developed and utilised after its validation 
by various cases.

When a bridge has a skew angle, one of 
the abutments directs the flow throughout 
the opening width, reduces the flow veloc-
ity along the bridge axis, and decreases the 
maximum velocity in the bridge opening 
due to a more uniform discharge distribu-
tion in this direction, especially at small 
contraction ratios.

When both the bridge skew angle and 
the contraction ratio are high, the maxi-
mum velocity occurs along the bridge axis, 
instead of in the main channel around the 
northern abutment where, in general, the 
flow velocity pattern is complex and deter-
mining a similar process for different states 
is difficult. On the other hand, the maxi-
mum velocity around the northern abut-
ment increases for every skew angle, with 
an increase in the contraction ratio. Again, 
an increase in the bridge skew angle reduces 
the maximum velocity around the southern 
abutment, because the skew angle will cause 
the roadway embankment to act as a guide 
wall leading to a uniform flow towards the 
main channel at the bridge location.

With regard to the bed shear stress, 
when the contraction ratio does not vary, 
an increase in the bridge skew angle 
reduces the maximum shear stress around 
the southern abutment, and this decrease 
is more at larger contraction ratios. An 
increased contraction ratio increases the 

maximum shear stress around the men-
tioned abutments.

Shear stress conditions are also com-
plicated around the northern abutment; at 
low contraction ratios, the maximum shear 
stress does not change much at bridge 
skew angles of up to 30°, but at 45° the 
shear stress almost doubles in the northern 
abutment region due to the flow–abutment 
confrontation. A point worth noting here 
is the decrease in the maximum shear 
stress with an increase in the bridge skew 

angle when the contraction ratio is high. 
This, too, can be due to the formation of 
an upstream flow dead zone that acts like a 
guide wall causing a uniform flow passage 
that decreases the maximum shear stress 
around the northern abutment.
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