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Abstract:

Stormwater drainage systems in urban areas located in arid environmental regions
generally consist of storm-sewer-networks and man-made ponds for collection and
disposal of runoff respectively. Due to expansion in cities’ boundaries, as a result of
population growth, the capacity of existing drainage systems has been exhausted.
Therefore, such systems overflow even during the smaller (than the design) return
period floods. At the same time, changing rainfall patterns and flash floods due to
climate change is another phenomenon which needs an appropriate attention.
Consequently, the municipalities in arid environmental regions are facing challenges for
effective decision-making concerning: i) improvement needs for drainage networks for
safe collection of stormwater, ii) selection of most feasible locations for additional
ponds, and iii) evaluation of other suitable options, such as micro-tunnelling. In this
research, a framework has been developed to evaluate different stormwater drainage
options for urban areas of arid regions. Rainfall-runoff modeling was performed with
the help of Hydrological-Engineering-Centre, Hydrological-Modelling-System (HEC-
HMS). To evaluate the efficacy of each option for handling a given design flood,
hydraulic-modeling was performed using SewerGEMS. Meteorological and
topographical data was gathered from the Municipality of Buraydah and processed to
generate different inputs required for hydraulic modeling. Finally, multicriteria
decision-making (MCDM) was performed to evaluate all the options on the basis of
four sustainability criteria, i.e., flood risk, economic viability, environmental impacts,
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and technical constraints. Criteria weights were established through group decision-
making using the Analytic Hierarchy Process (AHP). Preference-Ranking-
Organization-Method for Enrichment-Evaluation (PROMETHEE 1) was used for final
ranking of stormwater drainage options. The proposed framework has been
implemented on a case of Buraydah City, Qassim, Saudi Arabia to evaluate its
pragmatism. Micro-tunnelling was found to be the most sustainable option.

1. Introduction

Stormwater management in urban areas has been recognized as a serious challenge
around the world [1, 2, 3]. Increasing impervious areas as a result of urbanization is
continually increasing the risk of flash floods [4, 5, 6]. Due to occasional rainfall in
semi-arid to arid environmental regions, proper consideration has not been given to
stormwater management. In the recent past, climate change and environmental impacts,
as a result of industrialization, have changed the predicted patterns and intensities of
rainfall events in various regions (figure 1) [7]. Therefore, this impact should be
considered in the management of existing stormwater drainage infrastructure for safe
collection and disposal of runoff. The problem becomes more significant in locations
where natural wadies, which safely route the storm water, have been blocked by the
expansion of cities and urbanization in arid regions [8, 9].

In Gulf region, the natural drainage patterns have been significantly altered due to
urbanization. This problem is more significant in cities having rolling (presence of
small hills) terrain where natural topographical constraints avert the runoff to be
disposed-off to a nearby Wadi [10]. As a result, surface ponds located within the city’s
boundaries are being used as a final disposal point for stormwater. The problem has
significantly been increased with expansion of cities, as a result of population growth,
when the existing drainage systems overflow even during the smaller (than the design)
return period floods. Presently, the municipality managers in arid environmental
regions, are looking for answers of some critical questions for effective decision-
making, such as i) how much capacity of the existing storm-sewer infrastructure needs
to be enhanced for a given return period flood?, ii) how to select the most feasible
locations of additional ponds for safe disposal of the increased stormwater due to
urbanization?, and iii) how to evaluate the technical, economic, and environmental
sustainability of various stormwater drainage options?. Therefore, there is a dire need
to develop a framework which can answer these questions to facilitate the municipality
mangers for effective decision-making.

In the past, various studies have been conducted on flood risk management for arid and
humid regions. Chen et al. [1] introduced simplified urban inundation simulation using
storm water management model for a city in China. Thomas [11] developed different
coefficients to find storm water from urban areas in Sweeden. Ali et al. [9] conducted a
detailed review of literature on various aspects of flood risk. Al-Zahrani et al. [12]
developed a flood inundation and hazard map for flood management using
Hydrological-Engineering-Centre, Hydrological-Modelling-System (HEC-HMS) in the
Kingdom of Saudi Arabia (KSA). Almalki [10] conducted interviews with people and
municipality’s staff to highlight the technical and cost related issues for flood
management in KSA.
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Some studies discussed general aspects of flood management in KSA [13, 14, 15].
However, in-depth analysis addressing the impacts of urbanization and climate change
on existing and improved (to handle longer return period floods) storm water drainage
infrastructure in KSA have rarely been reported. In general, the storm sewer networks
in arid regions were designed for shorter return period storms; consequently, storm
water accumulates in streets during high return period floods and poses risk to life and
property [15, 16]. Floods of more than 20 years return period have been observed in
Saudi Arabia in the recent past [17]. This precious storm water as a result of high return
period floods also needs to be conserved for beneficial uses. Hence, the detailed design
of the whole storm sewer network needs to be re-visited, using state-of-the-art methods,
which has not been taken care of in the past studies. Finally, different management
options may have varying technical, environmental, and financial considerations which
should be evaluated in the decision-making process.

The framework developed in this research effectively answers all the three above posed
questions. A methodology is established and implemented for optimal design of storm
water infrastructure by estimating the peak runoff through rainfall-runoff modeling in
urban areas of high intensity-low frequency- flash floods. Present research also
evaluates the impact of the geomorphological parameters (e.g., area of catchment,
length of main drainage line, sub-areas under different land use etc.) obtained from two
different data sets (30 m DEM and actual survey data) on the results of hydraulic
modeling. HEC-HMS, geographical-information-system (GIS), and SewerGEMS
software have been used for hydraulic modeling of different stormwater drainage
options. Finally, Multi-criterion decision making analysis (MCDA), consisting of
Analytic Hierarchy Process (AHP) and Preference Ranking Organization Method for
Enrichment Evaluation (PROMETHEE I1), has been used to find the answer of the third
research question.
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Figure 1: Predicted change in precipitation in Qassim

2. Materials and Methods

2.1 The Framework

A brief methodology is presented in the framework developed in this research as given
in figure 2. Baseline data were gathered from the Municipality of Buraydah, including
ground survey, digital elevation model (DEM), maps of existing drainage system,
rainfall records, and land use map of the study area. Raw data were processed to
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generate different inputs required for the rainfall-runoff modeling and MCDM. The
inputs were analyzed to determine the design rainfall, curve number, geomorphological
and hydrological parameters, and the surface runoff using HEC-HMS software.
Subsequently, different potential storm water management options were developed and
hydraulic modeling was performed for each option using SewerGEMS software.
Finally, each drainage option was evaluated for its feasibility in terms of flood risk,
cost, environmental impacts, and technical constraints using MCDM.

2.2 Study Area

Buraydah, the regional capital of Al-Qassim Region is located on the north edge of
Wadi Al Rumah which is the longest valley in KSA. Al Rumah wadi originates from
Al-Medina and covers a long distance up to Sands of Althwairat with a length of
approximately 600 km. Buraydah is located at the latitude and longitude of
26°21'33.23"N and 43°58'54.52"E. Due to the availability of groundwater, Al Qassim
has been characterized as an important agricultural region in KSA. The city of
Buraydah falls within the desert climate, which is characterized by the cold winters with
rare but high intensity rains and the hot summers with low humidity [18, 19]. During
daytime the temperature ranges from 43°C to 48°C and during night it ranges from
320°C-36°C in summer. According to a recent survey, the population of Buraydah is
about 616,000 which is nearly 52% of the entire population of Al-Qassim Region [20].

2.3 Development of topographic and morphological maps

Topographic maps with scale 1:50000 (i.e., DEM of actual survey), flood plain map,
and photogrammetric survey formed the basis for principal planning and determination
of the paths of wadies inside and around the Buraydah city. On ground field survey
(actual survey) was performed during 2017 by the Municipality of Buraydah using
geographical position system (GPS) with an accuracy of 2 cm. These actual survey data
were also collected and used to audit the storm water drainage lines. The delineation
was made on the basis of these maps and actual data by using engineering and
hydrologic programs like (WMS) and (ArcGIS). The base map of Buraydah obtained
from data processing is shown in Figure 3a and Figure 3b shows the storm water stream
paths in Buraydah based upon actual survey data. It shows that the streams flow from
north to south towards Al Rumah wadi. The urbanization, expansion of city and
existence of small hills interrupt the natural flow paths of storm water which otherwise
IS supposed to be disposed-off into Al Rumah wadi (see Figure 4).

In Figure 4, the red lines show hills and the ground levels written in red color show that
how the runoff from the study area will be obstructed by the hills. This situation creates
the problem of flooding in various areas of Buraydah city. Some examples of flooding
events in recent past are shown in Figure 5a&b. One of the drainage options to be
considered in this research is to propose some additional ponds to accommodate the
runoff from increased area due to development of the city. The proposed and existing
ponds in study area are also shown in Figure 4.
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Collecting baseline data and developing delineation of two large catchment areas in the study area
e  Ground survey and digital elevation model
. Map of existing drainage system
. Land use of the study area
e  Rainfall data

Estimating model input parameters
e  Estimation of design rainfall (DR) for various return periods, i.e., 5, 10, 25, 50 years
. Evaluating rainfall intensities for IDF curves

Estimating peak runoff using rainfall-runoff modeling
e Determination of curve number to be used for estimation of runoff
e Estimation of hydrological and morphological parameters using (WMS) and (GIS)
e Rainfall-runoff modelina usina HEC-HMS

Development of different stormwater drainage options and evaluating the existing and proposed future drainage
infrastructure for each option

e  Estimation of sizes of existing and improved drainage infrastructure using SewerGem

e  Cost estimation of each storm water drainage option

Evaluating of storm water management option using multicriteria decision-making (MCDM)
e  Existing Drainage system of ponds,
e  Additional ponds
e Micro-tunneling for drain storm water to Wadi Al-Ramah

Figure 2: Methodological framework for evaluating storm water drainage options
in arid environments
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Figure 3: Geographical maps of the city of Buraydah, a) base map with extended
boundary, b) Paths of stormwater streams
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Figure 4: Location of existing and proposed ponds in the study area, Boundaries of
Al Nagaa and Al Khaleej catchments are defined by green colored lines, overall
topography is defined with the help of ground levels marked red.

(a)
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Figure 5: Photographs showing flooding in the city of Buraydah, a) flood around
King Fahd Hospital, b) flooding on King Abdullah Road at its intersection with Ali

Bin Abi Taleb Road
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2.4 Hydraulic Modelling of Stormwater Drainage System

2.4.1 HEC-HMS and GIS

HEC-HMS is a rainfall--runoff modeling software developed by the Hydrologic
Engineering Center, USA. HEC-HMS has multiple options to estimate surface runoff
and the rainfall losses using various types of rainfall-runoff models. For determination
of catchment parameters calibration of distributed models is required which needs long
records of runoff. This type of data is not available in most of the arid environmental
regions. However, advancements in satellite imaging and geographical information
system (GIS) tools have introduced geomorphological parameters which can be used to
estimate the runoff from catchments with scarce data [21, 22, 23].

Types of delineation methods and accuracy of digital elevation model (DEM) data have
important role in estimation of geomorphological parameters. DEMs ranging from 90m,
30 m and to a few m resolutions have been used by various researchers in hydrologic
studies. It is proven that improving the quality/resolution of DEM the geomorphological
parameters of hydraulic model are improved. The main geomorphologic parameters of
rainfall runoff modeling include catchment area, topography, shape, slope and stream
density, main stream length, main channel slope, channel storage, and stream order for
estimation of runoff [24, 25, 26, 27]. For an accurate estimation of runoff, this research
has taken data from actual ground survey and have compared them to the DEM of 30 m
resolution. The processed data from DEM was used as the input to HEC-HMS.
Subsequently, HEC-HMS employs the curve number (CN) method techniques for
estimation of rainfall losses and the direct runoff [12, 25, 11 28].

The Curve Number was determined from soil classification, land use and GIS data
which were used in the estimation of the flow rates. The depth-duration curves for
Buraydah city, adapted from the Master Plan of Flood Mitigation for Buraydah City,
were used to find the design rain for various return periods. On the basis of delineation
and other GIS data, various parameters of hydrological model (HEC-HMS) were
obtained separately from the two data sources (actual survey DEM and 30 m DEM).

2.4.2 SewerGEMS and GIS

SewerGEMS V8i allows the storm sewer design projects to be completed in a shortest
possible time [29] with low costs and high efficiency. SewerGEMS V8i is a fully-
dynamic, multi-platform (CAD, GIS etc.), storm sewer modeling software. All the
storm sewer system elements can be analyzed in one package namely “the hydraulic
design”. This package consists of computation of the transit/total flow and estimation of
design parameters (slopes, diameters etc.) of network pipes. It generates the layouts,
transvers/longitudinal cross sections of the pipe network, and reports displayed with
state-of-the-art graphic system in AutoCAD environment. The designers can add labels,
write dimensions of sewage networks, and obtain the drainage drawing of network.

2.5. Development of Stormwater Drainage Options

Based on the indigenous knowledge, practical experience, and physical evidence, three
potential options for stormwater drainage have been selected for detailed evaluation: i)
existing drainage infrastructure and ponds for two main catchments of Buraydah city,
i) improved drainage infrastructure with additional ponds, and iii) routing of
stormwater from the city to Wadi Al Rumah through micro-tunnelling. Existing and
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improved ponding systems were analyzed with the help of the results obtained from
HEC-HMS and SewerGEMS. The tentative costs for all the options were estimated as
per market rates.

2.5.1 Option 1 - Existing Drainage System

The characteristics of existing eight (8) ponds in whole of Buraydah city are shown in
figure 6. Four out of these 8 existing ponds are located in the study area. The locations
of four existing and seven proposed ponds in the study area are illustrated in Figure 4.
No additional efforts/costs will be required for existing ponds. The entire drainage
system was evaluated with the help of SewerGEMS for two main catchments of
Buraydah namely Al Nagaa and Al Khaleej.

2.5.2 Option 2- Additional Ponds

The two main (largest) catchments of Buraydah, i.e, Al Nagaa and Al Khalegej, have
been investigated with an intention to improve the existing drainage infrastructure by
providing additional ponds. Three main factors were considered for selection of suitable
locations for additional ponds: i) topography and the elevations of sub- areas of
catchments, i.e., a pond should be located at the lowest elevation in the catchment, ii)
drainage lines and the flow directions, and iii) availability of required land.

Three ponds for Al Nagaa and four for Al Khaleej have been proposed as shown
already in Figure 4. Detailed analysis was conducted using GIS tools to generate the
sub-catchments. These maps were integrated with SewerGEMS for analysis and design
of proposed sewer network and the ponds.

Catchment Area O Hydraulic Capacity
18 1200000
16 —
— _ 1000000 ~
=< 12 800000 2
3 @
5 10 g
o 600000
g 8 2
E 6 400000 3
5 4 3
(@) ) 200000 T«
0 |_| H H [l [ 0
2> QO QO 2 RN N O
I S
v D v S N\ N & Q.
v S
Pond Name

Figure 6: Characteristics of existing pond system in Buraydah City

2.5.3 Option 3 - Drainage of stormwater from Buraydah to Al Rumah
using micro-tunnelling

Micro-tunneling is a well-known digging technique in which small tunnels are
constructed with the help of remotely operated micro tunnel boring machine. As the
study area consists of rolling terrain with small hills, placement of drainage pipes with
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the use of micro-tunneling was found to be a potential option with minimal
environmental and social impacts during the construction phase. These drainage pipes
will collect the stormwater with longer return periods from the main outfall sewers to
safely route it to Wadi Al Rumah.

2.5.4 Evaluation of stormwater drainage options

2.5.4.1 Evaluation Criteria

Feasibility of each stormwater drainage option depends on several influencing factors,
including construction and operational cost, flood risk prevention, environmental
impacts, and land requirements. Therefore, selection of the most feasible option is a
multicriteria decision-making problem. These criteria are briefly described in the
following.

Existing ponds will not require any additional cost, except for routine operation and
maintenance expenditures. For proposed additional ponds and micro tunneling drainage
system, tentative costs were estimated which are given in results and discussion section.

Ponds system holds serious concerns regarding their environmental impacts, e.g.,
possibility of surface and groundwater quality deterioration, loss of habitat, public
health safety, vector breeding, etc. Storm water ponds are designed and constructed to
retain the pollutants flushed off from non-point sources. Without proper maintenance,
nutrients such as nitrogen and phosphorus can accumulate in the ponds which may lead
to anaerobic conditions, algae production, unsightly conditions, and odors. Standing
water in ponds can heat up during the summer months which can enhance all the water
quality deterioration processes. Flushing of this poor quality water during a larger flood
will transfer the nutrients to the final receiving water body. Discharge of such effluent
can cause long-term and significant adverse impacts on the natural surface water in the
region.

The placement of large-sized ponds, particularly in low-lying areas, can cause nuisance
to the existing residential areas. Year-round movement of the geese and mallards may
become undesirable for the residents if structural complexity is not included in the pond
design. A few inches of standing water can become mosquito-breeding areas. Standing
water in permanent ponds often causes public concern for children playing in and
around the pond. The drainage of storm water from Buraydah city to wadi Al Rumah
through micro tunneling has minimum environmental impacts as the water is conveyed
through conduits to a natural wadi away from the residential area.

There is high flood risk for ponding system if the successive storm happens in the same
week, before emptying the previous runoff from pond or in absence of pond emptying
system. On the other hand, the drainage option 3 has minimum flood risk.

The ponding system provides a high suitability for phased construction. It is suitable to
any funding plan to serve an urban area with storm drainage ponding system. However,
the micro-tunneling drainage system has a moderate suitability to be segmented as its
construction should be started from downstream to upstream towards the first district
that can be served by micro-tunneling drainage line. And then other districts can be
served from downstream to upstream in future stages.
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2.6. Multicriteria Decision-making (MCDM) Methods

Evaluation of potential stormwater drainage options using MCDM analysis entails two
primary steps: i) estimation of criteria weights, and ii) aggregation of criteria scores for
final ranking of options. Accordingly, the Analytical Hierarchy Process (AHP) and
Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE
I1) have been used in this research for criteria weight estimation and aggregation
respectively.

2.6.1 Analytic Hierarchy Process (AHP)

The AHP has been used to formulize the human-instinctive-understanding of a complex
problem or to determine the weights of multicriteria [30]. Its application in the field of
water resources management is widespread [31, 32]. The process initiates with the
development of a pairwise comparison matrix in which the preferences for the selected
evaluation criteria are given by the experts. The degree of preference [33, 34] as given
in Table 1 has been used in this research.

Table 1: Degree of preference to establish criteria weights

Scale Degree of preference Scale Degree of preference
1 Equal importance 7 Very strong importance

3 Moderate importance of one factor over another 9 Extreme importance

5 Strong or essential importance

In the subsequent step, a normalized-comparison-matrix is organized by dividing each
value of pairwise-comparison matrix by the sum of the corresponding column. The
corresponding rating (weights *w’) are determined by averaging the values in each row
of the normalized matrix. Finally, analysis is conducted to check whether an acceptable
inconsistency exists in the preferences given by the experts or not. Details can be seen
in [32].

2.6.2 PROMETHEE II

PROMETHEE method [35] defines the preference functions built on the differences
between attributes amongst various schemes. The main advantages of PROMETHEE
method are: a) it is simplicity in calculations, b) less influenced by concordance
discrepancies and discrimination thresholds, and c) requires relatively less calculation
efforts as compared to other outranking methods, such as ELECTRE. Its advancement
as PROMETHEE |1 provides total ranking of the options. Mathematical formulation of
the method can be seen from [36].

3 Results and Discussion

3.1 Drainage Pattern Analysis

The results obtained from the delineation of 30 m DEM and the actual survey DEM are
presented in Figure 7a. It shows the comparison between drainage lines obtained from
the 30 m DEM and the actual survey data. A small difference between the two set of
drainage lines can be seen in Figure 7a. Hence, as the actual survey data are highly
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expensive, the 30 m DEM can be used with reasonable accuracy in future studies where
sufficient funds are not available. Nevertheless, when higher accuracy is a mandatory
requirement the actual survey DEM should be used for parameter estimation.

The results from application of GIS show that Al Khaleej ponding system has a
catchment area of 2398 hectare while the Al Nagaa ponding system covers about 2036
hectare. To convey the flow from this catchment to Wadi Al Rumah on the downstream
of Al Khaleej and Al Nagaa catchments, the maps with drainage lines and extended
boundary shown in Figure 3 a and Figure 7a were analyzed. Certainly, the main
drainage lines were used to convey the flows from all the catchments that lie in the path
of the main drainage line of each of the main catchment. In this way the total drainage
area of Al Nagaa catchment was approximately found to be 3981 ha. It will increase by
about 40% as compared to the existing catchment area. In case of Al Khalegj the total
area will become 3722 ha (45% increase).

3.2 Hydrologic Model Parameters

The results of using ArcGIS for land use are shown in Figure 7b. The values of various
model parameters obtained are listed in Table 4 and Table 5. It can be observed that the
difference of up to only 4.5% occurs in one or two parameters due to use of different
resolution DEM. Most of the model parameters have negligible difference in values
obtained from 30m and actual survey data.
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Figure 7: Data used for hydraulic modeling, a) Comparison of drainage patterns
from 30 m DEM and the actual survey data, b) Land use map for the City of
Buraydah

Table 4: Parameters of model obtained by using two sources (30 m DEM and
actual survey data) for Al Khaleej

Model parameters DEM 30 Resolution  Actual Survey DEM  %Difference
Area (hectare) 3981 3810 4.3

CN 81.49 81.49 0

Time lag (min) 410 398 2.92
Impervious percentage % 15.50 15.40 0.62

Initial Abstraction 11.6 11.54 0.52

338



Table 5: Parameters of model obtained by using two sources (30 m and actual
survey DEM) for Al Nagaa

Model parameters DEM 30 Resolution Actual Survey DEM % Difference
Area (hectare) 3722 3590 3.54

CN 79.18 79.18 0

Time lag (min) 290 277 4.48
Impervious percentage % 10.2 10 1.96

Initial Abstraction 13.5 134 0.74

3.3 Hydraulic Modeling

3.3.1 Calibration and Validation of Hydrologic Model

Storm events of 2008, 2011, 2013 and 2015 have been used for HEC-HMS model
calibration and verification respectively. The records of observed complete hydrograph
are not available, so the calibration and validation were performed on the basis of total
simulated and observed volume of runoff. An error (% difference in observed and
simulated volume) was found to be around 10%. The depth duration curve and the
simulated hydrographs for calibration and validation are shown in Figure 8a&b. The
rainfall event during 2008 was used for calibration and other three events (2011, 2013
and 2015) were used for validation. The depth-duration graph (Figure 8a) having a
storm duration of 24 hours has been prepared by using the records of rainfall from 1965
to 2009.
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Figure 8: Depth duration graph and hydrographs obtained as a result of
calibration and verification of hydrologic model, a) depth duration graph, b)
hydrographs for rainfall events during 2008, 2011, 2013 and 2015.

3.3.2 Sensitivity Analysis for Parameters used in HEC-HMS

Sensitivity analysis is an important task in rainfall-runoff modeling to identify the most
significant parameters regarding runoff estimation. Sensitivity analysis was performed
for five parameters (SCS curve number, impervious percentage, initial abstractions,
antecedent soil moisture, and the time of concentration) which were primarily used for
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calculating the runoff volume. The impact of these five parameters on the percent
change in runoff volume for Al Nagaa catchment is shown Figure 9. It can be observed
that curve number is the most important parameter in rainfall runoff modelling.
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Figure 9: Sensitivity analysis results of HEC-HMS model

3.3.3 Flood Modeling using HEC-HMS

The calibrated and verified model was subsequently used to simulate flood hydrographs
for 10, 25, 50 and 100 years return periods for both the Al Khaleej and Al Nagaa
catchments. The design hydrographs simulated by HEC are shown in Figure 10(a-d). In
case of Al Khaleej about 2% difference in peak flow was observed between the results
from 30 m DEM and actual survey DEM for 25 years return period flood. A negligible
difference of 0.5% was found in case of Al Nagaa catchment. The simulated volume
(the area under the hydrograph) on the basis of 30 m DEM and actual survey DEM is
given in Table 5. Acceptable differences of about 4.5% and 3.5% in volume have been
noticed among the results of 30 m and actual survey DEM in case of Al Khaleej and Al
Nagaa catchments respectively.

Table 5: HEC-HMS results for Al Khaleej and Al Nagaa catchments using two
source of DEM

Volume (m3) Peak Flow(m?3/s)

Return period
30m DEM  Actual survey DEM  30m DEM  Actual survey DEM

Al Khaleej Catchment

10 year 586,700 561,500 12.9 12.6
25 year 937,300 897,000 21.1 20.7
50 year 1,264,400 1,210,000 28.9 28.3
100 year 1,643,900 1,573,000 38 37.2
Al Nagaa Catchment

10 year 422,900 407,900 10.8 10.7
25 year 715,200 689,800 19.00 18.90
50 year 995,300 960,00 27.1 26.9
100 year 1,325,800 1,278,800 36.8 36.5
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Figure 10: Design hydrogrpahs generated from HEC, a) runoff from 30 m DEM
(Al Khaleej), b) runoff from actual survey DEM (Al Khalegj), ¢) runoff from 30 m
DEM (Al Nagaa), d) runoff from actual survey DEM (Al Nagaa)

3.4 SewerGEMS analysis of stormwater drainage options

Hydraulic models were created using SewerGEMS (8Vi) to obtain the required analysis
and design the proposed drainage system. Sample maps and design results as an
example of micro-tunneling option for both the catchments are presented in Figure 11
(a, b, ¢ & d) and table 6. Similar analyses have also been conducted for the other two
options. Based on the trends of flooding events in the recent past and possibility of high
floods in future due to changing global climatic conditions (refer to Figure 1), the 25-
year storm was found to be rational and thus used for the design and analysis of ponds.
This was chosen by further consulting the local authorities and engineers. Most of the
responsible authorities in Qassim Region are recommending 25 years return period for
design of stormwater drainage infrastructure in future. The results of SewerGEMS
regarding runoff from hydraulic model for pond systems are presented in Figure 12a&b
and Figure 13. As per detailed design for Al Nagaa catchment, the existing main line is
adequate to route 10 years flood and the existing sub networks are adequate to
accommodate 5 years storms. Although, the existing main line in Al Khaleej catchment
is adequate for 25 years storm event, the existing sub networks can handle only 5 years
storm.

These findings support the objectives of present research that the capacity of entire
network should be investigated by paying particular attention to each sub-catchment for
accurate estimation of flood risks which generally was not given appropriate attention
in past studies as it is a highly time consuming and tedious task. The design and
analysis for 3rd option (i.e., micro-tunneling) was conducted for 25 years return period
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floods. Finally, the results of SewerGEMS were used to estimate costs of various
options. The tentative cost estimates are attached as Appendix B.

3.5 Evaluation of stormwater drainage options using MCDM

All the three stormwater drainage options are different from each other in terms of their
flood risk, cost, environmental impacts, and technical constraints. Therefore, MCDM
analysis has been performed using the AHP and PROMETHEE Il methods. The results
are briefly described in the following. All the criteria were quantitatively judged by the
experts based on the linguistic terms and their corresponding scores given in Table 7.
Step-by-step procedure of PROMETHEE Il application for ranking of potential
stormwater drainage options is described below:

Based on the results of hydraulic modeling, cost estimates, and expert opinion, the
decision matrix developed for three stormwater drainage options is presented in Table
8.

As all the criteria are the cost criteria, they were inversed. The pairwise comparison
matrix for estimation of weights was developed using the methodology of AHP
described in Section 2.6.1. The rating scheme given in Table 1 was used by four
decision-makers from academia and the municipality of Buraydah. The geometric
means of the ratings given by the decision-makers were calculated. The final estimated
weights for flood risk, cost, environmental impacts, and technical constraints are 0.484,
0.272, 0.154, and 0.09 respectively. The values of consistency index (CI) and
consistency ratio (CR) were found to be 0.019, and 0.02 respectively. A CR < 10%
affirms the consistency check.

The methodology for the PROMETHEE-II method described in Appendix was used to
establish the preference index. Subsequently, a pairwise comparison was performed for
all the options against each criterion using equations (A2) to (A5). The multi-objective
outranking index was calculated with the help of equation (A6). The outgoing,
incoming, and net flows were estimated using the equations (A7) to (A9) and the results
are presented in Table 9.
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Figure 11: Hydraulic model prepared using SewerGEMS software, a) Al Nagaa
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Table 6: The result of hydraulic analysis for a part of Al Nagaa catchment pipe
drainage network

Velocity
Diameter Invert Invert Length Cover (Maximum Slope Section
Label (Start) (Stop) (Scaled) (Average) (Calculated) Material
(mm) (m) (m) (m) (m) Calculated) (%) Type
(]
(m/s)
1 1,400.00 600.25 600.1 20 1.32 1.96 0.75 Circle Concrete
2 1,400.00 602 600.25 110 1.88 2.1 1.591 Circle Concrete
3 1,200.00 603 602.2 106 2.34 1.51 0.755 Circle Concrete
4 1,200.00 603.5 603 69 2.07 1.49 0.725 Circle Concrete
5 1,200.00 604.6 603.5 73 3.05 1.68 1.507 Circle Concrete
6 1,100.00 607.4 606.3 64 3.91 1.99 1.718 Circle Concrete
7 1,100.00 607.7 607.4 69 4.31 1.42 0.435 Circle Concrete
8 1,100.00 608.6 607.7 64 241 1.38 1.406 Circle Concrete
9 1,100.00 610 608.7 93 3 1.85 1.398 Circle Concrete
Table 7: Linguistically define criteria scores
Linguistic term Score Linguistic term Score
Extremely low 1 Above average 6
Very low 2 High 7
Low 3 Very high 8
Below average 4 Extremely high 9
Average 5 Exceptionally high 10
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— 500000
1S
- 400000 T 250000
E 300000 o 200000
o
S 200000 5 150000
100000 2 100000
0 = 50000
& @*/b & oo"\’ (\o’]’ (\o/b (\o?‘ 0 — -
PP > S S
N v{" P I AU AlNagaa KhubAl  AlDahy Al Dahy
a Q(\?f‘ & ° Qabr no.1 no.2
N
@z’\(\ Pond name b
& Pond name

Figure 12: SewerGEMS results showing runoff from hydraulic model for pond
systems, a) volume of storm water at the Al Khaleej outlet, b) volume of storm
water at the Al Nagaa outlet
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Table 8: Decision matrix for evaluation of stormwater drainage options

C2. C3. C4.
Stormwater management C1. . .
options Flood risk Cost Environmental Technical
P (construction and O&M) issues constraints
Option 1: Existing pond system 8 3 7 6
Option 2: Improved pond system 7 5 8 2
Option 3: Micro-tunneling 2 4 2 4

Table 9: Outranking relations using PROMETHEE Il method

Option 1: Existing pond

Flux Option 2: Improved pond system Option 3: Micro-tunneling

system
P 0.35 0.33 0.82
¢ 0.65 0.67 0.18
Net Flux -0.30 -0.34 0.64
Rank 2 3 1

The final ranks for all the stormwater drainage options obtained from the application of
AHP and PROMETHEE Il methods presented in Table 9 show that the micro-tunneling
(i.e., Option 3) outranked both the existing pond system (i.e., option 1) and the
additional ponds option (Option 2). Hence the micro tunneling drainage system is found
to be the most feasible options with acceptable flood risk, environmental issues, and
cost.

Micro-tunneling can route the stormwater with acceptable flood risk. Environmental
impacts, particularly associated to the modification of existing terrain which are
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expected to occur in case of improved ponds system, will also be minimal. Prior to
practical implementation of the selected option, the results found in present study need
to be validated by involving other stakeholders such as technical managers and
engineers from water directorates and other relevant agencies. Public participation in
the decision-making process is important for core public infrastructure projects. Hence,
public opinion should be valued by conducting public hearings in the study area. Such
initiative would be beneficial for improving awareness amongst the general public
about the importance of limited available water resources and implementing water
conservation strategies at large in KSA.

4. Conclusions and Recommendations

Stormwater drainage infrastructure in urban areas of arid environmental regions, such
as Saudi Arabia, cannot safely route the stormwater for more than 5-year flood,;
however, truck sewers in some areas can accommodate up to 25-year flood. This
practice is not sustainable under present situation of water scarcity in the region when
this valuable water primarily lost due to evaporation. A methodology is needed to
evaluate different stormwater management options for urban areas of arid
environments.

In this research, a methodology is developed for design of the entire drainage networks
in two urban catchments using state-of-the-art modeling techniques, such as HEC-
HMS, GIS and SewerGEMS. The proposed methodology revisits the design of drainage
sub networks for higher return period storms. The results of hydraulic modeling of
sewerage networks revealed that 30 m resolution DEM can be used with reasonable
accuracy, particularly when expensive actual ground survey data is not available. Three
stormwater drainage options, including existing system, additional ponds system, and
micro-tunneling have been investigated for Buraydah city having wadies blocked due to
city’s expansion and small hill-barriers.

The stormwater drainage options have been evaluated using AHP and PROMETHEE II
for multicriteria decision-making. Evaluation of all the options against the criteria of
flood risk, environmental impacts, cost, and technical constraints revealed that the
existing ponds system has high adverse environmental impacts regarding water quality,
health and source of mosquitoes. Based on the PROMETHEE Il results the micro-
tunneling option outranked the other two due to minimal flood risk and environmental
impacts (i.e., two criteria with higher importance weights established by AHP). Other
sustainable options for flood risk management integrated with water conservation
strategies can be investigated in future studies for arid environments. The study results
should be validated before practical implementation of the micro-tunneling option by
involving more stakeholders from water directorates, other relevant agencies, and
public representatives.

Inclusion of wider range of stakeholders (particularly involvement of general public)
can further improve the multicriteria decision-making process in Gulf region. Such
initiative will enhance the sustainable development and implementation of water
conservation strategies in KSA.
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