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This Guideline discusses the beneficial use of roads for water management. Roads and water are currently
seen as enemies, with water responsible for most of the damage to roads and roads being a major cause



of erosion, waterlogging, flooding and dust storms. This, however, can be turned around. This guideline
discusses how with improved governance and with the use of a range of techniques, roads can be made
into instruments for water management. Taking into consideration the global investment in roads, estimated
at USD1-2 Trillion a year to which the recurrent costs of maintenance should be added, developing such
green roads for multiple benefits can be a major transformative change to achieve climate resilience.

The Guideline argues for adaptive or pro-active resilience approaches to road development. In the
adaptive approach roads are built in a conventional manner yet water management and landscape
protection measures around the roads are systematically integrated in the construction and maintenance
programs. The pro-active approach goes a step further: here road alignments and road designs are
modified so as to serve not only the premier transport function but also to optimize water harvesting, flood
retention, sedimentation and erosion control. Both these approaches yield triple benefits. First they reduce
water-related damage to the roads. Second, damage to the landscape surrounding the roads, be it due to
flooding, water logging or land degradation, is minimized. Third, and very significant, the beneficial use of
water with roads is made possible.

The costs and benefits of the additional measures under the adaptive approach have been calculated for
Ethiopia, where roads for water programs are implemented at scale. The cost of such additional measures
along the roads were modest compared to the costs of the road and they earn themselves back four fold
within a year. Similar returns are reported from Bangladesh and Kenya. In the pro-active approach the
costs are generally higher because the design and alignment of the roads is adjusted. However, several of
the modified designs under a pro-active green roads for water approach require less costs than the
conventional designs. The adaptive and pro-active approach to climate resilient roads may be contrasted
to the now more common protective approach to climate resilience for roads. Under this protective resilience
approach the road itself takes centre stage and the road is shielded from any climate impact. This however
generally leads to costly new specifications, typically in higher capacity cross drainage or different road
material. Such enlarged cross drainage, however, though it may protect the road, will cause more flooding
and erosion to the area surrounding the road, causing a net loss in resilience.

In different geographies there are different options in making use of green roads for water management
and climate resilience. In semi-arid areas roads have a major imprint on the surface hydrology. Roads acts
as barriers and drains for rain run-off. Because of this they can also be used for water retention at large
scale. There are several techniques to systematically harvest water in semi-arid areas, whilst making use of
the existing road infrastructure: flood water spreaders, flow dividers at culverts, road drifts or having road
embankments act as storage reservoirs. It is useful to connect road drainage to water storage, such as
infiltration trenches or farm ponds or use road bodies to divert water to where it is most useful. In pastoralist
areas road bodies can be used to guide water to areas where grass is seeded and natural vegetation is
regenerated.

Roads can also be used to improve watersheds. The choice for the road alignment and slope will influence
drainage patterns in the catchment. This can be used to store more water in the catchment. The design and
placement of culverts and water crossings affects run off velocity and can be used to counter land
degradation. The road drainage system can be designed to guide water to productive land. Important
structures are warping dams, road platforms, modified culverts and different water harvesting structures.

In mountain areas special attention is required to protect and manage the road environment with a range
of land and water measures and by the careful selection of the road alignment. Where feasible, mass



balance methods should be used whereby the material excavated for the road is used in road construction,
so that the road and make wider roads without undue impact on the mountain landscape. Special care is
required to create safe road water crossings, to make sure these do not damage the road and land along
the road, but to safely guide the water to safe places Often the spoil can be used for such crossings. In
mountain areas the development of roads also opens new springs and seeps, which may be major sources
of domestic and productive water supply. This can be done in deliberate manner with springs systematically
protected.

In coastal lowlands green roads for water management take on a different dimension. Roads double up as
flood protection infrastructure and vice versa, flood embankments are used as roads. This requires
cooperation between the responsible organizations in transport, water management and disaster risk
reduction to optimize functions and co-benefits and come to joint specifications and better integrated
concepts. In coastal lowlands roads also have a major impact on water management which is now often
manifest in impeded drainage and water logging. As roads are the main infrastructure in these low lying
areas, they can also be used to control water levels for productive use. Several techniques optimize the
interface between roads and flood resilience: higher roads or road levees, flood shelters in flood prone
areas, using excavation material to make local roads; having submersible roads in selected areas,
evacuation planning and reinforcement of road embankments.

There are many green roads for water techniques that may be applied, explained in these guidelines:
converting borrow pits, using non-vented road drifts, developing low embankment roads with flood ways.
Unpaved roads deserve special attention. In most countries they constitute the majority of the roads and they
connect the most remote settlements. They are also most vulnerable to damage caused by water, yet due to
shortage of rural road maintenance budgets such damage is often not repaired. A range of techniques can
both protect unpaved roads and make them function as instruments for water management: water bars,
rolling dips, improved side drainage and infiliration bunds.

Special attention is also needed to systematically incorporate road side tree planting into road development:
dust from roads is a neglected but major health hazard. Road side tree planting can mitigate this, and
moreover, has other co-benefits: creating productive assets, reducing crop damage, reducing soil erosion,
improving visibility, acting as a wind break, giving shade, sequestrating carbon, beautification. In planning
road side tree planting one has to consider ownership of road reserve, plans of future road widening,
economic value of tree species, shape of tree barrier, root development, road vision, road safety, access to
water. Yet given the multiple benefits of road side tree planting, the Guideline argue that the practice should
be far more widespread.

To introduce and make it work requires new types of governance: open to cooperation, focussed on
sustainability and guided by trust and transparency. Experience in the on-going programs indicates that this
is not difficult as there are gains for all parties. To get the process going may entail different steps: fact
finding; getting sectors to talk; identifying champions; working on early implementation; working on different
fronts; capacity building and research and consolidation in working methods. In Adaptive Resilience the road
infrastructure as it is being optimally used for water management and climate resilience with additional -
usually low cost - water control measures: it requires complementary programs; training for roadside users
and farmers; special green funding arrangements for supplementary programs and Memorandum of
Understanding between main sector departments. In Pro-active Resilience road infrastructure is from the
onset designed to serve multiple objectives beyond transport: it requires multi-functional investment



formulation; new integrated designs; training for engineers; modelling for specific challenges; special green
funding arrangements for additional costs.

Finally, engagement of local communities is at the heart of green roads for water and climate resilience
programs. Roads are at the heart of inclusive development. Besides their potential benefits for the physical
environment, roads improve access to services and economic opportunities, road development offer direct
labour and skill development opportunities and road programs can be a major injection into the local
economy. To optimize all these opportunities requires the engagement of communities within the reach of the
road, their representatives and other directly concerned parties at scale. The opportunities for engagement
differ with the different steps of road development: in conceptualization and planning; in design; during
construction; in maintenance and aftercare. The aim should be to undertake this at scale and have community
engagement be part of the major programs. Communities can be a major force in the implementation of
roads and green roads programs at scale — in the construction of rural roads, in the systematic maintenance
and in undertaking additional adaptive green roads for water measures.

1. Introduction

1.1 Obijective

The basic idea of “roads for water” is to make roads instruments of beneficial water management and
resilience. Roads make a major imprint on hydrology. They block and guide water, concentrate runoff,
interfere with subsurface flows, and change flooding patterns. Ibisch et al. (2016) describe the fragmentation
of landscapes that has come with road development. They calculate that, at present, 20 percent of the
global land surface is within one kilometer (km) of a road. These are also the areas where most people live



and where economic activities are concentrated. If there is an opportunity to contribute to greater water
security, it is this: ensuring that roads contribute to water management.

The impact of roads on landscapes and surface hydrology is often negative. Roads cause erosion and local
flooding and trigger sedimentation. Road bodies are a main reason for drainage congestion and
waterlogging. Roads disturb wetland hydrology, affecting fish movement. In some desert regions, roads
trigger sand dune movement. Transect surveys undertaken along roads in upland Ethiopia and Uganda show
that in every 10 km of roads there may be 8 to 25 flash points, such as local erosion, flooding, sedimentation,
or waterlogging. According to research in Tigray, Ethiopia, road runoff affected 70 percent of roadside
farmers, but only 20 percent were making productive use of that runoff (Teweldebrihan 2014). Data from
two coastal polders in Bangladesh show that 60 percent of farmers are affected by impeded drainage due
to roads.

The impact of roads on the surrounding landscape is not going to diminish; it will increase. Many more roads
and railways will be constructed in the coming decades. Dulac (201 3) estimates that 25 million km of paved
road-lanes and 335,000 km of rail-track will be added from 2010 to 2050: a 60 percent increase. The
estimated costs of this new infrastructure in highways and railroads over four decades are US$45 trillion.
Unpaved road networks, the majority of roads in most countries, will also continue to expand, adding to this
total. Another projection is from ADB (2017). The investment required in infrastructure in Asia is USD 1.3 -
1.7 Tr / year with the cost of climate proofing transport infrastructure USD 37 Bn. Most expert estimates
are close to this bandwidth. In preparation for the Addis Ababa Summit on Finance, the High-Level Advisory
Group on Sustainable Transport estimated that annual investments in transport amount to US$1-2 trillion, of
which 40 percent is in developing countries.

However, there is another beneficial connection between roads and water management. Water is also
considered the prime enemy of road infrastructure and the single greatest factor in road damage. A
commonly used estimate is that for unpaved roads, the damage caused by water is around 80 percent
(Chinowsky & Arndt, 2012) and for paved roads the proportion is 30 percent. Therefore, there is a strong
case for road-asset management to better manage water around roads and to see roads as an integral
part of the watershed and landscape in which they are situated. Such an integrated approach will preserve
road infrastructure and reduce the maintenance burden, contributing to greater infrastructure productivity.
Dobbs et al. (2013) advocate that there should be more upfront planning in infrastructure development.
With other measures, this can contribute to a 40 percent savings in infrastructure needs.

1.2 Opportunities

These guidelines are targeted at road planners, infrastructure investors, private road developers — be it at
the World Bank, the partner countries or elsewhere. They are also targeted at other communities of practice:
those that work in flood prevention, land scape restoration, agricultural development, climate resilience,
disaster risk reduction and environment in general.

This Guideline describes how the negative impact of roads on the surrounding landscape can be turned
around and how roads can become instruments of beneficial water management. Roads in terms of the
World Bank (2017) Environmental and Social Framework are often categorized as ‘high risk’ or ‘substantial
risk’. Yet precisely because of the close connection among roads, surface, and subsurface hydrology, roads
provide an enormous opportunity to contribute to better water management and climate resilience. This will
create the triple benefit of less road damage, less land degradation, and more beneficial use of water..



Many measures can be taken to manage water with roads. These are the main opportunities:

e In arid areas, roads can be used to harvest water (van Steenbergen et al. 2018). The water
intercepted by road bodies can be guided to recharge areas or surface storages or applied directly
on the land. With the enormous lengths of roads being built, roads in many semiarid areas present
the main opportunity for water harvesting and water buffer management (Sambalino 2015).

® Roads can also be used to manage water catchments by controlling the speed of runoff,
compartmentalizing and mitigating flood runoff, and influencing the sedimentation process in the
catchments. The choices of where to place a road in a catchment and additional measures to include
have a major impact on how a catchment is managed.

o High-altitude catchments present special challenges that require a more intensive integrated
landscape approach than is common today.

e In floodplains and coastal areas, roads play a role in flood protection. Roads often double as
embankments and provide evacuation routes and flood shelters. In low-lying wetland areas and
floodplains, roads and bridges affect the shallow groundwater tables and have enormous
consequences for land productivity. The way in which a road is built, and, for instance, the height of
bridge sills and culverts will have considerable influence on the quality of the wetland on either side
of the road.

® Roads can improve pastoralist areas for instance by combining the concentrated run-off from roads
with planting native grass species. Similarly, the road run-off can be used to rekindle the roots of
useful tree species under farmer managed natural re-vegetation programs in very dry areas. Under
such programs dormant tree shoots that come up after a sporadic watering event are systematically
pruned and local tree stands in such harsh environments.

o Roads can also be used to control sand dune movement or at least not aggravate it. The first
consideration is to avoid constructing the road in the prevailing wind direction, because this will
create a wind-tunnel effect that triggers sand motion. The second consideration concerns roadside
vegetation that will stabilize newly opened areas.

o Roads may serve to protect wildlife areas. Wildlife movement is very much guided by the
availability of water. The collection of runoff in designated storage within wildlife parks can support
wildlife management and regreen designated areas within the wild life parks. It can also be used
to improve buffer areas just outside wildlife areas so as to prevent encroachment by livestock
keepers or farmers.

All such measures should be part of the Environmental and Social Commitment Plans of road investments, not
just to address risks, but to make use of opportunities. Even much further, Green Road investments — either in
new roads, retrofitting existing roads or systematically exploiting the scope for road related water
management - should be developed as major ventures for climate resilience, addressing the challenges of
scale and additionality.

1.3 Promoting resilience: three levels

This Guideline explains the positive contribution that roads can make to climate resilience. There is now
considerable debate on the effect of climate change on road infrastructure and the need to reduce road
infrastructure’s risk of exposure to more intensive runoff and more frequent flood peaks, in addition to
dealing with rising temperatures. The concern for resilient roads often translates into a protective approach
under which road infrastructure is safeguarded at any cost from more inclement weather. [See Transportation



Research Board (2008) Farrag-Thibault (2014), NDF (2014), Hebson (2015) or Cervigni et al. (2016)].
Ebinger et al. (2015) rightly has made the point that the loss caused by disrupted transport infrastructure
can be enormous and sheltering roads from climate impact is extremely important. Under a Protective
resilience approach, road infrastructure specifications are adjusted to accommodate temperature rise and
to be better able to withstand expected larger flood peaks or as the climate may be deal with deteriorating
permafrost condition, more extreme freeze and thaw cycles or extreme colds.

Therefore, the key concern is the road itself. The downside of this protective Basic Resilience approach is that
the road itself may be sheltered from the impact of higher flood peaks with better cross drainage. This is
essential to keeping the economy running. However, the landscape around the roads will suffer even more
from the effects of climate change, because all extreme weather events are immediately passed on to the
area surrounding the road, causing larger floods, more inundation, and heavier erosion. The second downside
is that no use is made of the road’s potential to contribute to water management and greater resilience in
the area of which it is a part.

Instead, we argue that by integrating water management in road development and design, a “plus” strategy
to road resilience can be taken. The environment around the road is managed, and the road is made part
of the landscape, even as a beneficial instrument for water management. In most cases, this roads-for-water
approach will equally reduce road damage and bring down maintenance and sometimes even construction
costs.

The Resilience Plus approach to climate resilience is a preferable addition to the protective Basic Resilience
approach of adjusting road design specifications. By building roads that can serve several purposes beyond
transport, and by making these functions part of the design and development of roads, it is possible to
create roads that: (a) reduce the often substantial collateral damage of uncontrolled road water on the
landscape around it; (b) are likely to have lower maintenance costs and downtime and are generally better
able to withstand weather effects, including those that are caused by climate change; and (c) generate
substantial benefits in terms of water harvested with the roads and other beneficial water management
functions. In other words, rather than being a source of landscape degradation, roads can become
instruments for climate change resilience.

There are two levels in this “plus” approach. The first level is Adaptive: it makes use of the road infrastructure
as it is and adds a number of measures to improve water management.. The second plus level is Pro-active.
It goes back to the drawing board and, from the onset, proactively plans the roads that serve to optimally
contribute, within economic parameters, to better land and water management, besides offering better
communication. These different approaches—Protective (basic), Adaptive (plus 1), and Pro-active (plus 2)—
are largely complementary. Measures aimed at basic Protective road resilience can be incorporated and
complemented by approaches at the Adaptive and Pro-active levels. Table 1.1 describes the road-resilience
measures at these three increasing levels of road resilience for different geographies. Table 1.2 presents
the same but for different elements of roads.

Table 1.1. Three levels of road resilience in different geographies

Level of Road (o] 1 2
Resilience

Basic Resilience: Resilience Plus 1: Resilience Plus 2:
Protective Adaptive Proactive




Key words Protecting road Making best use of Redesigning road
infrastructure and adapting to infrastructure to optimize the
changed hydrology area’s water
management/climate
resilience
Geographies

Semiarid areas

Catchment measures to
reduce water damage to
roads

Use runoff guided from
roads for recharge
and storage; upper
catchment protection

Design roads and cross-
drainage facilities to collect
runoff and guide to recharge
area

Watersheds and
catchments

Catchment protection to
protect road
infrastructure

Catchment protection
to protect road
infrastructure

Plan road alignment and
drainage structures in support
of catchment management

Coastal areas and
floodplains

Increase height of flood
embankments to deal
with higher floods

Convert village roads
for water-level
management with
gated structures

Consider low embankment
roads with controlled
floodways (Annex 5); develop
road levees in flood-prone
areas; use roads for land
accreditation

High- and medium-
altitude areas

Have safe road water
crossing and protection
measures; have
adequate road
drainage;

reconsider road
alignment to higher
areas; train mountain
rivers to reduce exposure
of roads to mountain
floods

Using water-retention
and land-management
measures suitable to
mountain areas to
stabilize mountain
catchment and retain
moisture and snowmelt;
systematic spring
management

Use cut and fill instead of cut
and throw methods; observe
maximum slope and gentle
alignments; combine roads
with additional storage to and
drift for torrent stabilization

Desert areas

Revegetation and dune
stabilization using road
runoff

Develop small
roadside oases taking
road runoff to
depression areas

Adjust road directions to deal
with wind directions to control
sand dune formation

Table 1.2. Three levels of road resilience for different road elements

Level of Road 0] 1 2
Resilience
Basic Resilience: Resilience Plus 1: Resilience Plus 2:
Protective Adaptive Proactive
Key words Protecting road Making best use of Redesigning road
infrastructure and adapting to infrastructure to optimize the
changed hydrology area’s water
management/climate
resilience
Bridges Increased dimensions to Integrate bridge Use bridge sills for controlled
accommodate flood crossing in catchment drainage and wetland
peaks and prevent flood | management to reduce | management; consider drifts
congestions; deepen riverbed siltation and instead of bridges to stabilize
abutments mitigate flood peaks riverbeds
Drifts Higher spillways and Use drifts and small Use non-culvert drifts for water

larger aprons to
accommodate peak
floods

fords to stabilize
erosive streams

retention, river stabilization,
and flood water spreading




Paved roads

Increase capacity of
road drainage; reinforce
drainage infrastructure;
build more weatherproof

Manage catchments to
retain water and
control erosive runoff
to reduce risk to

Consider changed alignment
and cross drainage for water
storage and recharge

road surfaces, infrastructure
impermeable pavements,
and embankments

Unpaved roads Increase cross drainage Catchment Include basic drainage for
and protect road surface | management (see water harvesting as part of
with additional layers of | above); road development; take

Protect road surface
with water bars, dips,
and infiltration bunds
Bio-engineering and
vertiver planting for
productive use
Implement gated
control and water
spreading from culverts
and drains
Systematically convert
borrow pits for
storage, seepage, or
recharge
Systematically promote
roadside planting for
sequestration and
better dust control and
microclimate

aggregate measures to manage
subsurface flows; protect

catchments

Roadside slopes Adjusting critical slopes

Increase dimensions to
accommodate larger
flood peaks

Place culverts to optimize
drainage pattern for water
harvesting

Drainage structures

Plan new borrow pits to
optimize storage functions
after conversion

Borrow pits

Roadside vegetation

1.4 Costs and benefits

With “Green Roads for Water,” we argue for a new approach where beneficial road water management
is an integral part of the design, development, and maintenance of roads — promoting resilience but also
tangible economic benefits. The economic case is based on a number of co-benefits:

1. Management of water with road infrastructure presents a triple win: reduced road maintenance costs;
reduced landscape degradation; and productive and consumptive use of water harvested with the roads.
2. The approach has minimal costs compared to the overall outlays for road investment or road
repair/maintenance (see chapter 15). The additional costs related to design modifications, including road
water management from the start, is estimated at a maximum of 5 percent of original investments planned
for the road. This may be funded from climate funding top-ups for road infrastructure programs.

3. The approach is the best option for climate resilient infrastructure. The costs associated with building roads
that harvest water and manage floods provide a cheaper alternative to building road bodies with heavy
new design specifications to deal with the expected impact of rain storms and other effects of climate change.

Conventional approaches to resilient roads may preserve the road in times of heavier weather but will do
far more damage to the surrounding landscape and incur more economic costs. Larger cross drainage and
higher and stronger road embankments will mean more uncontrolled flooding, erosion, sedimentation, and
water logging triggered by road infrastructure. Whereas in the Adaptive Resilience approach the
environment around the road is managed and the road is made part of the landscape, even using roads as
a beneficial instrument for water management, in the conventional Basic Resilience approach road
infrastructure design specifications are adjusted to make the road better able to withstand adverse weather



effects. To deal with more intense rainfalls, culverts are adapted so that they can handle larger volumes of
water. The cost of this conventional approach to road resilience is high: from US$31,000 to US$45,000 per
km. In the case of unpaved roads, the costs may be prohibitive.

The cumulative annual dividend of the roads for water approach to resilience, as implemented in Ethiopia,
is US$16,879 per km. This compares favourably with the direct investments of US$1,800 per km. These
investments are largely in earthwork measures implemented under the Mass Mobilization Watershed
Campaign. If one were to include the cost of organizing and developing this program, another US$1,800
could be added. Even then, a fourfold return on investment is achieved in the first year. It comes as no surprise
that the program has spread quickly in the different regions of Ethiopia. The measures implemented in
Ethiopia comprise simple earthworks-based interventions—floodwater spreaders, roadside water ponds,
and infiltration trenches, many of which are explained in Chapter 2—uwith no engineering required. It is a
minimum but cost-effective package. For the calculations, monitoring data from the Ethiopia’s ‘Roads for
Water’ program and from other sources has been used. We work out the case in more detail in Chapter 15.

Moreover, research in Kitui, Kenya, shows an average increase in a farmer’s income of US$ 1,000, after
one cropping season, whereas the average cost of road water infrastructure was US$ 400. This means that
a net benefit of US$600 was achieved after just one cropping season. Hydrological modelling on Polder 26
in coastal Bangladesh shows that improved drainage will decrease waterlogging significantly: areas with
high water levels (F1:31-90cm) decrease by 287 percent, increasing less inundated areas (FO:0-30cm) by
157 percent and making more land available for agriculture. Moreover, the duration of the drainage would
be lessened by 10 days in low lying areas. When water logging is removed completely, farmers can do
multi-cropping (70 percent Boro/Aman rice, vegetables, watermelon, and sesame), increasing agricultural
productivity by 300 percent. Thus, if Boro rice could be cultivated (1680ha) without water logging, the net
benefit will be 270 mill Taka (US$ 3.1 Mill).

1.5 Organization of the Guidelines

The Guidelines focus on the adaptive and proactive (‘plus’) approaches to road resilience (section 1.3),
exploring how to make roads instruments of water management and climate resilience. The Guidelines are
a complement to the normative work on resilience rating, the transformation of ‘brown’ infrastructure to
‘green’ infrastructure and the optimization of co-benefits. The Guidelines have drawn from work in the
professional communities in road development, water management, climate resilience, disaster risk reduction,
and agricultural development. The Guidelines aim to be as practical as possible. Building on Table 1.1, the
scope of the intervention, the opportunities offered, and specific good practices are discussed in all chapters.

The Guidelines follow a matrix structure. They first discuss the approach for a number of different
geographies: water-short semiarid areas (Chapter 2); water catchments (Chapter 3); low-lying flood-prone
areas (Chapter 4); and middle- and high-altitude zones (Chapter 5). Each area has its own opportunities,
sets of appropriate measures, and dos and don’ts. Chapter 6 looks at the relation between roads for water
and rural water supply. The second section (Chapters 7 to 12) concentrate on some of the most important
techniques, providing, to the extent possible, practical details of the available options. The following
interventions are discussed: the conversion of borrow pits; the use of road drifts; the development of local
storage; the development of roads in low-lying floodplains; harvesting water; and promoting groundwater
recharge with unpaved roads and roadside tree planting. Specific details of a technical nature are covered
in the annexes. Table 1.3 is a ready reckoner table showing the prime challenges and the appropriate
techniques for the different geographies. The last chapters of the Guidelines discuss how to make Green



Roads for Water work: what governance arrangements are conducive to integrated road development and
management with climate resilience and water management (Chapter 13) and how to effectively engage
with roadside communities. The last chapter (Chapter 15) caps the Guidelines with a detailed economic
assessment of the main early example of the approach, the roads for water program in Ethiopia as well as
a preview into of some other programs.

Table 1.3: Matrix of geographies, challenges, and techniques

Prime challenges

Techniques

Semiarid areas (Ch 2)

Water harvesting
Woater retention
Erosion control

Flood water spreaders

Flood diversion from culverts
Infiltration trenches and other recharge
techniques

Surface storage including borrow pits
and farm ponds

Raised road embankments for water
retention

Road drifts as sand dams (Ch 8)

Woatersheds and
catchments (Ch 3)

Water harvesting
Erosion control
Flood control

Choosing road alignment

Culvert placement and design (Ch 2)
Road drainage

Water harvesting and erosion control
structures (Ch 9 and Ch 10)

Road drift and platforms (Ch 8)
Warping dams

Coastal areas and
floodplains (Ch 4)

Water table control
Drainage

Water storage
Flood protection
Flood relief

Road alignment and heights

Cross drainage and gated culverts
Borrow pits (Ch 7)

Fish passages

Levees and flood shelters

Evacuation routes

Low embankment roads (Ch 11, Annex 5)
Submerged roads (Ch 11)
Bio-engineering and turfing (Annex 1)
Road alignment and slope

Green construction methods
Bio-engineering (Annex 1)

Road water crossings

Spring management

Land protection measures including drifts
(Ch 8) and regreening (Ch 12)

Grass strips/ecological water control
Recharge from roads (Ch 2)

Surface water storage (Ch 7 and Ch 10)
Spring management (Ch 5)

Stabilization of mountain areas
Spring and stream management

High- and medium-
altitude areas (Ch 5)

Rural water supply (Ch Source augmentation
6) Water quality

The Guidelines are prepared on the basis of considerable empirical knowledge. Complemented by
information from secondary sources, they combine experience from different countries, in particular
Bangladesh, Bolivia, China, Ethiopia, Kenya, Mozambique, Nepal, Portugal, Sudan, Tajikistan, Uganda,
Yemen, and Zambia. In all these countries, a first step has been taken by promoting beneficial road-water
management. The authors hope that this development will continue, that more countries will become involved,
and that the Guidelines will contribute to this effort.






Geographies and uses



2. Roads for Water Harvesting in Semiarid Areas

Key message

e Road change the surface hydrology in semi-arid areas, now often causing extensive erosion, flooding
and sedimentation with considerable damage to road bodies themselves too

e Because roads acts as barriers and drains for rain run-off, they can also be used for water harvesting
at large scale

Main techniques

e There are several techniques to systematically divert or retain water in semi-arid areas by making use
of the road infrastructure, such as flood water spreaders, flow dividers at culverts, road drifts (Ch 8)
or road embankment acting as storage reservoirs

e |t is useful to connect road drainage to water storage, such as infiltration trenches, converted borrow
puts (Ch 7) or farm ponds (Ch 10)

2.1 Obijective

Semiarid areas cover 15.2 percent of the world and are home to 1.07 billion people (14.1 percent of the
global population). They are defined by an aridity index of 0.20 to 0.50, meaning that actual precipitation
is between 20 and 50 percent of evapotranspiration. Because of the sheer population size and their climate
being “on the edge,” semiarid areas are most vulnerable to droughts.

There is enormous potential to connect road building and water harvesting in these areas. Semiarid areas
are not only characterized by relatively low overall annual rainfall (typically less than 600 mm), but also
by rain being concentrated in part of the year, usually in one or sometimes two rainy seasons. The retention
of rainfall in semiarid areas is of vital importance: it assures the availability of water and moisture for
productive and consumptive use in dry periods. Moreover, especially if done intensively, the impact goes
beyond providing more water for agriculture. Having more moisture in the landscape, for instance, also
improves soil fertility because nitrogen fixation is accelerated in moist soil conditions. It also improves the
landscape microclimate: more moisture in the soil will affect soil temperature and thus the area’s ability to
deal with temperature shocks.

This chapter advocates for a systematic optimization of the effect of roads on moisture and water in semiarid
areas and, as much as possible, the combination of water harvesting and road building. The sheer magnitude
of road programs makes them a powerful asset for retaining water in semiarid areas. Moreover, as discussed
in the first chapter, there is a triple win, because beneficial road water management in semiarid areas can
also contribute to reduced damage to the roads.
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Woater from road culvert taken to storage reservoir, Waghmere Zone, Ethiopia

2.2 Opportunities

If one were to take a soil moisture map of an area and overlay it with a road map, one would likely see
strong correlations. As roads influence surface and subsurface flows, the moisture in a landscape can be
significantly affected by where the roads are located and how they are constructed. Roads can block surface
and subsurface flows, creating moist stretches upstream of the road and dry patches downstream. Road
drifts in riverbeds, if properly constructed, may retain subsurface flows and spread floods, again enriching
the moisture in the area. On the other hand, erosion from culverts and road drainage may create gullies that
deplete the moisture around them.

Road infrastructure itself can be used to harvest water and redistribute runoff to areas where it is beneficial.
Roads either act as an embankment that guides water or as a drain that channels rainwater. This can be
used in a systematic manner. The amount of water that can be harvested depends on the rainfall pattern,
the catchment area as defined by the road, the rainfall patterns, and the land use and soil characteristics
within the catchment area. For a road to act as water harvesting mechanism, the road drainage mechanism
needs to be well developed by having the road on an elevated embankment, having a system of side drains
or cross drains, or having drainage structures such as water bars and rolling dips integrated into the road
surface (the latter particularly for unpaved roads; see Chapter 9).

Table 2.1 presents the order of magnitude of the amount of water that can be harvested from 1 km of road
equipped with drainage facilities.



Table 2.1: Volume of water (m3) that can be harvested from 1km of road'’

Design rainfall (mm yr-1)
350 mm 500 mm 700 mm

Catchment Runoff coefficient Runoff coefficient Runoff coefficient

area (ha) 10% 20% 30% 10% 20% 30% 10% 20% 30%

10 3,500 7,000 10,500 5,000 10,000 15,000 7,000 14,000 21,000
15 5,250 10,500 15,750 7,500 15,000 22,500 10,500 21,000 31,500
20 7,000 14,000 21,000 10,000 20,000 30,000 14,000 28,000 42,000
30 10,500 21,000 31,500 15,000 30,000 45,000 21,000 42,000 63,000
50 17,500 35,000 52,500 25,000 50,000 75,000 35,000 70,000 105,000
100 35,000 70,000 | 105,000 50,000 | 100,000 | 150,000 70,000 | 140,000 210,000
500 175,000 | 350,000 | 525,000 | 250,000 | 500,000 | 750,000 | 350,000 | 700,000 | 1,050,000

The challenge is not only to capture the rainfall runoff, but also to store it for later use. Runoff in the landscape

that is guided by road infrastructure can be stored in three different ways:
i

In surface storage structures, such as ponds and converted borrow pits;

Spread over land areas and used to replenish soil moisture, e.g., for rainfed cultivation or for

rangeland improvement, retained by bunds, terraces, and micro-basins; and

Routed to recharge areas where it will replenish shallow aquifers. Water can be lifted and

pumped up from shallow aquifers.

Therefore, there are three types of storage: (i) surface reservoirs, (ii) soil profiles, and (ii) shallow aquifers.

® In the case of surface reservoirs such as ponds and borrow pits, the total storage capacity is
limited but the water is readily available. On the downside, water from surface storage is
reduced by evaporation. Chapters 7 and 10 describe the development of borrow pits and

ponds.

e In contrast, great quantities of water can be stored in the soil and shallow aquifers, provided

that the geology of the area allows this. The capacity of the soil to store water differs with the

soil texture. Table 2.2 compares the storage capacity of different soils.

Table 2.2 Available water in different soils in Yemen’s Abyan Delta

Soil textural class Available water in 1m soil depth (mm)
Loamy sand 39
Sandy loam 83
Silt loam 163
Clay loam 170
Silty clay loam 202

1 The calculation is simplified. It takes into account the design rainfall, which for water harvesting structures are usually chosen to
have a probability of occurrence of 67 percent. This is determined using statistics on seasonal rainfall records for at least 30
years. Each of the design rainfalls is assumed to have three different Runoff Coefficients (10 percent, 20 percent, and 30 percent).
Accordingly, for each design rainfall and runoff coefficient, the rough volume of water is that which can be harvested for a
catchment of varying size. This is a simplified method that does not take into account the real runoff, the intensity of single rainfall
events, the shape of the catchment, or losses on the way to the storage point.



e The infiltration characteristics and the capacity of shallow aquifers to store water differs with
the type of geological formation (see Table 2.2), the soil crust, and the type of rainfall (heavier
rainfall means more infiltration).

e The shallow aquifer’s recharge capacity can be enhanced by techniques that accelerate the
infiltration of runoff into shallow aquifers, such as infiltration trenches or infiltration ponds, tube
recharge (called bhungroo in India), or well recharge.

e Several techniques, such as mulching or deep plowing, may be used to preserve moisture in the
soil profile and ensure its availability in the growing season (van Steenbergen et al. 2010).

o The disadvantage of shallow aquifer storage is that the water must be pumped up, but many
low-cost solutions are available. The advantage is that water will be available for a long time
and can be accessed on demand, making it suitable for precision uses. Very shallow
groundwater is particularly important, because up to a suction depth of 10 m it is possible to lift
groundwater with low-cost centrifugal pumps or solar pumps, making smallholder irrigation
possible as a route from poverty to prosperity.

o  Runoff generally carries sediment. In the case of surface storage, the reservoirs gradually fill up
with this sediment and need to be cleaned. This is not the case in soil moisture storage or shallow
groundwater recharge. In fact, silt often improves the soil structure and is a rich source of
micronutrients. Therefore, while in surface storage, sediment is a problem, but in the case of soil
moisture storage it can be an asset. In the case of groundwater recharge, fine sediment such as
clay may also be problematic. However, it may seal the soil surface and reduce the infiltration
capacity of the underlying shallow aquifer. This sealing may be prevented by regular plowing
or by the action of soil (rain worms, sow bugs, or termites) that tends to take fine sediment down
from the surface and mix it with lower soil layers.

Figure 2.1 Runoff and sediments
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The different storage methods are contrasted here. But in reality, for road water harvesting in semiarid
areas, there is usually no “either /or,” and all three storage methods can be used simultaneously. In many
cases, road-water harvesting can be part of larger watershed improvement programs that deploy a



broad range of methods to capture and store runoff, with road-water management being a part of this
(see Box 2.1).

Box 2.1. Road water harvesting campaigns in Ethiopia: mobilizing millions to increase resilience

4 Y a3 -

Every year, millions of people are engaged in Ethiopia to work on soil and water conservation and
water harvesting during the Mass Mobilization. The 2016-2017 road and hillside water harvesting
campaign in the Amhara Region involved 1,450,000 persons and benefitted 751,000. In Tigray,
1,306,000 persons were involved and 409,000 directly benefitted.

The main goal is to reverse severe land degradation and work on retaining runoff in the landscape.
Men, women, and youth contribute 20 to 30 days of free labor during the February to April slack labor
season. The approach involves organizing land users in development teams of 20 to 30 members, further
divided into work teams of five members. Activity planning is done locally and includes the collection of
field measurements. Women and men participate equally in the work groups and as team leaders.
Activities undertaken during the Mass Mobilization are mostly carried out on cultivated lands. The
regional Woreda (district) and Kebele (sub-district) administrators, specialists, and development agents
coordinate the implementation and planning of the approach. Planning and measurement are conducted
by land users themselves. The target area is defined by administrative and as well as watershed
boundaries. The implementation plans are later discussed with the communities. At the end of each day
the work group evaluates its activities and discusses the plan for the coming days.

Since 2015, the Mass Mobilization has placed special focus on road-water harvesting. A wide array of
road-related water harvesting measures have been implemented to protect roads and increase farm




productivity: floodwater spreaders, roadside infiltration trenches, water diverters from culverts, road-
water storage ponds, and converted borrow pits.

The hydrological and socioeconomic impact of these technologies has been measured since 2015.
Monitoring data have shown an increase of 1.2 to 2 m in groundwater levels during the dry period. Soil
moisture next to the road has increased up to 100 percent in some cases and farm productivity has risen
by 35 percent on average. Moreover, there is the added value of protecting the roads from erosion,
flooding and sedimentation, and the drastically reduced damage to the landscape. The costs and
benefits were calculated: against an average investment of US$1,800 in the road-water harvesting
measures there was a benefit of ... due to reduced downtime and road maintenance, reduced damage
from erosion, flooding and waterlogging, and of course the beneficial use of the water harvested.

2.3 Recommended practices

2.3.1 General principles

This section discusses the most common techniques for harvesting water on roads in semiarid areas. Topography,
climate, and economic land use differ from place to place: different road-water harvesting techniques suit
different conditions. In sloped areas, for instance, it is easier to collect and store water by making use of the
natural topography and ability for land to be drained. In flat areas, water harvesting is different: there are more
opportunities to spread water over large areas but waterlogging and sedimentation are major issues.

However, there are a number of general principles. The first is that runoff is preferably managed intensively
throughout the entire water catchment. By developing different water conservation techniques (retention ponds,
soak pits, infiltration galleries, terraces, eyebrows throughout the watershed, a large proportion of the runoff in
a catchment is retained. In untreated areas, approximately 8 to 12 percent of the runoff is retained, but when
intensive water harvesting is practiced this proportion can double or triple, exceeding 30 percent of the runoff.
With this, the volume of potentially destructive storm water in the lower part of the watershed can also be reduced.
This intensive approach ensures that a large amount of water is stored, creating a system change in water
availability for crops, soil processes that accelerate natural fertilization, and more conducive and better buffered
micro-climates. Moreover, with intensive catchment treatment, including the highly systematic use of all road-water
harvesting opportunities, sedimentation can be brought under control.

The second principle for water harvesting is the “slowdown” of runoff, achieved by guiding water to level land
and spreading it. As such, water runoff loses its erosive nature and sediments settle. If the speed of runoff is
reduced, more water will infiltrate. This can be done by providing check dams, guiding water from steep slopes,
building terraces and furrow ditches, and more. As more storm water infilirates the soil, less water must be
managed as surface runoff.

Third, it is important to understand the needs of the users of harvested water. This should be the central concern.
During the planning, design, and implementation stages, the priorities of roadside users need to be discussed,
taking into consideration all possible alternative water harvesting mechanisms and the purposes to which the water
is placed. Gender is an important consideration and sometimes a divider: in Ethiopia it was found that women in
poor female-headed households are less equipped to prepare their land for road-water harvesting, for instance,
because they lack access to animal traction (Demenge et al. 2015). Different livelihood systems have different
water harvesting demands. Smallholder /household-scale irrigation in many semiarid areas supplements rainfed
systems. If rainfall is scarce or not timely enough, water harvesting from roads could help during periods of scarcity
or water can be added to the buffer capacity. Shallow groundwater extraction and small storage structures could



serve this purpose. The needs of pastoralist communities are different: their interest is in grazing lands. In this case,
water harvesting techniques that spread flows as sheetflow over extended areas is the preferred option.
Commercial farming usually comes at the expense of high water demands. Medium- to large-scale storage of
runoff water is the preferred water-harvesting option, including borrow pits, earth dams, and ponds.

Fodder grown from road culvert water, South Gondar, Ethiopia

The sustainability of road-water harvesting structures needs to be ensured. Some earthwork structures need
regular repairs. The water users will need a routine to inspect the water management systems periodically (after
each rainy season) and modify or improve the systems as required to address any impacts caused, such as erosion,
overflowing, health, safety, and environmental issues. In this regard, attention should be paid to the risk of
mosquito breeding and waterborne diseases in standing water, and measures should be taken to prevent them
(see Chapter 6).

2.3.2 Techniques for road-water harvesting

There is a range of techniques for harvesting water from roads in semiarid areas and different types of storage.
This section discusses the main water harvesting techniques.

Table 2.3. Roads and water harvesting techniques

Surface storage Soil moisture Shallow groundwater
storage recharge
1 Floodwater spreaders along road O
surfaces
2 Flood diversions from culverts and O O
road drainage




3 Infiltration structures fed from road O
drainage

4 Cascading  irrigation  from  road
drainage

5 Surface storage fed from road O O
drainage (borrow pits, ponds, and
cisterns)

6 Road bodies used as dams for water O
storage

7 Raised road embankments with raised O O O
culverts

8 Road crossings used as sand dams or O O
as water-spreading structures

2.3.2.1 Floodwater spreaders along road surfaces

Water can be harvested directly from the road pavement. Within the repertoire of road-water harvesting,
this is a minor technique. In most cases water is harvested from the entire landscape (not just the road surface)
with the help of road embankments and drainage systems.

A well-graded and compacted surface will generate a conspicuous amount of runoff water. Asphalt-paved
roads have a rainwater collection efficiency (RCE, or runoff coefficient) of 0.65 to 0.75 (ERA 2011). For an
unpaved road, the RCE varies more, from 0.25 to 0.30 in semiarid areas to 0.80 during heavy storms. This
means that if during the year rainfall is 500 mm, 350 m3 may be collected from a 20 m by 50 m stretch of
paved road. In humid or sub-humid areas, due to the frequent rain and higher soil moistures, the RCE from
unpaved roads is higher. Runoff generated by the road surface can be diverted directly to farmland,
recharge areas, or storage ponds through the use of drainage techniques.

A common technique is to have a series of floodwater spreaders alongside paved road surfaces. These will
guide the runoff from the road surface to farmland immediately adjacent to the road and contribute to
greater soil moisture. These spreaders consist of low (30 cm) curved structures made of local material that
can be used for collection. They are inexpensive to build but need to be rebuilt annually.

There is legitimate concern that water collected from paved road surfaces may have a high proportion of
hydrocarbons and other pollutants from traffic. This makes the use of water from the road surface generally
unsuitable for human or animal consumption. The degree of pollution is a function of traffic intensity and
regular rainfall. Measurements were made along a paved highway section in Ethiopia, but the levels of oil
and grease were not detectable (Woldearegay 2016). Nevertheless, areas with heavy traffic should be
avoided for direct road-water harvesting: the pollution from hydrocarbons and oils may prohibit the reuse
of road water.

2.3.2.2 Flow diversions from culverts and road drainage

Road drainage systems concentrate runoff. Culverts, in particular, are the embodiment of the changed
drainage pattern that comes with road development. Because they concentrate runoff, there is always the
risk of erosion downstream of the culverts. Gullies so created may even “creep” upstream and destroy the
road body. Therefore, both to protect downstream land and to make beneficial use of water, runoff should
be diverted from the culverts.



This also requires that the design of road culverts be optimized in terms of dimensions and appurtenant
structures. Research on 15 culverts by Weldu (2018) along the Freweyni-Hawzien-Abraha-We-Atsbeha
road in Tigray (Ethiopia) found that erosion could be reduced by 15 percent and water harvesting potential
increased by 25 percent with changed designs.

The modification concerned:

Culvert sites on gentle sloping catchments e Artificial settling basin on the natural stream

e longitudinal guide structure that keeps the runoff in
the original channel bed to avoid flooding

Culvert sites on moderately sloping | ¢ Redirection of runoff through newly excavated

catchments channel upstream
Culvert sites on steeply sloping catchments e Upstream artificial enlargement of the channel width.

e Downstream drop structures with end of bed load

settling basin

Different auxiliary structures may be constructed to gently divert flow from culverts to where water will be
used or conserved. The structures may be constructed from different materials with different alignments,
widths, and heights. V-shaped flood diverters are, in most circumstances, most appropriate, because they
dissipate energy from the culvert runoff. If the flow from the culvert comes at low velocity, a diversion
structure will be sufficient. The structures should also be placed at a reasonable distance of at least 3 m from

the culvert outlets to avoid creating sedimentation inside the culvert.

V-shaped diversion structure constructed from soil and stone to spread water from culvert, Ethiopia

On steep slopes, the flows from the culverts have high scouring potential and should ideally be provided
with energy dissipaters at a safe distance (to avoid full flow condition in the barrel of the culvert). The flow
diversion structure should then be placed next to the energy dissipater.



2.3.2.3 Infiltration structures fed from road drainage

The purpose of cross and side drains is to evacuate water away from road structures. This is often done
without taking into consideration the opportunities for water storage or recharge. Water from road drains,
either culverts or lead-out ditches (or mitered drains), can be guided directly to groundwater recharge
structures. Most common are infiltration trenches, recharge wells, and infiltration ponds.




Infiltration trenches should be placed at distance for road safety: the trench on the right (in Malawi) is too close to the road

Infiltration trenches are quite popular in Ethiopia and have contributed to rising groundwater levels. Wells
are in use in several areas where there never was groundwater before. Infiltration trenches consist of a
chain of individual percolation ponds with water overflowing from one pond to the other. This keeps
trenches in steep terrain from being scoured out, but instead allows water to overflow from one pond to
the next in the trench. Typical dimensions for a single percolation pond in a trench are 1.5 m long x 0.4
m wide x 0.5 m deep. The infiltration trenches should be placed at a safe distance of at least 20 m from
the road body on the downhill side to keep them from soaking the soil and affecting the road subgrade.
Alternatively, the infiltration trench is led away from the road body.

Series of roadside infiltration trenches with bund to intercept additional surface runoff, Tigray, Ethiopia

Alternatively, runoff can be guided to recharge wells or percolation ponds. These collect the water for
recharge in the shallow aquifer. In some cases, these may be abandoned dugwells or out-of-use borrow pits.
Importantly, these recharge structures penetrate a water-bearing layer with good transmissivity (ability to
convey water) and spare storage capacity (not saturated). Such conditions are easily found in most semiarid

areds.




Collecting road water for groundwater recharge: recharge well (Ethiopia) and abandoned borrow pit (Mozambique)

A further sophistication to improve infiltration is the use of special tube recharge wells, or bhungroo as they
are called in Gujarat, India. These recharge wells collect excess water during the rainy period and are best
situated in areas that are temporarily inundated. The land is slightly tilted toward the recharge well, so that
it “feeds” it with water. The bhungroo are equipped with small cemented collection structures measuring 1.5
by 2 m. The top of the recharge pipe sticks out of the bottom of the collection unit to prevent the entry of
sediment and dirt. The recharge pipes are between 30 m and 100 m deep, and between 10 cm and 15 cm
in diameter. They should penetrate into a sandy layer within this depth: the slotted screen will be placed here.
In the case of groundwater use, in shallow aquifers the cost of pumping up water for agriculture may be
prohibitive.

Without Bhungroo With Bhungroo

Tube recharge well collecting excess water for recharge
Source: Momentum4Change.org

2.3.2.4 Cascading irrigation fed from road drainage

The water from road drainage may also be applied directly on the land. This can be done through a
single leveled ditch at the top of the field that homogenously spills water to the field downstream,
preferably by furrows. This prevents water coming from the road drainage system from immediately
submerging the crop and causing damage. The field needs to have a very even, continuous gentle slope
to avoid erosion and water ponding. A variation on this comes from relatively level humid areas where
the single road ditch is also used in two ways: (i) during rainy periods as a drainage ditch collecting
excess water, and (ii) during dry periods as the source of supplementary irrigation.

A more elaborate system is when a cascade of fields is served by the water collected from the road. The
fields are divided into sub-basins. Water is allowed in the uppermost basin. Once filled, its retaining
bund is breached to allow water to enter the next field downslope. This system is commonly used to grow
rice in slightly undulating areas.



= The operation is repeated
until all fields are watered

= Important to have smooth
water movements to
avoid erosion

= The field should be well

The upper bund is breached When first field is watered, levelled
to let water flow in the first the lower bund is breached to
field allow water to the next field
Y FAN ZN J/

Cascading irrigation sequence (Sambalino et al. 2016)

Alternatively, water can also be routed to a series of planting pits that are connected to each other by
ditches. Once a pit is filled, water continues to the next pit. This system is typically used to grow high-
value trees. What is important in these three systems is that there is a degree of control at the intake: not
all road drainage water is necessarily used.

Road runoff is directed to interconnected soaking pits (Sambalino et al. 2016)

2.3.2.5 Surface storage fed from road drainage (borrow pits, ponds, and cisterns)

Road runoff can also be collected in surface storage: small ponds, dams, borrow pits, or cisterns. Borrow pits
can be systematically used as recharge, storage, or seepage ponds. These pits are excavations of source
materials—sand, gravel, soil—for road construction and are usually located very near the road itself. The
planned “second life” of borrow pits is discussed in Chapter 7. Another option is the development of ponds
for road-water storage, as discussed in detail in Chapter 10. Cisterns, i.e., covered storage, are also possible.
Because of their higher cost, they are used for domestic water or high-value productive use (see Chapter 6).

2.3.2.6 Road bodies used as dams



Road bodies can also be used as dam walls when the road is made with fill. They can act as:

e Dam walls creating storage by blocking valleys;
o Side embankments of reservoirs; or
e Guide bunds channeling water to storage ponds.

In particular, when roads double as dam walls or side embankments, some concern about their safety is
warranted and all safety measures related to dams should include regular inspection of seepage and cracks,
provision of spillways and emergency escapes, and protection from damage by livestock or rodents.

The functioning of storage reservoirs should be safe and the road itself should not be undermined. This may

require special side protection through clay sealing, riprap, or geotextile.

-

e m ¢

P, s s AP e c -
V) RTTN TAN ENG T AT T T T v

Road embankment acting as side of temporary storage reservoir for livestock (Portugal)



Road embankment lightly armored, serving to store water (Burkina Faso)

2.3.2.7 Raised road embankments with raised culverts

A variation on the use of road embankments for water storage is the used of raised road embankments
with raised culverts. The idea is that in semi-arid areas the raised embankment placed in drainage path
or depression areas will retain water run-off that can be used in surface storage or recharge or in
improved soil moisture. This can be used for improving grazing areas or wetlands, as the example here
from North Uganda. The culverts in these road section are raised as well, the level from the ground
defining the storage area.

Raised road embankment and raised culverts creating local wetland in Kotomor, Agago (North Uganda)
(source: Aidenvironment)



2.3.2.8 Road crossings used as sand dams or as water-spreading structures

When roads cross dry riverbeds or water streams, it is common to construct drifts (also known as low
causeways, fords, or Irish bridges). These road crossings can help retain groundwater upstream of the road
crossing and can increase bank infiltration. These structures can have multiple functions. The first obvious function
is to allow road traffic to cross the dry riverbed. However, the drifts can also double as a proxy sand dam,
trapping coarse sediment behind them and creating small local aquifers that can store and retain water. Fords
combined with roads also have another function, which is to stabilize the beds of dry temporary rivers.

Depending on the depth of the riverbed, the fords will also slow subsurface flows and retain groundwater
upstream, allowing the development of wells or the construction of infiltration galleries to access the water
retained upstream of the ford. This capacity to store and retain shallow groundwater is highly relevant in arid
regions and improves water access and availability. Chapter 10 provides a detailed description.

A closely related technique is the use of water-spreading weirs combined with river road crossings. These have
been developed with considerable success in several Sahelian countries such as Niger. With water-spreading
weirs, temporary floods are routed out of the dry riverbeds to inundate the surrounding area. The water-
spreading weir serves as the main river crossing, whereas the floodwater is further spread by roads connecting
to the weir /river crossing. In this way, the combination of the river crossing as well as embanked roads leading
to them act as flood spreaders. Drop structures and cross drainage are provided to the water-spreading
weirs to ensure their stability. Arid and semiarid environments are thus regreened with forest and grass species
(GiZ and KfW 2013).

Woater-spreading weirs combined with river road crossings in Niger (source: GIZ and KfW 2013)



Water-spreading weir river crossing, also known as seuil-radier (credit Bender)



3. Roads for Watershed Management

Key message

e Roads affect watersheds as they concentrate and accelerate run-off, interrupt subsurface flows
and increase hydrological connectivity. Because of this road development has typically contributed
watershed deterioration, caused flooding and gullying and triggering erosion

e By the same token however roads can be used to retain water in a watershed and stabilize areas
prone to erosion.

Key techniques

e Key techniques concerns the choice for the road alignment and slope (this chapter); the design and
placement of culverts to divide and slow down run off speed (ch 2) and carefully designing the
road drainage system and appurtenant structures so to ovoid erosive velocities and guide water fo
productive land(this chapter)

e Important structure to add are road platforms (Ch 9), warping dams (this chapter) and a variety of
water harvesting and erosion control structures (Ch 8 and 10)

3.1 Obijective

Woatershed degradation is a pervasive phenomenon occurring in many parts of the world. Some have argued
that its impact overshadows that of climate change. The degree of impact may be hard to assess, but it is
clear that watershed degradation amplifies the turmoil caused by rainstorms and longer drought periods.
According to IPBES (2018), land degradation is affecting the well-being of 3.2 billion people. Based on an
extensive literature review, this same source estimates that land degradation costs more than 10 percent of
the global gross domestic product (GDP), and it is related to the loss of services such as carbon sequestration
and agricultural productivity. Fertile soil is lost at a mind-boggling 24 billion tons per year due to unsustainable
agricultural practices. The main drivers of land degradation are the expansion of crop and grazing lands,
current agricultural and forestry practices, climate change, urban sprawl, extractive industry expansion, and
infrastructure development. Road network expansion has, in fact, been described as a trailblazer for this
degradation (Ibisch et al. 2016).

An older study based on the GLADIS survey (Bai et al. 2008) also establishes that land degradation was on
the increase in the 1991-2008 period and affected one-quarter of the global land area. However, the
message from this global survey was that the picture is mixed. There are parts of the world where land quality
has been declining—24 percent of the global land surface, in fact—but there are also areas where land
quality has improved (16 percent). It is clear that managing watersheds globally remains an enormous
challenge that is not to be underestimated, but that it is also possible to reverse the tide and improve the
quality of our natural resources.

This chapter discusses the opportunities for roads to contribute to watershed

N/ management, rather than—as is often the case—causing the deterioration of

\Jé watersheds. If a road is constructed, it changes the drainage pattern of the entire
§ area. Surface runoff is blocked by road embankments and is typically
P ‘/ concentrated in a smaller number of streams and drains within a watershed.

e e Thus, there is more runoff in some of the natural drains, and other drains are no
longer used (Figure 3.1). Because the first group of streams will carry higher
& volumes of water, this may create more floods and generate erosion and
scouring flows that were previously unusual. In other streams that are blocked,
downslope erosion will cease, and some areas may dry out. In general, however,
sedimentation in water bodies will increase. The road network acts as an




additional drainage network in the watershed, increasing the catchment’s drainage efficiency. Napper (2008)
quotes Wemple (1996) who estimates that 57 percent of the road length in two watersheds in Oregon function
as flow paths, with some road segments draining directly into streams and others through newly created
gullies. However, as discussed in this chapter, road alignments will differ in terms of their hydrological
connectivity.

Figure 3.1 Changed runoff patterns

Furthermore, roads affect the movement of shallow groundwater. A road that is made in cut may drain shallow
aquifers that are located close to the surface. Depending on the geology, this may create new springs. In some
geological formations, there is a strong likelihood of springs occurring after a road is incised through them,
e.g., in sandstone or in weathered and loose basalt formations. Such springs are even more likely to appear
when there is an impervious layer underneath the water-bearing fracture zone.

Equally, when a road is made in fill and an impervious roadbed is put in place (Figure 3.2), these will affect
the presence of shallow groundwater. In this case, shallow groundwater movement is blocked, creating wet or
moist conditions upstream of the road and possibly drying land and wells downstream.

Figure 3.2. Before (left) and after (right): road in fill blocking subsurface streams, causing wetting upflow and
drying downflow

All these phenomena add up to the risk of substantial landscape damage: erosion, sedimentation, flooding,
waterlogging, and desiccation. Ultimately, this degradation of the catchment may turn against the road itself:
roads in degraded landscapes are more vulnerable to damage by stream erosion, uncontrolled flooding,
rockfalls, or landslides. The two-way impact can be immediate and spectacular, as when gullies developing
from culverts regress and take the road with them or when heavy scour in drains along the roads undermines
the road itself. The pictures below are examples of inadequate road drainage playing havoc with the road
itself.




Ethiopia: Erosion from culvert undermining road.
Heavy scour in road drain destroying road

3.2 Opportunities

All these negative effects can be turned around. Roads, rather than being the nemesis, can contribute to
watershed improvement. Changes in hydrological processes can be used to better manage the watershed,
both by reducing the risk of damage and optimizing positive effects. In terms of the key objective of these
Guidelines, we should better manage road-water interaction and create a “double-plus” resilience, not only
to avoid landscape degradation, but also to designate roads to contribute positively to watershed
improvement. This may increase water availability and vegetation cover, support economic activities, and
reduce erosion in a catchment.

This section of the Guidelines discusses the positive interaction between roads and catchment management:
how roads can become instruments in watershed management. It outlines a number of recommended practices
in road development and maintenance. A main principle is to control water with road infrastructure and
ancillary measures so as to decrease the speed of the water flows, guide water to appropriate areas, increase
infiltration, and improve retention of subsurface water. A second principle is to use road development to
address “erosion hotspots” and have controlled sedimentation processes.

Measures on and along the road can be further enhanced by supporting the development of new vegetation.
The water channeled from the roads can be used to increase vegetation cover to water new plantations,
support free regeneration, or implement roadside tree planting.

3.3 Recommended practices

This section provides broad principles for aligning rural road development to watershed management. Several
of these detailed practices are discussed in greater detail in separate chapters of these Guidelines.

This chapter discusses the following practices:
*  Choosing the location and slope of road;
*  Carefully designing the road drainage system; and
*  Planning water harvesting and erosion control measures along with the roads.

3.3.1 Choosing the location and slope of road

The location of a road in a catchment has a major impact on the volume of water that can be captured by the
road bodies and the sediment that is generated and intercepted. The location of roads in a catchment is
guided by a number of important general considerations, as shown in Table 3.1.

Table 3.1. Socioeconomic, morphological, and environmental criteria
for the location of (new) roads

Socioeconomic:

Short connection Preference for shortest connection between centers of activity

Property Location away from valuable property or land use that would be negatively affected

Morphological:

River crossings When following a river course: minimize the number of crossings

Cuts and fills In mountain areas: avoid high fills and deep cuts

Hairpin bend In mountain areas: avoid or at least minimize the number of hairpin bends




Mid-slope areas

In mountain areas: for road development, avoid long, steep areas

Rise and fall

In general: avoid needless rise and fall of the road; preference for gradual climbing and
descending of the road bodies

Sunny areas

Preference for sunny areas to reduce the potential negative effect of damage by soil
moisture

Ridges

On smooth hill ridges, it may be preferable not to change runoff patterns, shifts, and high
costs due to cut /fill

Foot of the slope

Expect high runoff pulses, especially in semiarid environments where rainfall intensity and
runoff rates tend to be higher

Environmental:

Forests

Prevent avoidable destruction of forest and tree plantations

Pristine areas

Do not enter into pristine areas or areas with unique ecological value and high conservation
value

Marshlands

Avoid marshland or other low-lying areas with poor drainage

Erosion

Avoid areas that are highly susceptible to erosion

Unstable slopes

Avoid areas with unstable slopes

Flood levels

Stay above acceptable flood levels and stay away from areas with flooding risk

Secondary effects

Roads catalyze the concentration of economic activities (villages, gas stations, etc.) that are
often detrimental to sensitive habitats and ecosystems.

Optimizing a road’s impact on a watershed should be added to this list of general economic, morphological,
and environmental principles. Because roads create opportunities to retain water in the watershed and help
prevent erosion, there are a number of additional criteria to consider, as presented in Figure 3.3.

Table 3.2. Additional catchment management criteria related to road construction

Catchment
management

Location on hillside Consider placing the road uphill, mid-hill or downhill so as to balance the upstream road

catchment and downstream water-use areas.

Rain slope In semiarid areas, place the road on hillsides with more rain to capture more runoff for

productive use.

Compartmentalization of | Use roads to compartmentalize and slow down runoff, especially in areas that are highly
flood runoff susceptible to flooding and deep erosion.

Slopes, curves Provide sufficient curves and breaks on the slope. A steeper road straight up a slope is
likely to act as a drainage collector. In some cases, a new road may impose a new
drainage pattern on a landscape, with many minor drains discharging into the road. This
can happen particularly on hilltops where the drainage pattern is usually not well defined.

Care is required to provide an alternation of slopes and curves.

Bends Bends are also exit points for water running along the road surface, and care must be
taken to ensure that runoff on road bends is used productively and does not cause undue
erosion.

Roads in cut Roads that are at the level of the land or even lower will attract runoff and can become

the main drain in hilly sections. These should be avoided. There is a risk of unpaved roads
in soft material lowering over time due to erosion and wear and tear of the road surface.
When the road is at the level of the land, construction of permanent water bars and rolling
dips is recommended to prevent the erosion of the road surface.




Groundwater Consider the effect of roads, either in cut or fill, on shallow groundwater tables and use
this to regulate groundwater tables (for instance, creating secure shallow wells upslope
from a road in fill) or to plan measures to mitigate the negative effects on groundwater
levels (such as additional cross drainage and permeable road embankments).

Temmink (2015) undertook modeling on a watershed in Ethiopia using an existing 21km road to assess the
impact of the road location). The modeling looked at the natural state, the location of the current road at
alternative routes (different slopes, different positions on the roads), and various culvert strategies (i.e.,
different densities of culvert placement). These show the importance of the well-considered selection of road
alignment on water harvesting potential, erosion, and road scouring.

o  Water harvesting potential is greatly affected by the choice of road alignment. Placing a road lower on
the slope and selecting a slope generating higher runoff volumes can increase the amount of water
harvested from the road and its culverts by a factor of 7.

e As a general rule, road alignments should be set at toe-slopes ranging less than 40 percent gradient,
making it easier to drain (Zeedyk 2006). If roads are developed higher on the slope, they will fail to
catch a large part of the runoff; if set too low, drainage will be more difficult and road flooding can
occur. In the Northern Hemisphere, roads facing south will dry up more quickly, while those facing north
will take more time. However, soils facing north are deeper, thus facilitating road construction and
maintenance work.

e Road construction typically increases erosion by at least 10 percent compared to the natural catchment.
It is usually higher, i.e., ranging from 12 to 40 percent (Bryan and Schnabel 1994; Luce et al. 2001;
Megahan et al. 2001; Wemple 2013).2 However, this effect can be nearly halved with better road
location and culvert placement (see Section 3.2). Erosion can be controlled by raising the road
embankment, reducing the number of culverts, avoiding the most sensitive and erosion-prone areas,
adjusting culvert size, and only using stable or reinforced waterways downstream of culverts and in steep
areas that provide an adequate number of bends in the road.

o The scouring of the unpaved road surface is also greatly affected by the choice of road alignment,
especially the road’s length and slope. Avoiding long, steep slopes and placing adequate cross drainage
can bring down road scouring significantly (see Chapter 11). This contributes to road durability and
reduces sediment deposition in the watershed.

2 When a catchment is heavily eroded, the road’s additional impact on sedimentation is proportionally less; in fact, roads can
help mitigate some of the erosion. Therefore, in relatively pristine watersheds a road’s contribution to the sedimentation
process is proportionally higher and may be lower in absolute numbers.
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Figure 3.3. Road alignments for better watershed management

3.3.2 Designing the road drainage system

The design of the road drainage system is a major intervention in watershed management.

If a road is equipped with a (proper) drainage system, the water along the roads will collect and be removed
from the road body. This will protect the road surface, especially in case of dirt roads, and make the water
available for productive use. Typically, the raison-d’étre of road drainage systems is to preserve the roads
and prevent runoff from interfering with road operations. However, at the same time they are large water-
harvesting systems and should be managed accordingly. When not well designed and managed, road
drainage commonly causes uncontrolled flooding and erosion that affects the road body, neighbouring land,
and the environment. It is also a missed opportunity in terms of water harvesting for productive purposes.

The runoff is preferably “given back” to the land through water harvesting and the diversion of water to
farmland, spread over rangeland, or used for forest development. This is to keep the hydrological connectivity
of the road network (i.e., the connections between the roads and the streams in the watershed) from becoming
very high and water being rapidly drained from the watersheds. This would cause amplified flood peaks and
give water less time to infiltrate and for aquifers to be recharged. Rather than road drains connected to the
streams in the watershed, it is better to have road drainage water run into vegetation bunds, farm fields, or
pastures. This would also reduce sediment deposition in the streams.



Tajikistan: totally scoured out gully from road

Tajikistan: inadequate road drainage system

An initial requirement is that a road drainage system be in place that is able to redirect peak runoff volumes,
but also to make it available for reuse. The presence of a good drainage system can prevent road scour or
erosion along road drains and waterways, provided that drains are properly aligned or alternatively
protected with erosion-control measures. Especially when the road material is highly erodible, it is important
to have road drainage that will protect the road from water running on it (Figure 3.4). If not, this will create
rills and scour tracks on the road, and the fine grades in the road body will be washed out. The road itself
may increasingly develop into a natural gully (see pictures from Taijkistan, above).

A5
e, e

Staur (hucks =

4
¢ Nutural Water Course
e

_-Sitle Druiny Ditch
e

O Loy )
A

Nitre
(Turn Qury

Figure 3.4. Road
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protection, watershed
management,
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When in place, the road-drainage system can consist of: (a) cut-off drains (that shield the road from uphill
runoff); (b) side drains that channel the water along the road; (c) culverts, pipes, and bridges that take water
across the road body; and (d) mitered (turn-out) drains that divert water to the land adjacent to the road. The
road template itself is also part of the road drainage. Road runoff can also be influenced by shaping the

road surface and having it tilted downhill or having it crown shaped, guiding

water to the side of the road from the middle section. Figure 3.5 shows several
such road templates. However, depending on the road material, there is a risk
that such purposely shaped road surfaces may disappear under the impact of
traffic and rainfall.

In the case of unpaved roads, water bars and rolling drainage dips that remove
water directly from the road surface to the adjacent land are also important.
Another important measure, especially for unpaved roads without well-
developed drainage systems, is the infiltration bunds running parallel to the
road. These are stone lines that slow the road runoff and help it infilirate (see

Chapter 9).

Road drainage systems offer a number of opportunities to make a beneficial

o
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contribution to watershed management, as listed below:

Figure 3.5 Different road templates

Table 3.3: Recommended practices for road drainage systems and water harvesting

Systematically
collect and divert
runoff

The road drainage system is a mechanism to effectively collect and divert all water that is
gathered around the road. If adequately designed, it can help to “harvest” a large part of the
runoff from the catchment uphill of the road and avoid waterlogging upstream of the road. The
capacity of the road drainage system should be sufficient to remove the peak runoff in time.

Disposing runoff in
areas where it is
used beneficially

Where the water from the road is disposed of is important. The road drainage water should not
be disposed of in areas where it creates damage or where it serves no useful purpose, but should
be led to agricultural areas, tree plantations, rangeland, recharge areas, or ponds. It is also
important that road drainage water (including the sediment and other particles it carries) is not
directly discharged into streams where it will create turbidity and cause stream sedimentation.

Having an
adequate number
of outlets from the
drainage system

It is important to have adequate outlets from the road drainage system in order to distribute the
water over a wide area rather than having it become too voluminous to handle from a limited
number of outlet points.

In a few cases, however, on steeper and erodible slopes where gullies develop below each
cross-drainage structure, it is suggested that runoff be concentrated at fewer points that lead to
well-reinforced waterways. This helps to optimize resources in waterway stabilization.

Reduce the
hydrological
connectivity of the
road network

To keep hydrological connectivity low, it is important that the runoff collected from road
drainage be diverted /distributed to vegetative bunds, pasture, or farmland and not allowed to
quickly discharge in local streams and drains. This prevents the rapid buildup of flood peaks
after rainfall in the watershed.

Harvesting
sediment from
road drainage
systems

Road drainage systems can also be used to collect sediment. This requires the side-drain slope
to be broken with drop structures such as scour checks. Sediment will be deposited in the flat
sections. This can be collected and used as building material, particularly in the vicinity of towns.
Sand harvesting from road drains can be an important job opportunity.

As part of designing drainage systems, decisions on the number and location of culverts and other cross-
drainage structures along a road body have an important effect on the opportunities to collect water, retain
moisture, and control erosion and sedimentation. Cross-drainage structures are commonly placed in line with
existing natural drainage paths such as gullies and small streams. They allow water from the upper catchment
to pass underneath roads and connect directly to the downstream portion of the catchment. Because of cost,



the number of cross-drainage structures is often minimized. These cross drains then commonly constitute

bottlenecks, whereby naturally distributed runoff water is concentrated at a few points.

Culverts are important elements in road water management. They can be major sources of damage where

they discharge water in an uncontrolled manner, but they can also guide the runoff from the catchment to

places where it is used beneficially. Culverts, including their bed-sill and some of the ancillary structures, can

also help control erosion.

There are a number of important recommended practices:

Culverts should be placed on drainage lines. As obvious as it sounds, culverts are often incorrectly
located in the road design and construction process.

There should be an adequate number of culverts. As discussed earlier, if the number of cross-drainage
points along a road is limited and natural drainage patterns are distorted, highly erosive runoff and
flooding are likely to occur by concentrating runoff in a limited number of culverts. This should be
considered.

Culverts should be installed close to productive land, storage ponds, and recharge areas and, when
necessary, equipped with diversion canals to take the runoff water to benefitting areas and structures
such as ponds or infiltration trenches.

Proper design and protection measures on culverts upstream are required (Berhe 2018) to guide
water with controlled velocity through the culvert. These may comprise:

= Widened intake channels to slow the runoff passing through the culvert; and
=  Protection of the intake channels with riprap or vegetation to avoid erosion.

Proper design and protection measures on culverts downstream are required, depending on the soils
and slope immediately downstream, such as:

=  V-shaped floodwater spreaders (see picture);

=  Check dams and (stepped) drop structures;

= Riprap protection; and

» Diversion channels to take runoff to benefitting areas or storage/recharge structures.

Proper design of the culvert is required, particularly in steep, erodible streams. The lower sill of the
culvert can be raised and help to stabilize the stream and prevent further scouring out of the stream.




V-shaped floodwater spreaders

3.3.3 Planning water harvesting and erosion control measures along with roads

Rural roads’ contribution to erosion is well documented, as clearly seen in roadside gullies and landslides® as
well as in road aggregates washed from the surface of unpaved roads. Measures to control and prevent
erosion should be part of road construction and maintenance. These include several of the measures discussed
in sections of this chapter as well as in Chapter 10, which is concerned with unpaved roads: well-placed road
alignments (slope, bends, and drainage system), check dams, infiltration bunds, rolling dips and water bars,
reinforced culverts, and water spreaders.

The road represents a change in the natural topography, opening fresh slopes (as discussed in the previous
section) that may be protected by several mechanical and biological measures. It is also important to introduce
these erosion-control measures simultaneously with the road’s development to keep erosion from developing.

There are several methods of biological treatment. The two most popular are bio-engineering and the use of
stabilizing plants, in particular vetiver grasses (Chrysopogon zizanioides). Bio-engineering is the use of plants
for slope stabilization and runoff control. It involves using plant parts such as roots, cuttings, and stems as a
cost-effective and locally adaptable means of erosion control. Bio-engineering ranges from planting deep-
rooted species to a combination of vegetation with civil engineering structures. Examples of bio-engineering
include planting grass lines along contours vertically or diagonally, turfing, jute netting together with seedlings,
brush layering, fascines, palisades, wattling, live check dams, bamboo fencing, and vegetated stone pitching
(Devkota et al. 2014) (see Annex 1).

Vetiver grows in practically any soil and therefore also performs well in soils devoid of nutrients such as fresh
cut/fill areas (Greenfield 2008). lts deep roots make the grass able to withstand high runoff speeds and
volumes. Vetiver is a very resilient plant that can grow under a range of climate conditions with air
temperatures ranging from -15°C to more than 55°C and rainfall varying between <300 mm and >5,000
mm. Vetiver has a range of uses: stope stabilization, vegetation rehabilitation, and as a source of fodder and
thatch (Pinners, no date). Parallel hedges need to be established on steep slopes that are the result of road
construction work in order to control runoff erosion. Although common in some countries, useful tested methods
have not yet been intfroduced in many countries where they could make a significant contribution. The same
applies for bio-engineering. While very popular in Nepal, for instance, it is unknown in other countries.

There are also opportunities for roads to positively contribute to erosion control in watersheds. This section
gives a number of examples:

e  Stabilizing erosive streams with small road fords or drifts;
e Controlling erosive areas with embankment roads; and

e Combing warping dams with roads

Stabilizing streams with road platforms

Road platforms or small fords may be placed at erosive stream crossings to stabilize them. They will retain
the streambed material and allow water to spread over the breadth of the road body before it is discharged
downstream. This will make stream flows much gentler. If such road platforms are raised on the uphill side,
they can help stabilize the stream and even build up a small sandy layer in the streambed that can act as
water storage and connect to the aquifer surrounding the stream. Chapter 8 discusses in greater detail the

3 Because there is extensive and rich literature on preventing landslides during road development, this subject is not repeated
in these Guidelines.



principle of such road drift acting as “sand dams.” If a river is filled with a thick layer of sand gravel, it will
feed the groundwater adjacent to it. It is preferable to build a series of such stabilizing structures on a stream
at different road crossings. Small sand dams may be added in some cases.

The fords may be straight with a dip-down road (see Figure 3.6). This will divert the runoff from the road
surface and guide the water from the stream. The ford may also be parabolic in size to mainly facilitate
natural streams overpassing the road. The advantage of these fords is that they spread the water over a
larger width of the riverbed, causing less damage to the stream bed and stopping whatever rutting appeared
in the riverbed. The fords also hold the bed material in place. An advantage of such stream crossings is that
they do not become clogged. The disadvantages of the fords are that the road may not be passible during
(short-term) floods and are most appropriate on low-volume roads.

Figure 3.6 Road ford in Kitui, Kenya and diagram of road ford with longitudinal slope to allow the crossing of a
natural stream with a permanent rolling dip added to divert water from the road surface (credit Masila). The
rolling dip is done with either concrete, masonry, or rocks
(source: Bender 2009)
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Controlling erosive areas with embankment roads

When roads cross unstable and highly erosive landscapes, they can be used to reduce the land-degradation
process. One should avoid placing cross drainage on the steepest or most erodible sections in a watershed,
but instead concentrate runoff in the more stable streams.

In some highly erosive drainage lines, the choice can be made not to place a culvert or to place it with a high
sill. This will disperse the runoff along the uphill side of the road and cause the stream to fill up in front of the
road. This can help control the specific erosion hotspot.

Capturing eroded soils with roads in combination with warping dams

Warping dams are relatively high retaining structures constructed to capture soil in highly erodible
landscapes. They fill up on the upstream side, creating stable and fertile terrace land from where runoff
water can be better managed. Once the land area is filled up, the water streams can regularized. Roads
can be combined with such warping dams. Warping dams were used extensively in China’s loess plateau
where the landscape was heavily degraded, but where hillsides were treated with a range of measures and
valleys were blocked off with warping dams, creating fertile new land where there had been heavy erosion.

Road in combination with warping dam, making a degraded valley fertile with regularized drainage (Li 2016)
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4. Roads for Water in Coastal Lowlands

Key message

e In coastal lowlands roads serve as flood protection infrastructure and vice versa: this requires
cooperation between the responsible organizations in transport, water management and disaster
risk reduction to optimize functions and co-benefits and come to joint specifications and better
integrated concepts;

e In coastal lowlands roads also have a major impact on water management which is now often
manifest in water logging;

e Asroads are the main infrastructure in these low lying areas, they can also be used to control
water levels for productive use;

e Such measures contribute to the longevity of the lowland road network.

Main techniques

e Several techniques optimize the interface between roads and flood resilience: higher roads or
road levees/ flood shelters in flood prone areas, creating flood water storage, using excavation
material to make local roads; using low embankment roads in selected areas (Ch 11); evacuation
planning, turfing of embankment slopes;

e Several techniques improve the contribution of roads to water management in coastal low lands:
road alignment to compartimentalize high and low lands, adequate cross drainage to retain and
release water, using gated culverts for water level control, making use of borrow pits for drainage
and water storage (Ch 7), using roads for land accreditation.

4.1 Objective

~—

Road created with excavation material from drainage canal in coastal Bangladesh

This chapter discusses the systematic integration of road development with productive water
management and improved flood resilience in low-lying coastal delta areas. It is based on work in
Bangladesh but also refers to other countries. The combined planning and management of roads, cross-
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drainage structures, and flood embankments are powerful strategies to enhance climate resilience,
improve flood-disaster risk reduction, increase agricultural production, and ensure the durability and
reliability of road infrastructure in coastal areas.

Coastal areas represent 20 percent of the world’s land, but they are home to more than half of the
global population and an equal portion of economic activities (World Bank 2008). They offer a rich
variety of ecosystems with a range of services, such as storm protection, water purification, nutrient
recycling, fish spawning, and recreation (tourism). They also sustain food production (crops, fisheries, and
aquaculture).

Due to their location, coastal systems are among the most productive but also one of the most threatened
(Dayton et al. 2005). They are at the forefront of climate change with sea level rise, storm surges, floods,
and changing rainfall patterns, but there is also a larger picture of changing river regimes, sedimentation
patterns in coastal deltas, and land subsidence (World Bank 2008). The latter impacts may be greater
than the effects of climate change. Land subsidence in the Ganges Deltq, for instance, is estimated at 18
mm/year (Brammer 2014): much more that the expected global sea-level range, projected at 1-2
mm/year (Church et al. 2001).

Roads have a significant influence on the development of coastal areas. Because they are often
combined with permanent embankments, they may influence the duration and extent of inundations and
the dynamics of flooding in coastal deltas. Roads also fragment the landscape and interrupt the natural
flow of water and the movement, sediments, and nutrients important for biological diversity, fertile
agriculture, and fisheries (W. Douven, Goichot, and Verheij 2009). Douven et al. (2012) argue that a
resilience approach rather than a resistance approach often works better in coastal areas. A resilient
approach consists of managing the road infrastructure along with the surrounding landscape, adapting
to the broad opportunities of the area rather than reclaiming and protecting as much land as possible,
and accepting risks while building in mechanisms to deal with these risks. The resilience strategy aims at
minimizing the consequences of floods, while maintaining natural floodplain dynamics as much as
possible, whereas the resistance strategy aims at preventing and regulating floods, which has a strong
impact on natural floodplain dynamics (Douven et al. 2009)

4.2 Opportunities

There is a strong connection among roads, water management, and flood protection in low-lying coastal
areas, but this connection isusually not systematically operationalized. This represents both a major
missed opportunity and, in several cases, the creation of a substantial problem.

There is considerable scope for an integrated approach in which roads can become instruments for water
management and flood resilience in coastal areas. There are three main opportunities: (i) roads
contributing to improved agricultural water management; (ii) roads combined with flood embankments;
and (iii) roads serving more systematically as temporary flood shelters and evacuation routes. These
opportunities are discussed below.

Roads for improved water management within low-lying coastal areas

Roads, bridges, culverts, and gates in low-lying coastal areas strongly influence the flow of water, its
distribution, and its levels. The network of internal roads, including small village roads and pathways,
divides the areas into compartments, separating relatively higher and lower lands. Road infrastructure
may impede drainage and create waterlogging, affecting land use and the soil’s capacity to absorb
rain during high rainfall events. Cross-drainage structures (bridges, [gated] culverts, and pipes) are often
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insufficient, too narrow, and obstruct water flows. Likewise, bridge sills may be too high, impede
drainage, and cause waterlogging.

At the same time, although they are now not constructed on these principles, roads can be powerful
instruments to better regulate water levels in the fields and contribute to improved agricultural
production. If properly fine-tuned, roads in low-lying coastal areas can serve as infrastructure to create
areas with relatively low and high water levels and thus allow more varied, multiple-cropping land use
patterns. At present, road alignment is not often designed in accordance with the catchment’s hydrology.
As mentioned, water-crossing structures may have inadequate dimensions, or may be incorrectly located
or absent. Neither are they systematically provided with gates that would provide a major opportunity
to actively manage water levels and store and/or release (flood) water between different sections of
the low-lying coastal areas. At the same time, erosion and subsidence quickly damage new roads
designed without attention to required drainage. In summary, combining road development with water
management brings multiple benefits: less waterlogging, less road damage, improved agricultural
production, and improved overall livelihoods of rural communities.

Roads combined with flood embankments

There is also a strong link between roads and flood embankments. Many of these embankments are also
used as roads: the top of the embankment serves as a subgrade for the road pavement. There are also
several examples of roads functioning as embankments of rivers, channels, and canals. There are
sometimes mismatches between these transport and flood protection functions. This happens when a
paved road is developed on an embankment that has not yet reached its safe and climate-proof level;
because of the road, pavement cannot easily be increased. In some instances, the height of the
embankment is reduced to create a wider road and improve transport functions. In addition, when a
road is developed it tends to compact the body of the embankment: this makes it stronger but also may
cause subsidence of the embankment body. This threatens the essential flood protection functions of an
embankment. The construction of bridges in the flood embankment may also weaken or strengthen the
flood protection functions. The current issues can be turned around by dovetailing road and embankment
development, which would make both stronger, and by designing embankments following criteria to
accommodate a future road.

Roads more systematically serve as temporary flood shelters and evacuation routes

The third important nexus between roads or embankment roads and flood resilience is that roads act as
shelters and as safe havens during times of inundation. Also, after floods recede, roads serve as places
where affected people and livestock can temporarily settle and rehabilitate. There is a need to
systematically develop these linkages with roads in areas at high risk of inundation providing evacuation
routes and safe places for people and livestock.

4.3 Recommended Best Practices

Best practices (Figure 4.1) are discussed below in terms of these three main opportunities to create more
climate resilience, higher agricultural and fishery production, and to better preserve road bodies. This
should ideally take place in an overall picture of adequate drainage in low-lying coastal areas with
control structures and sufficient capacity for water storage and removal. The functioning of water-related
infrastructure can make a major contribution to the agricultural performance and sustainability of all
infrastructure in coastal areas, including roads.
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Figure 4.1 Recommended best practices in coastal lowland areas

4.3.1 Roads for water management in low-lying coastal areas

Coastal areas are major suppliers of agricultural produce due to their proximity to urban centers and
the usually conducive circumstances of adequate land and moisture. An important challenge is to manage
water levels in extensive low-lying flat areas. Roads in these areas can play a major role: they are
usually the only infrastructure present in low-lying areas that can be used to control water levels. Table
4.1 considers a number of practices:

Table 4.1 Improved practices in low-lying coastal areas

Improved practice

Roads for improved water Plan roads and paths to more systematically serve as boundaries that separate
management in low-lying high-, middle-, and lowlands in low-lying coastal areas.

coastal areas

Integrate cross drainage from the beginning in road development, as well as
the dimensioning and placement of culverts and pipes in accordance with
hydrological catchments in the polder.

Use gated culverts and pipes to turn these road structures into instruments for
water level control.

Ensure fish passages in areas where there is wild fish capture.

Have roadside borrow pits to serve as drainage ditches and provide critical
dry peak/dry season irrigation or use for fisheries.

In low-lying areas, consider the possible effect of roads on sediment retention,
and use roads to trap sedimentation and allow land to rise gradually in order
to deal with river water-level rise.

Excavate ponds and canals to create adequate storage for the dry season
and reuse the sediment for building road embankments or flood levees.
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At present, the effect of roads on surface hydrology is generally not taken into account during road
development, in particular for smaller roads and footpaths. This results in road damage due to seepage
(see pictures) and waterlogging around roads, and opportunities for improved productive water
management are missed. With the exception of major highways, local road management
agencies/institutions do not typically conduct hydrological surveys for the development of new rural
roads. The criteria often used in the design of village roads are mainly based on traffic, public demand,
land availability, and socioeconomic connectivity (access to markets and surrounding villages).

However, it is essential to take basic
hydrological considerations into account when
developing roads in low-lying coastal areas,
including flood drainage, stream channels and
topography, afflux, debris properties, scour risk,
road alignment, soil conditions, and fish
movement (Queensland 2015). If a hydrological
survey is impossible due to lack of resources,
local community groups could undertake
landscape mapping. Such mapping could include
location of the road, current land use on either

Seepage on rural road Water seepage caused road collapse

side, the micro-relief of the areq, the location of cross-drainage structures (culverts, pipes, and bridges)
and the need for gates, and water retention and drainage requirements for agriculture and aquaculture.

Planning the boundaries of roads and paths as divisions among high-, middle-, and lowlands in low-
lying coastal areas

Roads redefine the surface hydrology of low-lying coastal areas, dividing it into high-, middle-, and
lowlands. Each level of land will have its own best usage and cropping pattern. To the extent possible,
roads should follow contour lines and compartmentalize farmland at different levels. This will optimize
productive use at each level of land.

If there is a suitably detailed Digital Elevation Mode (DEM), this can be used, but it is unusual to have
DEMs that capture the micro-elevation in coastal areas, which may range from 50 to 150 cm. If no DEM
is available, roads as divisions among high-, middle-, and lowlands in low-lying areas (as well as the
location of cross-drainage structures) may be planned based on systematic discussion with local
organizations and local governments.

The compartmentalization of land at different levels can also be used to slow peak rainfall runoff by
storing it behind the polder road embankment before it overflows onto the next stretch of land. This
slows the velocity of water, reduces erosion and siltation, and leads to more groundwater recharge.
Water can be retained longer in higher areas and serve as storage for lower areas or be used for the
cultivation of rice and shrimp in the wet season.

Integrate drainage structures in the initial road design
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At present, drainage structures (culverts and pipes) are not always integrated into the initial road design.

The location of culverts or pipes is sometimes decided later on, when road damage happens due to

seepage or when waterlogging occurs. There is rarely consideration of how to remove drainage water.

Rather than using such a gradual approach, it may be better practice to decide on the drainage

requirements when the road or pathway is first constructed. A ready-reckoner “gap rule” may be used,

especially for community roads. This rule is used in Bangladesh, for instance. It describes the

recommended length (in meters) of drainage openings (bridges, culvers, and pipes) per 100 m of road

(Table 4.2). It is based on the type of road and geographic location.

Table 4.2 Gap requirements by type of road, m/km in Bangladesh (LGED 2005)

Waterlogging in Bangladesh

Road type Geographic location
Swampy Hilly Plain
Secondary and tertiary roads 10-15 7-15 6-10

In deciding the location and type of cross-drainage structures, the following steps are recommended:

- Observe the natural drainage patterns and place the cross-drainage structures along natural

drainage paths;

- Discuss the need for drainage of the higher command areas and the opportunities to discharge

the excess water; and

- Consider the controlled cross-drainage structures (see
next) in those locations. Consider pipes or culverts with gates if
there is a need to constrict flow or control water levels. If water
must move freely at all times, a bridge is preferred for larger
crossings.

Use gated crossings to retain and control water

Gated water-crossing structures (see pictures), particularly on
box culverts and pipes, will help to control water levels with
the road infrastructure, especially with roads inside the
polder.4 Water levels in a large area can be controlled with
these relatively simple devices. They also make it possible to
manage the water level in the upstream area for rice
cultivation, for instance, by opening or closing the gate. By
opening the gates, water upstream can be released, and the

area can be drained, for instance, when fertilizers and other agricultural inputs need to be applied. In

this way, controlled cross-drainage from roads goes hand-in-hand with the cultivation of high-yielding

varieties.

4 This practice is not recommended for roads that serve as flood embankments (see 4.3.2).
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Gated culvert in Bangladesh (photo: Blue Gold)

The gates on the cross-drainage structures can also be used to manage water storage upstream of the
roads, for instance, for dry season cultivation or for aquaculture. In this case, it may be useful to provide
additional protection to the roadside to prevent it from being affected by the high water levels.

Gates should be provided at specific locations based on local discussion and agreement to control
drainage; manage water levels of fields, canals, and ponds; and increase water availability for
different purposes (irrigation, fisheries, and households). The gates may be made of wood or iron, but
an important consideration is that they should be theft- and tamper-proof. Local discussion should also
create clarity on the rules and responsibilities for operating the gates.

For gates on cross-drainage structures, the following are recommended:
- For box culverts, provide an internal slot or external railing for stop logs or gates; and

- For pipe culverts that have a superstructure, provide a hook or railing to attach the gate.

Especially where there is more than a 0.50 m difference between upstream and downstream land, scour
protection may be provided with vegetation or small stone pitching both on the upstream section and
the downstream flow path. This will prevent damage from water gushing through once upstream water
is released.

Box 4.1: Controlling rice cultivation with dual purpose culvert in Liberia

In Liberia, lowland rice cultivation is common. Roads in several areas have disturbed their hydrology, but
in other cases ‘clever’ dual purpose road culverts have been used to regulate the rice cultivation. The
road culverts have a dual propose: they act as micro dam and a bridge to cross a small river. They have
two outlets: a higher larger one (60 cm wide) in use during the high rain season allowing more water to
pass and a smaller one (12 cm) for the dry season to let a controlled flow to the irrigated rice field on
the downstream side. The small pipe directs the water to the irrigation canal built on the downstream
side. The intake of the canal on the culvert is gated and can be opened or closed depending on
requirements.
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Ensuring fish passage

Roads also have an impact on the movement of wild fish in low-lying areas. The road should not obstruct
fish migration routes, and bridges should be placed in accordance with major migration routes. Culverts
have relatively small openings and are less suitable for maintaining fish migration routes. Therefore,
bridges are preferred to minimize impact on fish ecology (Douven et al. 2009). Nevertheless, culverts
and pipes are the main passages for fish and other aquatic animals in wetland areas. A number of
considerations apply if culverts are used as fish passages (Figure 4.2):

- The flow velocity through the culvert should not be
greater than the swimming capabilities of the fish.
The swimming capacities of species vary and are
often unknown. It may be useful to apply a very
gentle slope through the culverts so as not to
interfere with fish movement.

- The outlet of the culvert should not have a vertical
drop that makes it difficult for fish to swim or leap
out.

- The water level in the culvert should be minimum,

at least during the fish movement season. Standing
shallow water in the culvert or pipe will help fish
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- There should be no debris or sediment accumulation in the culvert or pipe that causes physical
blockage or increased turbulence, because it might prevent fish from moving across the culvert.

Use borrow pits for multiple functions

Borrow pits (see picture above) are excavations performed to collect materials—sand, gravel, soil—for
road construction and maintenance. They are typically located parallel to the road. For instance, the
standard criteria for borrow pits in Bangladesh (LGED 2004) are as follows: the depth should not exceed
1.5 m, and the width of the embankment’s side berm and the edge of the borrow pit should be from 3
mto 10 m.

Roadside borrow pit for rice drainage and fishery in Bangladesh

Borrow pits will fill with water during the monsoon season. They serve several useful functions (see use in
Nepal):

- They act as a drainage reservoir, taking excess water from the adjacent (paddy) fields;

- They serve as water storage and can increase the groundwater table; and

- They can be used for important functions such as fishery, harvesting aquatic plants, and jute
retting.

It is useful in most instances not to backfill the roadside borrow pits but instead to discuss their location
and dimensions with the users and owners of the land where they are located, preferably under the
guidance of local community groups. The location of borrow pits in low-lying areas should follow a
number of considerations:

- Clear ownership of land and future borrow pits;

- Definition of future function; and

- Ability to landscape the borrow pit and make it safe.
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Practice of using roadside borrow pits and drains as drainage buffer,
also practiced in the Terai Plains of Nepal

Use roads to raise lands
Roads in low-lying areas can be used to capture

sediment by increasing the land level on one side
to gradually deal with river water-level rise. This
practice now occurs by chance but can be managed
better. The impact can be noticeable. For instance,
in Polder 2 (Shatkira, Bangladesh) the ground level
has increased 15 cm on the upstream since the road
was built 20 years ago. The higher ground is less

-

L prone to flooding and/or waterlogging, and
ments

Use roads to capfuré ;edi . .
farmers can grow a wider variety of dry-season
crops. The land rise (75 mm/year) in this area is higher than the sea-level rise (4 mm to 8 mm/year) and
the land subsidence. There is reason to use roads to trap sediment in selected low-lying coastal areas.
This can be done as part of polder-level road planning, informed by hydrological mapping. The
following would be required:
- Mapping of intake points into the polder and an assessment of their silt levels;
- Mapping occurs in line with the internal drainage patterns in the polder and the high-,
medium-, and low-lying areas; and
- Mapping of the opportunities for (new or existing) road infrastructure to guide relatively silt-
laden water to low-lying areas and depressions by diverting part of the surface flow.

Reuse the excavation material from canals to increase road levels

The internal drainage in low-lying areas often consists of a network of canals, usually the original coastal
creeks. These canals are multifunctional: they remove excess water when required but also serve as
water storage or are used for aquaculture.
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Water stored in canals, but siltation can cause drainage congestion

Siltation of canals is a constant challenge: it will increase the water levels in these drainage canals by
causing drainage congestion and waterlogging. Regular cleaning and re-excavation of canals are
needed to ensure system connectivity, continuous water drainage, and more water retention inside the
polder. The excavated silt can be reused systematically to create land for agriculture, increase the level
of cultivated areas, increase the level of settlements, and build roads and/or embankments and flood
levees.

4.3.2 Roads combined with flood embankments

Flood embankments, next to their role in flood protection, are used in coastal areas for transportation.
In addition, some newly developed roads in coastal areas double as flood embankments. Because
different organizations may be involved (road departments, disaster risk reduction departments, or
water departments), it is important to synchronize the criteria for roads and embankments with regard
to width, side slope, and height. Similarly, the planning of the development of roads and embankments
should be coordinated. Traffic functions and flood safety should be combined and not compromised.

Table 4.3 and Figure 4.3 offer an overview of recommended improved practices in this field:
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Figure 4.3. Recommended good practices for roads combined with flood embankments



Table 4.3 Recommended practices for roads as flood embankments

Recommended practice

Roads combined with flood embankments Synchronize criteria for flood embankment heights,
widths, and slopes in line with climate change
scenarios

Coordinate development of embankment raising
and road development

Use turfing or vegetation with high value, non-
palatable crops such as vetiver for side-slope
protection

Synchronized criteria for embankment roads

Embankment roads should be designed and constructed with sufficient width and height to ensure
protection from floods, land preservation, and transport functionality. Using Bangladesh as an example,
the standard design of village roads for small-scale projects (<1,000 ha) (LGED 2004) establishes a
minimum crest width between 2.5 m and 4.9 m for road embankments, while the standard Road Design
Manual 2 (LGED 2005) establishes a crest width for village roads of 5.5 m. Moreover, the current crest
width used by the Bangladesh Water Development Board (BWDB) for embankments is 4.3 m. It was
proposed that an agreement among road and water institutions be reached on a common standard crest
width for road embankments (a minimum of 5.5 m). This also creates extra space for human and livestock
shelters during flood events.

Moreover, the development of new design criteria for embankments and roads should be based on
future climate scenarios: standard crest width and height based on a return flood period of 1:100 (or
1:200 for large rivers), adequate side-slope protection, and size and number of drainage structures
based on climate change. Road and water management organizations should work together and
establish common standard criteria for embankment and road design.

Coordinated development of embankment raising, road development, and road paving

The development of roads and embankments is not always coordinated in practice. This is manifest in
roads being carpeted on embankments before these have reached their safe flood levels. There are
also instances where even the top of the embankment has been lowered to accommodate the width
required for the road. Road and water organizations should come to agreements on what is required in
advance of road construction. Because the crest width and the side slope prescribed by water
organizations is binding, the budget for road development should include provisions for raising the road
embankments to safe levels as well as road pavement and subgrades. When developing a road on an
existing embankment, the effect of compaction of the existing embankment should be accommodated as
well. If a road is constructed on an embankment that is not yet at prescribed levels, the pavement is
considered temporary and may be demolished to be rebuilt after the embankment is raised.

Use turfing or vegetation for side-slope protection

Measures to protect side slopes should be incorporated in the initial design of roads or embankment
roads and the berms of the embankments (Islam 2000). Local vegetation (grass and shrubs, but not trees)
should be used to protect the side slope of roads, in particular the embankment roads. Suitable grass
species such as vetiver at 0.3 m x 0.3 m spacing, mixed with Ipomoeq, Nypa, Typha, and Pandanus (Islam
2000), may be used. Vegetation on the berm slopes is a barrier against runoff and erosion. Slope
protection with grass increases the stability of the slope and decreases road erosion, leading to road
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stability and flood resistance. Turfing can be combined with the use of jute or coir netting to prevent soil

erosion (Figure 4.4).

Species should be selected in consultation
with the local community. Land in coastal
areas is often at a premium and is heavily
contested. The use of side slopes and the
protection of newly planted vegetation
should be discussed with the local
government as well to decide on who is
allowed to use the side embankment and
who is responsible for guarding the side
slope, and how this is to be supervised and
enforced. In addition, grass vegetation
should be evenly spread and well
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associated gullies should develop and
undermine the embankment. On the other hand, if the vegetation is evenly spread, the hoof action of
animals may compact and strengthen the embankment.

Coastal-area embankment roads may be also
protected by a 50 m to 200 m wide belt of mangrove
(Figure 4.5) in tropical regions or by non-mangrove
planting following the staggering method. This practice
may also decrease the impacts of storm surges and the
tidal effect (Islam 2000). Mangroves retain nutrients in
their roots, increasing soil stability and keeping up with
sea-level rise (Alongi 2008). Moreover, mangroves act
as a buffer against strong winds and the cyclone tidal
effect.
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Box 4.2 Repairing embankments using Green Soil Bags

A special, newly developed method to prepare or repair embankments is the Green Soil Bag. This is a unique
measure developed to block water like a traditional hessian sack. The major advantage compared with the
traditional sandbag is that the Green Soil Bag is fully bio-degradable and filled with mix of grass seeds and
rich earth. The seeds will germinate depending on the temperature and grow outward through the jute. For
the first 1.5 years, the bag itself will ensure stability in the dike/embankment. Later, the bag will be digested
and the grass net will take over the function, blocking erosion by rooting of the subsoil. Dutch water boards
use this smart and simple invention to strength their levees and harvest the grass. Green Soil Bags were
designed to repair dikes and flood defences, increasing their height. The Green Soil Bag was also introduced
under a pilot project in Gondamari, Bangladesh, where local communities are very enthusiastic about evidence
of good initial results.

Green Soil Bags used to build levees in Kalapara
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4.3.3 Roads as temporary flood shelters and evacuation routes

Roads play an important role in flood disaster response. Because of their higher location, they serve as
emergency flood shelters and provide evacuation routes. Emergency shelters have been constructed in
several areas. However, these shelters are unable to accommodate the entire population in an effected
area. For this reason, roads complement typhoon shelters and other flood-response measures. There are
several good practices to better connect road development and emergency responses in coastal areas
(Table 4.3).

Table 4.3. Recommended practices for roads as flood shelters and evacuation routes

Recommended practice
Roads serving as flood shelters and Prioritize the development and heightening of roads leading to
evacuation routes designated emergency shelters.

Create heightened road bodies in low-lying areas of the polder
to create safe routes and safe temporary shelters during flood
events and refuge areas in the post-flood scenario.

Create levees along vulnerable sections of the roads to protect
roads and embankments, and create flood and post-flood shelters
for humans and livestock.

Plan evacuation routes using road infrastructure.

Prioritize the development of roads that connect to emergency shelters

oo e

Cyclone shelters in Bcngladesh

In developing roads, one priority must be the roads that connect to designated emergency shelters. In
making a road development plan for a coastal polder, the road network should be designed in such a
way that it is possible for humans (especially women, children, and disabled people) and livestock to
reach the safe place in a short distance. Road development should be part of Disaster Risk Management
planning.

Prioritize the development of roads in the lowest areas
Roads also provide important functions during floods, serving as safe shelters during and immediately

after floods. These functions should be systematically strengthened. In designing new roads, priority may
be assigned to the road sections in the lowest part of an area and to raise them to at least design
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specifications (1/20-year flood levels plus 0.3 m additional free board). Where possible, excavation
material from local canals may be used.

Consider levees along roads to temporarily accommodate flood-affected persons

In addition to raising the roads in the lowest sections of low-lying coastal areas, levees may be created
along internal roads and along specific embankment sections to shelter people and livestock during
floods and high-water events. These higher sections should be created especially in high-risk areas, using
the remaining silt from the excavation of canals, ponds, or rivers. Such sections along the roads could
provide the opportunity to accommodate temporary flood victims (people, cattle, and goods) until their
homes have been rehabilitated. The use of these levees should be regulated by the local governments
to avoid the undesired permanent occupation of flood shelters. Levees should be spaced strategically at
distances so that they are accessible throughout flood-prone areas, placing them along more exposed
sections of flood embankments so they can serve as additional reinforcements. The same may also be
done for the area outside the embankments.

As a rule of thumb, the minimum space needed for

a person to take shelter lying down is 1.5 m2 or
3.5 m2 for a sphere standards space (Red Cross
2013). An average household in Bangladesh, for
instance, has 4.6 members (Begum 2004). A family
needs a shelter area of approximately 15-16 m2.
For livestock, a space of 2 m to 4 m per head
would suffice. Therefore, 85 people can take
shelter (without livestock) on a longitudinal section
of 100 m of embankment with a width of 3 m. If

g
Embankments used as temporary flood shelters

there are multiple areas of 300 m2 in specific locations along an embankment, the number of people
who would benefit from temporary shelter is proportionally higher.

It is also important to protect such levees by stabilizing their embankments through the planting of hedges,
vetiver, and other grasses on their slopes and toes to protect them from erosion (Islam 2000).

Plan and mark evacuation routes

Despite emergency preparedness programs and early-warning systems, pre-emergency evacuation
remains a challenge in coastal villages of developing countries. In rural areas there remains a lack of
awadreness and communication to enable people to understand the warnings and evacuate. Moreover,
dissemination of warning messages is inefficient, because poor residents in coastal areas may not have
means of communication (Haque et al. 2012). During floods and typhoons, roads are an important part
of the evacuation of people and livestock. Part of emergency preparedness should be to plan evacuation
routes. This can be done by:
- Mapping population centers;
- Mapping road networks and looking at the above-ground level of roads;
- Mapping for floods, inundation risk, and escape routes (Figure 18) (WMO & GWP 2011);
- Putting in place flood signs (boards, poles) along the roads as part of evacuation-route planning,
especially in areas that are easily inundated: the aim is for escape routes to remain visible
during emergencies (Figure 4.6) (WMO & GWP 2011)

- Raising awareness so that a large number of persons are familiar with evacuation routes.
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Figure 4.6 Map of escape route in Thailand
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5. Roads for Water in Mountain Areas

Key message

e The selection of the alignment and slope of roads and the provision of adequate water crossings is
critical for the longevity of the road and to minimize the harmful effect of the road on the
surrounding environment;

e Given the (climate) vulnerability of the medium and high altitude areas it is important to safeguard
the road environment with measures that reduce the risk of disturbance whilst also improving the
productive value of these areas.

Main techniques:
e For the development of new mountain roads, the mass balance method should be considered;

®  Main techniques to manage the water road environment are spring capture, reinforced road water
crossings (see also Ch 8 and 9) and bio-engineering.

5.1 Obijective

Many high-altitude and middle-altitude areas are at the forefront of climate change. Much of the
attention is placed on their medium- and long-term contribution as water towers, safeguarding the future
water supply of minor and maijor rivers that originate from them. Climate change comes in several forms
in high mountain regions: higher summer temperatures or more frequent short-duration warm spells; more
rainfall but less snow; more wet snow and less dry snow. These changes often unsettle the precarious
balance in the mountain regions, causing glacier retreat, more frequent landslides, and the emergence
of temporary lakes (see Box 5.1). They also cause mountain areas to become drier in the long run with
snow melt becoming a less reliable supplier of moisture. Within this overall pattern of climate change in
high- and medium-altitude areas, there is a diversity of trajectories. Lutz et al. (2014) describe various
trends in different parts of the Himalayan region, the world’s foremost water tower. Most Himalayan
glaciers are losing mass, often on the order of 23 to 56 percent, with significant repercussions for the
water security of high-altitude areas. Within the Himalayas, the exception is the Karakoram range where
glaciers are stable and are sometimes gaining mass (Bolch et al. 2012). In general, because of glacier
melt, water availability will increase until 2050 but decrease between 2050 and 2100 (Immerzeel,
Pellicciotti, & Bierkens 2013). Adaptation to seasonal shifts, changed water availability, and extreme
events (flooding) are new challenges in the mountain regions.
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Road development in mountain regions presents many engineering, logistical, and financial challenges.

If done carelessly, the development of roads in these environments can have a heavy negative impact
on the surrounding environment and undermine climate resilience. Road development can change runoff
patterns and cause areas to further dry out. They can transfigure the face of mountain regions, leaving
behind huge erosion scars and accelerating the rate of sedimentation.

This chapter discusses the development of mountain roads and the improvement of the landscape around
mountain roads. It argues, as elsewhere, that the development of roads should be seen as an integral
part of the development of the landscape in which the road is placed. Yet more than in other chapters,
it makes the point that additional measures are required in the mountain landscape surrounding the
roads to make the areas more stable and productive and to reduce the exposure of the road to extreme
events.

This chapter first discusses the impact of roads on mountain environments (5.2). It then goes on to discuss
investments in roads to make them instruments for resilience in their mountain environments (5.3) and the
additional measures to be considered in bolstering the mountain road environment (5.4). We argue that
road protection and landscape management should be combined to reinforce one another.

Box 5.1. A landslide triggering a new mountain lake
Here is an example of what a landslide can do to connections is Barsem Lake near Khorog in the Pamir Mountains
of Taijikistan. Over two days in July 2015, a landslide came down from the small Bersam side valley to the Gunt
River, the region’s main river. The landslide came in a series of at least 12 bursts, each time carrying an enormous
mass of rocks, sand, and gravel down the valley. It created a solid debris fan 500 m wide and stacked 15 m high
in the Gunt River. The landslide took 64 houses along with it. Fortunately, there were no human casualties, because
the first landslide burst came in the afternoon, giving people time to move to safer ground.
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However, other consequences were dramatic. The landslide blocked the entire Gunt River. This created a kilometers-
long lake overnight, covering land along the river and inundating the main road up to the border. It also submerged
power lines from the Pamir-1 hydropower plant. This isolated the area and disrupted all logistical supplies. No
power was provided to Khorog. Transportation in Tajikistan to and from China came to a halt. Disaster response
was swift. Power connections were restored within days, using an entire new route of pylons. The emergency road
higher up the mountain was constructed in 42 days, engaging all equipment that could be mobilized.

After one year of considerable effort, local engineers finally managed to slightly unblock the river with the help
of dynamite and excavators. Only a narrow through-fare could be made in the debris fan, taking some of the
pressure off the newly formed Barsam Lake. The larger part of the river is still filled with the landslide material
that over time is becoming more compact. There are plans to remove all material, but looking at the blockage one
is reminded that the human endeavor to resolve such problems is tiny in contrast to our capacity to create the
problems in the first place.

5.2 Changing the mountain environment

It is unavoidable that the development of a road changes the environment of mountain areas: the
hydrology, microclimate, and sedimentation patterns. The changes in hydrology concern several
dimensions. First, the development of a road changes surface runoff patterns. Rather than flowing down
a smooth gradient, the runoff is interrupted once or several times while descending from the newly cut
hillside. The flow velocity is reduced as the runoff touches the road surface and erosive force is released.
As the runoff touches the road surface it may concentrate and accumulate along the road surface,
effectively changing the natural drainage pattern. Secondly, in a similar fashion the subsurface flows
are interrupted in road construction (see figure 5.1, also chapter 3). The degree to which water travels
in the upper soil layers and geological formations differs from place to place and from road section to
road section. Roads disrupt these shallow moisture flows and, in many areas, cause new springs and
seeps to emerge.
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(a) (b)
Figure 5.1: (a) Increased air-surface exposure of hill slope; (b) Interrupted subsurface flow due to road openings
along Mugu Humla Road (West Nepal)

A third effect on hydrology is that with the opening of the hilly terrain the road cut also opens up fresh
mountainsides and increases the air-surface exposure of the hill slope (figure 5.1). This will dry out the
hill slopes, particularly when the slopes are freshly cut. There is, moreover, a gully effect with soil moisture
moving towards the road cut from where it constantly evaporates. Unless the side slope is covered again
with vegetation, it may lead to a ‘bleeding’ of the subsurface moisture, drying up hillsides. Fourth, the
construction of roads will also increase the so-called hydrological connectivity of the watershed.
Hydrologic connectivity describes the degree to which elements in a landscape are interconnected. The
higher the connectivity the faster the rainfall run off, causing peak flows in the rivers to emerge early
and be more pronounced (Meng, Wu, & Allan, 2013) — see also Chapter 3. Road development has
generally accelerated runoff, making new connections and concentrating flows in a smaller number of
drainage lines.

Furthermore, the opening of the roads in steep mountain terrain has a large bearing on the microclimate
(see figure 5.2) of roadside areas, which can be observed, for instance, when forest areas are traversed.
The impact on the microclimate comes from the changed hydrology and from the greater exposure of
the mountain slopes to sun and wind and reduced tree canopy once roads ‘open up’ the roadside
environment. The general effect will be for the area surrounding the mountain road to dry. Such drier
road environments and lowered soil moisture effect soil temperatures (more heat exposure) and
microbiology. When soils are less moist there is less microbial action in the soil which will, for instance,
reduce the capacity to fix nitrogen, with repercussions for vegetative growth. We also see gradual
drying, the increase in day temperature, and a lowering of night temperature. This may also affect local
rainfall patterns and the occurrence of dew, which is an important source of moisture for vegetation. To
rebalance this, measures should be taken to retain moisture and regreen the area.

Finally, roads also trigger sedimentation in mountain environments. The cut section of the road and road
surfaces are vulnerable to erosion. Much erosion occurs during road construction, further aggravated
when slopes are unstable. Erosion control should be part of the methods of road construction and of
additional measures taken. This is, of course, at its most spectacular in the shape of landslides and
mudflows that may be triggered by the development of roads, either because they destabilize hillsides,
cross unstable mountain sections, or cause seepage that triggers dramatic landfalls. The topic of roads
and landslides is covered in a broad range of literature and is not discussed further in these Guidelines.
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Figure 5.2: Interlinked components of micro-climate

5.3 Improving the mountain road

When making a mountain road that contributes to resilience and can withstand shocks and stresses, there
are a number of considerations:

e Choosing the road alignment and design carefully;

e Choosing the appropriate construction method;

e Including protected road water crossings — such as tilted causeways, reinforced causeways
(drifts) at ephemeral stream crossings, dissipation blocks, check dams and downstream protection
infiltration road-side bunds;

®  Managing roadside springs and seeps.

5.3.1 Choosing the road alignment and design carefully

The choice for the road alignment and design goes a long way to ensuring the sustainability of the road
and its contribution to the resilience of the landscape. A first important consideration in selecting a road
alignment is that it should not disturb runoff patterns. With steep slopes in mountain regions, the high
speed of runoff can create havoc for sometimes unstable slopes. There are a number of considerations.
First is to observe reasonable longitudinal slopes. In the Nepal Rural Road Standards, for instance, 7
percent is taken as the ruling gradient (for a maximum distance of 300 m). The recommended limiting
longitudinal gradient in mountain roads is 10 percent, with a maximum slope of 12 percent as an
exception. Beyond this, the road will act as a drain, collecting water during rainfall events and causing
extensive rutting to the road surface. Such steep, rutted, and often slippery roads are dangerous for
vehicles, and are sometimes impossible to pass. They also alter the drainage pattern of the mountain
slopes. Choosing gentler slopes has cost implications, as the length of the road will increase and there
will be more bends. However, these costs are recovered through road functionality and reduced damage
to the surrounding landscape. A second point is road drainage. The Green Roads criteria developed in
Nepal are recommended to have free-draining, downward sloping road crowns to gently spread the
runoff that gathers on the road. Good water exits at hairpin bends are required so that water does not
remain on the road surface in these sections and careen downstream where it will accumulate and cause
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damage. A final point in selecting a road alignment and design is to incorporate road water crossings
with an adequate number of causeways (or drifts) at stream intersections and other measures to control
for stream crossing and spring management/

A second consideration in selecting a road alignment is to keep a safe distance from existing streams
and rivers and to prevent the road from getting inundated or damaged by floods in such rivers and
streams. The road layout should be aligned with the current and predicted hydrological situation. Roads
should be at a safe elevation and distance from mountain rivers. An analysis of current hydrological
data and future scenarios can inform this decision.

5.3.2 Choosing appropriate construction methods

Several methods can be chosen to develop mountain roads. A method that is worth considering is the cut
and fill, applied in Nepal in several programs. One central element is ‘mass balancing’, i.e avoiding
wastage of mountain material. In mass-balancing, the spoil that becomes available with the cutting of
the road is used to make the downslope toe of the road. This has two main advantages. The first is that
it reduces the amount of unused spoil significantly, because the spoil is reused in making the downslope
toe. The second advantage that there is less cutting of the mountain slope, because the new road width
is created both by cutting the mountain slope and adding the downslope toe. Compared to other
methods, the height of the road cut is decreased and with this the risk of erosion, instability, and drying
out of the hillside. The roads are ideally developed over a period of 3 to 4 years, allowing the road to
settle and consolidate before it is further widened. The preferred method of construction is labour based,
creating employment and skills (see Chapter 13) but also allowing careful handling of the construction
process. Box 5.2 describes the green road cut and fill method>.

Box 5.2: Green road cut and fill method explained

5 Based on: RAP 3. 2018. Climate Resilience Audit of Maure-Kailasmandu District Road Bajura. April 2018. Rural
Access Programme Phase 3, Lalitpur, Nepal
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« Phase wise construction of road construction

J Year 1- 2.5m track opening allowing one rainy season for natural compaction after track
opening

Year 2- Track opening to 3.5m allowing another season for natural compaction

Year 3- 3.5 m to full width (4.5m)

- Year 4- Road Finalization and bio engineering.

OD

4. Road Finishing and Bio-
C oy

3. Full road widening
2. Widening of Track

1. Track Opening

« Construction of retaining structures are started at required sections from the year-2
Vertical phase-wise construction of structures are carried out on yearly basis for natural
compaction

e Back-filling on the backside of the structure is done with granular soil and layer-wise
compaction in every 15cm

e Sub-surface drainage is provided for walls of height 5 m and above

e The survey is carried out in 2 stages; Stage 2 survey is carried out only after track opening.
During Stage-2 Survey (watercourse) discharge on ravines, catchment area are better
known and structures are designed accordingly

* Drains are provided in sections with a gradient greater than 7%, waterlogged areas and
paddy fields. In the section of the road where drains are not provided, 5% outward slope is
maintained to drain surface water off, and

¢ Geo-textile is used along the back of retaining walls for preventing loss of fine particles from
backfill mass thus barring sinkhole/cavity formation in the backfill.

Instead of the labour-based approach described above, machine-based approaches are used in road
construction to save cost and time. In this machine based approach, a ‘cut and throw’ method is used,
whereby the upper hill slope is excavated and the excavation material, rather than being used for the
down slope toe, is dumped downhill. A modified hybrid method may be used, whereby roads are
opened up by (trained) excavator operators. Remedial work may be undertaken by labour groups, such
as the development of slope protections, breast walls, and general road clearance. There is, however,
a marked difference between the labour based cut and fill approach and the hybrid mechanical
approach, captured in table 5.1. In general, the faster turnaround time and the lower the costs of the
hybrid mechanical method comes at the cost of more environmental damage, less reuse of the spoail, less
attention to springs, and a loss in labour opportunities. For Roads for Water, the labour-based approach
is preferable. In the mechanized approach, the additional measures described below are even more
urgent.

Table 5.1: Labour based and mechanical approach to mountain road construction compared

Parameters

Labour intensive cut and fill
method

Mechanised cut and throw
method

Design approach

Cut and fill

Cut and throw

Slope exposure

Shorter side slopes

Higher side slopes (up to 40%
higher)

Loss of land

Estimated savings of 6,320 m?2
per km over conventional cut
and throw methods®

Much land = including
productive land - lost

Slope stability

More stable

Disturbance because of
mechanical action — needs
remedial action

6 Phuyal et al. (2008) quoted in Mulmi (2009)
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Road surface stability Natural stabilization and Entire width of the road
compaction of road surface opened up at once creating
related to phased approach less stability

Spoil composition Smaller and more uniform rocks | Mixed including large boulders

Spoil displacement Reuse of 86% of spoils in side Much excess spoil
fill”

Spring management Possibility of spring handling Larger disturbance of springs

and seeps

Reuse of soil Possible Impossible

Labour creation Approximately 25,000 labour | Approximately 10,000 days
days per km per km, if proper aftercare

and finishing built in. If not
considerably less

Indicative costs USD 260,000 per km USD 160,000 per km8

Construction time 3 to 4 years 1 year

5.3.3 Including protected road water crossings

When a mountain road is opened up, many new road water crossings are created over regular streams
that are interrupted or torrents that only flow during the rainy season and now descend on the road
body. Unless measures are taken, these interrupted streams and torrents will damage the road surface
by their erosive force and create extensive wet road sections that are easily damaged by traffic impact.
Erosion may easily extend to the land alongside the road. To reduce the damage from these water
crossings, several techniques are proposed: causeways, dissipation blocks, check dams, infiltrating bunds,
and down-road protection. Many of these measures can make use of the spoil and rubble that becomes
available if a road is constructed.

Tilted causeways. Roads are traversed by several mountain streams. At these places, causeways should
be made of flat stones. Like the entire road, causeways are tilted at a slight angle (maximum 4 to 5
degrees?) towards the downhill side to facilitate the drainage of the water from the stream. This is a
good practice, as it ensures the use of local material and provides structures that are easy to maintain.
To improve and guide the removal of water, a depression can be made in the middle of the causeway.
This depression is to be modest. If the causeway has a width of 25 m, the lowered section should be 25
cm to 50 cm. The depression should be at an angle of a maximum of 5 degrees so it does not interfere
with the road trafficability. Where the road water exits the tilted causeway, it may be useful to armour
the downstream part of the stream. Using a tilted causeway on sloped terrain has several benefits:
o |t forces the stream and torrent flows towards the middle of the causeway and continues their
flow in the existing drainage path, avoiding uncontrolled erosion of down road hill slopes.
o |t reduces the chance of side-spills from the causeway during high discharges that may
damage the road body.

7 Phuyal et al. (2008) studied 7,900 cross sections of 286 km of hill roads in different regions. The study
established that by adopting a mass balancing approach to green roads, 3,345 m3 to 2,900 m?3 spoil per km can
be reused for side slope filling. The remaining 465 m3 of the spoil can be used along roads to improve the
longitudinal gradient or for water retention or water protection measures.

8 This is an initial estimate. The final cost per km of the hybrid mechanized approach will further decrease by
25% to 30% of the estimated value, as the filling work is reduced by two-thirds as per the experience of work in
Bama of Mugu.

9 As per the Nepal Rural Road Standard (NRRS), the maximum cross slope differs for different road types. For
an earthen road, 5%; for a gravel road, 4%; and for a Bituminous seal coat road, 3%.
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Figure 5.3: Tilted causeways

Reinforced causeways (drifts) at ephemeral stream crossings. Where roads cross the dry bed of
ephemeral streams, reinforced causeways or drifts may be used. Besides their functions as traffic
conduits, they help stabilize the unstable gravelly stream beds in mountain environments. They may
also help to retain water in the sand and gravel of the river bed. Chapter 8 describes the application
of such non-vented drifts in semiarid areas. For this, the drift may be reinforced beyond normal
specifications so as to withstand the pressure of the torrential flows and the impact of rolling boulders.
The drift should not be equipped with culverts. Besides the body of the drift itself, the drift consists of
the approach road, the upstream protection of the stream, and the downstream apron. Because of the
heavy natural armouring of mountain streams, they may not need a downstream apron.

£

Diaripation Blocky

Figure 5.4 Dissipation block placement on the road

Dissipation blocks. Where a minor stream descends on the road, the use of dissipation blocks is
recommended. This may be created by stacking up stones and rocks that become available when a
mountain road is opened. These stockpiled stone blocks dissipate the force of streams and torrents if
they are placed where those hit the road. This measure comes at no extra cost, as the stone blocks are
stockpiled for use in future repairs yet are often placed off-stream. The blocks are best placed 30 cm
to 40 cm away from the side-slope, and flat stones may be placed between the torrent coming from
the hill slope and the dissipation block in order to break the velocity impact of the descending water.
The stockpiled stones will further ‘baffle’ the force of the mountain stream. A small depressed section
may be created in the road body, like a mini-causeway, to guide the stream water across the road.

Check dams and downstream protection. In the accented terrain, most streams will flow at high velocity.
The development of a road section creates chutes that can do considerable damage to the road
surface and side slopes. Making check dams in the upstream section of these road streams reduces the
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velocity of water crossing the road. Again, spare stone material from the road construction may be
used to build up small check dams upstream. The excess material may also be used to armour the
down road part of the stream by placing some stones there. This will prevent damage from erosion to
the landscape and avoid upward gully development that could affect the road body. The general
criteria for check dams are: 1°

Spacing between check dams = height * 1.2/ slope of stream in decimals

Side key of check dams 0.7 m to 1 m each side

Bottom key and foundation 0.5 m deep

Height of check dams 1 m (maximum excluding foundation)

Stone face vertical to horizontal ratio 1:3 to 1:5

Spillway (preferably in trapezoidal shape) width 0.75 m to 1 m; depth./ freeboard 0.25 m
Using rock rubble for apron immediately downstream: length 1 m and width 0.5 m

Infiltrating road-side bunds. During the monsoon, fine material from the unpaved roads is washed into
the adjoining agricultural land causing loss or damage to crops, often forcing farmers to replant. A
good practice in mountain roads is to use an outward sloping road crown to drain water evenly from
the road to the adjacent land. The slopes preferably have a maximum inclination of 5 percent to
prevent runoff from traversing the road surface. Even so, a certain amount of concentrated flow along
road sections is unavoidable, in particular in sloping road sections. To prevent this, infiltrating bunds in
downslope road reserves can be used in areas where road water is expected to wash into agricultural
land, comparable to those described in section 9.3.3.

Infiltration bunds can be made of road spoils, particularly uniform flat stones. The flat stones are placed
in a dense mosaic in the road shoulder on the downstream side of the road. The width of the infiltrating
bunds may be equal to the width of the road shoulder. The stones are placed in a pattern whereby
larger stones (diameter of 20 cm to 25 cm) are placed close to the road surface, followed by a row of
smaller stones (diameter 10 cm to 15 cm). The open space between the stones is preferably equal to 25
percent of the surface.

Infiltration Bunds

\ A \

Figure 5.5: Infiltrating bunds

5.3.4 Managing roadside mountain springs and seeps

In mountain areas, the development of roads—either though the removal of unconsolidated material or
the cutting of rock formations—will affect the occurrence of seeps and springs. Different from a spring,
a seep does not have a clear orifice and water exits over the entire water bearing strata. The
management of such springs and seeps is important: in many mountain regions they are the main source
of domestic water supply and small-scale irrigation. Table 5.2 shows the effect of the opening of a new

10 Based on ICIMOD and Desta et al. (2005)



road alignment on different spring types. The development of roads may distort existing springs but
may also create new ones. Given the importance of springs for domestic water supply or agricultural
use, the management of mountain springs in road development should be an integral part of road
construction. The springs and seeps are also main sources of road damage, either by affecting the road
surface directly or by creating (minor) depressions in the roads that grow during the monsoon and cause
uncontrolled and erosive runoff from road bodies.

Figure 5.6 Road opening a seep that next damages the road surface (Mugu, Nepal)

There are several types of springs. Geomorphology, rock type, and tectonic history determine the type
of spring that occurs. Two broad categories are springs with concentrated discharge through one or more
clear orifices, and springs with more diffuse discharge. The different springs and the effect that road
development will have on these springs is given below.

Table 5.2: Effect of road development on different types of springs
Spring Type Description

Effect of road development

Springs with concentrated
discharge (through one or more
orifices)

Faults, fractures, and cleavage
in semi-permeable and
permeable formations
connected with a water source
(seepage, flow shallow, or
deep aquifer)

Road development may expose
the spring; rock cutting may
change the location of the
orifices — either blocking old or
creating new ones

Fracture springs

Contact spring

Permeable layer overlays an
impermeable layer, forcing
water to come out — often in a
line of springs

Road may distort the outflow of
the spring, causing orifices to
be blocked or new ones to be
created — highly dependent on
geological faulting

Fault spring

Due to geotectonic movement,
a permeable layer is moved on
top of an impermeable layer

Road may distort the outflow of
the spring, causing orifices to
be blocked or new ones to be
created — highly dependent on
geological faulting

Depression springs

The groundwater table reaches

Road may create new
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the surface in topographical
low

depression springs where the
roads are made in cut, or dry
existing springs by lowering the
groundwater table

Karst springs

Relatively large flow from
large openings — typically in
karst areas where water
erodes the calcium formation

Roads may expose new springs
and expose new cavities

Springs with diffuse discharge

Seep

Diffuse direct discharge of
water, usually from soils or
unconsolidated sediments (sand
or gravel)

Road development may create
many seeps, especially where

roads are developed in areas
with deep soil profiles

Secondary springs

Water issued from a primary
spring that is typically covered
by debris or rock fall

Road development may expose
springs or change the outlet, in
particular where

unconsolidated material is
removed

Managing the springs along mountain roads is important for safeguarding road quality and ensuring
water supply for domestic and agricultural use. It is recommended that before the road is built, the
geology must be understood and the areas where springs occur or are likely to occur should be mapped.
When roads are being constructed, they effect the location of the spring if not handled carefully. The
use of bulldozers or excavators in areas of potential springs should be avoided; manual labour should

be used to excavate the road

in such sections.

Once the road is developed, the presence of springs and seeps will be evident. A choice has to be
made whether the spring or seep will be used or not. In areas with a low population density, springs
may not be used, but they should still be managed to prevent discharge from damaging the road
body. The following table suggests methods for managing different types of springs in different

circumstances

Table 5.3: Recommended practices for spring management along roads

Spring Type

Description

Spring management

Spring with concentrated
discharge

Not used

Retaining wall with weep holes or with
longitudinal drain to collect excess water
and traverse drains (French mattresses)
underneath the road

Used for agriculture

Retaining wall with longitudinal drain to
collect excess water and traverse drains
(French mattresses) underneath the road

Used for domestic water
supply

Spring box (captage) and conveyance to
benefit community, or tap fitted on
protected spring

Used for domestic water
supply and storage

Spring box (captage) and conveyance to
benefit community. Include possibility of
spring closure (tap) to store water inside
the mountain aquifer (especially in karst
areas)

Spring/ seep with diffuse
discharge

Not used

Develop road drainage in up-road section
to collect seepage and convey to safe
place

Used for agriculture

Use gravel section in road fo convey water
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| | | to agricultural land |

By controlling the outflow of the springs, water can be better retained in the area. Equipping the orifice
of a spring with a gated outlet and even a tap makes it possible, in some cases (especially karst springs
or fracture springs), to store spring water in the mountain aquifer. The outflow is regulated and retained
in a controlled spring, creating storage in the mountain aquifer and prolonging the time during which
water is available.

Bio-engineering

Bio-engineering concerns a range of vegetative measures to stabilize slopes along mountain roads. One
relatively widespread application is the use of vetiver grass. Due to its deep strong roots and high
survival rate vetiver rows have been applied widely on steep erosion-prone slopes. In steep areas as
in Nepal often a combination of vegetative measures with structural measures are used along road
sections. Preferably native plants are used that are known to adopt well to the harsh settings and that
have the positive mechanical and hydrological characteristics to strengthen the critical slope segments.
Plant shoots are preferably planted when the live cuttings are without leaves still. Vegetative measures
are often combined with a (gabion) stone toe that stabilizes the slope with plants placed on the upper
sections. To further protect and reinforce the slopes additional measures are used a such as brushwood
matrasses, fascine bundles, timber crib walls or rip rap in selected sections (see also Annex 1).

5.4 Improving the mountain road environment

Mountain areas are highly challenging for road connections at any time. To create resilience in these
areas, it is necessary to work on both the roads (section 5.3) and the demanding environment in which
they are located. Safeguarding the road environment will protect the road but will also create a large
productive asset. The purpose is to create a more stable and productive environment, making better use
of the opportunities that exist in high- and middle-altitude areas. The recommended measures serve to
better retain moisture and to build up, enhance, and protect land. (See figure 5.7. In this section, several
measures are discussed:

Land-use planning;

Woater and snow storage measures;

Artificial glaciers;

Land development;

Woater retention on mountain slopes;

Reusing soil;

Controlled grazing; and

Re-greening and roadside tree planting.
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Figure 5.7. Integrated road landscape management measures to be considered in mountain areas

Land-use planning

Mountain areas are characterized by steep slopes and limited land for cultivation and habitation. At the
same time, many areas are exposed to the risk of mudflows, rock fall, and flooding. Over time, people
have encroached on these high-risk areas and, for instance, have built houses on scree slopes. Stronger
land-use plans and regulations are required to prevent this and relocate those most at peril. At the same
time, land-use planning for high-altitude areas can be used to introduce and plan several other measures
in road development, create storage and regreening, and designate areas for pasture development.

Water and snow retention and storage

Over time, the water-storage capacity of high-altitude glaciers has been disappearing. This will need
to be compensated by alternative storage methods and better retention of water and snow, which will
also reduce the risk of disruptive floods. Several measures will slow snow retention, help keep the snow
on the slope, and prevent avalanches in critical areas.

More water storage may be created, as in other Roads for Water programs, with special farm ponds
or converted borrow pits or by using road bodies to create reservoirs. (See Figure 5.8.) Check dams and
irrigation diversion channels can also be used to decrease the amount of water streaming down and
delaying peak floods. Another advantage is that check dams provide an additional source of water that
can be used in summer when seasonal streams and springs dry up. However, these infrastructure projects
should be carefully planned so as not to increase the risk of floods and mudslides for populations
downstream. Other measures, such as reforested areas and livestock enclosures, will also increase water
retention in the soil.
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in high-altitude Nepa

Farm ponds

Figure 5.8 Woater and snow retention measures for high altitude areas

Artificial glaciers
The development of artificial glaciers is an ingenious technique first developed by local engineers in
Ladakh (North India). The principle consists of diverting water from glacial streams through canals and
pipes (up to 4 km long) to shaded, colder, and flatter areas, where the difference in temperature and
lower velocity of water are sufficient to make the water freeze again. When the meltwater reaches the
artificial glacier site, it is spread and contained with retaining walls of stones or concrete built in series.
The artificial glaciers may be up to 2 km in length and 2.5 m in depth. The water is stored there during
the entire winter and melts in spring when temperatures and sun radiation increase. Artificial glaciers
have several advantages for agriculture and road infrastructure:

— They make water available before higher glaciers start melting, enabling farmers to begin

cultivating earlier in the season;
— They reduce the amount of meltwater lost to the high-altitude area; and
— They reduce peak floods, erosion, and damage to infrastructure.
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Figure 5.9 Technique for creating artificial glaciers in mountain areas.
Source: Fondation Ensemble

Land development with meltwater

Especially in young mountain areas, intense sedimentation may lead, for instance, to a reduction in
downstream reservoir capacity. However, sedimentation is not necessarily a hazard: it can be an asset
as well. It helps build or renew soils, creating new land and plugging gullies and depressions. “Warping”
techniques can be used to trap sediment for beneficial use. Warping entails building up land with
moisture-rich soil along rivers and streams. It can be done by letting turbid water flood onto agricultural
land so that its suspended sediments form a layer, before letting the water flow away. Roads can be
also be used to guide such meltwater. In this way, poor soils are enriched with fertile fine silt (or warp)
or by trapping sediment behind warping dams built on gullies or steep valleys to intercept sediments
and thereby create new land terraces.

Box 5.3. Warping dams

Warping dams are typically up to 5 m high, but they can be lower as well. The development of a
warping dam consists of two stages: the land development stage and the consolidation and management
stage. The land development stage takes several years (on average three to five years, but sometimes
more than ten years). By then, warping dams have collected enough sediment for farming to begin. After
this consolidation starts, stabilization is necessary when the dams are completely filled with sediment, in
particular the creation of controlled water overflow structures. This can be done by changing the existing
spillways into a circular shape, redesigning the top of the shaft as a spillway, constructing a side spillway,
or designing an earth dam as an overflow dam (Steenbergen, F. van et al., 2011).

Improved moisture retention on hill slopes

The changes that come with the road construction are described in Section 5.2: changed hydrology,
opened up hill slopes, more exposure to sunlight and wind). These changes add up to a severe effect on
the microclimate that could affect the forest stands or the quality of the pasture. The impact on the
microclimate will be less water retention, resulting in a loss of moisture, an increase in temperature, and
more desiccating effects.

To counterbalance this effect, the capacity of the road affected area to retain moisture should be
increased. This will also reduce the risk of erosion and degradation of forest hill slopes. This will contribute
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to the regreening of the areq, including the compensation of those trees removed during road
construction. The presence of large quantities of spoils (rocks and boulders) from road construction again
presents the material for these measures. For steep mountain slopes, the use of eyebrow terraces/half-
moons and stone strips/ rock bunds is recommended. Eyebrows/half-moons are small, semi-circular, and
stone-faced structures that open in the direction of the run-off (figure 5.10). They can be built on steep
slopes, usually with a maximum preferred slope of 50 percent, yet steeper gradients are possible,
especially when rainfall is not torrential, as in the project area. On a slope, the steepest sections should
be avoided, and the eyebrows may be reconstructed in the gentler sections. The suggested dimension
and spacing of eyebrow terraces is given in Annex 8.

Figure 5.10: Eyebrow terraces on mildly sloping land (Ethiopia)

The eyebrow terrace can be complemented by stone strips or rock bunds, particularly on slopes that
are relatively even and not too steep (<50 degrees). These stone strips will slow runoff, intercept
sediment, and build up soil layers. They will stretch over the width of the slopes, allowing water to filter
through as they are permeable.

Make better use of excavated soil

Soils are removed when roads are constructed. The construction of 3.5 m-wide section of road for 1 km
with a soil depth of 30 cm would yield 1,050 m3 of soil. This is a valuable asset in land development
and in re-greening hillsides. These hillsides are often deforested and stripped of vegetation during the
road building process. By setting aside this soil in combination with eyebrow terraces and stone strips,
the replanting of trees on hill slopes can be accelerated, and the watershed can be protected.

Controlled grazing

Uncontrolled grazing can be a major cause of land degradation in medium- and high-altitude areas. To
reverse this trend, area enclosures, better pasture management, and in some cases reduced livestock
herds are recommended to restore pastures.

In controlled grazing, the areas are well defined, and their use, closure, and resting are regulated.
“Resting” is generally proposed to restore perennial grasslands. This may result in an initial burst of
growth in vegetation that was being overgrazed and can now grow freely. Properly grazed grasslands
act like sponges, storing humus and carbon. The roots of grasses perforate the soil and open it up,
increasing porosity and infiltration capacity. The trampling of the sealed soil surface, or soil crust, by
animals helps this process. The increase in porosity and infiltration capacity allows water to soak in where
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it can be used by plants, or eventually trickle down to feed springs, rivers, and boreholes or wells, thus
increasing the residence time of the rainfall in the catchment. Controlled grazing also decreases risks of
floods and siltation downstream and the resulting damage to road infrastructure.

Grazing areas may be further enhanced by flood water or melt water spreading. When water is flowi