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ABSTRACT

This study examines the vulnerability of critical road infrastructure to flooding and proposes
mitigation measures to enhance resilience and protect the River Nabuyonga sub catchment in
Mbale city. This was because the immediate impact of floods specifically in urban areas was
on the transport system. The study employed an integrated methodology, combining rainfall
analysis, hydrologic modeling, and hydrodynamic modeling using software like Personal
Computer Storm Water Management Model (PCSWMM) to investigate the hydrological
responses in the River Nabuyonga sub catchment with precipitation data and the Digital
Elevation Model (DEM) as input to obtain design discharge, HEC-RAS for obtaining flood
maps and ArcGIS delineation of the catchment to assess the susceptibility of key transportation
assets to varying flooding scenarios. By analyzing historical rainfall data and simulating
potential future inundation events, the research identified vulnerable areas, assets and evaluated
their criticality to flooding. Most of the studies on transport vulnerability consider topographic
properties along with supply and demand side of transport system to access the disruption, but
less attention is given to the potential impacts of weather extremes on the performance of
transportation network. With that established, therefore, this research was conducted to bridge
these critical knowledge gaps by assessing the specific vulnerabilities of its critical
infrastructure to flood events, this study seeks to generate a better understanding of the risks

faced by the city.



i



il



ACKNOWLEDGEMENT

I do greatly acknowledge a number of people whom without their support 1 would not have
made it this far. Great appreciation goes to my project supervisor and my lecturers for their due
diligence, parental guidance, competence in ensuring that my work meets the required
standards.

My beloved parents, siblings and friends, I thank you for your material and moral support.
Lastly, to all whom 1 have not mentioned, I thank you so much may God reward you

abundantly.

v



DEDICATION
I dedicate my report to my parents, siblings and friends whose sacrifice, guidance and support

towards my education has exposed me to the world of Engineering, May God bless them.



LIST OF ACRONYMS

CN- Curve Number

DEM - Digital Elevation Model

GIS- Geographical Information System

GPS -Global Positioning System

HEC-RAS- Hydrological Engineering Centre-River Analysis System Digital Elevation Model
HEC-SSP- Hydrologic Engineering Center-Statistical Software Package

IDF -Intensity Duration Frequency

[PCC- Intergovernmental Panel on Climate Change

MCA - Multi Criteria Analysis

MCDA- Multi Criteria Decision Analysis

MLE-Maximum Likelihood Estimation

MOM - Method Of Moments

PCSWMM - Personal Computer Storm Water Management Model

SDG — Sustainable Development Goals

UBOS- Uganda Bureau of Statistics

UNMA - Uganda National Meteorological Authority Uganda Bureau Of Statistics
UNMA- Uganda National Meteorological Authority

Vi



TABLE OF CONTENTS

ABSTRACT I
DECLARATION ERROR! BOOKMARK NOT DEFINED.
APPROVAL ERROR! BOOKMARK NOT DEFINED.
ACKNOWLEDGEMENT 10Y
DEDICATION \Y%
CHAPTER ONE 1
1.1 Introduction 1
1.2 Background to the Study 1
1.3 Problem Statement 3
1.4 Justification 3
1.5 Objectives 4

1.5.1 Main objective 4

1.5.2  Specific objectives 4
1.6 Scope of study 4
1.7 Study area description 4
2 CHAPTER TWO: LITERATURE REVIEW 7
2.1 Assessing impact of flooding on road infrastructure inundation. 7
2.2 Assessing the criticality of road infrastructure to flooding. 14
2.3 Developing flood mitigation measures for critical road points. 17

3 CHAPTER THREE: METHODOLOGY 21

Vil



3.1 Data sets, sources, tools and usage

21

3.2 Assessing the impact of flooding on road infrastructure inundation

3.3 Assessing the criticality of road infrastructure to flooding.

3.4 Developing flood mitigation measures at critical road infrastructure points.

3.4.1 Selection of the best mitigation measure

3.4.2 Assessment of the mitigation measures

CHAPTER FOUR

4 RESULTS AND DISCUSSIONS

4.1 Rainfall frequency analysis

4.1.1 Fitting the distribution

4.1.2 Estimating parameters

4.1.3 IDF curves for different return periods

4.1.4 Hyetographs for different return periods

22

30

32
32
34

36

36

36
36
37
38
39

4.2 Hydrological modelling

4.2.1 Model Calibration and Validation

4.3 Hydrodynamic modelling

4.4 Mitigation measures

4.4.1 Selection of the mitigation measure

4.4.2 Discussion of the criteria for the selection of mitigation measures

4.43 Assessment of the mitigation measures

S CONCLUSION, CHALLENGES AND RECOMMEDATIONS

5.1 Conclusion

5.1.1 Hydrological modelling

5.1.2  Hydrodynamic modelling

5.1.3 Flood mitigation

5.2 Challenges

viii

51
51
51
54

58

58
58
58
58

58



5.3 Recommendations 59

6 CHAPTER FIVE: REFERENCES 60
LIST OF FIGURES

Figure 3-1: Showing IDF generation .........c.cccccueeecuiieiiiieeiiieesieeeeiee et veeesaeeesvee e 23
Figure 3-2: Showing rainfall runoff modelling...........c.c.cccvveviiieiiiieceeeeeeeee e 28
Figure 3-3: Showing the process of automatic calibration and validation.............c.cceeceevenne. 29
Figure 3-4: Hydrodynamic moOdelling ...........cccceeviiiriiieniiiniieiieeieeeeeee e 30
Figure 3-5: Template showing how the number of affected segments will be obtained when
ONE 1S TOOAEA ... ettt ettt sttt e e e eaneas 31
Figure 3-6: Criticality analySiS.......c.cccueiviiiiiiiiiieiiieeie ettt see et siae e e seaeenbeessneennees 32
Figure 3-7: Identification of best mitigation OPtiON.........cccueerueeriieriienieeiieere e eve e e eeee e 34
Figure 3-8: Assessing effectiveness of the mitigation measure............coccceeveiiiieniieenieniennnen. 35
Figure 4-1: Showing PCSWMM model calibration ............ccoceeeeviniininiiniinenicnicneeienens 41
Figure 4-2: Showing PCSWMM model validation .............cccceeeiieiieniiieniieniicieeceeeeeee e 42
Figure 4-3: Showing 10 year flood hazard map...........cccccecvveviiiiiiiieniieeeeeeee e, 44
Figure 4-4: Showing 25 year flood hazard map.........ccccceeeviiriiniiiiniiniiicecceceeeae 45
Figure 4-5: Showing 50 year flood hazard map.........cccceeeviirieniiiiniiniiieeceeceeeas 45
Figure 4-6: Showing 100 year flood hazard map............cccceeviiieiiieeiiieeieeeeeeeeeee e 46
Figure 4-7: showing 200 year flood hazard map ............cccoeveviiieiiieeniiieieeeeeceeee e 46
Figure 4-8: Showing a 500 year flood hazard map..........ccccevveviriiniininiinieecceceee 47
Figure 4-9: Showing the flood map before mitigation..........c.cceeeveriiniiiienienenicniceeenens 54
Figure 4-10: Showing a graph of Area and Return period...........ccceevveeeiiieeiiieniieenieeeieeens 55
Figure 4-11: Showing reduced values after mitigation............ Error! Bookmark not defined.
Figure 4-12: Showing a flood map after mitigation...........cccceceeviriieniinenienieneniceeceeenens 56
Figure 4-13: Showing a graph of Reduced Area and return period............cocevervuenienenncnnens 56
Figure 4-14: Showing reduced depth and return period .........c.cceecvveeiiieeiiieeiieeeeeeee e, 57
LIST OF TABLES

Table 3-1: Showing tools, datasets and SOUICES..........cccuieriieriieriieiiieie ettt 21
Table 3-2: Showing tools and USAZE ........ccueeeriieeiiieeiiee ettt ree e e e svee e 22
Table 3-3: Showing convertion of rainfall to duration .............cceccveeeiiiieiiieeciecee e, 24
Table 3-4: Showing freqUeNCy factOrS........c.eevuiiiiieiieiie et 25

X



Table 3-5: Showing computation of rainfall INtENSItY ......ceeeevuvieeiiieeiiieeieeee e 26

Table 3-6: Showing PCSWMM sub catchment parameters ...........cccccveeeeveeeecveeesireeesineeesneeenns 28
Table 3-7: Showing the weights assigned to 10adS..........ccvevciieriieiiiienieeiee e 31
Table 3-8: Score measure assigned for MItIZAtION...........ccueeeevieriieeieeniieeieeie et 33
Table 3-9: Criteria selection of Mitigation MEASUTE ...........ceevuveeeiiieeeiieeeiieeeieeesreeeeaeeesaee e 33
Table 3-10: Showing slope classifiCation ...........cccuveeriieeiiieeiieeeie e e 34
Table 4-1:Showing the use of method of MOMENLS .........ccoeeviiriiiiiiiiiieiiee e, 36
Table 4-2: Showing the use of maximum likelihood.............c.cocovviiiiiiiiiiini e, 36
Table 4-3: Showing the ultimate rank of MOM and MLE ..........ccccocooviiiiiiiniieeceeee e, 37
Table 4-4: Showing the parameters of the different distribution............coccooceeviniiniininnnins 37
Table 4-5: Showing the peak discharges for different return periods..........cccocvvevvieviiennennnen. 40
Table 4-6: Showing PCSWMM model sensitivity analysis ...........ccceeveeerieenreeireenieenneenneennen. 40
Table 4-7: Showing flood depth for selected places in the sub catchment...............cccoceeeee. 42
Table 4-8: Showing the depth at the road sections for different return periods ...................... 43
Table 4-9: Showing velocities at the road sections for different return periods...................... 43
Table 4-10: Showing areas that are covered by the flood...........c.cccoveviiiiiiniiiiiiiieeeee, 44
Table 4-11: Showing cONNECHIVILY 10SS....c.eiriiriiiiiriiiiiieriteteeetee e 48
Table 4-12: Showing the important priority Places ........ccccceeeveerieriiieniieeiieie et 49
Table 4-13: Showing travel tIME.........c.eieiiiieiiieeiiie et reeesbee e saeeesesee e 50
Table 4-14: Showing total Tank...........ccoeeiiiiiiiiiieiiieee e e e 51
Table 4-15:: Showing criteria used to select the best mitigation option............ceceeeerericnnnens 51

Table 4-16:: Showing factors that make a dam unfavourable, moderately favourable and highly
FAVOUTADIE ...t 52
Table 4-17:: Showing factors that make a bridge unfavourable, moderately favourable and
highly favoUrable .......cocooiiiiiii e 52
Table 4-18: Showing factors that make a floodwall unfavourable, moderately favourable and

highly favourable ...........ooiiiiii e 53



6 CHAPTER FIVE: REFERENCES

Akhter, M. S., & Hewa, G. A. (2016). The use of PCSWMM for assessing the impacts of land
use changes on hydrological responses and performance of WSUD in managing the
impacts at myponga catchment, South Australia. Water (Switzerland), 8(11).
https://doi.org/10.3390/w8110511

AL-Hussein, A. A. M., Khan, S., Ncibi, K., Hamdi, N., & Hamed, Y. (2022). Flood Analysis
Using HEC-RAS and HEC-HMS: A Case Study of Khazir River (Middle East—Northern
Iraq). Water, 14(22), 3779. https://doi.org/10.3390/w14223779

Alifu, H., Hirabayashi, Y., Imada, Y., & Shiogama, H. (2022). Enhancement of river flooding
due to global warming. Scientific Reports, 12(1), 20687. https://doi.org/10.1038/s41598-
022-25182-6

Athira, S., Katpatal, Y. B., & Londhe, D. S. (2023). Flood Modelling and Inundation Mapping
of Meenachil River Using HEC-RAS and HEC-HMS Software (pp. 113-130).
https://doi.org/10.1007/978-3-031-26967-7 9

Carvalho, D. J., Elisa, M., Costa, L., Costa, J., & Koide, S. (2019). Modelling Runoff in Sub
catchment =~ Without  Calibration = Using = PCSWMM. I(Lid),  544-549.
https://doi.org/10.1007/978-3-319-99867-1

Choi, K. S., & Ball, J. E. (2002). Parameter estimation for urban runoff modelling. Urban
Water, 4(1), 31-41. https://doi.org/10.1016/S1462-0758(01)00072-3

Chu, M. L., Ghulam, A., Knouft, J. H., & Pan, Z. (2014). A Hydrologic Data Screening
Procedure for Exploring Monotonic Trends and Shifts in Rainfall and Runoff Patterns.
Journal of the American Water Resources Association, 50(4), 928-942.
https://dot.org/10.1111/jawr.12149

Doki¢, N., Blagojevi¢, B., & Mihailovi¢, V. (2021). Missing data representation by perception
thresholds in flood flow frequency assessment. Journal of Applied Engineering Science,
19(2), 432-438. https://doi.org/10.5937/jaes0-28902

Galoie, M., Motamedi, A., Fan, J., & Eslamian, S. (2022). Iterative Floodway Modeling Using
HEC-RAS and GIS. In Flood Handbook (pp. 389-406). CRC Press.
https://doi.org/10.1201/9780429463938-24

He, Y., Thies, S., Avner, P., & Rentschler, J. (2021). Flood impacts on urban transit and
accessibility—A case study of Kinshasa. Transportation Research Part D: Transport and
Environment, 96, 102889. https://doi.org/10.1016/j.trd.2021.102889

Ikbal, N. A. M., Halim, S. A., & Ali, N. (2022). Estimating Weibull Parameters Using

60



Maximum Likelihood Estimation and Ordinary Least Squares: Simulation Study and
Application on Meteorological Data. Mathematics and Statistics, 10(2), 269-292.
https://doi.org/10.13189/ms.2022.100201

Indu, J., & Kumar, D. N. (2016). Rainfall screening methodology using TRMM data over a
river basin. Hydrological Sciences Journal, 61(14), 2540-2551.
https://doi.org/10.1080/02626667.2015.1133908

Iresh, A. D. S. (2020). Screening of Annual Rainfall Time-Series Data in Kala Oya Basin: Case
Study in Sri Lanka. Engineer: Journal of the Institution of Engineers, Sri Lanka, 53(2),
69. https://doi.org/10.4038/engineer.v53i2.7414

Liang, J., Jacobs, P., & Parthasarathy, S. (2018). Human-Guided Flood Mapping. Companion
of the The Web Conference 2018 on The Web Conference 2018 - WWW ’18, 291-298.
https://doi.org/10.1145/3184558.3186339

Liu, P., Zhang, M., Zhang, R., & Zhou, Q. (2021). Robust Estimation and Tests for Parameters
of Some  Nonlinear  Regression  Models. = Mathematics,  9(6), 599.
https://doi.org/10.3390/math9060599

Lu, Q.-C., Peng, Z.-R., & Zhang, J. (2014). Identification and Prioritization of Critical
Transportation Infrastructure: Case Study of Coastal Flooding.
https://doi.org/10.1061/(ASCE)TE

Mayank B, P. (2020). Flood Frequency Analysis Using Gumbel Distribution Method at
Garudeshwar Weir, Narmada Basin. International Journal of Trend in Research and
Development, 7(1), 2394-9333. www.ijtrd.com

Moharir, R. V, Neeri, C.-, & Neeri, C.-. (2014). MIKE 3 as a modeling tool for flow
characterization : A review of applications on water bodies. 3(3), 32-43.

Nagawa, P. K. (2023). Vulnerability of smallholder horticultural farmers to risks in the
Nabuyonga Valley in Mbale City Region. (Doctoral Dissertation, Makerere University).

Nash, J. E., & Sutcliffe, J. V. (1970). River Flow Forecasting Through Conceptual Models -
Part I - A Discussion of Principles. Journal of Hydrology, 10(1970), 282-290.

Oh, E. H., Deshmukh, A., & Hastak, M. (2013). Criticality Assessment of Lifeline
Infrastructure for Enhancing Disaster Response. Natural Hazards Review, 14(2), 98—-107.
https://doi.org/10.1061/(asce)nh.1527-6996.0000084

Oriangi, G., Albrecht, F., Bamutaze, Y., Mukwaya, P. 1., Bob, N., & Pilesjo, P. (2021).
Perceptions of resilience to climate-induced disasters in Mbale municipality in Uganda.
Environmental Hazards, 20(2), 116-131.
https://doi.org/10.1080/17477891.2020.1719023

61



Pretorius, H., James, W., & Smit, J. (2013). A Strategy for Managing Deficiencies of SWMM
Modeling for Large Undeveloped Semi-Arid Sub catchments. Journal of Water
Management Modeling, 6062, 1-22. https://doi.org/10.14796/jwmm.r246-01

Rebello, K., Jaggi, K., Costello, S., Blake, D., Oo, M., Hughes, J., & Egbelakin, T. (2019).
Testing a criticality framework for road networks in Auckland, New Zealand.
International Journal of Disaster Resilience in the Built Environment, 10(1), 36-51.
https://doi.org/10.1108/IJDRBE-03-2018-0012

Rentschler, J., Salhab, M., & Jafino, B. A. (2022). Flood exposure and poverty in 188 countries.
Nature Communications, 13(1), 3527. https://doi.org/10.1038/s41467-022-30727-4

Root, K., & Papakos, T. H. (2010). Hydrologic analysis of flash floods in Sana’a, Yemen. Sub
catchment Management Conference 2010: Innovations in Sub catchment Management
under Land Use and Climate Change - Proceedings of the 2010 Sub catchment
Management Conference, 394, 1248—1259. https://doi.org/10.1061/41148(389)112

Ruth, O., Lagat, D., & Lilian, O. (2021). Linking Adaptation and Mitigation Toward a Resilient
and Robust Infrastructure Sector in Kenya. In African Handbook of Climate Change
Adaptation (pp. 2693-2711). Springer International Publishing.
https://doi.org/10.1007/978-3-030-45106-6 141

Saci, O., Ourbih-Tari, M., & Baiche, L. (2023). Maximum Likelihood Estimation of
Parameters of a Random Variable Using Monte Carlo Methods. Sankhya A, 85(1), 540—
571. https://doi.org/10.1007/s13171-021-00265-0

Sangal, S., & Bonema, S. R. (1994). A Methodology for Calibrating SWMM Models. Journal
of Water Management Modeling, 6062, 375-388. https://doi.org/10.14796/jwmm.r176-
24

Sensoy, A., Uysal, G., & Sorman, A. A. (2018). Developing a decision support framework for
real-time flood management using integrated models. Journal of Flood Risk Management,
11(S2). https://doi.org/10.1111/jr3.12280

Tornyeviadzi, H., Mohammed, H., Seidu, R., & M. (2022). Dynamic segment criticality
analysis: A precursor to scheduling of maintenance routines in water distribution
networks. Alexandria Engineering Journal,.

Tran, V., Helmrich, S., Quinn, N. W. T., & O’Day, P. A. (2023). Operationalizing Real-Time
Monitoring Data in Simulation Models Using the Public Domain HEC-DSSVue Software
Platform. Journal of Water Resources Planning and Management, 149(9).
https://doi.org/10.1061/JTWRMDS5.WRENG-5728

Weaver, E. R. R., & Nachabe, M. H. (2019). Parameters sensitivities for sustainable urban

62



infrastructure. Proceedings of the Institution of Civil Engineers: Municipal Engineer,
172(2), 73-82. https://doi.org/10.1680/jmuen.16.00021

Wurbs, R. A., & Yang, M. Y. (2022). Statistical Assessments of River Flow Alterations and
Environmental Flow Standards. Journal of Water Management Modeling, 30(March).
https://doi.org/10.14796/JWMM.C481

Yayiru, T., Henry, M. S., H., & Wasswa. (2023). Vulnerability assessment to flood hazards of

households in flood-prone areas of Kasese District, Western Uganda. World water policy,

63



