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AAbbssttrraacctt::      
 

Farmers and people living in Manakah area are suffering from water scarcity and limited 

water resources. The objective of this research is to optimize the benefits of water 

harvesting from roads for the local communities in socio-economic development (water 

storage volume and the beneficial reuse of it). This is focusing on the road of Maghrabah 

Manakah Bab Bahil Road (non-asphaltic road under construction, with length of about 36 

km) and the linked rural feeder road Jabal Ekbari and Jabal Awi Road (rural feeder road 

stone paved in critical sections with total length of around 16 km) Sana’a Governorate. 

Also, it discussed the role of geometric design of the road to enhance the water harvesting 

from the road.  

 

The research approach concentrated on a reconnaissance survey for farmers’ initiatives 

with random explanatory farmers' sample interviews, and semi-structured questionnaire. 

Moreover, a questionnaire was filled by the specialist's road engineers.Also a road 

geometry review was conducted.   Finally, a calculation of the potential rainwater 

harvesting for main road and sub-road were conducted with water harvesting balance.  

 

The research found out that the farmers benefits of Road Rain Water Harvesting (RRWH) 

are increasing of the water availability for groundwater recharge, supplementary irrigation 

and cover needs in dry season. The research come up with the fact that road construction 

from farmers point of view may affect farm flooding which cause farm gullies and delivery 

debris and sediments as well as change of farm level.  

 

On the other hands, road engineers' awareness on the concept of water harvesting and water 

for irrigation from road surface and road structures was not considered by most of the road 

engineers unless they were requested by farmers.  

 

The research concluded that the main road catchment yield is affected by the natural road 

catchment, the culverts catchments, and the road surface geometric properties.  Moreover, 

the estimated potential RRWH quantity from the whole main road through natural 

catchment is (1,662,729.25 m
3
).  

 

Finally, the research recommends the encouraging and improving farmer's initiatives 

technically and institutionally. And awareness and training workshops should be arranged 

for road engineers with hydrologic and watershed specialist. Moreover, the road geometric 

design should be adopted with contoured drawing to facilitate road rainwater harvesting.  

 

Key words: Roads Rainwater Harvesting, Road Engineers, Farmers.  



 

 

 

AAcckknnoowwlleeddggeemmeennttss  
 

Praise to ALLAH the exalted and almighty for giving me the opportunity, knowledge and 

strength to complete my thesis research. 

 

First of all, I would like to thank my main supervisors Dr. Sharafeddin A. A. Saleh, 

Associate Professor in Water Resource and Irrigation, Water and Environment Center, 

Sana'a University, for his continuous positive feedback, guidance and valuable efforts 

during his supervision of this thesis research. I would like to thank my co-supervisors Dr. 

Abdullah Ahmed Al-Maswari, Assistance Professor of Highway, Civil Engineering 

Department, Faculty of Engineering, Sana'a University, for his comments, efforts and 

valuable assistance during his supervision of this thesis research. I further appreciate the 

encouragement and support from Prof. Dr. Abdullah Babqi (God's mercy permeates his 

soul), Dr. Adel Al-Weshali, Dr. Bilkis Zabara, Dr. Fadhl Al-Nozaily and all WEC lecturers, 

staff and colleagues.  

 

I am grateful for the support provided by Nuffic NICHE27 Grant (No.CF 7473) for the 

project entitled "Strengthening research capacity in Yemen's water sector" under the 

observation of MetaMeta Research represented by Prof. Frank Van Steenburg, the contact 

org. and contract holder for implementing the researches grant with WEC support. Thanks 

are extended to the feedback from first presentation workshop of my fieldwork results 

which held in WEC.  

 

I would also like to thank the road engineers for their kind help in filling the questionnaire.  



 

My fieldwork would not have been possible without the kind hospitality of local people and 

farmers in the study area of Manakha, I am very much grateful to them for their nice 

accompany and I am particularly obliged to the farmers whom I interview them for their 

information and time.  

 

 I greatly appreciate the assistance of Eng. Badran Ali in providing help in GIS maps. I was 

pleased to thank Dr. Ali Al-Ghail who kindly provided me with a hard copy of Nama'a 

NGO activities in the study area.  

 

Furthermore, I would like to warmly thank all my friends who support and encourage me.   

 

Finally, my best thanks to all people who have helped me in making the successful 

achievement of this thesis. 

 

 





 i 

TTAABBLLEE  OOFF  CCOONNTTEENNTTSS  
 Page  

  

  

Abstract                                                                    

Acknowledgements  

List of Figures iv 

List of Tables vii 

Glossary viii 

Acronyms and Abbreviations ix 

  

  

CCHHAAPPTTEERR  OONNEE::      IINNTTRROODDUUCCTTIIOONN   

  

1.1 Background   1 

1.2 Problem statement (Research needs) 2 

1.3 Research Objectives 4 

1.4 Framework of the research 6 

1.5 Research Organization 7 

  

CCHHAAPPTTEERR  TTWWOO::                LLIITTEERRAATTUURREE  RREEVVIIEEWW  

  

2.1 Rainwater Harvesting (General Background) 9 

2.2 Roads and Water 11 

 2.2.1 Road catchment 11 

  2.2.1.1 Catchment Types  12 

  2.2.1.2 Catchment width 12 

  2.2.1.3 Catchment length 12 

 2.2.2. Roads geometric design 15 

 2.2.3. Roads drainage 21 

2.3. Roads rainwater harvesting 23 

2.4 Benefits and advantages of road water harvesting 29 

  

CCHHAAPPTTEERR  TTHHRREEEE::                SSTTUUDDYY  AAPPPPRROOAACCHH  

  

3.1 Baseline Data of the Study Area 33 

 3.1.1  Location 33 

 3.1.2. Topography 34 

 3.1.3. Hydrogeological characteristics 35 

 3.1.4. Water resource 36 

 3.1.5. Geologic characteristics 37 

 3.1.6. Climate 39 

 3.1.7. Population 40 

 3.1.8. Socioeconomic aspects 40 

 3.1.9. Water harvesting 41 

3.2 Study Road Sections 44 

 3.2.1. Main Study Road Section  44 



 ii 

 Page  

  

 3.2.2. Sub Study Road Section  44 

3.3. Field Work and Interviews 46 

3.4. Road Engineers Questionnaire 47 

3.5. Potential of road rainwater harvesting 47 

3.6. Current Road geometric design overview 48 

3.7. Main Data List  49 

  

CCHHAAPPTTEERR  FFOOUURREE::              DDAATTAA  AANNAALLYYSSIISS  AANNDD  RREESSUULLTTSS  

  

4.1. Field Work Results 50 

 4.1.1. Reconnaissance survey of farmer's initiatives and rainwater harvesting  

                           structures  and techniques 

50 

 4.1.2 Stakeholders questionnaire results and analysis 55 

  4.1.2.1. Water Resource 55 

  4.1.2.2. Water Scarcity Issues and Adaptation 56 

  4.1.2.3. Climate change risks and rain season change 57 

  4.1.2.4. Roads & Water Harvesting 58 

  4.1.2.5. Data analysis of water rights 60 

  4.1.2.6. Usage & Benefits of RRWH 60 

  4.1.2.7. The effect of road construction on water way patterns 62 

  4.1.2.8. Main problems prevent flood water delivery to farms  

                                    and solution 

62 

  4.1.2.9. Roads water damages & mitigation 63 

  4.1.2.10. RRW Contamination, source, solution and purify techniques 64 

  4.1.2.11. Women Rule in Water Resource and Rainwater Harvesting   66 

  4.1.2.12. Farmers recommendation and future ambition for RRWH 67 

4.2  Road engineers questionnaire results and analysis 68 

 4.2.1. Road Engineers awareness on water harvesting from roads 68 

  4.2.1.1 Groundwater recharges from roads 70 

  4.2.1.2 Water harvesting for irrigation or groundwater recharge from  

                                  the culvert 

71 

  4.2.1.3 Water harvesting for irrigation or groundwater recharge from  

                                 road side drainage structures 

72 

 4.2.2. Current culvert design understanding 73 

  4.2.2.1 Location of culverts in road projects 73 

  4.2.2.2 The culverts type selection in road projects 74 

  4.2.2.3 The size of culverts design in road projects 75 

  4.2.2.4 Culvert Inlets Design 76 

  4.2.2.5 Scour depth and transmitted sedimentation calculation 77 

  4.2.2.6 Culvert Outlets Design 77 

  4.2.2.7 Culvert Outlet Spill-Way Design 78 

  4.2.2.8 Specific Observations from Engineers point of view on culvert  

                                    design and problems  

78 

 4.2.3.  Current Ditches design understanding 81 

  4.2.3.1 The dimension and shape of side ditches in road projects 81 

  4.2.3.2  The longitudinal slope of ditches 82 

  4.2.3.3  The exit of side ditches 82 

  4.2.3.4  Choose the type of the ditches ( Riprap – Concrete – Earthen) 83 



 iii 

 Page  

  
 

  4.2.3.5 Specific Observations from Engineers point of view on ditches  

                                    and road side drainage structure design and problems  

84 

 4.2.4. Irish Crossing(IC) structure design 86 

  4.2.4.1 Specific Observations from Engineers point of view on Irish  

                                    crossing structure design and problems                                                                            

87 

4.3. Potential road rainwater harvesting 89 

 4.3.1. Main Road Potential Rainwater Harvesting 90 

  4.3.1.1. Case 1 road natural catchment 91 

  4.3.1.2. Case 2 for 10 km from the main road 93 

  4.3.1.3. Case 3 Water Harvesting Tank Calculation 97 

  4.3.1.4. Case 4  RRWH  from road surface and side ditches 99 

  4.3.1.5. Case 5 Water harvesting tank (Bait Al-Shibah) 102 

  4.3.1.6. Case 6 RRWH from box Culvert outlet 105 

  4.3.1.7. Case 7 RRWH from 1X 1 box Culvert outlet at station 28+475 106 

 4.3.2. Water harvesting balance for main road 107 

 4.3.3 Sub road Potential Rainwater Harvesting 108 

  4.3.3.1  Case 8 Through the road 108 

  4.3.3.2  Case 9 Underground Cistern 109 

 4.3.4 Water harvesting balance for sub road 111 

4.4.Current Geometric design  112 

 4.4.1  Current Geometric design overview of the main road 112 

 4.4.2  Current Geometric design overview of the sub road 115 

  

CCHHAAPPTTEERR  FFIIVVEE           ::   RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

  

5.1. Potential RRWH Results 118 

5.2 Stakeholders Results 124 

5.3  Roads Engineers Results 126 

5.4 Geometric and Drainage Design Results 127 

  

CCHHAAPPTTEERR  SSIIXX::                                      CCOONNCCIIUUSSIIOONN   

6.1 Potential RRWH 132 

6.2 Stakeholders: 133 

6.3 Roads Engineers & geometric design 133 

6.4 Integrated water resource management 134 
 

  

CCHHAAPPTTEERR  SSEEVVEENN::                          RREECCOOMMMMEENNDDAATTIIOONN  

7.1 RRWH & Stakeholders 136 

7.2 Roads Engineers 136 

7.3 Geometric Design 137 

7.4 Up scaling RRWH 138 

7.5 Further research 139 

  

RREEFFRREENNCCEESS 140 
 

AANNNNEEXXEESS 146 



 iv 

 

LLIISSTT  OOFF  FFIIGGUURREESS  
 

Figures Title of figures Page 
   

1 Framework of the research 6 
   

2 Types of road natural catchment 13 
   

3 Typical road catchment profiles that can generate significant runoff 15 
   

4 Summary of the total number of sections in each cell included in the study 33 
   

5 Topographic map of the study area 34 
   

6 hydrogeological map (source: Ministry of Oil and Mineral Resource 35 
   

7 Surface Wells Location 36 
   

8 Fog harvesting unit (pilot project by UNDP’s (WGP-AS) 37 
   

9 Geologic map of the study area  38 
   

10 Perception per year according to SamSamWater Climate Tool 39 
   

11 Rainfall IDF Curves  40 
   

12 Domestic animals keeping  41 
   

13 Water Sand Filter 41 
   

14 Terraces System and stone mulching technique 42 
   

15 Under construction tank 43 
   

16 Study Area Map ( Main and Sub-road)   45 
   

17 Some of the interviews with the stakeholders 46 
   

18 Potential RRWH Calculation Methodology 48 
   

19 Water harvesting structures along the main and sub-road 50 
   

20 Left: Open water harvesting tank near coffee terraces,  Right:Under 

construction water harvesting tanks  

51 

   

21 Left: shrubs roofed water harvesting tank the farmer use an earth hump to 51 
   

22 Left: Two roofed tanks the farmers use an earth hump to divert the water 

from the road, Right: Roofed tank with old corrugated panels and the 

farmer dry check wall and intercept running water from the road surface 

52 

   

23 Roofed Dug Cistern near the main road 52 
   

24 Earth humps to divert the surface runoff to the farms 52 
   

25 Right: Earth check steps to divert the surface runoff to the tank by earth 

hump, Left: Open water harvesting tank and an earth hump 

53 

   

26 Underground digged cistern at the inner edge of the stone paved road 53 
   



 v 

Figures Title of figures Page 
   

27 Rainwater diverting earthen humps and earthen channel 54 
   

28 Stone paved rolling dip to divert rainwater to the tanks 54 
   

29 Earthen channel after the spillway to divert the water to the cisterns 54 
   

30 Longitudinal parallel channel 55 
   

31 Data analysis of water resource in the study area 56 
   

32 Data analysis of water scarcity issues     56 
   

33 Data analysis of scarcity adaptation 57 
   

34 Climate change risks  58 
   

35 Rain season change 58 
   

36 Data analysis of land ownership 59 
   

37 Data analysis of running floods use 59 
   

38 Data analysis of road rainwater harvesting techniques 59 
   

39 Data analysis of water rights from roads 60 
   

40 Data analysis for RRWH usage 61 
   

41 Data analysis of benefits of RRWH 61 
   

42 Data analysis of the effect of road to water way patterns 62 
   

43 Data analysis of problems prevent flood water delivery to farms 62 
   

44 Data analysis of solution of problems prevent flood water delivery to farms 63 
   

45 Data analysis of the damage caused by water from road 64 
   

46 Data analysis of RRW Contamination 64 
   

47 Data analysis of Contamination source 65 
   

48 Data analysis of Contamination solution 66 
   

49 Data analysis of purify techniques 66 
   

50 Data analysis of women rule in water resource and rainwater harvesting 67 
   

51 Data analysis of engineers experience about the effect of RRWH 69 
   

52 Data analysis of groundwater recharge from road as Eng. Point of view 71 
   

53 Data analysis of considerations of water utilizations from culvert as Eng. View 72 
   

54 Data analysis of consideration the water utilizations from road side as Eng. View 73 
   

55 Location of culverts in road projects 74 
   

56 culverts type selection in road projects 75 
   

57 The size of culverts design in road projects 76 



 vi 

Figures Title of figures Page 
   

   

58 Culvert Inlets Design 76 
   

59 Scour depth and transmitted sedimentation calculation 77 
   

60 Culvert Outlets Design 78 
   

61 The dimension and shape of side ditches in road projects 81 
   

62 The longitudinal slope of ditches 82 
   

63 The exit of side ditches 83 
   

64 The type of the ditches 84 
   

65 Watershed of the study area with sub-catchment and culverts locations 89 
   

66 Culverts location along the main study road 91 
   

67 a sample of the road natural catchment area which is calculated by Google-

Earth tool 

92 

   

68 a sample of the culverts catchment area which is calculated by Google-Earth tool 94 
   

69 Water harvesting tank at the culvert outlet, (left picture) shows the 

temporary sedimentation and storage pond and the plastic tube to transfer 

the water to the harvesting tank (right picture) 

98 

   

70 These photos show the farmer technique to harvest water a cross the road 

using dry stone check walls (along the road and skew) 

101 

   

71 Road Rainwater Harvesting to Coffee Terraces using Earth Hump and Dry 

stone check walls 

101 

   

72 

 

Road geometric vertical profile section from 2050 to 2800 102 

73 Water harvesting tank from road surface in Bait Al-Shibah village 104 
   

74 The earth hump which constructed by the farmer to intercept the road runoff and 

the right water channel but as the gradient is up-sloped the farmer use a plastic 

tube to transform the intercepted water to the tank by using in situ pump. It also 

shows the hill and part of the strip catchments 

104 

   

   

75 Water harvesting pond from culvert outlet 106 
   

76 Water harvesting pond from culvert outlet 107 
   

77 Typical drawing sections for some cisterns (Source : Dr. Ali Al-Ghail - 

Nama’a NGO) 

110 

   

78 Cisterns along the sub road 110 
   

79 Google Earth Profile of the main study road 113 
   

80 Culverts location along the main study road 114 
   

81 Google Earth Profile of the sub study road 116 
   



 vii 

 

LLIISSTT  OOFF  TTAABBLLEESS  
 

Table Title of table Page 
   
   

   

1 Main Road natural catchment and intersected sub-catchment areas with 

number and status of culverts 

93 

   

2 Calculation for Potential RRWH at culverts locations for the main road 

surface and culvert catchment 

96 

   

3 Road and culverts catchments percent from sub-catchments area 97 
   

4 Main Road Categories of Horizontal Curves Radii and Design Speed 113 
   

5 Roads structures, functions and their relation to potential rainwater harvesting 128 
   

   

 

 

 

 



 viii 

 

GGlloossssaarryy  
 

Cistern: small underground water tank.   

Cyclopean concrete: Construction Material consist of 60 % of rock boulders and 40% of 

Plain Concrete  

Ghadhadh: Old and Traditional Material act as Cement Plaster and used to prevent water 

seepage.     

Hump: Man made bump made from local materials such as mud, rocks or plastic bags 

filled with sand.    

Kareef: Local Definition of Small Earth Pond  

Maraheg: well-known catchment area mostly from mountain or rocks ridges and directed 

to agriculture terraces land  

Manhal: well-known water resource it may be a spring or seasonal water stream line or 

water supply points.   

Qat: (Catha Edulis): a plant used as social habit by chewing it in social groups and it 

consider as a cash tree, 

Rolling Dips: elevated road surface act as humps it may be earth or stone paving  

Terraces: Well established earthen embankment with dry stone walls ridges built across a 

slope to intercept runoff water and reduce erosion and used for planting crops.    

Spillway: Water outlet either from the road shoulder, retaining walls heads, side ditch 

end outlet or from the culvert outlet  

Wadi: Valley or water stream line   

 



 ix 

AAccrroonnyymmss  aanndd  AAbbbbrreevviiaattiioonnss  
 

  Symbols         Descriptions 

a.s.l. Above Sea Level 

Pd (m) Average annual rainfall 

BC Before Christ 

CSO Civil Society Organization 
o
C Celsius Degree 

Cv Coefficient of variation of annual flow volumes 

E Efficiency Factor 

GPS Global Positioning System 

GCRB General Corporation for Road and Bridge 

IDF Intensity-Duration-Frequency 

km Kilometer 

MPWH Ministry of Public Works and Highways 

MOMR Ministry of Oil and Mineral Resource 

mm Millimeter 

Mm
3
 Million Cubic Meter 

m   Meter 

PWP Public Works Project 

RWH   Rain Water Harvesting 

RAP Rural Access Program 

RRWH   Road Rain Water Harvesting 

ROW Right of Way 

RMF Road Maintenance Fund 

RC Runoff coefficient as fraction 

K Runoff coefficient which depend on the slope and surface or soil type 

SFD Social Fund for Development 

m
2
 Square Meter 

km
2
 Square Kilometer 

US$ (USD) United State Dollar 

UTM Universal Transverse Mercator Coordinate System 

UNDP United Nation Development Programme 

VDS Vegetated Drainage Systems 

WGP-AS Water Governance Program for Arab States 

WEC Water and Environment Center 

W.B World Bank 

YR Yemeni Riyals 

 

 

 



 

 

 

 

 

CHAPTER ONE 

 

 

 

 

IINNTTRROODDUUCCTTIIOONN  
 



Chapter 1                                                                                                                                     Introduction 

 

 

1 

 

CCHHAAPPTTEERR  OONNEE  

IINNTTRROODDUUCCTTIIOONN  
 

 

1.1 Background   

Yemen is one of the most water-scarce countries in the world, there is no perennial 

surface water and the country depends entirely on rainfall, groundwater and flash 

flooding. And market-led irrigation, which accounts for 90 percent of the total water 

use. (W.B, 2009).  

And  Yemen located in a dry and semi-arid region in the south east ( Arabian Peninsula) 

of the Middle East, is already facing a severe water crisis. Mostly due to high 

population growth, misguided agricultural development and the growth of Qat, a lack of 

law enforcement to regulate water use, and a vulnerable climate to climate change, the 

crisis may soon reach catastrophic levels (Glass, 2010). Also Yemen is facing a water 

crisis unprecedented in its history.(Lichtenthaeler,Gerhard, 2014). And water scarcity is 

exacerbated by the rapid growth of the population.  

Water rights in Yemen was documented as the source of many internal conflicts and 

“according to Yemeni researchers, in rural areas some 70–80% of conflicts are water-

related” (Kasinof, 2009).  

Moreover, Yemen is susceptible to a variety of natural hazards. In recent years, drought 

has been a common occurrence as rainfall has decreased and temperature has risen. 

Droughts affect the livelihoods of farmers in particular, but also contribute to a lack of 

food security for the greater population. (Ismail, 2009). 

In addition, Yemen extracts more groundwater than is recharged, causing the water 

table to drop by an average of 2 meters annually. And the country’s biggest natural 

resource problem is its falling water table. Rainfall, though heavy in some areas of the 
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country, and is insufficient to meet Yemen’s agricultural needs which take the lion’s 

share of Yemen’s water resources, sucking up almost 90 percent. Until the early 1970s, 

traditional practices ensured a balance between supply and demand of water. After that 

the introduction of deep tube wells led to a drastic expansion of land under cultivation. 

In the period from 1970 to 2004, the irrigated area increased tenfold, from 37,000 to 

407,000 hectares, 40 percent of which was supplied by deep groundwater aquifers. 

(HADDEN, 2012).  

On the country level, approximately 90% of all water consumed is in the agricultural 

sector (Nathan Wendt and Laith Aqel, 2012). And based on W.B. the little green book 

2013, the agricultural land is about 232,320 km
2
 44 % of the total country land area 

which equal 528,000 km
2
, while the agricultural irrigated land about 7666.6 km

2
 3.3 % 

of the agricultural land.  

1.2 Problem statement (Research needs)  

    Water scarcity, limited water resource and climate change is the main problems 

facing Yemen farmers (NAPA,2009). Also droughts affect the livelihoods of farmers in 

particular, and contribute to a lack of food security for most population. (Ismail, 2009). 

The water challenge facing the Government is how best to control and manage the 

replenishment and depletion of groundwater resources by improving water harvesting 

and raise the efficiency in water use (PIP,2006).  Likewise, In the study area (Manakha)  

“people face recurrent droughts, and lack of green cover, while rainwater is the sole 

source of water, rainwater harvesting establishments have been deployed by local 

inhabitants as an effective water development and management 

technique.”,(UNDP,2013). 
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   Furthermore, Yemen’s topography is known through its rich variety, which is varying 

from vast plains to steep mountain slopes. And It was stated that Yemen has 71,300 

kilometers of roads, according to Ministry of Public Works and Highways MPWH the 

estimated necessary road network in Yemen is 55,000 kilometers, only 11,735 

kilometers of which are constructed paved roads and about of 16,676 kilometers of 

roads are under execution phase (MPWH). Meanwhile, some roads where located in 

mountainous areas or along the wadis and are prone to severe damages as a result of 

flash flood events throughout the country.  So by accelerated growth in road industry 

and due to the role of road to facilitate the way of people living, the negative impact of 

road industry is  modified the  natural  flow  of  surface  water by concentrating flows at 

certain points  and,  in many cases, increasing the speed of flow. These changes can 

contribute to flooding, soil erosion, channel modification, and siltation of streams 

depending on local conditions, (W.B, 1997). Thus, These negative impacts can be 

changed to an assets in term of an integrated roads and water harvesting approach with 

local communities, specialist roads engineers and road authority. 

 

   In addition, It is clear that a substantial portion of the rural road projects pertain to 

paving, improving or upgrading existing tracks and alignments and adding retaining 

walls, culverts, Irish crossings, slope stability treatments or safety appurtenances. 

Where relaxed standards were recommended to avoid the cost of full reconstruction for 

these facilities, (RAPDM, 2009). Moreover, there are neglecting of road rainwater 

harvesting among most of road engineers and they only focus on how to lead the runoff 

out from the road. “In fact engineered water in low standard roads was often treated as a 

nuisance to be disposed of as cheaply as possible”, (Zeedyk, B. 2006).  



Chapter 1                                                                                                                                     Introduction 

 

 

4 

   Despite the above, all efforts are required to preserve Yemen water resources and find 

alternative water resource such as surface water. And a highlight should be rise to 

benefit from the indigenous  harvested water techniques. Accordingly, any road 

rainwater harvesting is necessary to adapt to climate change, avoid flood negative 

impacts and also maintain road assets by integration road construction and findings can 

be up-scaled easily. 

 

In this thesis Al-Maghrabah - Bab Bahil road and it’s rural feeder linked road at 

Manakha area in  Sana'a Governorate, was selected as a case study to optimize the 

benefits of road rainwater harvesting  and evaluate the current situation.  

1.3 Research Objectives  

This research will investigate how to optimize the benefits from the running water on 

the roads through collective tanks and side ditches cisterns, and to determine the effect 

of road construction on the water harvesting and recharge from road building in Yemen 

especially in mountainous areas.   

The main objective of this research is to: 

Optimize the benefits of water from roads for the local communities in socio-economic 

development (in water storage volume and the beneficial reuse of additional captured 

water) and for the environment protection focusing on the road of Maghrabah Manakah 

Bab Bahil Road and the linked rural road Jabal Ekbari and Jabal Awi Road Sana'a 

Governorate  

Sub objectives are: 

1. Suggest alternative strategies in geometric road designs to manage water from roads 

due to Integrated Water & Roads Management. 
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2. Check the awareness of roads engineers (designers and executioners), decision 

makers, donors and contractors on the importance of Integrated Water & Roads 

Management Roads Rainwater Harvesting Concept and the Used Drainage Design 

Methods. 
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1.4 Framework of the research  

In order to achieve the objectives of this research a comprehensive approach has been 

formulated to include literature review, field visit, data collection, analyzing and 

calculation of potential rainwater harvesting from study road sections. Figure 1 shows 

the framework of the research.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Framework of the research. 
 

 

Field Visit 
 

 

Research Objective 
 

 

Literature Review 
 

Analyzing and Calculation 

 

Data Collection 

 

Findings, Conclusion and 

Recommendations  
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1.5 Research Organization   

This thesis contains 7 chapters, a brief description of each chapter is given in the 

following paragraphs:  

 

Chapter 1    (Introduction) 

This chapter present background of the research related to Yemen water situation, in 

addition, problem statement (research needs), research objectives, framework of the 

research and research organization.   

  

Chapter 2   (Literature Review)  

This chapter gives a summary of literature review of water harvesting in general, roads 

catchment types, road geometric design, road drainage, roads rainwater harvesting and 

benefits and advantages of RRW.   

 

Chapter 3   (Study approach ( Field Work & Data Collection) )  

This chapter describes the study approach including description of the study area, a 

reconnaissance survey for farmers’ initiatives, random farmers explanatory interviews, a 

questionnaire for road engineers, a calculation of the potential rainwater harvesting, and 

current road geometric design overview.  

 

Chapter 4    (Results and data analysis) 

This chapter presents results and data analysis of findings, analysis of questionnaires, 

calculation of potential road rainwater harvesting and water harvesting balance and 

current road geometric design overview for both study roads (main and sub) .  
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Chapter 5        (Discussion)  

This chapter gives discussions of the results and presents the lessons learnt of some 

cases. And present a suggestion of the main road sub-structures and their potential 

function in RRWH.  

  

Chapter 6        (Conclusions)  

This chapter gives the main findings of research related the potential RRWH, 

stakeholders, roads engineers and geometric design. 

 

Chapter 7        (Recommendations) 

This chapter gives the main recommendation related the potential RRWH, stakeholders, 

roads engineers and geometric design. Also how to upscale RRWH and future 

suggested researches.  

 



 

 

 

 

 

CHAPTER TWO 

 

 

 

 

LLIITTEERRAATTUURREE  RREEVVIIEEWW  
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CCHHAAPPTTEERR  TTWWOO  

LLIITTEERRAATTUURREE  RREEVVIIEEWW  
 

2.1 Rainwater Harvesting (General Background) 

Runoff originating from rainfall over a surface was collected and used for various 

purposes which contained a storage facility to regulate the use of the collected runoff 

water. The main reason for the development of water-harvesting techniques was the fact 

that alternative sources of water for drinking and irrigation were not available.  

(Oweis,et. al., 2004) 

The findings of numerous archaeological investigations, made all over the world, 

strongly indicate that man has long devised ways and means of harvesting (capturing 

and storing) rainwater, for use on crops or for supplying water to humans and animals. 

Historically, agricultural methods using surface runoff and rainwater-harvesting 

techniques were first practiced extensively in dry areas of West Asia and North Africa 

(WANA) such as in Iraq over 5000 years ago; in India and China water harvesting was 

used more than 4000 years ago; In southern Jordan, there are indications of early water-

harvesting structures which, it is believed, were constructed., over 5000 years ago; 

(Oweis,et. al., 2004) 

“Rainfall harvesting is a term that is widely used, but encompasses a range of very 

different techniques and technologies, applied across a wide range of scales. At its 

simplest, it describes the direct capture of rainwater as surface runoff. This may be 

runoff from roofs and paved areas, harvested at the scale of an individual household for 

domestic use, surface runoff from small natural catchments, directed to cisterns or tanks 

for community use, or spate flood flows diverted from a wadi channel to irrigate whole 

fields. Rainwater harvesting is also used to describe the modification of hydrological 
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response, to provide additional water for subsurface storage. At a local scale, terracing 

or micro-catchments may be used to reduce surface runoff and increase infiltration to 

increase available soil moisture for agricultural use. Alternatively, at catchment scale, 

groundwater recharge can be enhanced and/or focused – for example through the use of 

‘recharge dams’ to retain or retard surface water flows so that infiltration can be 

enhanced and/or directed to recharge an aquifer system”  (Wheater, 2004). 

Moreover, a wide variety of rainwater harvesting technologies have been studied and 

described in detail – from zaï pits in Nigeria to demi-lunes in Niger, through to negarim 

catchments in the Negev desert of Israel and teras systems in Tunisia (for an overview 

see e.g. African Development Bank, 2007) – (Ben Kubbinga, 2012)  

In Yemen, a system, dating back to at least 1000 BC (Before Christ), diverted runoff 

water in order to irrigate 20,000 ha, thereby producing agricultural products that may 

have fed as many as 300,000 people. (Oweis et al. 2004 as cited from Oweis et al. 

2001). 

  Also it was known that for millennia, Yemen farmers have practiced sustainable 

agriculture using available water and land. Through a myriad of mountain terraces, 

elaborate water harvesting techniques and community-managed flood and spring 

irrigation systems ( Lichtenthaeler, Gerhard, 2014). 

Rainfall water harvesting is a way to develop and conserve the water resources in 

Yemen through constructing the dams, and water constructions such as diversion weirs, 

water concrete tanks and canals, the purpose of these structures to provide surface water 

for multi-usages.  

Van der Gun, et al.,1995, reported that the runoff process is controlled by a large 

numbers of factors: the main factors are taking into account where the conditions 

encountered in Yemen: 
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- Size and shape of the catchment; 

- Rainfall characteristics (total depth and distribution in space and time); 

- Rates or potential evaporation and evapotranspiration; 

- Terrain characteristics of the catchment areas (slopes; occurrence and properties 

of soils, rock outcrops and vegetation); 

- Presence and properties of regional groundwater systems;  

- Land use and other human interferences.  

2.2  Roads and Water  

Roads alter water movement across the landscape, it can concentrate & accelerate flow, 

cause soil erosion & gully formation and intercept surface & subsurface flows. In the 

other hand roads can be managed as tools for saving water, improving vegetative cover 

and increasing forage yields, in addition to the protection of valuable soils from erosion 

(Zeedyk, 2006) 

To understand the roads and water relation the road catchment, road geometric and road 

drainage is described in brief as follows:  

   2.2.1. Road catchment  

Surface water runoff to highway drainage systems is conventionally assumed to derive 

from the road cross-section. This includes the road surface, verges, curbs and adjacent 

cuttings or embankments (termed Interior Catchment). Additional surface flow may also 

be produced by runoff draining to the road from land nearby the highway corridor 

(termed Exterior Catchment). Exterior catchments can be rural, urban or a combination 

of both (DMRB, 2004).  

Based on (DMRB, 2004). The size, shape and other characteristics of natural 

catchments, such as gradients, are likely to vary considerably along the highway 

alignment.  
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      2.2.1.1 Catchment Types:  

There are essentially two types of natural catchment that may be encountered alongside 

roads. (Figure 2 shows types of road natural catchment). 

i. Valley Catchments: catchments formed by a well-defined valley, either dry or 

drained by a watercourse (including ephemeral streams). 

ii. Strip Catchments: catchments with no defined valley, forming a strip of fairly 

uniform width along the highway boundary. 

To determine the natural catchment dimensions, the following definitions are applied. 

      2.2.1.2 Catchment width: 

a) Valley catchments: is the distance between the top end of the catchment and the 

top of the cutting, or the pavement edge, measured along the valley, 

perpendicular to the ground contours (distance A-B in Figure 2). 

b) Strip catchments is the distance between the highest point of the catchment and 

the top of the cutting, or the pavement edge (distance C-D in Figure 2). 

     2.2.1.3 Catchment length:  

This is defined as the distance of natural catchment adjacent to the highway boundary, 

measured parallel to the road. 

In flat areas definition of the natural catchment boundary is not always obvious, and 

engineering judgment should be applied. The maximum catchment width should not 

exceed 10km. 
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Figure 2 types of road natural catchment 

(Source: DMRB, Vo. 4 Sec. 2, Part 1 HA 106/04, Drainage of Runoff from Natural Catchment) 

 

 

The flood prone areas can be identifying by a checklist as given below: 

i. Road configuration:  

1- Low points/areas (sag);  

2- Inner areas of bends in road alignment where accumulation of flow can 

occur due to adjacent catchment;  

3- Connection with other roadways (e.g. slip roads) that can act as a drainage 

pathway; 

ii. Road catchment features: that can produce significant runoff which refer to two 

situations (roads in cutting and in filling (shallow embankments)), this need to 

be considered in conjunction with the checklist for the identification of flood-

prone areas:  

1- large fields adjacent to the road (Examples A.1, B.1 and C.1 in Figure 3);  
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2- slopes intercepted by the road (Examples A.2 and A.3 in Figure 3 );  

3- areas of well-defined stream catchment (even if stream is ephemeral) 

producing concentrated flows;  

4- presence of natural springs. 

iii. For existing road structures schemes :  

1- Poor condition of existing cut-off ditches, land drainage and culverts (i.e. 

overgrown vegetation in ditches, blockages in culverts and ditches, collapsed 

drains);  

2- Level of outfalls that do not allow free discharge;  

3- Poor condition of road drainage system (blockages, siltation);  

4- Signs of erosion (gullies) in cutting slopes; poor establishment of vegetative 

protection in steep cuttings; in cultivated land, furrows running in the 

direction of the slope (rather than transversely). 
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Figure 3 Typical road catchment profiles that can generate significant runoff 

(Source: DMRB, Vo. 4 Sec. 2, Part 1 HA 106/04, Drainage of Runoff from Natural Catchment) 

   2.2.2. Roads geometric design: 

Geometric design is technical matters which consider a lot of design parameters such as 

horizontal radius, cross slope, superelevation, gradient, sight distance, stopping sight 

distance and design speed. 

To understand the geometric design role there is a need to understand, introduce and 

discuss the general design requirements for road drainage infrastructure, The 

Department of Transport and Main Roads, State of Queensland, provided a Road 

Drainage Manual, July 2015, gives definitions of the design requirements as follows:   
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a) Design considerations: encompass all aspects, issues, functionality, 

expectations, demands, constraints, risk and cost that need to be appropriately 

addressed, or to be taken into account, in order to satisfy design criteria and 

determine trade-offs.  

b) Design controls: are aspects of the road environment or project that cannot be 

changed, or are extremely difficult to change and, therefore, place some 

restriction or control on the design.  

c) Design criteria: set the expected level of achievement or conformance for 

relevant design parameters or design inputs. The design criteria ensure that the 

end result can be judged and defended.  

d) Design standards: set approved or prescribed values or limits for specific 

elements of design or set procedures and/or guides that must be followed. A 

design standard with respect to road drainage would be the use of the Rational 

Method to determine the runoff from a small rural catchment.  

Both design criteria and design standards set the mandatory limits designers must work 

within and/or achieve. 

In Yemen almost all rural roads had adapted design standard to reduce the high 

construction cost and to sidestep the social conflicts that may occur in case of changing 

the existing route alignment due to nature of the mountainous terrain so the designer 

exerted great care to enhance the existing route and apply standards relaxation in order 

to avoid unnecessary improvement on existing alignments, but also to mitigate the 

safety problems and costly design, (RAPDM, 2009). 

The road geometric parameters had effect on drainage system and consequently the 

potential road rainwater harvesting. The road features that may affect landscape 
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